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Abstract
The rise of the “fishing reviewer” phenomenon presents a significant threat to the 
integrity of academic publishing, undermining the credibility of the peer review 
process and eroding trust in scientific journals. This editorial explores the risk 
factors contributing to this troubling trend and identifies key indicators to 
recognize such reviewers. To address this issue, we propose strategies, including 
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policies to foster a culture of accountability and ethical conduct in scholarly 
review. By implementing these measures, we can safeguard the quality and 
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Core Tip: “Fishing reviewers” conduct superficial peer reviews to gain recognition 
without providing meaningful feedback. This practice undermines the integrity of 
academic publishing by allowing substandard research to pass through the review 
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of scholarly communication. By implementing targeted strategies to identify and combat 
“fishing reviewers”, we can preserve the quality and reliability of scientific journals.
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INTRODUCTION
This article aims to spotlight a growing concern in academic publishing - the emergence of “fishing reviewers”. These 
individuals engage in superficial peer reviews, offering little to no constructive feedback while seeking recognition for 
their efforts. The integrity and credibility of scientific research rely heavily on the peer review process, designed to ensure 
the validity, reliability, and overall merit of scholarly work[1]. The review process serves as a fundamental mechanism for 
ensuring the quality and validity of research before publication, promoting intellectual rigor, and fostering scholarly 
growth[2]. However, the rise of “fishing reviewers” threatens this essential system, potentially allowing substandard 
research to be published and eroding trust in academic journals. In this article, I will explore the risk factors contributing 
to this phenomenon, outline criteria for identifying such reviewers, and propose practical strategies to combat this issue. 
By addressing these challenges, we can safeguard the quality and credibility of scholarly communication, ensuring that 
the peer review process continues to serve as a pillar of academic integrity.

WHO IS THE “FISHING REVIEWER”?
I metaphorically use the term “fishing reviewers” to refer to reviewers who engage in a superficial review process devoid 
of genuine benefit to the authors or the journal editors. Pursuing recognition and appreciation drives them to accept the 
responsibility of reviewing an article merely to attain recognition and accolades for their efforts. Such actions ultimately 
undermine the credibility of the review process and harm the scholarly community, seriously threatening the integrity 
and efficacy of this critical evaluation process[3]. Their reviews lack substance, depth, and meaningful insights, rendering 
them inconsequential to the authors and the journal editors. This unethical practice not only sabotages the essence of 
scholarly review but also tarnishes the reputation of the journal and the academic community’s reputation[4]. To 
underscore its unique impact, we should differentiate “fishing reviewers” from other unethical behaviors, like predatory 
or neglectful reviewing. Specifically, ‘fishing reviewers’ will be characterized by pursuing personal gain through 
superficial engagement in the review process without meaningful contribution, in contrast to neglectful reviewers who 
may lack adequate time or engagement for thorough reviews. It is essential to weed out these “fishing reviewers” and 
preserve the integrity of the review process for the benefit of the scientific and academic communities.

RISK FACTORS AND IDENTIFICATION CRITERIA
The emergence of the “fishing reviewer” phenomenon can be attributed to various risk factors within the academic and 
publishing landscapes. Understanding these factors is crucial for devising effective strategies to mitigate this concerning 
trend. To address the primary risk factors contributing to the rise of “fishing reviewers”, comprehensive reviewer 
training, stringent selection processes, clearer guidelines, and enhanced oversight mechanisms can be implemented[5]. 
This will significantly reduce the prevalence of “fishing reviewers” and promote a more robust and reliable peer review 
system. I suggest specific criteria to identify potential “fishing reviewers”.

Risk factors
The risk factors include: (1) Pressure to fulfill review commitments: Increasing pressure on scholars to meet the review’s 
deadlines can lead to hasty, superficial reviews; (2) Inadequate reviewer vetting and selection: Lax selection processes 
may allow unqualified or unethical reviewers to participate; (3) Reviewer recognition and incentives: Emphasis on 
quantity over quality of reviews can incentivize superficial reviewing; (4) Lack of reviewer training and guidelines: 
Insufficient training on ethical reviewing practices; (5) Inadequate oversight and accountability: Poor monitoring of 
reviewer actions can enable unethical practices; (6) Lack of diversity and inclusivity in peer review: Limited diversity in 
reviewer pools can lead to exclusive and biased reviewing; and (7) Incentives for journal editors: Pressure on editors to 
maintain high acceptance rates may compromise review quality (Table 1)[6-8].

Identification criteria: Indicators for recognizing “fishing reviewers”
Indicators for identifying “fishing reviewers” include the following: (1) Diverse acceptance of articles: Reviewers accept 
articles outside their expertise regularly; (2) Short turnaround time: Extremely quick reviews indicating superficial 
assessment; (3) Non-specific and template-based replies: Use of generic feedback across multiple reviews; (4) Lack of 
constructive feedback: Providing vague, non-constructive feedback; (5) Bias based on author’s attributes: Decisions 
influenced by the author’s demographics; (6) Inconsistent review results: Reviews that significantly deviate from those of 
credible reviewers; (7) Consistently extreme ratings: Extreme ratings without nuanced consideration; (8) Inconsistencies 
in language proficiency: Fluctuating language quality in reviews; (9) Repetitive and overused phrases: Identical phrases 
across multiple reviews; (10) Unwillingness to engage in revision discussions: Refusal to provide further feedback during 
revisions; (11) Consistent acceptance of poor-quality manuscripts: Accepting substandard manuscripts without thorough 
critique; (12) Pattern of abrupt rejections: Immediate rejections without substantial review; and (13) Lack of engagement 
with related literature: Reviews that do not reference relevant literature (Tables 2 and 3)[2,9-12].



Al-Beltagi M. Fishing reviewer, how to avoid

WJM https://www.wjgnet.com 3 September 20, 2025 Volume 15 Issue 3

Table 1 Risk factors contributing to the emergence of “fishing reviewers”

Criteria Description Impact

Pressure to fulfill review 
commitments

Academic scholars face increasing pressure to fulfill 
review commitments in a limited time

This pressure may lead to superficial reviews, giving rise to 
the “fishing reviewer” phenomenon

Inadequate reviewer vetting 
and selection

Some journals may have less stringent vetting and 
selection processes for reviewers

Inadequate selection procedures can result in reviewers 
lacking the necessary expertise or commitment

Reviewer recognition and 
incentives

The academic community often values the number of 
reviews completed

This may incentivize quantity over quality in reviews

Lack of reviewer training and 
guidelines

Insufficient training for reviewers on best practices and 
ethical conduct

Reviewers may engage in careless or unethical reviewing 
practices

Inadequate oversight and 
accountability

Some journals lack robust systems to monitor reviewer 
actions

Reviewers may engage in unethical practices without 
appropriate checks and balances

Lack of diversity and 
inclusivity in peer review

Limited diversity in the reviewer pool This can lead to an exclusive peer review system and 
promote “fishing” behavior

Incentives for journal editors Editors may face pressure to publish a certain number of 
articles

This may lead to a less discerning selection of reviewers

Reviewer’s country of origin The country of origin of a reviewer may influence the risk 
of the “fishing reviewer” phenomenon

Different countries’ cultural, institutional, and individual 
dynamics may contribute to this risk

Table 2 Integration between the risk factors and their identification criteria

Risk factor Identification criteria Description

Pressure to fulfill review 
commitments

Short turnaround time Under pressure, reviewers may complete reviews rapidly 
without in-depth evaluation

Inadequate reviewer vetting and 
selection

Acceptance of unrelated articles Lax selection processes lead to reviewers taking on articles 
outside their expertise

Reviewer recognition and incentives Non-specific and template-based replies Emphasis on quantity encourages superficial feedback, often 
repetitive or lacking depth

Lack of reviewer training and 
guidelines

Lack of constructive feedback, repetitive, and 
overused phrases

Untrained reviewers may provide vague feedback and rely on 
generic phrases

Inadequate oversight and account-
ability

Inconsistent review results, extreme ratings Poor oversight allows reviewers to give inconsistent or biased 
assessments

Lack of diversity and inclusivity in 
peer review

Bias based on author’s attributes Limited diversity can lead to reviews biased by demographic or 
geographic factors

Incentives for journal editors Consistent acceptance of poor-quality 
manuscripts

Editorial pressure for high acceptance rates can result in lenient 
reviews

This table integrates each risk factor with an observable identification criterion, which makes it easier to understand how specific weaknesses in the review 
system contribute to the emergence of “fishing reviewers”.

SHORT AND LONG-TERM CONSEQUENCES OF FISHING REVIEW
The persistence of “fishing reviewers” has immediate and short-term consequences in addition to profound long-term 
effects on the academic community and weakens the integrity of scholarly communication. Both effects should be 
considered by editors and as well as the academic community. In the short term, the superficial reviews provided by 
“fishing reviewers” directly impact journal credibility. When reviewers fail to conduct in-depth evaluations, publishing 
lower-quality articles becomes more likely, tarnishing the journal’s reputation among researchers and readers[13]. This 
immediate decline in quality also undermines peer review’s core purpose, turning it from a rigorous quality control 
mechanism into a mere procedural formality. As a result, authors may become disillusioned and frustrated with the 
review process, particularly when they receive vague, non-specific feedback. This frustration can lead to reluctance 
among reputable authors to submit to journals where rigorous review standards are not upheld, potentially prompting 
them to explore alternative publication avenues outside of traditional academic channels[14]. Over the long term, the 
unchecked influence of “fishing reviewers” can erode scholarly trust, vital to the entire academic ecosystem. If high 
standards are not consistently maintained, researchers and the public may begin to doubt the validity of published 
research, weakening the foundation of academic discourse[15]. This lack of trust can lead to a proliferation of incorrect or 
unverified information, as flawed studies published due to inadequate peer review may form the basis for further 
research. This cumulative effect is particularly damaging in fields with progressive, cumulative research models, where 
subsequent studies build on previous findings[16]. Reversing these errors becomes challenging and resource-intensive, 
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Table 3 Criteria for recognizing “fishing reviewers”

Criteria Description Indicators

Diverse acceptance of articles Reviewers accept articles beyond their specialized 
domain

Regularly accepting unrelated articles

Short turnaround time The brief duration between review request acceptance 
and submission

Consistently short review times

Non-specific and template-based replies Generic, non-specific feedback Identical phrases across multiple reviews

Lack of constructive feedback Vague feedback lacking specific suggestions Primarily critical comments without actionable 
insights

Bias based on author’s attributes Decisions are based on the author’s demographic details Correlation of decisions with author’s 
demographics

Inconsistent review results Review outcomes differ substantially from others Conflicts with evaluations from credible 
reviewers

Consistently extreme ratings Extreme ratings for all manuscripts Regularly providing highest or lowest ratings

Inconsistencies in language proficiency Inconsistent language proficiency in reviews Fluctuating levels of language proficiency

Repetitive and overused phrases Overuse of specific phrases Identifiable phrases in multiple reviews

Unwillingness to engage in revision 
discussions

Unwillingness to provide additional feedback Declining requests for further clarification

Consistent acceptance of poor-quality 
manuscripts

Regularly accepting substandard manuscripts Frequently accepting manuscripts with major 
flaws

Pattern of abrupt rejections Immediate and outright rejections Multiple swift rejections without comprehensive 
assessment

Lack of engagement with related literature Failing to reference relevant literature Reviews lacking discussion on related research

risking setbacks in advancing scientific knowledge.
In addition to trust erosion and misinformation, “fishing reviewers” also contribute to declining academic standards 

and journal impact. Journals that fail to monitor and control superficial reviews may experience a gradual decrease in 
rigor, potentially diminishing their impact factor, reputation, and readership. This, in turn, makes it difficult for journals 
to attract submissions from high-caliber authors and reviewers, creating a cycle that lowers academic quality across the 
field[17]. The consequences extend further to affect early-career researchers, who rely heavily on constructive peer review 
for skill development. Without thorough feedback, these authors miss valuable opportunities to refine their methodo-
logies and critical thinking, resulting in knowledge gaps and hindering the scholarly growth essential for advancing the 
field[18]. Moreover, “fishing reviewers” effects are not uniformly distributed across disciplines and regions. Fast-paced 
fields like computer science and engineering, which often emphasize rapid publication, may be particularly vulnerable 
due to the pressure for quick reviews[19]. Similarly, regions with limited access to expert reviewers or lacking robust 
training for reviewers may be disproportionately affected, potentially amplifying disparities in research quality and 
reliability between global academic communities[20]. Recognizing and addressing both the short - and long-term impacts 
of “fishing reviewers” is thus critical. Proactive measures - such as rigorous reviewer vetting, clear guidelines, and active 
monitoring - are essential for preserving the integrity of academic publishing and fostering a resilient, trusted, and 
progressive scholarly ecosystem.

ADDRESSING THE “FISHING REVIEWER” ISSUE
The “fishing reviewer” phenomenon poses a significant threat to the integrity and reliability of the peer review process, a 
cornerstone of academic publishing. By understanding the risk factors and implementing targeted strategies to identify 
and mitigate this issue, we can uphold the standards of scholarly communication. Combatting the “fishing reviewer” 
issue requires a comprehensive approach that addresses the root causes and encourages a more reliable and trustworthy 
peer review process. To achieve this, it’s crucial to implement proactive measures at the editorial level[21-23]. Below are 
specific actions that can be implemented at the editorial level (Table 4).

Enhance reviewer vetting and selection process
Implement rigorous vetting procedures to ensure reviewers have the appropriate expertise and experience in the specific 
research area[2]. For example: Journals might require reviewers to submit a recent curriculum vitae and a list of relevant 
publications to verify their qualifications. Additionally, potential reviewers could be asked to complete a brief assessment 
or provide references from previous review experiences to confirm their expertise.
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Table 4 The different mechanisms to combat “fishing reviewers” with their priority to the journals

Approach Description Priority Justification

Enhance the reviewer vetting and 
selection process

Implement rigorous vetting procedures 
to ensure expertise and commitment

High Preventing unqualified reviewers at the 
outset can greatly reduce superficial 
reviews and improve review quality

Establish clear reviewer guidelines 
and expectations

Provide detailed guidelines and 
encourage appropriate rejection of 
review invitations

High Clear guidelines set standards from the 
start, leading to more consistent, reliable 
reviews

Monitor and evaluate reviewer 
performance

Establish systems to regularly assess 
and track reviewer performance

High Directly impacts the identification and 
management of “fishing reviewers” by 
creating accountability

Encourage constructive and specific 
feedback

Encourage reviewers to provide specific, 
actionable feedback focused on 
manuscript improvement

High Specific feedback significantly enhances 
the quality of peer review and author 
satisfaction

Strengthen editorial oversight and 
transparency

Introduce an additional review stage 
and enhance transparency about review 
expectations and standards

Medium Increases accountability and quality 
control, though it requires some editorial 
resources

Offer comprehensive reviewer 
training and resources

Develop training programs to educate 
reviewers on best practices and ethical 
standards

Medium Training reinforces guidelines but may 
require additional resources

Implement transparent reviewer 
recognition policies

Recognize reviewers for quality contri-
butions, not just quantity

Medium Improves reviewer motivation, partic-
ularly for high-quality reviews

Address potential bias and discrim-
ination

Implement policies to prevent bias 
based on author characteristics

Medium Prevents biases that may compromise the 
fairness of reviews, ensuring an equitable 
review process

Promote responsible research 
evaluation

Advocate for responsible, constructive 
evaluation practices

Low Indirectly impacts review quality; 
helpful but not urgent for managing 
“fishing reviewers”

Leverage technology and tools Use artificial intelligence and machine 
learning tools to analyze review 
patterns and identify superficial 
reviewers

Low Valuable for large journals, but often 
costly and complex for smaller journals 
to implement

Foster a culture of academic integrity Encourage integrity and ethics across 
the academic community

Low Benefits long-term review culture but has 
less immediate impact on preventing 
“fishing reviewers”

Collaborative efforts and knowledge 
sharing

Encourage journals, societies, and 
researchers to share strategies for 
combating poor review practices

Low Useful for industry-wide improvements, 
though it may have a slower impact on 
individual journals

This prioritization framework helps journals focus on high-impact strategies that directly address quality and accountability in peer review, while also 
providing medium priority and low priority actions to implement as resources allow. High priority: These actions are foundational to maintaining the 
quality of peer review and addressing “fishing reviewers”. Implementing these strategies provides immediate and substantial benefits to the peer review 
process by ensuring reviewers are qualified, accountable, and focused on providing constructive feedback. High-priority actions are recommended for all 
journals, regardless of size or resources, as they have the greatest direct impact on the quality and credibility of scholarly publishing. Medium priority: 
These actions enhance the effectiveness and consistency of the review process. While not as critical as high-priority actions, medium-priority strategies 
further improve reviewer performance and foster a fairer and more ethical review environment. Journals with sufficient resources or editorial capacity 
should consider these strategies to build upon their foundational practices. Low priority: These strategies contribute to long-term improvements in review 
culture and process but may require more resources or time to implement. They are often indirect in their impact on reviewer quality, focusing instead on 
broader cultural shifts, technological investments, or collaborative efforts. Low-priority actions are valuable for journals seeking to make more extensive, 
sustainable changes once higher-impact measures are in place.

Establish clear reviewer guidelines and expectations
Provide detailed guidelines outlining expectations for review quality, thoroughness, and ethical conduct[24]. For 
example: Develop a comprehensive reviewer handbook that covers best practices for providing constructive feedback, the 
importance of ethical behavior, and the consequences of failing to meet the required standards. This handbook could be 
supplemented with periodic training sessions or webinars to reinforce these guidelines.

Offer comprehensive reviewer training and resources
Develop training programs to educate reviewers on best practices, ethical conduct, and the peer review process[25]. For 
example: Create an online training module that new reviewers must complete before participating in the review process. 
This module could include interactive case studies illustrating common pitfalls in reviewing and how to avoid them. 
Additionally, journals could offer regular refresher courses to keep reviewers updated on evolving standards and 
practices.
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Implement transparent reviewer recognition policies
Define clear and transparent policies for recognizing reviewers, focusing on the quality and depth of their reviews rather 
than the quantity[26]. For example: Instead of merely acknowledging the number of reviews completed, journals could 
highlight reviewers who provide particularly insightful and constructive feedback. This recognition could take the form 
of awards, certificates, or public acknowledgments on the journal’s website or in its annual report.

Monitor and evaluate reviewer performance
Establish a system to monitor reviewer performance and adherence to guidelines, identifying potential “fishing 
reviewers” through regular assessments[27]. For example: Journals could introduce a peer feedback system where editors 
and authors rate the quality of the reviews they receive. These ratings could be tracked over time to identify patterns 
indicative of “fishing reviewers”, such as consistently low scores or generic feedback.

Encourage constructive and specific feedback
Encourage reviewers to provide detailed and constructive feedback to authors, focusing on the manuscript’s strengths, 
weaknesses, and areas for improvement[28]. For example: Journals could provide examples of well-constructed reviews 
as part of the training materials, highlighting the difference between vague criticism and specific, actionable suggestions. 
Reviewers could also be encouraged to cite relevant literature when making recommendations, thereby strengthening 
their feedback.

Address potential bias and discrimination
Implement policies to prevent reviewer bias based on author characteristics such as nationality, race, or institutional 
affiliation[29]. For example: Adopt double-blind review practices, where both the authors and reviewers remain 
anonymous. This approach can help minimize bias and ensure that manuscripts are evaluated solely on their academic 
merit.

Strengthen editorial oversight and transparency
Enhance editorial oversight by introducing an additional review stage where editors critically evaluate the quality and 
appropriateness of reviews[30]. For example: Editors could conduct random audits of completed reviews, assessing them 
for thoroughness, relevance, and adherence to the journal’s standards. If issues are identified, editors could provide 
feedback to the reviewer and offer additional training or guidance.

Promote responsible research evaluation
Advocate for responsible research evaluation practices, emphasizing the importance of unbiased, constructive reviews
[31]. For example: Journals could adopt the San Francisco Declaration on Research Assessment principles, which call for a 
more balanced approach to evaluating research, considering not just publication metrics but also the quality of peer 
reviews and the contribution to scientific knowledge.

Leverage technology and tools
Explore the use of artificial intelligence and machine learning tools to identify potential “fishing reviewers” based on 
review patterns and behaviors[32]. For example: Develop algorithms that analyze review length, depth, and consistency 
across different manuscripts to detect patterns indicative of superficial or template-based reviews. Such tools could flag 
potential “fishing reviewers” for further human evaluation.

Foster a culture of academic integrity
Cultivate a culture within the academic community that values integrity, transparency, and ethical behavior in all 
scholarly activities, including the peer review process[33]. For example: Academic institutions and societies could 
organize workshops and panel discussions on the ethics of peer review, encouraging open dialogue about reviewers’ 
responsibilities and the impact of unethical practices.

Collaborative efforts and knowledge sharing
Encourage collaboration between journals, publishers, academic societies, and researchers to share best practices, 
experiences, and strategies to combat the “fishing reviewer” phenomenon[34]. For example: Journals could partner with 
academic societies to host webinars on improving the peer review system. These events could feature experienced 
reviewers and editors who share insights and advice. They could also be recorded and made available as resources for 
future training. Our recommendations aim to foster a culture of accountability, transparency, and ethical conduct among 
reviewers and editors alike. However, some of these recommendations may not apply to resource-limited journals. 
Table 5 suggests some recommendations for these journals to help fight fishing reviewer syndrome.

CONCLUSION
The rise of “fishing reviewer” incidents posed a significant threat to the credibility and dependability of the peer review 
system, a fundamental aspect of academic publishing. By identifying the risk factors and employing specific strategies to 
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Table 5 Shows practical guidelines for smaller or resource-limited journals to manage “fishing reviewers”

Recommendation Description Practical action for smaller journals

Refining reviewer guidelines Clearly outline expectations for review quality, 
constructive feedback, and ethics

Develop a basic reviewer handbook emphasizing quality over 
quantity, accessible to all reviewers

Basic vetting measures Verify reviewer expertise without advanced 
vetting tools

Request a curriculum vitae or relevant publications from reviewers 
to confirm expertise in the subject area

Utilizing author feedback for 
assessment

Use author feedback to assess reviewer 
performance and identify “fishing reviewers”

Include a simple author feedback form on the quality and relevance 
of the review to identify recurring superficial reviews

Prioritizing high-impact, 
actionable steps

Focus on measures that significantly impact 
review quality with minimal resources

Conduct spot checks on some reviews and offer brief reviewer 
training sessions to reinforce good practices

Encouraging constructive 
reviewer feedback

Guide reviewers on delivering specific and 
actionable feedback

Share high-quality and poor feedback examples with reviewers to 
clarify expectations for thorough reviews

This table format helps smaller journals quickly identify feasible actions they can implement without advanced technology or significant financial 
investment, ensuring a more manageable approach to improving peer review quality.

recognize and address this problem, we can maintain the integrity of scholarly communication. This collective effort will 
ensure that academic research continues to be evaluated rigorously and ethically, upholding the standards of scholarly 
communication.
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Abstract
Accurate prediction of nurse demand plays a crucial role in efficiently planning 
the healthcare workforce, ensuring appropriate staffing levels, and providing 
high-quality care to patients. The intricacy and variety of contemporary heal-
thcare systems and a growing patient populace call for advanced forecasting 
models. Factors like technological advancements, novel treatment protocols, and 
the increasing prevalence of chronic illnesses have diminished the efficacy of 
traditional estimation approaches. Novel forecasting methodologies, including 
time-series analysis, machine learning, and simulation-based techniques, have 
been developed to tackle these challenges. Time-series analysis recognizes 
patterns from past data, whereas machine learning uses extensive datasets to 
uncover concealed trends. Simulation models are employed to assess diverse 
scenarios, assisting in proactive adjustments to staffing. These techniques offer 
distinct advantages, such as the identification of seasonal patterns, the mana-
gement of large datasets, and the ability to test various assumptions. By inte-
grating these sophisticated models into workforce planning, organizations can 
optimize staffing, reduce financial waste, and elevate the standard of patient care. 
As the healthcare field progresses, the utilization of these predictive models will 
be pivotal for fostering adaptable and resilient workforce management.

Key Words: Nurse demand prediction; Time-series analysis; Machine learning; Simulation-
based methods; Predictive models
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Core Tip: Accurate forecasting of nurse demand is critical for efficient workforce planning in healthcare. Leveraging 
advanced methods like time-series analysis, machine learning, and simulation models enables precise staffing predictions. 
These models address challenges posed by healthcare system complexities, seasonal fluctuations, and policy changes. By 
integrating these techniques, healthcare organizations can optimize resource allocation, reduce inefficiencies, and enhance 
patient care quality, ensuring adaptability in an evolving healthcare landscape.

Citation: Singh K, Nashwan AJ. Innovative forecasting models for nurse demand in modern healthcare systems. World J Methodol 
2025; 15(3): 99162
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/99162.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.99162

INTRODUCTION
Accurate prediction of the demand for nurses plays a crucial role in the strategic planning of the healthcare workforce, 
enabling healthcare managers to ensure appropriate staffing levels for providing high-quality care to patients[1]. The 
intricate and diverse nature of contemporary healthcare systems and the continuously expanding patient population have 
significantly heightened the need for precise and sophisticated forecasting models to anticipate staffing needs effectively. 
The complexity of healthcare delivery has recently escalated owing to advancements in medical technology, the im-
plementation of novel treatment protocols, and the increasing prevalence of chronic illnesses[2]. These elements have 
rendered the accurate estimation of nurse staffing requirements more challenging through conventional means. 
Consequently, there is an urgent need for innovative and resilient forecasting methodologies capable of considering these 
variables and delivering dependable predictions.

Numerous studies have investigated forecasting techniques, such as time-series analysis, machine learning models, 
and simulation-based methods[3]. Time-series analysis involves using historical data to detect patterns and trends that 
can guide future staffing requirements. Conversely, machine learning models employ intricate algorithms to examine 
extensive datasets, reveal concealed patterns, and generate precise forecasts. Simulation-based approaches enable heal-
thcare administrators to simulate diverse scenarios and evaluate the potential impact of different factors on nurse 
demand[3,4]. Each of these methodologies presents distinct benefits and offers valuable insights into nurse workforce 
planning. Time-series analysis, for example, proves highly effective in detecting seasonal variations and recurring 
patterns, while machine learning models excel in managing large data sets and providing real-time forecasts. Simulation-
based strategies offer a versatile framework for testing various assumptions and assessing their influence on staffing 
needs. Moreover, incorporating these forecasting techniques into healthcare workforce planning procedures has exhibited 
encouraging outcomes. By utilizing sophisticated predictive models, healthcare administrators can optimize nurse 
staffing levels, mitigate the risk of inadequate or excessive staffing, and ultimately enhance patient care quality. 
Additionally, precise forecasting can help alleviate the financial burden associated with staffing inefficiencies and ensure 
efficient resource allocation.

ADVANCED TECHNIQUES IN FORECASTING FOR NURSE WORKFORCE PLANNING
One of the primary challenges in nurse workforce planning is the variability in demand, driven by factors such as 
seasonal illnesses, demographic changes, and policy shifts[5]. Traditional methods, such as time series analysis, have been 
widely used to predict future nurse demand based on historical staffing data and patient admission rates[1,6]. For 
instance, Pfeifer et al[1] in 2024 developed a robust time series model that accurately projected nurse staffing needs up to 
five years into the future by analyzing these variables. This approach helps hospital administrators make informed 
staffing decisions, potentially reducing overtime costs and improving patient care[1].

Machine learning and artificial intelligence have emerged as a powerful tool in forecasting nurse demand, offering 
more precise and adaptable predictions than traditional statistical methods[2,3]. Lin et al[2] in 2024 demonstrated that 
machine learning algorithms, trained on diverse datasets from multiple healthcare facilities, could outperform traditional 
models in predicting nursing workforce requirements. Dynamic simulation models provide another innovative approach 
to forecasting nurse demand, continuously integrating real-time data to update staffing predictions[3,4]. MacKenzie et al
[3] in 2019 introduced a dynamic simulation model incorporating patient acuity levels and staff turnover rates, offering a 
more responsive and flexible workforce planning solution. This method allows healthcare managers to adjust staffing 
levels proactively, addressing changes in patient care needs.

Policy changes can significantly impact nurse staffing projections, as demonstrated by Yi and Kim[4] in 2022. Their 
research utilized econometric modeling and scenario analysis to predict the long-term effects of policy adjustments, such 
as changes to nurse-to-patient ratio laws and funding for nursing education programs[4]. The study concluded that 
supportive policies could mitigate projected nursing shortages, emphasizing the importance of strategic interventions in 
workforce planning[4].
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Regression analysis has also been employed to forecast nurse demand, particularly in rural healthcare settings where 
staffing needs differ significantly from urban areas[5,6]. Squires et al[5] in 2017 developed a regression model that 
accounted for population growth and healthcare accessibility, providing accurate staffing predictions over ten years[5]. 
This approach underscores the importance of considering regional differences in nurse workforce planning[5]. Agent-
based modeling is another innovative method used to simulate the behavior of individual nurses and patients within a 
healthcare system[6]. Lopes et al[6] in 2018 demonstrated that this approach could provide detailed insights into 
workforce dynamics, helping planners anticipate and respond to complex changes in nurse staffing needs. Agent-based 
models can simulate various scenarios, offering a comprehensive tool for managing workforce fluctuations[6].

Technological advancements like telemedicine and automation have also influenced nurse demand forecasting[7]. 
Ramsey et al[7] in 2014 investigated the impact of these technologies on staffing needs, finding that while some techno-
logies can reduce the need for specific nursing tasks, the overall demand for nurses remains strong due to the increasing 
complexity of patient care. Their study highlighted the need for adaptive workforce planning to address the evolving 
technological landscape in healthcare[7]. Seasonal variations and pandemics pose additional challenges to nurse staffing, 
as seen during influenza seasons and the corona virus infectious disease-2019 pandemic[8]. Dempsey and Batten[8] in 
2022 developed models to predict spikes in nurse demand during such events, using historical data to inform flexible 
staffing strategies and emergency preparedness. Their findings underscore the importance of quickly adapting staffing 
levels to meet sudden increases in patient care needs[8].

CONCLUSION
Accurate forecasting of nurse demand plays a vital role in efficiently planning the healthcare workforce. Given the 
intricate nature of contemporary healthcare systems and the expanding patient populace, advanced prognostication 
models are indispensable for achieving optimal staffing levels. Techniques like time-series analysis, machine learning, 
and simulation methodologies provide distinct advantages and valuable insights. Integrating these methodologies 
enables healthcare administrators to optimize nurse staffing, minimizing understaffing and overstaffing occurrences. 
This, in turn, elevates the quality of patient care and ensures the efficient allocation of resources, thereby alleviating 
financial strains stemming from staffing inefficiencies. As the healthcare landscape progresses, integrating sophisticated 
predictive models into workforce planning will grow in significance. These models empower healthcare institutions to 
adjust to shifting demands, uphold superior standards of patient care, and cultivate a more resilient workforce equipped 
to confront forthcoming challenges.
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Abstract
Recurrent aphthous stomatitis (RAS) is a very frequent condition in developed 
countries whose basic symptom is a lesion referred to as an aphthous ulcer. High 
levels of interleukin (IL)-1 and IL-6 and low salivary levels of IL-10 are the basis of 
RAS pathogenesis. Sublingual supplements based on IL-10 can be very useful in 
reducing the phenomenon of aphthous recurrence in patients with RAS. An 
observational clinical experience with a group of 5 patients with RAS receiving a 
commercially available IL-10-based supplement was reported by the authors. The 
findings revealed a subsequent reduction in the incidence of mouth ulcers.

Key Words: Recurrent aphthous stomatitis; Interleukin 10; Low-dose medicine; Aphthosis; 
Interleukin
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Core Tip: Aphthous lesions and recurrent aphthous stomatitis are among the most 
common oral diseases and are often very painful. In some patients, the frequency of new 
onset is greater than once a month. The pathogenetic mechanism involves high levels of 
interleukin (IL)-1 and IL-6 and low levels of IL-10. Although several aids that are able 
to reduce healing times and pain have been proposed in the scientific literature, there is 
still no treatment that drastically reduces the frequency of lesion onset. Supplements 
based on IL-10, administered at low doses for prolonged periods, referred to as low-
dose medicine, could be effective in reducing relapses.
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INTRODUCTION
Recurrent aphthous stomatitis (RAS) is a very frequent condition in developed countries whose basic symptom is an 
aphthous ulcer, a lesion generally round or oval with an erythematosus halo[1]. Depending on the size of the aphthosis, 
three different clinical variants can be determined: aphthosis minor, with lesions smaller than 1 cm in maximum diameter 
(> 80% of cases); aphthosis major, with lesions greater than 1 cm (15% of cases); and aphthosis herpetiformis, with a 
multitude of very small lesions of 2-3 mm. Minor aphthosis is characterized by the presence of multiple lesions that heal 
within 7-14 days without scars, whereas in major aphthosis, patients may have single lesions that generally heal within 
30-40 days and can leave scars[1-3]. There must be at least 3-4 episodes of aphthosis per year to be able to define it as 
RAS, and this is an extremely disabling condition in some cases. The pain and burning sensation associated with the onset 
of canker sores can lead to difficulty in eating food, resulting in malnutrition[1,2].

A percentage of cases can be associated with systemic diseases (celiac disease, Chron’s disease) or syndromic 
conditions (Bechet syndrome, mouth and genital ulcers with inflamed cartilage syndrome, and periodic fever adenitis 
pharyngitis aphthosis syndrome)[3]. The pathogenetic process that leads to the development of canker sores is vasculitis, 
an autoimmune inflammation in which interleukin (IL)-1 and IL-6 participate and where low levels of IL-10 are found. 
The latter is a fundamental cytokine for stopping the inflammatory process, and several studies have shown that patients 
with RAS have low salivary levels of IL-10, a molecule that could reduce the vasculitis phenomena underlying canker 
sores[4].

Various treatments for canker sores, such as cortisone and topical immunosuppressants[5], gels based on aloe vera and 
hyaluronic acid[1,2], low-level laser therapy[6], and photodynamic therapy[7], are well documented in the literature; 
however, currently, there is no treatment that is capable of reducing severe relapses from aphthosis. There is a 
supplement based on IL-10 on the market (GUNA® IL-10, Milan, Italy), whose concentration of IL-10 is on the order of 
picograms and which can be purchased without any requirement for a medical prescription. The aim of this work was to 
report the findings of some patients with particularly RAS and to provide scientific evidence on the potential efficacy of 
IL-10-based supplements in patients with aphthous lesions.

OBSERVATION REPORT
A number of patients characterized by a history of recurrent relapsing aphthous stomatitis showing new episodes on a 
monthly basis gained access to the Department of Surgical Science in San Giovanni Hospital, University of Cagliari, for a 
routine dental visit. All patients were adults (3 women and 2 men) aged between 36 years and 75 years; none of these 
patients had syndromic symptoms associated with RAS, and the IL-10 supplement was recommended.

According to the parent company’s directions, the authors recommended taking 20 drops under the tongue 2 times per 
day for 3 months. As part of routine dental care, the mucous membranes were also examined, and the patients were 
interviewed to determine whether any other mouth ulcers had appeared. In all 5 patients, a remarkable reduction in the 
number of canker sores affecting the mouth was observed after 3 months and after 6 months (3 months after the 
supplement). The reduction in the number of canker sores in the various subjects occurred after the first month following 
the administration of the IL-10 supplement. Additional patient details follow. Two patients reduced the number of canker 
sores from 3 (present at the first visit) to 1 at a 3 months follow-up appointment. One patient’s canker sores were reduced 
from 3 to 0 in the second month of follow-up, and the reduction was maintained at 3 months. One patient with 2 canker 
sores presented at T0 with 0 canker sores. One patient had 2 canker sores at time T0 and presented 1 canker sore at 2 
months; and again, 2 canker sores at a 3 months follow-up appointment. The average number of canker sores present in 
the 5 patients was 2.6, whereas the average posttreatment (T3) was 0.8 canker sores. Despite one patient being refractory, 
with an initial reduction and the presence of 2 new lesions at the final visit, the other 4 had a reduction in the number of 
canker sores.

At 6 months, only 2 out of 5 patients reported the onset of a new minor aphthous ulcer during the previous 3 months 
but did not report aphthae at the time of the follow-up visit. It would have been very interesting to carry out salivary 
measurements of IL-1, IL-6, and IL-10 in these patients before and after consuming this supplement. The treatment 
proposed for patients with aphthosis is shown in Figure 1.

CONCLUSION
Since this type of supplement available on the market contains a concentration of IL-10 on the order of picograms, this 
treatment falls within the concept of low-dose medicine, which is the administration of very low concentrations of a 
certain active ingredient (supplement in this case), and repeated consistently for long periods of time. Low dose medicine 
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Figure 1 Flow chart of type of treatment proposed in patients with aphthosis. Interleukin 10 and low level laser therapy are proposed as new methods 
to reduce recurrent aphthous stomatitis. IL: Interleukin; LLLT: Low level laser therapy.

is able to create a new balance, and its effect is much longer lasting over time than that which would be achieved with an 
attack pharmacological therapy administered for much shorter periods of time (for example, cortisone and systemic 
immunosuppressants). This concept is highlighted very well in a randomized clinical trial[8], in which the same type of 
supplement recommended by the authors and purchased directly by the patient, administered following the same 
directions described by the authors, was used to determine a significant regression of lesions and flare-ups in patients 
with psoriasis vulgaris, another autoimmune phenomenon. The same commercial product, which is considered safe and 
without any side effects observed in the cited clinical trial, has also been administered for the management of chronic 
inflammatory diseases by other authors[9]. Other IL-2 supplements, which are always low-dose medicines, have recently 
been successfully tested in a clinical trial on bullous pemphigoid, an autoimmune disease that affects the oral cavity[10].

Based on this simple empirical observation of patients and analysis of the pathogenetic mechanisms underlying the 
phenomenon of canker sore formation, the use of IL-10-based supplements could be a new path to reduce the incidence of 
recurrences in patients with RAS, an already widespread phenomenon that is often somewhat underestimated, as it is not 
associated with malignant transformation but is capable of profoundly altering the quality of life of affected patients.

Limits
We observed a very small number of patients who spontaneously appeared to the Department of Surgical Sciences for 
dental care; it would be necessary to observe the effect of the suggested supplement on a much larger number of patients, 
with much longer observation times, to confirm these initial findings. In this work, we report our experience with patients 
who suffered from RAS and who appeared at the hospital outpatient clinic for routine dental care. The recommended 
product can be purchased without a prescription; therefore, it is not necessary to obtain approval from the Ethics 
Committee. The principles set out in the Declaration of Helsinki were respected.
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Abstract
Inflammatory bowel disease (IBD), encompassing Crohn's disease and ulcerative 
colitis, is a chronic condition marked by recurring gastrointestinal inflammation. 
While immune, genetic, and environmental factors are well-studied, the gut 
virome has received less attention. This editorial highlights the work which in-
vestigates the gut virome’s role in IBD and its interactions with the bacterial 
microbiome and host immune system. The gut virome consists of bacteriophages, 
eukaryotic viruses, and endogenous retroviruses. Among these, Caudovirales 
bacteriophages are predominant and influence bacterial communities via lyso-
genic and lytic cycles. Eukaryotic viruses infect host cells directly, while endo-
genous retroviruses impact gene regulation and immune responses. In IBD, the 
virome shows distinct alterations, including an increased abundance of Caudo-
virales phages and reduced Microviridae diversity, suggesting a pro-inflam-
matory viral environment. Dysbiosis, chronic inflammation, and aberrant immune 
responses contribute to these changes by disrupting microbial communities and 
modifying virome composition. Phages affect bacterial dynamics through lysis, 
lysogeny, and horizontal gene transfer, shaping microbial adaptability and resi-
lience. Understanding these interactions is crucial for identifying novel thera-
peutic targets and restoring microbial balance in IBD.

Key Words: Virome; Microbiota; Inflammatory bowel disease; Lysogeny; Horizontal gene 
transfer
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Core Tip: The gut virome plays a crucial role in inflammatory bowel disease (IBD) pathogenesis, bacterial community 
dynamics, and immune responses. Alterations in virome composition in IBD patients, characterized by increased 
Caudovirales and decreased Microviridae phages, contribute to dysbiosis and inflammation. Understanding these 
interactions may reveal novel therapeutic targets for IBD.
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INTRODUCTION
This editorial highlights the work which investigates the gut virome’s role in inflammatory bowel disease (IBD) and its 
interactions with the bacterial microbiome and host immune system[1]. IBD is a chronic condition characterized by 
recurrent inflammation of the gastrointestinal tract. The two primary forms of IBD, Crohn's disease (CD) and ulcerative 
colitis (UC), differ in their clinical presentations, pathophysiology, and affected regions of the gastrointestinal tract. 
However, both conditions share common features, including immune responses, genetic alterations, and environmental 
factors[2,3]. The etiology of IBD remains elusive. Recent research revealed that the microbiota of the gut plays a crucial 
role in IBD[4].

The human gut microbiota, a complex community of microorganisms, has been implicated in numerous physiological 
and pathological processes. Recent bloom in next-generation sequencing technologies have expanded our understanding 
of the gut microbiota, revealing its intricate composition and dynamic nature[5,6]. Among the microbiota, bacteria have 
been the primary focus of research. However, the virome—the collection of viruses within the microbiome—has received 
comparatively less attention. This oversight is particularly significant given the unique and potentially pivotal roles 
viruses may play in modulating the immune system, influencing microbial ecology, and contributing to disease patho-
genesis[7].

The gut virome consists of diverse viral populations, including bacteriophages, eukaryotic viruses, and endogenous 
retroviruses. Bacteriophages, or phages, are viruses that infect bacteria, and they represent the most abundant viral 
entities in the gut[8]. Phages can influence the composition and function of bacterial communities through lysogeny or 
lytic cycles[9]. This phage-bacteria interaction can modulate the microbiome's structure and metabolic activities, poten-
tially impacting host health[10]. Eukaryotic viruses, although less prevalent, can directly infect host cells and contribute to 
inflammation and immune dysregulation[11]. Endogenous retroviruses, remnants of ancient viral infections integrated 
into the human genome, may also play a role in gene regulation and immune responses[12].

Emerging evidence suggests that the gut virome is altered in individuals with IBD, characterized by changes in viral 
diversity, composition, and abundance[13]. Several studies have reported an increase in the relative abundance of Cau-
dovirales bacteriophages in IBD patients, alongside a decrease in Microviridae bacteriophages[14]. These alterations in 
the virome are thought to influence the bacterial microbiome, potentially exacerbating dysbiosis - a disrupted microbial 
community associated with disease states[15]. Dysbiosis has been implicated in the pathogenesis of IBD, with shifts in the 
microbial community structure leading to enhanced immune activation, impaired mucosal barrier function, and in-
creased production of pro-inflammatory mediators[16].

The potential mechanisms through which the gut virome may contribute to IBD pathogenesis are multifaceted. Phages 
may affect bacterial community dynamics, thereby influencing the overall microbiota composition and its metabolic 
profiles[17]. For instance, the lytic activity of phages can lead to the release of bacterial antigens and other immunogenic 
components, which can potentially trigger an immune response[18]. Moreover, phage-derived proteins and genetic 
material may directly interact with the host immune system, modulate immune responses, and contribute to the inflam-
mation[19].

Given the emerging recognition of the virome's importance in gut health and disease, there is a need to elucidate the 
specific contributions of the virome to IBD. Understanding the interactions between the virome, bacterial microbiome, 
and the host immune system may uncover novel insights into IBD pathogenesis and identify potential therapeutic targets.

VIROME COMPOSITION IN HEALTHY INDIVIDUALS AND IBD PATIENTS
In healthy individuals, the gut virome is characterized by a balanced and relatively stable composition, dominated by 
temperate phages from the Caudovirales and Microviridae families[7]. Caudovirales and Microviridae contribute to 
intestinal microbiota diversity through bacterial population control, gene transfer, co-evolution, ecological stabilization, 
and functional modulation. This stability contributes to maintaining a diverse and resilient microbiota, which is crucial 
for gut homeostasis and immune modulation[9]. In contrast, patients with IBD, encompassing both CD and UC, exhibit 
notable alterations in their gut virome. Several studies have reported a marked increase in the relative abundance of 
Caudovirales phages, particularly members of the Siphoviridae family, in IBD patients compared to healthy controls[13]. 
Caudovirales phages act as predators of specific bacterial species, preventing overgrowth and maintaining microbial 
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balance. Additionally, a reduction in the diversity of Microviridae phages has also been observed[15]. Normally, 
Microviridae phages induced lysis of host bacteria releases nutrients and genetic material that can be utilized by other 
microbes in the ecosystem. The above findings suggest a shift towards a more pro-inflammatory viral community. These 
changes in the virome composition are often accompanied by an overall decrease in viral diversity, which may reflect a 
disrupted ecological balance within the gut[20].

The observed differences in the gut virome between healthy individuals and IBD patients has multiple mechanisms. 
One key contributor is the alteration of the bacterial microbiota in IBD, which in turn affects the virome. The gut 
microbiota in IBD patients is often characterized by dysbiosis, with reduced diversity and an overrepresentation of 
specific bacterial taxa, such as Enterobacteriaceae and Bacteroidaceae[21]. The altered bacterial landscape may provide a 
conducive environment for the proliferation of specific bacteriophages, particularly those capable of lysing pathogenic 
bacteria. This shift could result in an increased presence of lytic phages, contributing to the observed changes in the 
virome composition[18].

Another contributing factor may be the inflammatory environment characteristic of IBD. Chronic inflammation can 
lead to increased intestinal permeability, allowing for greater translocation of microbial and viral components across the 
gut barrier[22]. This heightened exposure may trigger an immune response that selectively targets certain viral 
populations, leading to a decline in viral diversity. Moreover, the inflammatory milieu may favor the expansion of 
viruses with pro-inflammatory properties, such as certain lytic phages, further exacerbating the disease[23].

The role of the host immune response in shaping the virome composition is also critical. IBD is associated with an 
aberrant immune response, characterized by excessive activation of both innate and adaptive immune pathways[3]. This 
dysregulated immune response can influence the virome by selectively targeting certain viral strains. For example, an 
increase in IgA-coated viruses has been reported in IBD patients, suggesting a targeted immune response against these 
viral populations[24]. The selective pressure exerted by the immune system may thus contribute to the observed virome 
alterations.

VIROME-MICROBIOTA INTERACTIONS
Recent studies have demonstrated the critical role of phages in modulating bacterial populations through mechanisms 
such as lysis and lysogeny[9]. Phages can selectively infect and lyse specific bacterial hosts, by which they can influence 
bacterial species within the microbiota. This predator-prey dynamic can lead to the elimination of dominant bacterial 
populations and the subsequent proliferation of less dominant or rare taxa, resulting in alterations of microbial diversity 
and ecosystem resilience[25].

In addition to direct effects on bacterial populations, phages can also impact bacterial community dynamics through 
horizontal gene transfer (HGT). Phages can facilitate HGT by transducing bacterial genes, including those involved in 
antibiotic resistance, virulence, and metabolic functions[26]. This genetic exchange enhances the adaptability and 
functional capabilities of bacterial communities, improving their response to environmental challenges and host immune 
pressures. Furthermore, one study identified several phage-associated genes linked to metabolic pathways, suggesting 
that phages may play a role in the metabolic versatility of the gut microbiota[10]. The mechanisms through which the 
virome influences microbiota composition are multifaceted. One potential mechanism is the modulation of bacterial 
community structure via lysogeny. In lysogenic cycles, phages integrate their genetic material into the host bacterial 
genome. It often provides the host with beneficial genes that can enhance fitness under specific conditions[27]. It can also 
lead to the emergence of lysogenic bacteria with altered phenotypes, which can potentially impact their interactions with 
other microbial species and the host[28]. The presence of prophages within bacterial genomes may also serve as a 
reservoir of genetic diversity, leading to rapid adaptation to environmental changes. Prophages are dormant bacterio-
phage genomes integrated into bacterial chromosomes or maintained as plasmids. They arise during lysogenic cycles 
when a phage infects a bacterium and inserts its DNA into the host genome, allowing it to replicate with the bacterium. 
Prophages can influence bacterial fitness, virulence, and evolution by carrying genes that confer advantages, such as toxin 
production, antibiotic resistance, or stress tolerance.

Another mechanism is the induction of microbial dysbiosis. Dysbiosis, characterized by an imbalance in microbial 
communities, has been implicated in various gastrointestinal disorders such as IBD and irritable bowel syndrome[29]. 
Phage-mediated lysis of beneficial bacteria can disrupt the equilibrium of the microbiota, leading to the overgrowth of 
pathogenic or opportunistic bacteria. This shift in microbial balance can compromise the gut's barrier function, promote 
inflammation, and exacerbate disease symptoms[14].

CONCLUSION
The interplay between the virome and microbiota has far-reaching implications for understanding gut health and disease. 
The virome's ability to influence bacterial diversity and function suggests that it may play a crucial role in maintaining 
gut ecosystem homeostasis. Moreover, the virome's involvement in HGT highlights its potential contribution to the 
dissemination of antibiotic resistance genes, a growing public health concern[30]. Understanding the dynamics of phage-
bacteria interactions may provide new avenues for therapeutic interventions, such as phage therapy, which leverages 
phages' ability to target specific bacterial pathogens[31]. Future research should focus on elucidating the functional roles 
of specific phages within the gut ecosystem. Advanced metagenomic and metatranscriptomic approaches can provide 
insights into the active virome and its interactions with the microbiota at the gene expression level. Additionally, longit-
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udinal studies are needed to investigate the temporal dynamics of the virome and microbiota, particularly in response to 
dietary changes, antibiotic treatments, and disease states. Understanding the complex interactions between the virome 
and microbiota is crucial for developing targeted therapies and interventions aimed at modulating the gut ecosystem to 
promote health and prevent disease. An example for virome therapy is faecal virome transplantation (FVT). FVT 
significantly altered overall bacteriome compositions, however, most of the studies were conducted via mouse models in 
small sample size. We are hoping to see more promising data in virome targeted therapy in IBD.
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Abstract
Inflammatory bowel disease (IBD) is a progressive multifactorial inflammatory 
disease of the gut. The cause of IBD is yet unknown. Some researchers have 
shown that genetic factors, environmental factors, and the gut microbiome are 
significant considerations. Our gut contains gut virome and gut bacteria, which 
vary among individuals due to some factors. The gut virome is a substantial 
component of the microbiome. This editorial explores the emerging role of gut 
virome in IBD.

Key Words: Inflammatory bowel disease; Pathogenesis; Gut virome; Bacteriophage; 
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Core Tip: Inflammatory bowel disease (IBD) is a chronic multifactorial inflammatory 
disease involving the gastrointestinal tract. The exact etiopathogenesis is unknown, but 
gut microbiome dysbiosis is believed to be a cornerstone in triggering disease pro-
gression. The gut virome forms a significant part of the microbiome and participates in 
health and disease conditions. Until 2015, researchers paid little attention to their role in 
IBD. Subsequently, numerous studies have followed this line of inquiry, using advanced 
techniques to clarify this role. Herein, we emphasize the viral populations in the gut and 
their predicted roles in the etiopathogenesis of IBD based on current studies.
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INTRODUCTION
Inflammatory bowel disease (IBD), which is also known as ulcerative colitis (UC) or Crohn's disease (CD), is present in 
1% of the population[1]. According to Le Berre et al[2], UC tends to have a genetic predisposition. At birth, the gut 
microbiome is not fully developed, but as the baby grows, it increases in number. The gut microbiota contains bacteria, 
fungi, viruses, and archaea. A narrative review by Manos[3] shows that disruption in gut microbiota plays a crucial role 
in the pathogenesis of multiple diseases like IBD and gastro-oesophageal reflux disease. It also reveals that dysregulation 
of imperative bacteria redesigns the constituents of bile acid that can exacerbate the progression of IBD. Some research 
has shown that gut bacteria help build mucosal immunity towards IBD, whereas an imbalance between good and bad 
bacteria leads to progressive tissue injury. Harmful bacteria such as Escherichia coli can lead to the production of inflam-
matory mediators[4]. The gut virome plays a crucial role in the gut microbiome. However, its imbalance can lead to the 
pathogenesis of IBD[5]. According to recent studies, the gut virome can be correlated with the etiology of diabetes 
mellitus[6]. Consequently, further studies reveal that gut virome plays a significant role in childhood diarrhea, and it 
eventually causes early stages of pediatric IBD[7]. Hetta et al[8] also showed that active phages that can kill the bacterial 
host cell are primarily seen in patients with IBD.

FACTORS INFLUENCING IBD
The human gastrointestinal tract (GIT) nurtures a complex community of bacteria, viruses, fungi, protists, and other 
microorganisms. Studies have shown that the virome is crucial in normal infant development[9]. Hetta et al[8] say in their 
research that the physical appearance of a human, like height, weight, age, and body mass index, can influence the gut 
virome. Other factors like nutrition, lifestyle, and medication are essential in determining gut virome abundance. It is also 
concluded that dysbiosis and inflammation related to IBD co-exist. Many factors like genetic makeup, environment, 
drugs, smoking, diet, mental health, and others influence the occurrence of IBD. It is also shown that a low-fiber diet 
switches the gut microbiome from digesting the fiber derived glycans to mucous-derived glycans, leading to the eruption 
of the mucous membrane and better infiltration of pathogens into the blood. Hetta et al[8], after going through multiple 
studies, found that gut phages can impact IBD pathogenesis. It can change the gut phage community so that some specific 
phages are more prevalent in patients with CD and UC than in healthy people. However, randomised controlled trial 
verification is still needed. It can cause changes in gut microbiota, leading to a decreased population of good bacteria and 
an elevated concentration of dangerous bacteria such as E. coli and Fusobacteria. Gut phages can even cause alterations in 
the immune response of the body. All this literature is supported by very scanty research.

Eukaryotic viruses reside in the human GIT and remain quiet for ages. Once reactivated by any stimuli tends to cause 
deterioration in gut microbiota, leading to IBD pathogenesis. Thus, there is a critical need for more research on the 
association between IBD and gut phages. Hetta et al[8] did a fantastic job describing the association between gut virome 
and IBD. Their work is commendable as it resolves many queries related to gut virome and IBD. However, it is tough to 
differentiate viral DNA in microbiological practice because viruses possess wide diversity, low genomes, and rapid rates 
of mutations. In addition to that, viruses are also difficult to grow as they rely on host cells for energy and multiplication. 
Hence, the host cell should also be extracted. Metagenomic analysis is a tricky procedure, but with recent technologies 
like VIP and VirFinder, it has become more doable. Also, problematic cultivations of GIT microorganisms, critical DNA 
sequencing, perplexing recognition, and differentiation of viral specimens have made this association very exhausting 
and laborious.

CONCLUSION
IBD is a chronic progressive inflammatory disease that consists of two parts: UC and CD. The precise cause of IBD is 
idiopathic. Hetta et al[8] described the correlation between gut virome dysbiosis and its impact on the progression of IBD. 
They also elaborate on the role of gut phages and eukaryotic viruses in the pathogenesis of IBD. Therefore, further 
innovative research is warmly welcomed.
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Abstract
Clinical inertia (CI) is common in clinical practice. Sexual health issues are 
common in society, and CI is ubiquitous in sexual medicine practice. CI influences 
all aspects of healthcare, including prevention, diagnosis, and treatment. In this 
short review, we briefly describe the various aspects of CI in sexual medicine 
practice and ways to tackle them
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Core Tip: Clinical inertia (CI) occurs in various disease conditions and is very common 
in sexual medicine practices. It exists in all stages of healthcare such as prevention, 
diagnosis, and management. Various factors contributing to CI can be divided into 
physician or provider-, patient-, and system-related factors. It results in improper 
evaluation and treatment. Tackling CI helps to improve patient outcomes.
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INTRODUCTION
Clinical inertia (CI) denotes the physician’s tendency to remain unchanged in the 
preventive, diagnostic, and or therapeutic aspects even when the changes are war-
ranted[1]. CI occurs in various disease conditions, including both symptomatic and 
asymptomatic, acute and chronic[1,2]. In simple words, it is the ‘recognition of the 
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problem, but failure to act’.
CI is very common in sexual medicine practices. In comparison with other diseases such as diabetes, hypertension, 

dyslipidemia, and rheumatoid arthritis where CI is well documented, there is significant delay in diagnosing and treating 
various sexual health issues, because of the stigma associated with sexual health problems, in addition to other usual 
causes of CI, which discourage people from seeking medical help[3-7]. CI exists in all stages of healthcare such as 
prevention, diagnosis, and management, and they are no well-demarcated compartments as there is overlap between all 
these types of inertia (Figure 1A). They are related to one another. For example, if there is diagnostic inertia, it will 
subsequently lead to a delay in the initiation of treatment (i.e. therapeutic inertia).

PREVENTIVE INERTIA
Inertia in preventing the development and progression of sexual dysfunction (SD) constitutes preventive inertia. It can be 
at any stage of prevention such as primordial prevention, primary prevention, secondary prevention, tertiary prevention, 
or quaternary prevention. The classical example of preventive inertia is erectile dysfunction (ED) due to atherosclerotic 
vascular disease, whereas the delay in preventing the development of lifestyle diseases such as obesity, diabetes, 
hypertension, and dyslipidemia (primordial prevention) and the delay in early diagnosis, treatment (primary pre-
vention), and prevention of progression (secondary prevention) and complication (tertiary prevention) of these lifestyle 
disorders in those who already have it constitutes preventive inertia in the development of ED. Stages of prevention vary 
with the disease under consideration. In those with diabetes-related vascular ED, steps related to primary and secondary 
prevention of DM can be an example of primordial prevention of vascular ED. Usually, primordial prevention targets the 
community, whereas other stages of prevention target the individual. Hence, CI can be at the community or individual 
levels (Table 1). Childhood sexual trauma and sexual abuse can lead to vaginismus in women. Social and legal strategies 
to prevent childhood sexual abuse help to prevent the development of vaginismus. Our inertia in properly implementing 
these can lead to the development of various SD associated with childhood sexual trauma. This is an example of inertia at 
the community level in preventing SD.

DIAGNOSTIC INERTIA
Diagnostic inertia is very common in sexual medicine practice. People with SD are reluctant to disclose their sexual 
problems because of the associated stigma, and even if they disclose, they use vague terminologies to express their sexual 
health issues. For example, people with ED may say that they are feeling excessive tiredness or have weakness denoting 
ED, which may be difficult to recognize especially in a busy outpatient department, leading to delays in diagnosing ED. 
Similarly, even if the patient says that he has ED, the healthcare provider most of the time prescribes some multivitamins 
without properly paying attention and without proper evaluation of SD. Time constraints in busy out-patient de-
partments (OPDs), stigma associated with sexual health issues, hesitation to discuss sexual problems, and lack of 
experience in the evaluation and treatment of SD are a few reasons behind this attitude[7].

THERAPEUTIC INERTIA
Inertia in initiating treatment of sexual health issues is widespread in day-to-day clinical practice. Clinicians are reluctant 
to discuss sexual health issues most of the time with the patient, even if the patient discloses their sexual problems, 
leading to barriers in the evaluation and specific management of sexual problems[7]. Healthcare providers usually buy 
time by prescribing multivitamins, antioxidants, or other placebos instead of doing a proper evaluation and starting 
specific treatment for SD (Figure 2).

Even after diagnosing underlying SD, specific therapy is often delayed especially due to multiple reasons such as time 
constraints, lack of training in sexual medicine, and lack of confidence to manage SD. Patients on polypharmacy receive 
delayed treatment for their SD because of the fear of aggravating the underlying disease and drug interaction. In people 
with ED and coronary artery disease (CAD) or heart failure, treatment of ED is often delayed. In patients with ED who 
fail to respond to phosphodiesterase inhibitors, there is a significant delay in initiating other treatments such as intracav-
ernosal injections and penile prosthesis implantation.

INERTIA IN ADDRESSING CO-MORBIDITIES AND COMPLICATIONS
Associated co-morbidities and complications need to be properly addressed for optimal benefits in sexual medicine 
practice, as with any other branch of medicine. ED is considered a forerunner of future cardiovascular events, as people 
with atherosclerotic ED develop cardiovascular events 3 years to 5 years after the onset of ED[8,9]. Hence, treating ED 
without addressing the cardiovascular risk factors is a classic example of inertia in addressing the associated co-
morbidities and complications. Similarly, females with diabetes and genital infection resulting in dyspareunia need 
optimal control of diabetes and other risk factors in addition to treatment of genital infection, for optimum results[10].
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Table 1 Overview of clinical inertia in sexual medicine practice

CI at the population level
Primordial prevention

CI to follow a healthy lifestyle (e.g., eating habits and physical activity to reduce the development of risk factors). Inertia in preventing sexual abuse in 
society

CI at the patient level

Primary prevention

CI in identifying and intervening susceptible individuals (e.g., identifying people with diabetes with risk of ED at the earlier stage and intervening)

Secondary prevention

CI in identifying and intervening those with subclinical disease (e.g., identifying people with diabetes with early ED at the earlier stage and intervening)

CI in identifying and intervening those with the clinical disease (e.g., identifying people with diabetes with established ED and intervening)

Tertiary prevention

CI in appropriately treating those with clinical disease (e.g., identifying people with diabetes with established ED and intervening)

Quaternary prevention

CI in appropriately down-titrating the dose of medication in those with the clinical disease who do not require (overmedication) (e.g., identifying people 
with established ED on multiple medications for ED, which are ineffective in that particular patient and intervening by stopping ineffective medications)

Quinary prevention

CI in identifying and intervening misinformation/misconception regarding the clinical disease. CI in identifying and correcting misconceptions such as 
“there is no treatment for sexual problems” and “ED is a part of aging”

CI: Clinical inertia; ED: Erectile dysfunction.

Figure 1 Interrelated and overlapping factors. A: Preventive, diagnostic, and therapeutic aspects of clinical inertia, which are interrelated and overlapping; B: 
Interrelated and overlapping factors in clinical inertia.

SPECIAL ISSUES IN SEMANTIC DEMENTIA PRACTICE
Sexual medicine is an evolving discipline and still, not a separate specialty to address sexual health issues under one roof. 
People approach different specialists such as psychiatrists, gynecologists, urologists, physicians, and endocrinologists
[11]. They are all experts in their field but may not be in other dimensions of SD. Therefore, comprehensive training in 
sexual medicine, even from the undergraduate level, is the need of the hour[7,12,13].

Training in communication skills during the medical curriculum is important for proper sexual history taking and 
further evaluation[14]. It improves the level of comfort of healthcare providers.

Sex preference by the patient is another issue in dealing with sexual health issues[15]. Female patients usually prefer 
female healthcare providers, which is why most females initially consult an obstetrician and gynecologist for their sexual 
issues.
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Figure 2  Clinical inertia at various stages of sexual medicine practice.

Taboos related to sexual matters; feeling uncomfortable, embarrassed, or anxious about discussing sexual health 
problems; beliefs and attitudes toward sexual health; cultural restrictions; and religious prohibitions add to CI in sexual 
medicine practice[7,16,17]. Lack of education about sexual health issues, lack of training programs, and lack of time in the 
busy OPD add to delays in the proper evaluation of SD, leading to CI[7,17-19].

Some people believe that SD is due to the normal aging process and hence do not seek medical help[7,20]. Patient’s age, 
culture, sexual orientation, and comorbidities also influence their treatment-seeking behavior. Lack of guidelines 
regarding sexual assessment and management, lack of specialized referral clinics, lack of support from the institutions, 
lack of privacy, and work overload are important organizational barriers resulting in CI[21].

There are many sexual problems that interfere with a normal healthy life and relationships but are not described in the 
current nosography, which also cause limitations in diagnosing and managing SD. One study among males with SD 
classified such issues as “unmet needs” which included: (1) Lower penile rigidity; (2) Prolonged refractory period; (3) 
Increased threshold to stimuli; (4) Decreased frequency of spontaneous erections; (5) Delayed orgasm in the female 
partner; (6) Soft glans; (7) Perceived ejaculate volume reduction; and (8) Decreased force of ejaculation[22].

FACTORS CONTRIBUTING TO CI
Factors contributing to CI can be divided into physician or provider-related, patient-related, and system-related factors, 
also known as physician inertia, patient inertia, and system inertia, respectively. The stigma associated with sexual health 
issues, embarrassment, and discomfort in discussing sexual matters leads to delay (from the patient side, approaching 
healthcare provider) in seeking medical help. Even if the patient discloses their sexual health issues, healthcare providers 
are reluctant to explore the problem leading to delays in proper evaluation and treatment[7]. Healthcare providers are 
also embarrassed to discuss sexual issues, fearing that asking about sexual health issues may lead to the loss of patients 
from their practice[7]. In addition, a lack of proper training about sexual health issues in the medical curriculum adds to 
the lack of confidence in dealing with sexual health issues. Busy OPD and lack of time are other important factors 
contributing to physician-related CI. Lack of support, lack of availability of the multidisciplinary team and referral for 
specialist care, provider’s ability to make appropriate care, and ambiguity in the existing guidelines also contribute to CI
[6]. Patient characteristics such as patients with other comorbid diseases like CAD, heart failure, patients on poly-
pharmacy, quality of the relation between patient and healthcare provider, concern about adverse reaction or drug 
interaction, health literacy, socioeconomic status of the patient, and their affordability all contribute to physician's 
decision to evaluate and treat sexual health issues. Patient attitudes and preferences, and lack of communication between 
patient and physician also influence therapeutic decision making. Non-adherence to treatment is an important factor that 
interferes with the physician’s assessment of treatment response leading to undue delay in optimizing treatment[23]. 
System-related factors such as time concerns, inconsistencies between guidelines, poor planning, communication and 
coordination between members of the healthcare team, resource constraints, lack of team approach to care, and lack of 
decision support system contribute to CI[6] (Figure 3). Various factors such as physician or provider-, patient-, and 
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Figure 3 Physician-, patient-, and system-related factors contributing to clinical inertia in sexual medicine practice. OPD: Out-patient 
department.

Figure 4  Impact of clinical inertia.

system-related factors are not isolated compartments but are interrelated and overlapping (Figure 1B).

HOW TO TACKLE CI SEXUAL MEDICINE PRACTICE
CI results in improper evaluation and treatment leading to failure to achieve treatment targets, poor control of the disease 
process, and increased risk of disease-associated complications (Figure 4). Improving awareness regarding CI among 
physicians, ongoing medical education and training programs, coordination between primary, secondary, and tertiary 
care, adapting current practice guidelines, self-examination of performance by healthcare professionals, use of computer-
based decision support system, and patient education programs and improved communication helps to avoid CI[6]. In 
addition to that increased direct patient contact time, improvement in the system infrastructure, multi-disciplinary team 
approach help to tackle CI. A few special factors need to be considered regarding sexual medicine practice. Improving 
awareness regarding sexual problems in the public, educating the importance of treatment of sexual problems, and 
training regarding the management of sexual health problems to healthcare professionals, and ensuring privacy for 
patients with sexual health issues all help to overcome CI[24].

CONCLUSION
CI delays or even denies the best available treatment for the needy patient. CI exists in all aspects of sexual medicine 
practice. Identifying the factors contributing to CI and tackling it helps to improve patient outcomes.
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Abstract
Conventional echocardiography can sometimes pose a challenge to diagnosis due 
to sub-optimal images. Ultrasound contrast agents (UCAs) have been shown to 
drastically enhance imaging quality, particularly depicting the left ventricular 
endocardial borders. Their use during echocardiography has become a valuable 
tool in non-invasive diagnostics. UCAs provide higher-quality images that may 
ultimately reduce the length of hospital stays and improve patient care. The 
higher cost associated with UCAs in many situations has been an impediment to 
frequent use. However, when used as an initial diagnostic test, UCA during rest 
echocardiogram is more cost-effective than the traditional diagnostic approach, 
which frequently includes multiple tests and imaging studies to make an accurate 
diagnosis. They can be easily performed across multiple patient settings and 
provide optimal images that allow clinicians to make sound medical decisions. 
This consequently allows for better diagnostic accuracies and improvement in 
patient care.

Key Words: Ultrasound contrast agents; Echocardiography; Myocardial perfusion; 
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Core Tip: The use of ultrasound contrast agents (UCAs) during resting echocardiography 
can improve diagnostic accuracy by adequately assessing left ventricular (LV) function. 
Compared to standard echocardiograms, UCAs, when used, allow physicians to better 
assess regional wall motion abnormalities and LV ejection fraction. As a result, patients 
with LV apex disease can be accurately diagnosed without additional imaging. This 
consequently shortens hospital stays and improves patient outcomes.
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INTRODUCTION
Ultrasound contrast agents (UCAs) are microspheres suspensions that consist of an outer albumin or phospholipid shell 
encompassing an inner high-molecular weight gas[1]. These are intravascular tracers that are similar in size to red blood 
cells, which allows for opacification of blood in the myocardial vessels and cavities[1,2]. UCAs are strong ultrasound 
reflectors, thereby producing intense echocardiographic signals that are stronger than standard ultrasound waves[2,3]. As 
a result, contrast echocardiograms serve as a tool to improve image quality[3,4]. They facilitate interpretability as more 
than 25% of stress echocardiograms and more than 5% of resting echocardiograms yield suboptimal images[4-6]. UCA 
during echocardiography is desirable as image improvement may redirect patient management, and its use improves the 
signal-to-noise ratio in spectral and color Doppler imaging[2,6,7]. When used as part of the initial diagnostic work-up, 
contrast echocardiography is highly beneficial due to better diagnostic accuracy than standard echocardiography[8]. This 
is particularly important as UCAs used during echocardiography may shorten hospitalization and improve patient care 
and mortality[8,9].

TYPES OF CONTRAST AGENTS
Contrast echocardiography has become a valuable tool in non-invasive cardiac imaging[10]. Currently, there are several 
available contrast agents (Table 1) as listed below.

Optison
Optison (perflutren protein-type A microspheres injectable suspension, USP) manufactured by General Electric 
Healthcare is a non-pyrogenic suspension consisting of microspheres with an Octafluoropropane (perflutren) gas core 
encapsulated by a 15 nm thick serum albumin shell[11,12]. Its reconstitution is done by mixing, and the concentration of 
the reconstituted suspension is approximately 5.0-8.0 × 108 microspheres/mL with an average diameter of 3.0-4.5 µm[13,
14]. The albumin shell rigidity in Optison is 88.8 MPa with a shear viscosity of 0.177 Ns/m2, derived from previous 
mathematical modeling and experimental measurements[15]. Based on data for Albunex, values for the shell elasticity 
and dilational viscosity can be estimated as 4 N/m and 3.2 × 10-8 kg/s, respectively[13-15]. In vitro assessment has 
indicated that the gas dissolution pressure for speedy destruction of Optison was 0.47 MPa when exposed to 3.5 MHz 
ultrasound, while a lower threshold was found to facilitate accelerated dissolution[14-16]. These innate features of the 
albumin shell make Optison an effective UCA for clinical use.

Optison was first introduced to the United States market in 1998[17]. More than 3 million patients have received 
Optison since it was approved by the Food and Drug Administration (FDA) in 1997[17,18]. It has a well-established safety 
profile, and it is used to opacify the left ventricle and improve the left ventricular (LV) endocardial border delineation in 
patients with suboptimal echocardiograms[12-14].

Definity
Definity (United States) is one of the second-generation microbubble contrast agents approved for LV endocardial border 
detection and LV opacification[19]. It was approved by the FDA in 2001 and the European Medicine Agency under the 
brand name Luminity in 2006 for patients with technically challenging or suboptimal echocardiograms[20]. Definity 
injectable suspension is sold as a single-use 2 mL vial containing a clear liquid and Octafluoropropane gas[21]. The liquid 
solution contains the three phospholipids DPPA (1,2-Dipalmitoyl-sn-glycero-3-phosphate, sodium salt), DPPC (1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine), and DPPE-MPEG5000[21,22]. The shell properties for Definity microbubbles 
have been estimated at low (5-15 MHz) and high (12-29 MHz) ultrasound frequencies[23,24]. At lower frequencies, corres-
ponding values for the shell elasticity and dilatational viscosity have been reported, which are significantly lower 
compared to those of Optison[24].

In addition to endocardial visualization, Definity is used to measure LV ejection fraction and volumes[22]. It also 
allows for the diagnoses of apical LV pathologies (i.e., thrombus or apical variant of hypertrophic cardiomyopathy), post-
myocardial infarction complications (i.e., ventricular septal defect or LV pseudoaneurysm/rupture), and intracardiac 
masses, which are drastically enhanced[22-24]. Definity is approved for imaging of the kidney and liver in Australia and 
Canada[23-25].

SonoVue
SonoVue (sulfur hexafluoride microbubbles) (Italy) or Lumason (sulfur hexafluoride lipid-type A microspheres) (United 
States) is a UCA supplied as a kit containing a vial of phospholipid lyophilized powder and sulfur hexafluoride 
headspace, a mini-spike transfer system, and a pre-filled syringe with a 5 mL sodium chloride 0.9% diluent[26,27]. It is 
administered as an intravenous bolus injection followed by a 5-10 mL saline flush and should be shaken appropriately 
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Table 1 Commercially available ultrasound contrast agents

Name Manufacturer First approved 
for clinical use Gas Shell composition Countries

Optison General Electric Healthcare, Bucking-
hamshire (United Kingdom)

1998 Octafluoropropane Cross-linked serum 
albumin

Unites States, 
Europe

Definity/luminity Lantheus Medical Imaging Inc, North 
Billerica (Massachusetts, United States) 

2001/2006 Octafluoropropane Phospholipid North America, 
Europe 

SonoVue/lumason Bracco Diagnostics Inc (New Jersey, 
United States), Bracco Imaging S.p.A 
(Milan, Italy)

2001/2014 Sulfur hexafluoride Phospholipid United States, 
Europe, China, 
Brazil

Sonazoid1 General Electric Healthcare, Bucking-
hamshire (United Kingdom), Daiichi 
Saniko, (Tokyo, Japan)

2007 Perfluorobutane Hydrogenated egg yolk 
phosphatidyl serine 
(HEPS)

Japan, South Korea, 
Norway, Taiwan, 
China

Albunex Molecular Biosystems Inc., (California, 
United States)

1993, withdrawn Air Sonicated serum albumin United States, Japan

Imagent/imavist Schering AG 2002, withdrawn Perfluorohexane, 
Nitrogen

Phospholipid United States

Echovist Schering AG 1991, withdrawn Air Galactose microparticles United Kingdom, 
Germany

Levovist Schering AG 1995, withdrawn Air Galactose microparticles, 
palmitic acid

Europe, Canada, 
Japan, China

1Not approved by the Food and Drug Administration for any indication in the United States, but is approved for use in Japan, South Korea, Norway, and 
China for focal hepatic lesions depiction.

before administration[28]. The viscoelastic shell parameter values of 0.55 N/m for shell elasticity and 7.2 × 10-9 kg/s for 
dilational viscosity have been reported in the literature, which closely resemble the values of Definity[28,29].

SonoVue was approved for use in adult patients with suboptimal echocardiograms to opacify the LV chamber and 
improve the delineation of the LV endocardial border in China (2004) and Europe (2001)[29,30]. Lumason was sub-
sequently approved in the United States (2014) for adult patients with suboptimal echocardiograms to improve 
delineation of the LV endocardial border[31]. The FDA approved it for characterizing focal hepatic lesions in adults and 
pediatric patients in 2016[30]. Lumason has also been recently approved for ultrasonography of the urinary tract for the 
evaluation of vesicoureteral reflux in pediatric patients in countries including the United States (2016), Europe (2017), and 
China (2018)[32,33].

Sonazoid
Sonazoid microspheres is a second-generation contrast agent approved in Japan, Norway, South Korea, Taiwan, and 
China for contrast-enhanced sonography of focal hepatic lesions[34,35]. It is compounded as a lyophilized powder for 
injection that consists of Perfluorobutane microspheres stabilized by a monomolecular membrane of hydrogenated egg 
yolk phosphatidyl serine[36]. The viscoelastic shell parameter values of 0.5-0.6 N/m for the shell elasticity and 1.2 × 10-8-
1.6 × 10-8 kg/s for dilational viscosity have been reported, with the dilational viscosity 2-3 times higher compared to 
SonoVue and Definity, respectively[36,37].

Sonazoid as a UCA in the liver produces two phases of contrast enhancement: A vascular phase followed by a Kupffer 
phase (post vascular phase)[38]. The normal liver parenchyma is enhanced during the post-vascular phase, and 
malignant lesions are visualized as clear contrast defects[38,39]. The pattern of vascular phase and post-vascular phase 
enhancements are used to better characterize focal hepatic lesions and detect the presence or absence of masses[38-40]. 
Recently, Sonazoid has been used off-label to detect sentinel lymph nodes in cancer[41].

SAFETY OF CONTRAST AGENTS
UCAs approved for clinical use are often well tolerated, and serious adverse effects are rarely observed[42]. Adverse 
reactions are minor and commonly include altered taste, sensation of heat, nausea, and headache, which are treated 
symptomatically[42]. In 2007, the FDA issued a “black box” warning with contraindications to several disease states, 
including ventricular arrhythmias, decompensated heart failure, acute myocardial infarction, among others, to several 
contrast agents due to four patient deaths and over 180 serious adverse events associated with UCA use[1,42]. Critics 
argued that there was no proof in relation to these adverse events and cited other reasons as an explanation. In 2008, the 
FDA deescalated the contraindications to warnings. Since then, safety studies have been done, particularly with Definity 
and Optison, which have demonstrated low rates of adverse events[43,44].
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BUBBLE TO ULTRASOUND SIGNAL
Contrast agents induced changes in reflection pattern. They increase backscattered signals and appear nonlinear with 
increasing vibrational patterns when significant acoustic pressures are applied[1,2,44]. Differentiation of signal origin, 
whether UCA or tissue, is possible as tissue produces harmonic frequencies at a higher mechanical index[45]. With filter 
systems, several natural frequencies are received, allowing for a certain amount of background signal suppression[44,45]. 
High-pressure levels disrupt microbubbles and create nonlinear patterns that lead to ultrasound signals[1,43-45].

DISCUSSION
These contrast agents have achieved an established role in LV opacification and identification of the endocardial border
[19]. When administered, UCAs can successfully yield LV ejection fraction and volume that correlate well with other 
imaging techniques, such as magnetic resonance imaging (MRI), in patients for whom the use of unenhanced imaging is 
technically difficult[19,46]. Additionally, UCAs have the ability to impact and alter disease management[47].

A large prospective cohort study by Kurt et al[48] evaluated the impact of UCAs on patient diagnosis and management. 
Over 600 patients with technically inadequate echocardiographic studies who received UCAs were enrolled. The quality 
of studies, estimated ejection fraction, number of LV segments visualized, presence of apical thrombus, and management 
decisions were compared before and after contrast. Results showed that technically difficult studies decreased from 86% 
to 9.8% (P < 0.0001), and uninterpretable studies declined from 11% to 0.3%. Before contrast, 11.6 +/- 3.3 of 17 LV 
segments were visualized, which improved to 16.8 +/-1.1 (P < 0.0001) after contrast. A major impact of UCAs on mana-
gement was also observed, where additional diagnostic procedures were avoided in 32% of patients, and drug 
management was altered in 10% of patients. A cost-benefit analysis also showed an average saving of $122 per patient. 
The study revealed that contrast echocardiography improves endocardial visualization and diagnosis, resource 
utilization, and patient management. This was evident in both the reduction in the number of additional diagnostic 
procedures and in the drastic alteration in medical management.

UCAs possess the ability to limit unnecessary diagnostic imaging such as MRI, x-rays, and computed tomography 
scans to achieve an accurate diagnosis[49]. As a result, they can shorten hospitalization length, ultimately improving 
patient care and outcomes[49,50]. Conditions such as apical hypertrophic cardiomyopathy and cardiac masses, partic-
ularly ventricular thrombi, can be readily identified on contrast echo[51]. An accurate diagnosis saves time and 
potentially alters treatment decisions, which ultimately benefits the patient. In allowing fewer diagnostic tests to render a 
medical verdict, contrast echo provides added financial satisfaction to patients[50,52].

CONCLUSION
A compelling case can be made for using UCAs to depict the LV endocardial borders in patients undergoing echocardio-
graphy. They significantly improve diagnostic accuracy, reducing the need for additional imaging. Consequently, 
contrast echocardiography reduces both patient cost and healthcare burden. UCAs can also be used to accurately measure 
velocities from Doppler signal recordings, which may eliminate the need for cardiac catheterization. An additional case 
can be made for specialists to train in the use and interpretation of myocardial contrast echocardiography during stress 
and rest, which may equip the echocardiography laboratory with the ability to diagnose the presence of coronary artery 
disease in patients with normal regional LV function. Overall, UCAs can be used as a point of care tool to accurately 
assess myocardial disease, which may shorten hospitalization, reduce resource utilization, and improve patient care.
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Abstract
The mitochondrial DNA copy number (mtDNAcn) plays a vital role in cellular 
energy metabolism and mitochondrial health. As mitochondria are responsible for 
adenosine triphosphate production through oxidative phosphorylation, main-
taining an appropriate mtDNAcn level is vital for the overall cellular function. 
Alterations in mtDNAcn have been linked to various diseases, including neurode-
generative disorders, metabolic conditions, and cancers, making it an important 
biomarker for understanding the disease pathogenesis. The accurate estimation of 
mtDNAcn is essential for clinical applications. Quantitative polymerase chain 
reaction and next-generation sequencing are commonly employed techniques 
with distinct advantages and limitations. Clinically, mtDNAcn serves as a valu-
able indicator for early diagnosis, disease progression, and treatment response. 
For instance, in oncology, elevated mtDNAcn levels in blood samples are as-
sociated with tumor aggressiveness and can aid in monitoring treatment efficacy. 
In neurodegenerative diseases such as Alzheimer’s and Parkinson’s, altered 
mtDNAcn patterns provide insights into disease mechanisms and progression. 
Understanding and estimating mtDNAcn are critical for advancing diagnostic 
and therapeutic strategies in various medical fields. As research continues to 
uncover the implications of mtDNAcn alterations, its potential as a clinical 
biomarker is likely to expand, thereby enhancing our ability to diagnose and 
manage complex diseases.
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Core Tip: This review highlights the critical biological and translational significance of mitochondrial DNA (mtDNA) copy 
number (mtDNAcn) variations and emphasizes their implications in both laboratory diagnostics and clinical settings. By 
exploring the mechanisms underlying mtDNA replication, the association of mtDNAcn with various diseases, and its 
potential as a biomarker for mitochondrial dysfunction, we underscore the need for standardized methodologies for 
measuring mtDNAcn. This perspective aims to bridge the gap between basic research and clinical applications by facilitating 
the integration of mtDNAcn assessments into routine diagnostic practices and therapeutic strategies for mitochondria-related 
diseases.
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INTRODUCTION
Mitochondrial DNA and mitochondrial DNA copy number
Mitochondria are essential organelles found in almost all cells, and are pivotal energy generators in mammalian cells. 
Endowed with their own genomes, referred to as mitochondrial DNA (mtDNA), mammalian cells maintain hundreds to 
thousands of mtDNA molecules per cell[1]. Mitochondria are organelles that reside in the cytoplasm of eukaryotic cells 
and are involved in energy production via oxidative phosphorylation (OXPHOS), which utilizes oxygen and nutrients to 
produce adenosine triphosphate (ATP) accompanied by harmful byproducts of reactive oxygen species[2]. Mitochondria 
also play central roles in various cellular processes such as apoptosis, calcium homeostasis, and reactive oxygen species 
metabolism[1,2]. OXPHOS is orchestrated by four large complexes embedded in the mitochondrial inner membrane, and 
defects in OXPHOS are associated with mitochondrial diseases. mtDNA copy number (mtDNAcn) indicates the relative 
abundance of mtDNA relative to the total amount of nuclear DNA (nDNA) in the genome, is an essential indicator of 
mitochondrial health and integrity, and has been suggested as a potential disease biomarker as it affects mitochondrial 
biogenesis and cellular oxidative stress[1,3,4].

Mitochondrial biogenesis is orchestrated by the concerted expression of nuclear and mitochondrial genes, which is 
regulated by various transcription factors, cofactors, and coactivators. Key transcription factors involved in the regulation 
of mitochondrial biogenesis include peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), 
nuclear respiratory factors (NRFs), and mitochondrial transcription factor A (TFAM)[3,5]. PGC-1α is a coactivator that 
controls the expression of mitochondrial and nuclear genes, thereby regulating mitochondrial biogenesis, energy 
substrate uptake, and OXPHOS activity in different tissues. PGC-1α activity is regulated by various signaling pathways 
that are activated in response to changes in cellular energy demand (e.g., exercise, cold exposure, and starvation). After 
activation, PGC-1α increases mitochondrial biogenesis by promoting the expression of NRFs and TFAM, mitochondrial 
dynamics and motility, and the mitochondrial quality control system[5,6]. Experimental overexpression of PGC-1α has 
been associated with increased mitochondrial biogenesis and proliferation, whereas PGC-1α downregulation is associated 
with mitochondrial dysfunction, decreased mitochondrial biogenesis, and several pathologies[5]. However, in different 
tissues, mtDNAcn may also be affected by factors such as cell size, oxygen consumption, energy expenditure, and age[2,
5]. Understanding the biological attributes of mtDNAcn will provide insights into the pathogenesis of various diseases.

mtDNA is a circular genome containing 16569 base pairs (15-17 kb in length), is characterized by covalent closed-loop 
structures, and is commonly present in multiple copies per mitochondrion[7,8]. The number of mtDNA per cell varies 
according to tissue specificity, ranging from several hundred in non-energy-demanding tissues, such as fibroblasts, to 
thousands in high-energy-demanding tissues, such as the heart, skeletal muscle, and brain. mtDNA is thought to encode 
37 genes necessary for the correct functioning of mitochondria, including 13 proteins of the OXPHOS system, two 
ribosomal RNAs, and 22 transfer RNAs[7,9]. Among the 13 polypeptides encoded by mtDNA, 12 are subunits of 
OXPHOS complexes I, III, IV, and V, and awareness of their importance stems from genetic mutations that lead to 
mitochondrial disorders, which can affect post-mitotic cells rich in mitochondria, such as neurons, cardiac muscle, and 
skeletal muscle[9,10]. Reversible lesions within mtDNA have been implicated in a variety of disorders, including 
oxidative stress, energetics, and signaling dysregulations[10-12]. Accordingly, mtDNA alterations can differentially 
influence cellular homeostasis and behavior, facilitating either adaptation or sensitivity to external perturbations. Indeed, 
numerous studies have indicated that mitochondrial biogenesis is associated with an increased mtDNAcn, and a decrease 
in mtDNAcn correlates with mitochondrial dysfunction[10-14]. Notably, several nuclear-encoded genes are involved in 
the regulation of mtDNAcn, suggesting that the mtDNAcn is regulated by a highly coordinated process. Since ATP 
synthesis is linked to mitochondrial respiration, which involves the electron and proton gradients of the respiratory 
chain, these two processes are also involved in mtDNA replication, which regulates the number of mtDNA copies 
(Table 1)[10,13].

Alterations in mtDNAcn have been observed in aging and various disorders, including neurodegenerative, inflam-
matory, metabolic, and oncogenic diseases[10-14]. Aberrant changes in mtDNAcn are also believed to serve as potential 
biomarkers for early diagnosis of these diseases. It has been shown that mtDNAcn increases in a large number of human 
cancers, regardless of histological type, although the extent and distribution of mtDNAcn varies across tumors[15]. The 

https://www.wjgnet.com/2222-0682/full/v15/i3/102709.htm
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Table 1 Key genes regulating mtDNA copy number

Gene Role in mtDNA regulation Associated disorders Ref.
PGC-1α Master regulator of mitochondrial biogenesis Neurodegeneration, cancer, metabolic syndrome [3,5,6]

TFAM Maintains mtDNA integrity and replication Mitochondrial diseases, aging [5,9]

POLγ Essential for mtDNA replication MELAS, Kearns-Sayre syndrome, cancer [88-90]

NRFs (1 and 2) Coordinate expression of mitochondrial 
genes

Neurodegeneration, metabolic disorders [3,5]

mtDNA: Mitochondrial DNA; PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TFAM: Mitochondrial transcription factor 
A; POLγ: Polymerase gamma; NRFs: Nuclear respiratory factors; MELAS: Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes.

first mtDNA sequence decoded in humans in 1981 led to the discovery of more than 150-point mutations in the genes 
encoded by mtDNA in patients with Leber’s hereditary optic neuropathy (LHON) and several large-scale deletions and 
duplications, mainly affecting mitochondrial coding genes and generating external frameshift mutations associated with 
mitochondrial myopathy and multiple mitochondrial dysfunction syndromes[15,16].

Unlike conventional nDNA quantification, mtDNA detection is based on polymerase chain reaction (PCR) 
amplification of a unique region of mtDNA, avoiding interference by nDNA[4-6,15]. Assessment of mtDNA and its 
structural alterations is emerging as a viable detection tool for various biological molecules, including cytosolic exosomes, 
body fluids, tissues, saliva, urine, and hair. The quantification of mtDNA content is underscored by the promise of a 
deeper understanding of cellular senescence, age-related cellular dysfunction, epigenetic regulation, tumorigenesis, and 
pharmacology. The emerging literature corroborates the correlation between mtDNAcn and its structural alterations 
(deletion and rearrangement) with the clinical progression of cancer, metabolic, and degenerative diseases. Studies have 
also suggested that alterations in mtDNAcn may be the earliest events in the progression of chronic diseases[4,12,15]. The 
modulation of mtDNAcn raises the possibility of a plausible contribution of mtDNAcn to cellular dysfunction, fate, and 
pathogenesis. Since mtDNAcn can be analyzed through non-invasive detection of peripheral blood, exploring the 
alterations of mtDNAcn in bodily cells and body fluids holds great promise for better understanding and improvement of 
the aforementioned diseases. Therefore, a comprehensive understanding of mtDNAcn regulation in cells is important for 
biomedical studies and has been substantiated. Recent studies have highlighted the clinical relevance of mtDNAcn in 
early diagnosis, prognosis of therapeutic intervention, and detection of disease recurrence.

Despite extensive research on mitochondrial function, the precise mechanisms regulating mtDNAcn and their quanti-
fication remain incompletely understood. Specifically, while various nuclear-encoded genes and transcription factors, 
such as PGC-1α, TFAM, and NRFs, have been identified as key regulators of mitochondrial biogenesis, significant gaps 
persist in the understanding of the intricate coordination of these factors in different tissues and the variability in 
mtDNAcn across tissues, its dynamic response to cellular energy demands, and its role in the pathogenesis of diverse 
diseases highlights a complex regulatory network that warrants further investigation. For example, the interplay between 
oxidative stress, mitochondrial dynamics, and mtDNA replication processes remains poorly characterized, particularly in 
the context of aging and chronic diseases[10,12]. These knowledge gaps underline the necessity of studying mtDNAcn as 
a potential biomarker of mitochondrial dysfunction. Addressing these unanswered questions could lead to improved 
diagnostic and therapeutic strategies, particularly for diseases for which mitochondrial health is critical.

METHODS FOR ASSESSING mtDNAcn
Methods for measuring mtDNAcn have proliferated alongside the growing application of mtDNA analysis. Because of 
the biased segregation of mtDNA mutations during cell division, some mutations in the mitochondrial genome become 
homoplasmic (existing in all copies) and persist at high copy numbers, while others remain heteroplasmic (existing only 
in a subset of copies) and diminish with time, indicative of cellular dysfunction[17,18]. All DNA in a diploid cell is 
referred to as its nuclear-equivalent DNA content, encompassing both nuclear and mitochondrial genomes[8,11,17]. 
Furthermore, all mtDNA in a diploid cell is referred to as its mtDNA content, which is directly measurable via 
quantitative PCR (qPCR) tests and other techniques[15,17,18].

Most methods for measuring mtDNAcn utilize qPCR in a real-time thermal cycler[19,20]. The assay can be performed 
using a two-target reference gene approach, normalized to one of the nuclear target genes, such as β-actin, or a single-
target approach, where data are compared to a standard curve generated with known quantities of mtDNA input[19,20]. 
There is an implicit assumption that mtDNA and nDNA are under equal amplification conditions because of the use of 
the same PCR primer sets and reagents, with the difference being the number of target sequences[19,20]. Targeting and 
amplifying nDNA segments present in a chromosome with unequal pooling of homologs would confound any calculated 
ratio under equal amplification conditions. Although qPCR is the most common method employed, it has several caveats, 
particularly in the assessment of tissues with low-quality DNA, experiments with lower DNA concentrations, and hetero-
geneous samples. DNA preparation is also a rich source of systematic bias, and increased effort is needed to ensure that 
DNA samples are free of bias prior to mtDNAcn quantification[14,19,20].
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Next-generation sequencing (NGS) platforms allow pyrosequencing of millions of individually sequenced DNA 
fragments in parallel[21]. NGS is a promising alternative mtDNAcn assessment tool that requires post-sequencing 
bioinformatic approaches that are currently either non-robust or non-widely adopted[8,14,21]. The design and 
optimization of the initial NGS experiments largely dictate read lengths and yields, amplicon sizes, primer dilution, PCR 
iterations, amplification conditions, and DNA concentrations in subsequent reactions using the same amplification 
primers for multiplexing, ProSEQ, resetting, and incorporating barcodes/indexes[20,21].

From a historical perspective, the southern blot (SB) hybridization has long been the gold standard for assessing the 
level and integrity of mtDNA in patient samples and model organisms[22]. Although SB techniques are highly reliable for 
determining mtDNA content, they are time-consuming, only semi-quantitative, and require a relatively large amount of 
DNA, which presents a significant drawback when studying human tissues[22]. Fluorescent in situ hybridization has also 
been used to spatially visualize mtDNA content with single-cell resolution; however, this method is only partially 
informative[23]. Its multi-step protocol is laborious and offers only a rough estimate of the changes in mtDNA levels.

Assessing mtDNAcn using qPCR
qPCR is the most widely used method for analyzing mtDNAcn[14,24]. It can be optimized to assess mtDNAcn in a high-
throughput format, sensitive to low mitochondrial sample input, and conducive to sample pooling[24,25]. However, 
qPCR relies solely on specific DNA sequences. Thus, experimental design requires careful consideration and testing of 
qPCR primers to ensure robust, reproducible, and specific measurements, with low inter- and intra-assay variance being 
the most critical quality control step in this approach[24-26]. Traditional qPCR quantification methods typically analyze 
mtDNA and nDNA using a single primer set in two steps: The standard curve and the mtDNA/nDNA ratio[24,25]. 
However, for heterologous sample preparations containing nDNA genes homologous to mtDNA, this analysis will give 
rise to very large quantification errors in determining mtDNAcn[25-27]. This is attributed to the inability to monitor assay 
conditions and amplify efficiency with respect to specific sample preparation. As a result, such methods often lead to 
inconsistent data on mtDNAcns for the same sample preparation analyzed by different laboratories[25]. Quantification 
algorithms need more caution for qPCR assays to measure mtDNA-nDNA ratios and mtDNAcns, especially in samples 
containing nDNA genes with significant sequence similarity to mtDNA[26].

For sample preparation, all experiments must be performed while working on ice or at cold temperatures within a pre-
cooled mini-cooled PCR cycler to prevent the unwarranted loss of fast-evolving wild-type genes[24-27]. The initial pre-
preparation for the qPCR assay must avoid freezing and thawing of samples and resuspend all ultralow sample concen-
trations gently to produce a homogeneous distribution[24]. A low pipetting force should be used to prevent mtDNA 
shearing. As sample dilution and pooling may introduce batch effects and quenching of the qPCR signal, all samples to 
be pooled should be evenly split to avoid overconcentration of the same samples in specific wells[25,26]. An individual 
assay for each sample is advised for samples anticipated to fall below measurable concentrations.

mtDNAcn analysis using qPCR can be performed in either SYBR Green or TaqMan interrogation format, both of which 
target specific amplicon sequences[26-28]. The SYBR Green assay relies on the intercalation of a fluorescent dye into 
dsDNA, as it is amplified[27]. TaqMan assay is dependent on an oligonucleotide probe labeled with a fluorescent dye and 
a quencher dye. As amplification occurs, the 5’ nuclease activity of Taq polymerase cleaves the probe, releasing a 
fluorescent signal that is detected and proportional to the amount of PCR product generated[24,28]. When the experi-
mental design requires the use of multiple primer pairs in the same plate layout and run, controls must be included on 
the same plate for each primer pair, including Q5 Hot Start High-Fidelity DNA Polymerase as a positive control, to verify 
the performance of the primer pairs used[26,27]. Compounds and probes should be included to test their effects on the 
protocol. This design allows for a validity check of the batch size. Preferably, qPCR analysis should be repeated for 
different batch sizes in a high-throughput qPCR setup[24-28].

Assessing mtDNAcn using NGS
Complementary to qPCR methods, NGS has been developed to quantify mtDNAcn in a single run in a genome-wide 
manner without prior knowledge of mitochondrial sequences[28]. Using read-depth normalization strategies, NGS data 
can be used to measure the total and/or specific mtDNAcn changes[28]. Furthermore, their integration with existing 
whole-genome sequencing and whole-exome sequencing (WES) is enabled by the almost universal implementation of 
NGS in most laboratories that perform large-scale genome analysis[28-30].

The process begins with the extraction of total DNA, including both nDNA and mtDNA, from cells or tissues. The next 
step involves library preparation, wherein the extracted DNA is fragmented into smaller pieces to facilitate efficient 
sequencing[28-30]. Sequencing adapters, which are short pieces of synthetic DNA, are attached to the fragmented DNA to 
allow binding to the sequencing platform. This step is critical for ensuring that DNA fragments can be correctly amplified 
and sequenced. During sequencing, both nuclear and mitochondrial genomes were sequenced simultaneously, providing 
a comprehensive overview of the entire cellular DNA content. The sequencing platform generates millions of reads, 
which are short DNA sequences that correspond to fragments of both nDNA and mtDNA. Once the sequencing data are 
generated, bioinformatics tools are used to align the reads to their respective reference genomes, allowing for precise 
identification of whether the reads originate from the nuclear genome or the mitochondrial genome[28-32].

The number of reads mapped to the mitochondrial genome was compared to the number of reads mapped to the 
nuclear genome[29,30]. Because the nuclear genome is present in two copies per diploid cell, this comparison allows for 
the normalization and accurate calculation of the mtDNAcn per cell[29,31]. The formula used for this calculation typically 
normalizes the number of mtDNA reads to the size of the mitochondrial genome and the number of nDNA reads to the 
ploidy of the nuclear genome[32]. This allows for the estimation of the number of copies of the mitochondrial genome 
present in each cell. Given that the nuclear genome is usually constant in copy number across cells, any variation in the 
ratio of mtDNA to nDNA reads reflects changes in mitochondrial content, providing insights into mitochondrial 
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biogenesis or degradation under different physiological or pathological conditions[30-33].
The diversity of experimental designs remains a potential source of bias, even in strictly controlled laboratory 

environments. Molecular experiments should be reported with the Minimum Information for Publication of Quantitative 
Real-Time PCR Experiments (MIQE) guidelines in mind, which would cover both laboratory knowledge and actively 
adopted best practices. Ideally, all design-specific factors should be reported so that all procedures leading to the normal-
ization and quantification of results are transparent and open to independent validation.

For mtDNAcn assessment, technical considerations include qPCR-specific issues related to reaction volume, number of 
replicates or parallel reactions, reaction mixtures (acid/base ratio affecting amplification efficiency) leading to stricter 
biochemical requirements for samples, and reliance on qPCR properties, which can differ among thermocyclers. 
Systematic biases stemming from qPCR chemistry and thermocycling conditions are classically solved through plate-like 
replication of controls (standard/reference/sample) at a ratio of at least 1/8, flat-lined volumetric neutrality (classically 
20 μL reaction volume), baseline filtering, and standard curve correction[34]. Controversies remain regarding the use of 
synthetic amplification additives (e.g., surfactants) that act as smoothing agents to flatten amplification results[34]. 
Environmental sources that directly impact laboratory design are unavoidable (e.g., geographical location, surrounding 
industry, and building architecture) (Table 2).

mtDNAcn IN HEALTH AND DISEASE
Changes in mtDNAcn can lead to, or be a consequence of, mitochondrial dysfunction. mtDNA deletions and depletion 
(mtDNA deletions refer to the loss of a specific segment of the mtDNA molecule that results in a shortened mtDNA 
molecule that lacks certain genes or regulatory regions, and mtDNA depletion refers to a significant reduction in the 
overall copy number of mtDNA within cells or tissues, while the remaining mtDNA molecules remain intact and 
structurally normal), and mutations can occur as a result of damage from free radicals, ionizing radiation, chemothera-
peutic agents, or toxins[4,8,9,15]. Accumulation of these mutations can lead to mitochondrial dysfunction and energy 
deficiency[2,4,15]. This can be compensated, in part, by an increase in mtDNAcn; however, it is hypothesized that there 
will be a deleterious cumulative effect on function and health.

Recent studies have linked alterations in mtDNAcn to a number of human disorders, such as neurodegenerative 
diseases [e.g., Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease], diabetes, Fanconi’s anemia, 
diseases of the skeletal muscle (e.g., mitochondrial myopathy, congenital defects like Pearson’s syndrome), cardiomy-
opathies, non-syndromic deafness, certain cancer types (e.g., breast, colorectal, endometrial, gastric, annular pancreas, 
gliomas, prostate, cervical, bladder carcinoma), and complex diseases (like prion diseases)[7,15]. Trimethylation of 
histone H3 lysine 9 has been implicated in the silencing of promoters of nuclear-encoded respiratory complex subunit 
genes, resulting in a gradual increase in mtDNAcn in response to mitochondrial dysfunction in animal models[35]. In 
contrast, hypomethylation of H3 lysine 4 chromatin marks at the Pol I transcription start sites was shown to be involved 
in the switch of the mtDNA replication mechanism from legacy to prominent mode in metazoan species[35]. The 
mtDNAcn varies widely among cell types[15], and a common medical interest is to determine the mtDNAcn in cells for 
diagnostic or prognostic purposes. With aging, somatic mutations accumulate in mtDNA, and a gradual decrease in the 
relative number of full-length mtDNA is observed in various organs of older mice, suggesting an age-dependent decline 
in mitochondrial function, substantiated by an altered mtDNAcn in the tissues or blood of aging animals or humans[4,
15]. Cell-free mtDNA has recently attracted attention, especially because of its potential use as a non-invasive biomarker 
for both mitochondrial dysfunction and cancer.

Etiology of mitochondrial mutations
Mutations in mtDNA can arise either from spontaneous errors during DNA replication or from incorrect repair of 
damaged DNA bases. Sequence analyses and experimental studies involving a large number of mtDNA genomes indicate 
that most mtDNA mutations result from spontaneous replication errors introduced by DNA polymerase gamma (POLγ) 
during mtDNA synthesis[36,37]. These pathogenic mtDNA mutations are commonly found in mitochondrial tRNA, 
rRNA, and protein-coding genes, leading to compromised mitochondrial gene expression and varying degrees of 
OXPHOS deficiency. Owing to the multicopy nature of the mitochondrial genome, mtDNA mutations may be 
homoplasmic or heteroplasmic. Many severe mtDNA mutations cannot be tolerated in the homoplasmic state, which 
makes their presence in the heteroplasmic state more common in patients. Typically, heteroplasmic pathogenic mtDNA 
mutations exhibit a functionally recessive nature, meaning that they only cause respiratory chain deficiencies when 
present above a certain threshold level[38]. Consequently, cells with mutated mtDNA levels exceeding this critical 
threshold develop respiratory chain dysfunction, whereas adjacent cells with lower mutation loads can maintain normal 
respiratory chain function. The threshold level is highly tissue-dependent and varies with the type of mtDNA mutation; 
for example, the threshold for single large deletions is approximately 50%-60%[39], while some tRNA gene point 
mutations may exceed 90% mutated mtDNA[39,40]. Throughout an individual’s life, levels of heteroplasmy can fluctuate 
owing to mitotic segregation, a result of relaxed replication, and random mitochondrial partitioning between daughter 
cells. Additionally, deleterious mtDNA alleles may be actively eliminated in proliferating tissues through purifying 
selection, a phenomenon observed in the blood for certain mtDNA mutations[40-42]. It is well established that point 
mutations in tRNA genes or single large deletions in mtDNA lead to functional impairments or deficiencies in one or 
more tRNAs. However, these pathogenic mtDNA mutations typically lack dominant effects, allowing tolerance to high 
levels of mutated mtDNA. The recessive nature of most human pathogenic mtDNA mutations results in a deficiency of 
wild-type gene products, impairing OXPHOS, and contributing to disease phenotypes. Beyond their role as direct causes 
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Table 2 Methods for assessing mitochondrial DNA copy number

Method Steps involved Applications Advantages Limitations Ref.

qPCR DNA extraction → primer 
design → amplification → 
analysis

Widely used in clinical and 
research diagnostics

High sensitivity, high 
throughput, cost-effective, 
rapid

Susceptible to bias in low-quality 
DNA, issues with heterogeneous 
samples, requires careful primer 
design

[15,
24-
26]

NGS DNA extraction → library 
preparation → sequencing → 
bioinformatics analysis

Genome-wide studies, 
detects mtDNA mutations 
alongside copy number 
analysis

Genome-wide analysis, 
accurate quantification, 
detects mtDNA hetero-
plasmy

Requires advanced bioinformatics, 
high cost, computational 
complexity

[21,
28-
32]

Southern blot 
hybridization

DNA extraction → gel 
electrophoresis → hybrid-
ization → quantification

Historically the gold 
standard, reliable for 
mtDNA integrity assessment

High reliability, detects 
large-scale deletions

Time-intensive, requires large 
DNA quantities, semi-quantitative

[22]

FISH Sample preparation → probe 
hybridization → microscopy

Single-cell resolution studies, 
spatial visualization of 
mtDNA

Single-cell resolution, 
visualizes mtDNA distri-
bution

Labor-intensive, provides only 
rough mtDNA estimates, 
technically demanding

[23]

qPCR: Quantitative polymerase chain reaction; NGS: Next-generation sequencing; FISH: Fluorescent in situ hybridization; mtDNA: Mitochondrial DNA.

of primary mitochondrial diseases, which are characterized by severe mitochondrial impairment in multiple tissues[42,
43], mtDNA mutations have also been implicated in the pathophysiology of common age-associated diseases[15,44-46] 
and in the natural aging process[15].

Aging
The mtDNAcn during aging has been assessed in most tissues from humans to rodents. However, currently, there is no 
consensus regarding the relevance of mtDNAcn analysis. The impact of mtDNAcn changes on different tissues may not 
be equivalent. In a seminal paper, mtDNAcn was shown to decrease with age in the brain, heart, liver, skeletal muscle, 
and blood of humans[47,48] but increased in the skin, adipose tissue, peripheral blood mononuclear cells, and urine[15,
49]. mtDNAcn levels were increased in the lymphocytes of TWAY mice, a model for human aging and age-related 
pathologies. Transient decreases in mtDNAcn were observed during early postnatal development in the brain, heart, 
liver, and skeletal muscle but not in the skin[50].

The amount of mtDNA in the tissues of people of various ages has been measured in numerous investigations[8,15]. 
During aging, mtDNA levels vary among different tissues. In lymphocytes and blood, there is a notable decrease in the 
mtDNAcn, as revealed by whole-genome sequencing and qPCR[51,52]. This decline in mtDNA has also been observed in 
skeletal muscle, where one study using NGS and digital droplet PCR reported a reduction[49]. However, other investig-
ations in skeletal muscle using qPCR and southern blotting have shown that mtDNA levels remain unchanged[47,48]. 
Similarly, the heart showed no significant change in mtDNA levels, as confirmed by qPCR and SB analyses[47,48].

In contrast, certain tissues display increased mtDNA levels with age. For example, the liver exhibits elevated mtDNA 
content, based on NGS and digital droplet PCR data[49]. Likewise, mtDNA levels are higher in the substantia nigra (SN), 
as determined by qPCR[53]. Interestingly, some brain regions, such as the caudate nucleus, frontal lobe cortex, and 
cerebellar cortex, show no change in mtDNA levels during aging, as evidenced by SB analysis[47]. These findings suggest 
a complex and tissue-specific pattern of mtDNA regulation during the aging process, with some tissues experiencing a 
decline, others remaining stable, and some exhibiting increased mitochondrial content.

A significant reduction in mtDNAcn was observed in blood samples, with the decline becoming more noticeable in 
individuals in their 50 seconds. This decrease in mtDNA levels intensifies with age, particularly in older populations 
where a more dramatic reduction is evident[54,55]. The mtDNAcn has been estimated to decrease by a few percent per 
decade[56]. In individuals over 58 years of age, a low mtDNAcn in peripheral blood has been linked to higher mortality 
rates and poor health outcomes, including decline in both cognitive and physical performance[55]. However, studies 
conducted on long-lived families, including nonagenarians and centenarians, have produced puzzling and often contra-
dictory results, complicating our understanding of mtDNA dynamics during extreme longevity[55,57].

The aging process is accompanied by a decline in mitochondrial function, along with noticeable changes in 
mitochondrial morphology, content (both in terms of number and protein levels), and OXPHOS[15,57,58]. Pathogenic 
mutations in mtDNA, including both large deletions and point mutations, have been identified in various tissues of aged 
individuals, affecting both post-mitotic and proliferating cells[59]. Experimental evidence has suggested that somatic 
mtDNA mutations play a role in driving certain age-related phenotypes. For example, in mice, a deficiency in the 
proofreading function of mitochondrial POLγ leads to progressive accumulation of mtDNA mutations, resulting in 
premature aging syndrome. This syndrome is characterized by reduced lifespan, decreased fertility, anemia, hair greying, 
hair loss, hearing loss, and stem cell dysfunction[15,47,60].

Diminished bioenergetic function and increased oxidative damage are hallmarks of aging in mammals. Mitochondria 
are susceptible to oxidative damage owing to their proximity to reactive oxygen species, resulting in mtDNA lesions. 
Autophagic clearance of damaged mitochondria decreases with age in various species. Overall, mtDNAcn dynamics 
should be explored more thoroughly across different tissues in animal models of aging.
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mtDNAcn as a biomarker
mtDNAcn can be employed as a quantifiable biomarker, thereby providing a measurement that offers information related 
to cellular changes in disease diagnosis, severity prediction, and treatment efficacy evaluation in a multitude of human 
diseases, especially in cancers, neurodegenerative diseases, infections, maternal-fetal diseases, and inherited diseases. 
Advances in technology have enabled the assessment of mtDNAcn as part of genomic profiling in a high-throughput, 
rapid, and cost-effective manner because unlike nDNA, mtDNA is present in numerous copies, up to thousands per cell, 
and its copy number is subject to regulation[9,10,29]. Individuals vary in their mtDNAcn, and while they are relatively 
stable across tissues and over time, they may be modulated by diet, lifestyle, and exposure to various environmental 
factors[15,61]. mtDNAcn also appears to be regulated during mitochondrial biogenesis and in response to changes in 
cellular energy demand[11,13]. Preclinical studies involving cell lines and animal models, along with epidemiologic 
studies concerning human subjects with various diseases, have collectively revealed that the mtDNAcn is altered in a 
disease-dependent manner. As a result, there is a compelling interest in the clinical application of mtDNAcn as a 
diagnostic biomarker for potential use in clinical laboratories. To date, the diagnostic applications of mtDNAcn have been 
evaluated and assessed across multiple disciplines, including oncology, metabolic disorders, and infectious diseases, 
using different detection techniques in various tissues, including peripheral blood, buccal mucosa, saliva, lymphocytes, 
urine, breast tissues, tumor tissues, neurons in post-mortem brain samples, hair follicle tissues, and cultivated cells.

The focus of oncology is on cell-free mtDNAcn found in the plasma or serum of patients with various cancers. The 
rationale for investigating cell-free mtDNA is that it is released from dead or damaged cells, thereby creating an 
abundance of mtDNA in the circulatory system. The same is substantiated by the studies corroborating a link between 
reduced cell-free mtDNA in plasma or serum and the onset or progression of cancers, particularly with respect to lung, 
breast, ovarian, endometrial, colorectal, prostate, and hepatitis virus-induced liver cancer (Table 3)[15,62,63].

mtDNAcn in neurodegenerative disorders
Mitochondrial dysfunction has emerged as a potential contributor to neurodegenerative disorders such as AD and PD[64,
65]. Initial studies on mtDNAcn in AD focused solely on brain tissue. Several studies have used a more systematic 
approach to evaluate mtDNAcn levels in the peripheral tissues and biofluids. Follow-up studies have assessed mtDNAcn 
levels in a diverse array of tissues. Most studies have found that mtDNAcn is reduced in the brains of patients diagnosed 
with AD[66,67]. In support of these findings, decreased mtDNAcn is associated with increased phosphorylated tau levels 
in the cerebral spinal fluid of several AD cohorts[68,69]. Interestingly, contradictory findings have been reported for other 
tissues[70]. In peripheral blood and arteries, mtDNAcn has been primarily observed to be increased in patients with AD. 
As an important consideration, most of these studies used 12S rRNA to quantify mtDNAcn. Previous studies have shown 
that nDNA-located mitochondrial ribosomal RNA genes can be lost with age, potentially confounding the nature of the 
differences between groups.

In Parkinson’s, gene expression in various brain regions and biological fluids shows distinct patterns. In the geniculate 
nucleus region, expression is upregulated, whereas in the SN and blood, it is downregulated, as detected by qPCR 
techniques[69,71,72]. The cerebellum and cerebellar cortex remained unchanged based on WES analysis[73]. The frontal 
cortex also showed no change, but the qPCR results from the SN show downregulation[74]. In AD, the frontal cortex and 
hippocampus are downregulated according to qPCR results[75-77], whereas the cerebellum remains unchanged[76]. 
However, in some hippocampal and cerebellar cortex regions, downregulation was observed using both WES and qPCR
[75]. Blood samples showed no changes in gene expression, whereas cerebral spinal fluid was downregulated[75,76]. 
These findings highlight the varied gene expression patterns across different regions and biological samples in both 
patients with PD and AD.

As an important modulator of mtDNAcn, PGC-1α has been implicated in the pathology of several neurodegenerative 
diseases. In a Drosophila model of synuclein-induced degeneration, PGC-1α exhibited protective effects by promoting 
mtDNA replication and mtDNAcn[78]. In human studies, PGC-1α was upregulated in the midbrain of sporadic PD 
patients[79]. However, it appears that some mutations in PGC-1α confer an increased vulnerability to nigral 
dopaminergic neuron death. In sporadic cases of AD, cerebrospinal fluid levels of the PGC-1α-targeted mitochondrial 
biogenesis driver sirtuin 1 negatively correlate with phosphorylated tau levels[78]. These studies indicate that a 
mechanism might promote an increase in mtDNAcn, whereas late disease mechanisms might promote its reduction. 
Importantly, these effectors interact with one another in several ways. Analysis of neurogenesis-enriched miRNAs 
revealed that the differential expression between AD subjects and controls could regulate many events.

mtDNAcn in metabolic disorders
In response to stresses or damage that compromise respiratory chain function, the cell can greatly amplify its mtDNAcn, 
which is intended to restore a normal ratio of mitochondrial and nuclear genomes, and is dependent on the transcrip-
tional coactivator PGC-1α and its action on mitochondrial RNA POLγ. It is an attractive candidate for a biomarker 
because of the potential for it to point to early disease onset, the relative ease of obtaining tissue samples, and the 
feasibility of measuring mtDNAcn changes in archival collections, making it an attractive candidate.

Applications of mtDNAcn in the field of metabolism are largely directed toward mitochondrial disorders. Evidence 
suggests that disrupted mtDNA topology is disease dependent[80,81]. Studies that determined mtDNA deletion size and 
copy number in various tissues of subjects with different diseases indicated that mtDNA topology has the potential to 
serve as a disease signature at the genomic level[80]. Evaluation of mtDNA deletion size, which is readily detected by 
qPCR, has been employed as a clinical diagnostic tool for multiple mitochondrial disorders, including A3243G-induced 
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS)[15]. The feasibility of mtDNA 
deletion size evaluation in maternal plasma has been investigated as a noninvasive prenatal test for the prenatal diagnosis 
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Table 3 Clinical relevance of mitochondrial DNA copy number in diseases

Disease category Role of mtDNAcn Key observations Diagnostic/prognostic value

Neurodegenerative 
disorders[64-70]

Biomarker for disease 
progression and severity

Reduced mtDNAcn in AD brains; 
increased mtDNAcn in peripheral blood 
of AD patients

Correlates with tau pathology in CSF; potential for non-
invasive diagnosis using blood mtDNA levels

Cancer[15,62,100-102] Indicator of tumor 
aggressiveness and 
treatment response

Elevated mtDNAcn associated with 
tumor proliferation; decreased 
mtDNAcn linked to poor prognosis

Distinguishes between cancerous and non-cancerous 
tissues; early-stage cancers show higher mtDNAcns, 
while advanced stages may show depletion

Metabolic disorders[4,
15,80-83]

Reflects mitochondrial 
dysfunction

mtDNAcn dysregulated in diabetes and 
other metabolic syndromes, indicating 
stress or compensation mechanisms

Biomarker for mitochondrial stress in diabetes; changes 
in mtDNAcn can indicate early disease onset or 
progression

Aging[47-49,55,56] Associated with age-
related cellular 
dysfunction

Decline in mtDNAcn in various tissues 
(e.g., blood, muscle) with age; some 
tissues exhibit increased mtDNA

Low mtDNAcn linked with poor health outcomes in 
aging populations, including cognitive and physical 
decline

Inherited mitochondrial 
disorders[82-93]

Indicates heteroplasmy 
levels and disease 
severity

Variations in mtDNAcn linked to 
phenotypes like MELAS, Pearson’s 
syndrome, and Leber’s hereditary optic 
neuropathy

High mtDNAcn linked to milder phenotypes; can guide 
prognosis and therapy for conditions like Kearns-Sayre 
syndrome and mitochondrial encephalopathy

mtDNAcn: Mitochondrial DNA copy number; AD: Alzheimer’s disease; MELAS: Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 
episodes; CSF: Cerebrospinal fluid.

of A3243G-induced MELAS. mtDNA depletion syndromes, a group of autosomal recessive disorders characterized by a 
significant tissue-specific reduction in mtDNA levels, arise from mutations in genes responsible for various aspects of 
mtDNA maintenance, including mitochondrial nucleotide metabolism, mtDNA replication, mitochondrial dynamics, and 
quality control mechanisms[15]. A few other examples of mtDNA mutations and their effects include Pearson’s 
syndrome, in which the mtDNA mutation involves deletions. Blood samples were used for analysis. mtDNA levels were 
elevated (“up”)[82], as quantified by qPCR. Similarly, in Kearns-Sayre syndrome (KSS), another deletion was identified in 
mtDNA, with blood and muscle samples used for analysis. The mtDNA levels were also elevated[82] using qPCR for 
quantification by qPCR. In MELAS, the mtDNA mutation, m.3243A>G, was detected in leukocytes. Studies have 
demonstrated that mtDNA levels can be elevated, unchanged, or decreased depending on the patient’s age, as reported 
by[83], using qPCR for quantification. Similarly, in myoclonic epilepsy with ragged red fibers (MERRF), the m.8344A>G 
mutation in leukocytes was studied by Liu et al[84], and mtDNA levels were found to vary (up, unchanged, or down) 
depending on age.

For LHON, in the case of the m.11778G>A mutation, peripheral blood cells showed elevated mtDNA levels in a study 
using qPCR[85]. Other studies have reported the m.11778G>A mutation in blood samples, where mtDNA levels were 
found to be either elevated or unchanged, with qPCR used for quantification[84,86]. Additionally, in LHON with the 
m.3460G>A mutation, blood samples were analyzed using qPCR, and mtDNA levels were either elevated or unchanged, 
as shown in a few studies[84,86]. Interestingly, it was found that copy number tended to increase in younger patients, 
whereas it remained unchanged or even decreased in older patients. Other point mutations linked to mitochondrial 
disorders that can be detected at the nucleic acid level have also been evaluated for potential application in maternal 
plasma tests, including A1555G-induced non-syndromic hearing loss and mtDNA4977 deletion-induced Pearson 
syndrome[87].

As a biomarker, the mtDNAcn reflects the maintenance and modification of the mitochondrial genome. In surface cells, 
larger copy numbers are maintained by the replicative machinery involving mitochondrial POLγ. POLγ subunit A 
(POLGA), which encodes the catalytic subunit of mitochondrial POLγ, has been identified as one of several nuclear genes 
associated with mtDNA depletion syndrome. Over 300 mutations in the POLGA gene have been identified, contributing 
to a wide range of mtDNA defects that lead to varying disease severities, symptoms, and ages of onset. Interestingly, a 
mutation that severely impairs the proofreading activity of POLGA in mice resulted in numerous mtDNA mutations but 
had no effect on mtDNAcn[88].

Patients with POLGA-related disorders can present with either a significant reduction in mtDNAcn or an accumulation 
of mtDNA mutations and deletions without affecting overall mtDNA levels[89]. The crystal structure of POLγ has 
provided insights into how different mutations affect enzyme function and replication fidelity[90]. However, the 
relationship between genotype and phenotype remains complex and unpredictable, with significant phenotypic 
variability occurring within members of the same family[91-93]. Pathogenic mtDNA mutations, whether homoplasmic or 
heteroplasmic, are responsible for various mitochondrial syndromes, such as mitochondrial encephalopathy, MELAS, 
LHON, MERRF, Pearson’s syndrome, and KSS. Studies have shown that mtDNAcn is elevated only in small cohorts of 
patients with either Pearson’s or KSS, which is caused by large heteroplasmic mtDNA deletions, and that there is no 
correlation between mtDNAcn and the size or position of the deletion[15,46].

More extensive investigations have been conducted on mtDNAcn variations in patients with mtDNA point mutations. 
A study involving patients with MELAS carrying the heteroplasmic m.3243A>G mutation found that high mtDNAcn and 
low heteroplasmy levels were associated with less severe disease[93,94]. Other studies involving smaller cohorts reported 
that MELAS and MERRF patients with moderately elevated mtDNAcn s exhibited milder phenotypes[95]. In patients 
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with LHON, who mostly carry homoplasmic mutations, mtDNAcn has been implicated in disease penetrance, with 
asymptomatic carriers of the m.11778G>A or m.3460G>A mutations showing higher mtDNAcns than visually impaired 
patients[96,97].

mtDNAcn in cancer
The mtDNA polyploidy biomarker can classify different cancer types; changes in mtDNAcn have been reported in solid 
tumors and hematological malignancies, with higher levels reported in some cancer types and lower levels reported in 
others[15,62,80]. Cancer tissues normally display significant alterations in mtDNAcn (one hundredfold lower than normal 
tissue; mtDNA amplification up to twentyfold)[98]. An increase in mtDNA has been associated with mutations in the 
oncogenes Ras and Myc, and downregulation of Tfam expression (at mRNA and protein levels)[98,99].

Increased mtDNAcn has been proposed and observed as a potential mechanism to eliminate the effects of 
mitochondrial mutations in proliferative cancer cells. This association is explained by the selective growth advantage of 
tumor cells that have a higher mtDNA content than their non-cancerous neighbors[99,100]. Over time, this leads to 
gradual accumulation and propagation of mutant mitochondrial genomes in cellular and tissue mixtures[101]. 
Accordingly, early stage cancers with higher mtDNAcns are often accompanied by a lower mutation load.

Other cancer-related biomechanisms related to increased mtDNAcn include accelerated mitochondrial biogenesis, the 
Warburg effect, and increased bioenergetic demand, which are often proposed in parallel to maintain mitochondrial 
function and ATP production in cancer cells[101]. mtDNAcn levels can significantly distinguish cancerous tissues from 
non-cancerous tissues in matched samples[62,100,101]. This observation suggests the potential use of mtDNAcn level as a 
sensitive biomarker for early cancer screening. Decreased mtDNAcn has also been reported in breast cancer and is 
associated with poor prognosis[102]. Based on the relative detection thresholds of somatic mutations across different 
variant allele frequencies, some early-stage cancers with mtDNA deletions are difficult to detect.

mtDNAcn variation plays a significant role in cancer progression and varies across different cancer types, with both 
increases and decreases in mtDNA levels correlating with cancer risk and severity. In peripheral blood lymphocytes, 
studies have shown that an increase in mtDNA levels is associated with elevated cancer risk, as observed through a meta-
analysis of the literature using qPCR[103]. In contrast, decreased mtDNA levels in bone tissue and peripheral blood 
lymphocytes are associated with a decreased risk of cancer[103].

In brain gliomas, elevated mtDNA levels in blood samples are associated with an increased risk of cancer[104], 
whereas in breast cancer, similar elevations in blood mtDNA levels have been reported to correlate with an increased 
cancer risk[105,106]. Blood samples from colon and rectal cancers exhibit increased mtDNA levels, further supporting the 
link between elevated mtDNA levels and cancer risk[107]. However, in the kidney, reduced mtDNA levels have been 
observed in peripheral blood lymphocytes from cancer patients[108], suggesting a complex role of mtDNA in different 
tissues. For lung cancer patients, increased mtDNA levels in blood samples are indicative of a higher cancer risk[109], and 
in pancreatic cancer cases, upregulation of mtDNA is similarly associated with cancer progression[110]. Patients with 
skin cancer also show increased mtDNA levels[106].

In matched tissue samples, changes in mtDNA levels correlated with disease severity. In bladder cancer, mtDNA levels 
are downregulated, contributing to an increase in disease severity[99]. Similar reductions have been observed in Ewing 
sarcoma[111], gliomas[112], and primary breast tumors[99,113], indicating a potential link between reduced mtDNA 
levels and more severe cancer stages. Conversely, increased mtDNA levels have been reported in colorectal carcinoma
[114,115], colorectal adenoma[99,100], and lung cancer, where both small- and non-small-cell lung cancers show 
upregulated mtDNA, contributing to disease progression[116-118].

In kidney cancers, specifically chromophobe renal cell carcinoma, mtDNA levels are increased[119], whereas renal 
oncocytomas are decreased[120,121]. Hepatocellular carcinoma also shows a decline in mtDNA levels, which aligns with 
an increase in disease severity[99,122]. A notable decrease in mtDNA is observed in head and neck cancers, such as 
squamous cell carcinoma[99], as well as in certain prostate cancer types, particularly adenocarcinoma, where reduced 
mtDNA levels are linked to worse outcomes[122,123]. In the oral/digestive tract, increased mtDNA levels have been 
observed in esophageal cancer[99], whereas stomach cancer shows elevated levels[124]. Pancreatic endocrine tumors also 
display upregulation of mtDNA[123], and thyroid adenocarcinoma also exhibits an increase[123]. These variations in 
mtDNA levels across different cancers suggest that mtDNA could be a critical biomarker for both cancer risk assessment 
and monitoring disease progression.

These data reveal that mutations in mtDNA accumulate in virtually all types of cancer and have been associated with 
diagnostic or prognostic purposes. The pathophysiological relevance of these changes is still unknown; however, it is still 
unclear whether mtDNA mutations directly cause oncogenesis or whether they are merely the result of faster mtDNA 
replication in rapidly growing cancer cells. The proliferation of pre-existing heteroplasmic mutations or polymorphisms, 
which then undergo passive clonal expansion after several rounds of cell division during tumor formation, may be the 
cause of these mutations[125].

The notion that mtDNA mutations directly cause cancer has been refuted by strong evidence. Most tumor types, with 
the notable exception of kidney, colorectal, and thyroid cancers, counter-select for mutations that result in the truncation 
of mitochondrial proteins[123,126,127]. mtDNA levels have been found to be upregulated in these specific cancer types, 
indicating a compensatory mechanism meant to maintain mitochondrial function despite harmful mutations[123]. This 
observation underscores the complex relationship between mitochondrial dysfunction and tumor biology.

A comprehensive study that assessed the mutational landscape of over two-thousands cancer patients highlighted a 
strong strand bias in mtDNA mutations, indicating a replication-driven mechanism underlying their generation[123]. 
One likely scenario is that pre-existing heteroplasmic mutations, or mutations introduced by replication errors of DNA 
POLγ, may clonally expand to high frequencies in fast-dividing cancer cells, becoming fixed within certain tumor 
subpopulations over time. Oncocytomas, a type of tumor characterized by the accumulation of mtDNA mutations that 
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lead to severe OXPHOS dysfunction, provide a compelling example of this mechanism. In these tumors, mitochondrial 
dysfunction is accompanied by a compensatory increase in mitochondrial mass, which is likely to sustain bioenergetic 
capacity despite the OXPHOS defects[128,129]. Although oncocytomas are driven by high levels of mtDNA mutations, 
they typically present as benign lesions with low invasiveness and nonaggressive clinical phenotypes.

However, the extent to which mitochondrial dysfunction acts as a barrier for cancer progression remains unclear. 
Although some forms of mitochondrial impairment may limit the malignant potential of certain tumors, there is evidence 
to suggest that in some cancer types, the accumulation of mtDNA mutations can provide a selective advantage. This 
facilitates the survival and proliferation of transformed cells, directly contributing to cancer development. Supporting this 
hypothesis, a study demonstrated that metabolic alterations induced by mtDNA mutations promote tumorigenesis in 
colon cancer[130].

In addition to the mutational burden, the abundance of mtDNA within a cell has emerged as a critical biomarker of a 
cell’s reliance on OXPHOS for energy production. Therefore, the regulation of mtDNAcn may be indicative of the 
bioenergetic adaptations that cancer cells undergo in response to mitochondrial dysfunction. The relationship between 
mtDNA mutations, their functional consequences, and their contribution to cancer progression continue to be the subject 
of intense investigation in the field of cancer biology.

Mounting evidence suggests that mtDNAcn may be dysregulated during carcinogenesis, aging, and neurodegen-
erative disease progression, among other disorders. Owing to its unique characteristics, such as maternal inheritance and 
absence of histones[2,6,15,48,63], mtDNA can be isolated not only from tissues but also from body fluids, such as plasma 
or saliva, among others. Moreover, the qPCR quantification of mtDNA is simple, inexpensive, and widely available. 
Hence, diagnostic applications of mtDNAcn in body fluids have gained significant attention. Nevertheless, there are 
important challenges that must be overcome to fully realize this potential. For example, a pre-analytical step must be 
conducted prior to any qPCR quantification of plasma to prevent potential contamination of qPCR reagents, calculation 
bias, and amplification of unreliably detected mtDNA. There is also the question of whether mtDNAcn response in 
tissues can be replicated in bodily fluids. Integration across the ranges of fluid and tissue types studied is necessary to 
understand the potential cross-application of tools and techniques and to identify species that cannot be integrated and 
require tailored approaches.

Further research is needed to elucidate these matters while ensuring that the use of mtDNAcn in fluid biopsies never 
compromises its application to tissues. There is also a substantial demand for computational tools that enable 
comparisons between different cohorts to harmonize nonlinear data. Moreover, sample pooling to reduce processing and 
qPCR costs can seriously confound the diagnostic strategies. Population-level cutoff norms for mtDNAcn must be 
established to ensure better comparability of the results. Finally, factors affected by sampling strategy and ethnic diversity 
must be explored further, as they can largely contribute to the inter-study variability already seen in the mtDNAcn 
literature. Addressing all these known hurdles will be fundamental to ensuring proper diagnostics using mtDNAcn in 
fluid biopsies in the future (Table 4).

THERAPEUTIC IMPLICATIONS OF MODULATING mtDNAcn
Abnormal mtDNAcn is involved in the pathogenesis of many human diseases, and numerous clinical studies have shown 
that alterations in mtDNAcn are correlated with disease conditions. Therefore, modulation of mtDNAcn has therapeutic 
implications for human health and disease. The development of a versatile genome editing tool is required for the 
examination of mtDNAcn and for a fundamental understanding of the pathogenic mechanisms of altered mtDNAcns. 
Platform technologies for the modulation of mtDNAcn and their application in human diseases are also desired.

The metabolic stress sensor 5’ adenosine monophosphate-activated protein kinase (AMPK) is activated by a decrease in 
the ATP/adenosine monophosphate ratio at the onset of various stress conditions, including energy deprivation, 
hypoxia, and nutrient starvation[131]. Once activated, AMPK maintains cellular energy homeostasis by enhancing ATP-
generating pathways, such as fatty acid oxidation in the mitochondria, and the inhibition of energy-consuming biosyn-
thetic pathways, such as lipid and protein synthesis[131,132]. Reports also have demonstrated that AMPK also 
upregulates mitochondrial biogenesis through the activation of the transcriptional coactivators PGC-1α and PGC-1β[133]. 
Furthermore, the activation of AMPK increases mtDNAcn in several human somatic cells, including endothelial and 
cancer cells. Depletion of mtDNA by chemical inhibition of mtDNA replication decreases the levels of mtDNA-encoded 
genes and OXPHOS complexes, resulting in the activation of stress response pathways, including the mitochondrial 
unfolded protein response[131-133]. Activation of unfolded protein response is known to enhance mitochondrial 
biogenesis and the clearance of damaged mitochondria, thus improving mitochondrial homeostasis[134].

Modulation of mtDNAcn has therapeutic implications in human diseases such as age-associated neurodegenerative 
diseases. Modification of the mtDNAcn is an attractive option for the development of therapeutic modalities against age-
associated neurodegenerative diseases. Thus far, classes of small molecules, vitamins, and ionophores that increase 
mtDNAcn have been identified. Chemical screening using human cell models is a promising approach for the identi-
fication of additional small molecules that alter mtDNAcns. Two primary therapeutic strategies have been explored to 
enhance OXPHOS capacity and restore mitochondrial function. The first involves increasing the overall mitochondrial 
mass, while the second focuses on selectively altering mtDNA to modulate its copy number and/or heteroplasmy levels. 
These approaches predominantly target treatment of primary mitochondrial disorders. However, if human clinical trials 
yield positive outcomes, they may have broader applications in the management of age-related diseases.

One promising strategy to improve the balance in favor of functional mitochondria is to focus on selective elimination 
of damaged mitochondria[135]. This is accomplished by promoting autophagy, a cellular mechanism that breaks down 
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Table 4 Role of mtDNA copy number in various stages of cancer development and progression

Aspect Role of mtDNAcn Mechanism/impact Examples

Imbalance in ROS production Decreased mtDNAcn linked to 
breast cancer risk

Cancer risk Altered mtDNAcn (increase or decrease) may 
predispose individuals to cancer development

Compromised cellular energy metabolism Increased mtDNAcn linked to 
lung cancer risk

Promotes a shift to aerobic glycolysis (Warburg 
effect)

Tumor initiation Changes in mtDNAcn can affect mitochondrial 
biogenesis and metabolic reprogramming

Increases ROS, leading to genomic instability

Low mtDNAcn observed in 
colorectal cancer tissues

High mtDNAcn enables oxidative metabolism in 
hypoxic conditions

Tumor 
progression

Dynamic changes in mtDNAcn support 
adaptation to tumor microenvironment

Supports invasive and metastatic properties

Elevated mtDNAcn associated 
with metastatic breast cancer

Therapeutic 
resistance

Altered mtDNAcn contributes to drug 
resistance

High mtDNAcn enhances oxidative 
phosphorylation, reducing sensitivity to certain 
chemotherapies

Increased mtDNAcn linked to 
resistance in lung cancer 
treatments

Low mtDNAcn correlates with poor prognosis in 
many cancers

Prognostic 
biomarker

mtDNAcn alterations can predict cancer 
outcomes

High mtDNAcn may predict aggressive tumor 
behavior

Reduced mtDNAcn in gastric 
cancer linked to poor survival

mtDNA release into the cytoplasm activates 
inflammatory pathways

Immune evasion Changes in mtDNAcn influence immune 
responses within the tumor microenvironment

Alters immune surveillance mechanisms

mtDNA-derived DAMPs in 
melanoma

Angiogenesis mtDNAcn modulates energy demand and 
oxidative stress, indirectly affecting vascular 
growth

High mtDNAcn supports angiogenic signaling Increased angiogenesis in 
glioblastoma with altered 
mtDNAcn

Metastasis Altered mtDNAcn facilitates energy supply for 
metastatic spread

Provides metabolic flexibility for survival in 
secondary sites

Elevated mtDNAcn in metastatic 
colorectal cancer

mtDNAcn: Mitochondrial DNA copy number; ROS: Reactive oxygen species; DAMPs: Damage-associated molecular patterns.

and recycles a variety of components, including mitochondria, to increase mitochondrial turnover. Inhibition of 
mammalian target of rapamycin complex 1 (mTORC1), a crucial regulator of food sensing and metabolism, is a method of 
inducing autophagy[136,137]. The intricacy of the mTORC1 pathway, which controls a variety of cellular processes, is 
probably the reason why rapamycin-mediated mTORC1 suppression has been inconsistently beneficial in improving 
mitochondrial function in certain animal models[137]. However, in one study, rather than autophagy activation, the effect 
of rapamycin in a mouse model of leigh syndrome appeared to be due to a metabolic shift toward amino acid catabolism
[138]. As a result, off-target effects may limit the therapeutic use of mTORC1 inhibitors such as rapamycin[139,140].

By increasing longevity in model organisms such as Caenorhabditis elegans and enhancing muscle function in elderly 
mice, more specialized autophagy enhancers, including urolithin A, have shown promise[140]. However, the regulatory 
processes controlling autophagy and mitochondrial quality are extremely intricate and poorly understood. Excessive 
mitochondrial clearance caused by the dysregulation of these mechanisms may result in negative long-term 
repercussions. Before embarking on therapeutic development based on these principles, caveats and concerns associated 
with manipulating mtDNAcns should be considered (Table 5).

Despite years of effort aimed at elucidating the regulation of mtDNAcn, our understanding remains rudimentary. 
There are several obstacles in mtDNAcn research. First, the rate-limiting steps of mtDNA replication remain elusive, 
forcing scientists to imagine rather than experiment with the mtDNA replication mechanism. Second, the expression of 
genes involved in the regulation of mtDNAcn is tissue-selective, and the regulatory mechanisms responsible for 
mtDNAcn alterations remain poorly defined. Additionally, discrepancies between the effects of mitochondrial respiration 
on mtDNAcn observed in different laboratory settings remain unclear. Unexpectedly, an increased mtDNAcn was 
observed under high glucose conditions in a cell type and in an experimental background-dependent manner. 
Considered as a simple internal control in qPCR, chloroplast DNA copy number was also reported to be altered in proud 
low mtDNAcn cells (ND7 and 964) but not in other cells. Third, it has been difficult to evaluate changes in mtDNAcn in 
human tissues owing to the complexity of the tissue architecture and biological variability. Controversies regarding the 
increase or decrease in mtDNAcn have been observed among comparable disorders across different laboratories. These 
confounding factors collectively hinder the understanding and comparison of mtDNAcn alterations in various diseases 
(Table 6).
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Table 5 Comparison of techniques for modulating mtDNA copy number therapeutic strategy

Therapeutic 
strategy Mechanism Applications Advantages Challenges

AMPK activation Enhances mitochondrial biogenesis 
via PGC-1α activation

Neurodegenerative diseases, 
aging

Promotes energy 
balance

Off-target effects, limited clinical 
trials

Genome editing tools Targets mtDNA mutations or 
modulates copy number

Mitochondrial diseases, cancer 
therapy

Precision targeting Ethical concerns, technical 
challenges

Autophagy induction Removes damaged mitochondria Improves mitochondrial quality Enhances cellular 
health

Excessive clearance may have 
long-term side effects

Small molecules and 
vitamins

Increases mtDNAcn Metabolic and neurodegen-
erative disorders

Cost-effective Limited understanding of long-
term effects

AMPK; Adenosine monophosphate-activated protein kinase; PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; mtDNA: 
Mitochondrial DNA; mtDNAcn: Mitochondrial DNA copy number.

Table 6 Broad spectrum of therapeutic applications of mtDNA copy number

Application Role of mtDNAcn assessment Therapeutic implications Examples

Guides risk stratification and treatment 
intensity

Cancer prognost-
ication

mtDNAcn serves as a biomarker for 
predicting cancer outcomes

Identifies patients with aggressive disease

Low mtDNAcn linked to poor 
prognosis in gastric and colorectal 
cancers

Therapeutic 
targeting

Abnormal mtDNAcn highlights 
mitochondrial vulnerabilities

Enables development of drugs targeting 
mitochondrial pathways (e.g., OXPHOS 
inhibitors)

mtDNAcn modulation as a target in 
ovarian and pancreatic cancer 
therapies

Monitoring 
treatment response

Changes in mtDNAcn reflect tumor response 
to therapy

Serves as a real-time marker to monitor 
chemotherapy, radiotherapy, or immuno-
therapy efficacy

mtDNAcn alterations used to 
monitor cisplatin therapy in ovarian 
cancer

Personalized 
medicine

mtDNAcn variations help tailor therapies 
based on mitochondrial function

Facilitates selection of specific treatment 
modalities (e.g., glycolysis inhibitors vs 
OXPHOS inhibitors)

mtDNAcn guiding metabolic 
therapy choices in lung and breast 
cancer

Radiotherapy sensit-
ization

Altered mtDNAcn may increase sensitivity 
or resistance to radiotherapy

Identifies patients who might benefit from 
combined mitochondrial and radiotherapy 
interventions

Elevated mtDNAcn linked to radio-
resistance in glioblastoma

Metabolic 
modulation

mtDNAcn assessment reveals metabolic 
dependencies of tumors

Guides therapies targeting cancer 
metabolism (e.g., ketogenic diets, 
mitochondrial uncouplers)

Low mtDNAcn tumors treated with 
glycolysis inhibitors

Early disease 
detection

mtDNAcn alterations in blood or tissue serve 
as a non-invasive biomarker for early cancer 
detection

Allows early initiation of treatment, 
potentially improving outcomes

Reduced mtDNAcn detected in 
circulating cell-free DNA in lung and 
breast cancers

Combination 
therapies

mtDNAcn dynamics predict synergy 
between mitochondrial-targeted drugs and 
conventional therapies

Combines metabolic modulators with 
standard chemotherapy or immunotherapy 
for enhanced efficacy

mtDNAcn-directed combination 
strategies in melanoma treatment

Toxicity 
management

mtDNAcn levels predict susceptibility to 
mitochondrial toxicity from certain drugs

Assists in preemptive dose adjustments or 
alternative drug selection to avoid adverse 
effects

Monitoring mtDNAcn to prevent 
cardiotoxicity from anthracyclines

Rare mitochondrial 
disorders

mtDNAcn assessment aids in the diagnosis 
and management of mitochondrial diseases 
with cancer overlap

Develops therapies that normalize 
mtDNAcn or enhance mitochondrial 
biogenesis

mtDNAcn restoration therapies in 
mitochondrial depletion syndromes

mtDNAcn: Mitochondrial DNA copy number; OXPHOS: Oxidative phosphorylation.

CONCLUSION
mtDNAcn is a crucial biomarker for understanding mitochondrial health, cellular energy metabolism, and disease 
pathogenesis. Its quantification using methods such as qPCR and NGS plays a vital role in the early diagnosis, prognosis, 
and monitoring of treatment responses in a wide range of diseases, including cancer, neurodegenerative disorders, and 
metabolic conditions. However, challenges, such as standardizing methodologies, addressing inter-study variability, and 
ensuring accurate and reproducible measurements, remain. Overcoming these obstacles is essential to effectively 
integrate mtDNAcn assessments into clinical diagnostics and therapeutic strategies.
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Abstract
This analytical research paper explores the transformative impact of artificial 
intelligence (AI) in orthodontics, with a focus on its objectives: Identifying current 
applications, evaluating benefits, addressing challenges, and projecting future 
developments. AI, a subset of computer science designed to simulate human 
intelligence, has seen rapid integration into orthodontic practice. The paper 
examines AI technologies such as machine learning, deep learning, natural 
language processing, computer vision, and robotics, which are increasingly used 
to analyze patient data, assist with diagnosis and treatment planning, automate 
routine tasks, and improve patient communication. AI systems offer precise 
malocclusion diagnoses, predict treatment outcomes, and customize treatment 
plans by leveraging dental imagery. They also streamline image analysis, improve 
diagnostic accuracy, and enhance patient engagement through personalized 
communication. The objectives include evaluating the benefits of AI in terms of 
efficiency, accuracy, and personalized care, while acknowledging the challenges 
like data quality, algorithm transparency, and practical implementation. Despite 
these hurdles, AI presents promising prospects in advanced imaging, predictive 
analytics, and clinical decision-making. In conclusion, AI holds the potential to 
revolutionize orthodontic practices by improving operational efficiency, diag-
nostic precision and patient outcomes. With collaborative efforts to overcome 
challenges, AI could play a pivotal role in advancing orthodontic care.
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Core Tip: This paper explores the future of orthodontics, highlighting the integration of artificial intelligence (AI) and digital 
technologies. AI is becoming crucial in treatment planning, yet clinicians remain essential in decision-making. The growing 
role of 3D digital technologies in orthodontics reflects AI's increasing influence, but ethical and legal challenges persist. 
Emphasizing the need for clinical trials, the study calls for further exploration of AI's potential to transform traditional 
orthodontic practices.
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INTRODUCTION
In recent years, the field of orthodontics has seen significant technological advancements, particularly in artificial 
intelligence (AI). AI, a branch of computer science that enables machines to simulate human intelligence, has become a 
powerful tool with the potential to transform various aspects of orthodontic practice. This emerging field allows 
computers to perform tasks previously done by humans. Though still in its early stages, AI is becoming integral to many 
sectors, including healthcare, where researchers are incorporating it to enhance patient care. Each dental specialty stands 
to benefit from AI through improved precision of care, more accurate diagnoses, and time savings in both clinical and 
administrative tasks. While the digital shift in the profession is well underway, it is crucial for clinicians to rigorously 
assess the reliability and accuracy of each AI system being introduced[1]. This article examines the current state of AI in 
orthodontics, its applications, benefits, challenges, and prospects.

OVERVIEW OF AI
AI encompasses a range of technologies and techniques that enable computers to perform tasks that traditionally require 
human intelligence[2]. These include machine learning (ML), deep learning, natural language processing, computer 
vision, and robotics. In orthodontics, AI systems leverage these technologies to analyze patient data, assist in diagnosis 
and treatment planning, automate tasks, and improve patient communication and management. Machine intelligence 
functions like machines. It adheres to the fundamental hierarchy of machines: Input, processing, and output. Input data 
can be voice data (handheld sounds), text data (medical or processing records, experimental parameters), or picture data 
(X-ray images, photos). The neural networks process this input data and provide an output. The result can be a prognosis, 
diagnosis, treatment, or disease prediction. In orthodontics, two of the previous options could be beneficial: Diagnosis 
and treatment planning (Figure 1).

APPLICATIONS OF AI IN ORTHODONTICS
ML in orthodontics
Various approaches can be employed to analyze different types of orthodontic records, leading to accurate and 
accelerated diagnoses. By directly engaging with patient records, these results can be used to develop effective treatment 
plans. ML and deep learning techniques have transformed medical diagnostics, including orthodontics. By utilizing vast 
datasets and sophisticated algorithms, these methods can swiftly and accurately analyze orthodontic records such as 
dental images, patient histories, and treatment outcomes. This leads to more precise diagnoses, enabling orthodontists to 
create treatment plans that are better tailored to each patient's needs.

Additionally, integrating ML into orthodontic practice can significantly speed up the diagnostic process. Traditional 
methods often involve manual examination of patient records and subjective interpretation by clinicians, which can be 
time-consuming and susceptible to human error. By contrast, ML algorithms can quickly process large volumes of data, 
identifying patterns and anomalies that may not be immediately noticeable to human observers. This expedited 
diagnostic process allows for faster treatment initiation, ultimately improving patient outcomes and satisfaction.

The synergy between ML systems and patient records supports a personalized approach to orthodontic treatment 
planning. By incorporating individual patient data, such as medical history, genetic factors, and treatment preferences, 
into the analysis, clinicians can develop customized treatment plans that address specific patient needs and goals[2].

https://www.wjgnet.com/2222-0682/full/v15/i3/100598.htm
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Figure 1 The role of artificial intelligence in orthodontics.

Diagnosis and treatment planning
AI algorithms can analyze patient records, including dental images such as X-rays, intraoral scans, and photographs, to 
assist orthodontists in diagnosing malocclusions, predicting treatment outcomes, and designing personalized treatment 
plans[3]. For instance, AI systems can accurately detect anomalies in dental images, measure tooth and bone structures, 
and identify risk factors for orthodontic issues.

Imaging and analysis
AI-powered software can automatically segment dental images, extract relevant features, and analyze them to detect 
abnormalities and track treatment progress[4]. This automation streamlines the diagnostic process, reduces errors, and 
allows orthodontists to focus more on patient care. Additionally, AI algorithms can enhance imaging techniques such as 
cone-beam computed tomography (CBCT) and magnetic resonance imaging (MRI), leading to improved visualization 
and analysis of dental structures.

Image analysis using AI can be divided into four categories: Image filtering and knowledge-based landmark search, 
model-based approaches, soft-computing and model-based approaches, and hybrid approaches. Many web-based applic-
ations are available for clinicians to perform image analysis via AI, including CephX (Herzliya, Israel), WebCeph 
(Gyeonggi-do, Republic of Korea), Dolphin Imaging (Los Angeles, CA, United States), and AudaxCeph (Ljubljana, 
Slovenia).

For example, WebCeph (Gyeonggi-do, Republic of Korea) is a fully automated web-based platform powered by AI that 
can perform nine different cephalometric analyses and provide interpretations based on the obtained cephalometric 
measurements. It can store and preserve digital cephalograms, orthopantomograms, and patient photographs. Its 
features, such as simulation and visual treatment overlays, are highly beneficial in daily orthodontic practice.

AI can perform various tasks, such as prediction and classification, using different algorithms. Hatice et al[5] aimed to 
determine cervical vertebral stages (CVS) for growth and development periods using six commonly used AI classifiers 
and compared their performances. The classifiers are k-nearest neighbors (k-NN), Naive Bayes (NB), decision tree (Tree), 
artificial neural networks (ANNs), support vector machine (SVM), random forest (RF), and logistic regression (LR). 
Among these algorithms, k-NN and LR had the lowest precision values, while SVM, RF, Tree, and NB had variable 
precision values. ANNs might be the preferred method for determining CVS.

Patient management and communication
The traditional method of acquiring orthodontic images, which involves manual classification, archiving, and monitoring, 
is time-consuming and prone to errors due to fatigue. With advancements in digital dentistry, imaging data is 
increasingly being indexed and stored in digital archives, allowing for easy retrieval for diagnostic, treatment, and 
subsequent monitoring purposes. Developing an efficient AI tool for the automated classification and monitoring of 
orthodontic images would be highly beneficial. AI-driven tools, such as chatbots and virtual assistants, can provide 
patients with personalized treatment information, appointment reminders, and post-treatment care instructions[6]. These 
digital tools enhance patient engagement, satisfaction, and adherence to treatment plans. Additionally, AI systems can 
analyze patient feedback and preferences to optimize treatment protocols and improve the overall patient experience.

Deep learning, a branch of ML, excels in analyzing high-dimensional data such as texts and images. In computer 
vision, deep learning has replaced many traditional ML tasks, including classification, segmentation, and detection. In 
orthodontics, studies have begun applying deep learning for diagnosis, screening, and decision-making[7,8].

The performance of the DeepID model was thoroughly evaluated through external tests and compared with 
orthodontists. The findings demonstrated that deep learning methods could automatically classify, archive, and monitor 
orthodontic images with greater accuracy and speed than manual methods[9] (Figure 2).



Fawaz P et al. AI in orthodontics

WJM https://www.wjgnet.com 4 September 20, 2025 Volume 15 Issue 3

Figure 2 Deep learning workflow for orthodontic image analysis.

Dental monitoring (DM, Paris, France) is a new orthodontic application that combines teledentistry with AI using a 
knowledge-based algorithm, enabling precise semi-automatic treatment monitoring. It is the world's first Software as a 
Service (commonly referred to as SaaS) application designed for remote dental care monitoring, allowing orthodontists to 
remotely monitor patients' treatments using intraoral photos taken by patients with their smartphones and a special 
ScanBox. An AI-powered system in DM performs a preliminary assessment of data from intraoral images, partially 
automating communication between the doctor, staff, and patient. Unlike other dental applications, it provides validated 
real-time information through the knowledge-based algorithm.

During orthodontic treatment with aligners, remote monitoring should be performed at each aligner change. This 
allows clinicians to assess fit, ensure the adaptability of the aligners, check the presence or integrity of attachments, 
maintain elastic buttons, and monitor the integrity of the teeth and aligners. The DM system provides follow-up 
information to the patient based on a preliminary analysis conducted by AI. For aligner treatment, immediately after the 
intraoral scan, the DM application informs the patient whether they can proceed to switch to the next aligner and start 
using it (indicated by "GO") or if they should continue using the current one (indicated by "No Go"). If a "No Go" signal is 
given, a new intraoral scan may be required after a few days.

BENEFITS OF AI IN ORTHODONTICS
Improved efficiency
AI technologies automate repetitive tasks, such as image analysis and data processing, allowing orthodontists to work 
more efficiently and focus on complex cases[10]. This leads to faster diagnosis, treatment planning, and decision-making, 
ultimately reducing treatment times and enhancing patient outcomes.

Enhanced accuracy
AI algorithms can analyze large volumes of patient data with greater speed and accuracy than human professionals[11]. 
This allows orthodontists to make more informed decisions, avoid diagnostic errors, and achieve optimal treatment 
outcomes. Furthermore, AI systems can learn from past cases, continuously enhancing their diagnostic and predictive 
capabilities over time.

Personalized treatment
By analyzing patient-specific data, such as dental anatomy, facial characteristics, and treatment history, AI systems can 
tailor specific treatment plans to individual patient needs and preferences[12]. This individualized approach improves 
treatment outcomes, patient satisfaction, and long-term oral health.

Dental extractions
When considering dental extractions as part of orthodontic treatment, AI systems can analyze cases and guide 
orthodontists in selecting specific treatment plans. In orthodontic treatment planning, various factors affect the decision 
to extract teeth, such as systemic diseases, remaining growth, and patient's primary complaints. Space analysis results 
should not be the sole criterion for extraction but remain a priority when addressing crowding issues. For conditions such 
as bimaxillary protrusion, profile improvement, orthognathic surgery planning, and aesthetic considerations, extraction 
may be necessary based on established norms for dentomaxillary discrepancy. Orthodontists develop treatment plans 
based on clinical evidence, personal experience, and potential biases from past treatments. These plans are influenced by 
patient history, personal philosophy, and aesthetic standards. In some cases, treatment decisions can rely solely on intra-
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oral photographs, which provide sufficient information for experienced clinicians. However, determining the need for 
extractions from clinical photos poses a limitation for AI, which relies on accumulated data for training (ML).

Two AI models have been developed using photographic input data for different purposes: Landmark detection 
models with crowding categorization capabilities and diagnostic models for orthodontic extractions. Factors beyond 
crowding may also influence extraction decisions, necessitating advanced AI algorithms to improve their generalizability 
and support clinical decision-making effectively[13].

Aligners and maxillary distalization
AI algorithms play a crucial role in the planning and staging of aligners. A key consideration in aligner preparation is 
dividing the desired dental movements into logical stages. Specialized AI algorithms typically handle this automatic 
staging by sequentially dividing the planned movements. Another important biomechanical consideration during aligner 
treatment is anchorage. For instance, when distalizing premolars and molars followed by retracting anterior teeth, 
maintaining anchorage and preventing lingual tipping of incisors are critical. This requires a sequential movement of 
teeth: First molars are distalized, followed by premolars, canines, and finally incisors. Some aligner treatment software 
incorporates AI algorithms that automatically manage this sequential dental movement as part of aligner treatment 
planning.

Clinical decision support systems
AI-powered clinical decision support systems aid orthodontists in making real-time decisions by providing evidence-
based recommendations, treatment guidelines, and risk assessments[14]. These systems analyze patient data, scientific 
literature, and clinical guidelines to offer personalized treatment suggestions and enhance clinical decision-making.

To enhance orthodontic care, clinicians must utilize ML and AI tools to analyze relationships among dentition, 
craniofacial skeleton, and soft tissues. This knowledge can then be applied to advance orthodontic diagnosis, treatment 
planning, growth and development assessment, progress evaluation, treatment outcomes, and stability assessment.

Currently, companies manufacturing aligners utilize digital dental model data and AI algorithms to predict and plan 
tooth movement and perform tooth segmentation. However, clinicians should exercise caution when relying on 
predictions from these AI algorithms and when monitoring treatment outcomes. Moreover, these technological 
advancements require integrating multiple sources, including clinical information, CBCT, digital dental models, 
photographs, cephalograms, and panoramic images.

CHALLENGES AND LIMITATIONS OF AI IN ORTHODONTICS
Data quality and bias
AI algorithms rely on extensive and varied datasets for training to achieve reliable performance[15]. Nevertheless, the 
quality and representativeness of available data can vary, potentially introducing biases and inaccuracies into AI models. 
Moreover, ethical considerations such as data privacy and regulatory compliance are essential to ensure the responsible 
use of patient data in AI applications.

Interpretability and transparency
AI systems frequently function as "black boxes", which can pose challenges for orthodontists in comprehending how 
specific diagnoses or treatment recommendations are generated[16]. Improving the interpretability and transparency of 
AI algorithms is crucial to building trust and gaining acceptance among clinicians and patients.

Integration and adoption
Successfully integrating AI into orthodontic practice involves overcoming technical, organizational, and cultural hurdles
[17]. Orthodontists need sufficient training to effectively utilize AI technologies, and practice workflows may require 
redesigning to incorporate AI-driven processes. Moreover, the initial high costs of implementing AI systems and the 
ongoing need for maintenance and updates can present adoption challenges, especially in smaller practices and resource-
limited environments.

FUTURE DIRECTIONS AND OPPORTUNITIES
Despite the challenges, the future of AI in orthodontics is promising, with numerous opportunities for further research, 
development, and innovation. Some potential areas for future exploration include.

Advanced imaging techniques
AI algorithms have the potential to augment the capabilities of established imaging modalities like CBCT, MRI, and 3D 
scanning, offering comprehensive anatomical details and enhancing diagnostic precision[18]. Furthermore, AI-powered 
image reconstruction and enhancement algorithms can optimize image quality and minimize radiation exposure, thereby 
benefiting both clinicians and patients.



Fawaz P et al. AI in orthodontics

WJM https://www.wjgnet.com 6 September 20, 2025 Volume 15 Issue 3

Predictive analytics
AI systems have the capability to analyze longitudinal patient data, enabling prediction of treatment outcomes, 
anticipation of complications, and optimization of treatment protocols[19]. With ML and predictive analytics techniques, 
orthodontists can discern patterns and trends in patient responses to treatment, facilitating the development of person-
alized intervention strategies aimed at enhancing outcomes.

CONCLUSION
The future of orthodontics will increasingly integrate digital technologies and AI, fostering a balance between techno-
logical advancements and the indispensable role of human intelligence and creativity. As AI continues to evolve, it will 
play a critical role in supporting digital treatment planning through the incorporation of computational geometry, 
biomechanics, 3D visualization, and enhanced human-machine interaction. AI algorithms are already becoming central to 
the field of digital orthodontics, influencing nearly every aspect of patient analysis, diagnosis, and treatment planning. 
However, while AI promises to significantly enhance the precision, efficiency, and customization of orthodontic practices, 
it will not replace the expertise and judgment of clinicians in the foreseeable future. The growing prominence of 3D 
digital technologies reflects AI's increasing role, but the responsibility for final health decisions will still rest with 
clinicians. As AI becomes more prevalent, the ethical and legal considerations surrounding its use in medical settings, 
including orthodontics, will demand greater attention, especially as medical responsibility and patient safety remain 
paramount. In addition, the legal recognition of AI in clinical practice will be crucial for its integration into mainstream 
orthodontics. To truly transform traditional orthodontic treatment approaches, more clinical trials focused on AI applic-
ations are essential. These trials will help ensure that AI’s potential is fully realized while maintaining the highest 
standards of patient care.
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Abstract
Pulmonary arterial hypertension (PAH) is a progressive disease marked by 
degeneration of the lung’s blood vessels. As the disease progresses, the resistance 
to blood flow in the pulmonary arteries increases, putting a strain on the right 
side of the heart as it pumps blood through the lungs. PAH is characterized by 
changes in the structure of blood vessels and excessive cell growth. Untreated 
PAH leads to irreversible right-sided heart failure, often despite medical inter-
vention. Patients experience a gradual decline in function until they are unable to 
perform daily activities. Advances in treatment have improved the prognosis for 
many PAH patients. Currently approved therapies target the prostacyclin, 
endothelin, nitric oxide, or phosphodiesterase pathways to slow the progression 
of the disease. To address the unmet need for effective PAH therapies, research 
efforts are focused on identifying new targets and developing therapies that 
specifically address the underlying disease mechanisms and restore vascular wall 
homeostasis. Among these, sotatercept, a fusion protein that targets the trans-
forming growth factor-β superfamily signaling pathway, has emerged as a 
promising therapeutic option. In this review, we examine the available evidence 
from clinical trials to assess the potential of sotatercept as a treatment for PAH.

Key Words: Pulmonary artery; Drugs; Mean pulmonary artery pressure; Transforming 
growth factor-β pathway; Protein
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Core Tip: Sotatercept is an activin receptor type IIA-Fc fusion protein that improve pulmonary artery pressure as well as 
cardiopulmonary function in pulmonary artery hypertension. It is administered as a subcutaneous injection every three 
weeks. There are three different pathways involve in pathogenesis of pulmonary arterial hypertension. Recently, a new 
pathway for pathogenesis of pulmonary arterial hypertension cellular proliferation has been discovered.

Citation: Bajpai J, Saxena M, Pradhan A, Kant S. Sotatercept: A novel therapeutic approach for pulmonary arterial hypertension 
through transforming growth factor-β signaling modulation. World J Methodol 2025; 15(3): 102688
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/102688.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.102688

INTRODUCTION
Pulmonary arterial hypertension (PAH) primarily stems from pulmonary vascular remodeling caused by an imbalance in 
pro- and anti-proliferative signaling pathways, leading to excessive vessel wall proliferation[1]. Impaired anti-prolif-
erative bone morphogenetic protein receptor type II signaling in PAH allows uninhibited pro-proliferative activin 
signaling through activin receptor type 2A/B (ActRIIA/B)[2-4], resulting in excessive vessel wall (cell) proliferation. 
Existing treatment approaches for PAH primarily target three key pathways: The prostacyclin pathway using prosta-
cyclin analogs, the endothelin pathway using endothelin receptor antagonists, and lastly the nitric oxide pathway using 
phosphodiesterase type 5 inhibitors or soluble guanylate cyclase stimulators[5-7]. While these therapies have improved 
symptoms and functional capacity, their ability to address the underlying vascular remodeling in PAH remains limited. 
Many patients fail to achieve low-risk status, and long-term survival remains poor, with a 50% 7-year survival rate post-
diagnosis[7]. Moreover, these therapies primarily act as vasodilators and do not directly target the cellular and molecular 
mechanisms that cause disease progression. Sotatercept, a fusion protein, is believed to restore the balance between pro-
proliferative and anti-proliferative signaling mediated by ActRIIA and bone morphogenetic protein receptor type II. It 
achieves this by binding to and sequestering specific ligands of the transforming growth factor β (TGF-β) superfamily. In 
preclinical models of PAH, statins have demonstrated the ability to reverse pulmonary artery and right ventricle (RV) 
remodeling. The safety and therapeutic efficacy of sotatercept as an adjunct to baseline PAH treatment is currently being 
evaluated in a comprehensive clinical trial program.

Preclinical studies have demonstrated that sotatercept’s mechanism of action involves the modulation of pro- and anti-
proliferative signaling pathways (Figure 1)[7]. Current PAH treatment recommendations emphasize a risk-adapted 
approach with combination medication therapies for the majority of patients[5,6]. With a poor 7-year survival rate after 
diagnosis, many patients fail to meet targeted treatment goals or achieve low-risk status, resulting in a poor long-term 
prognosis. Consequently, innovative therapies that directly address the underlying pathophysiology of PAH are essential 
to restore vascular wall homeostasis[7]. The TGF-β superfamily is central to the pathogenesis of PAH, regulating cellular 
proliferation and vascular remodeling. An imbalance in signaling in this superfamily contributes considerably to the 
vascular pathology observed in PAH. Specifically, excessive pro-proliferative drosophila mothers against decapentaplegic 
protein (Smad)2/3 signaling occurs alongside diminished antiproliferative Smad1/5/8 signaling, driving pathological 
vascular remodeling[8].

Activin-class ligands, including activin A, growth differentiation factor (GDF) 8, and GDF11, are key activators of the 
Smad2/3 signaling pathway. These ligands are considerably upregulated in the small pulmonary arteries of both experi-
mental models and PAH patients[4]. Sotatercept, an Fc-fusion protein containing the extracellular domain of ActRIIA, 
sequesters activin-class ligands, thereby restoring the balance between Smad2/3 and Smad1/5/8 signaling. This 
rebalancing produces antiproliferative and anti-inflammatory effects on the pulmonary vasculature, reversing vascular 
remodeling and reducing pulmonary hypertension in preclinical models of PAH[9].

Moreover, studies have implicated activin receptor signaling in the abnormal remodeling of the RV, which is a critical 
indicator of prognosis in PAH[10]. In preclinical models of systemic pressure overload, ischemia, and aging, activin 
receptor signaling has been linked to detrimental RV remodeling[11]. By regulating this pathway, sotatercept could 
potentially mitigate RV dysfunction, as suggested by clinical trial observations of RV function improvements. Distinct 
from conventional vasodilator-based treatments that primarily focus on hemodynamic parameters, sotatercept’s capacity 
to address the underlying mechanisms of vascular and RV remodeling classifies it as a disease-modifying agent. The 
therapeutic application of engineered fusion proteins such as sotatercept has been extensively investigated owing to their 
ability to modulate crucial signaling pathways in diseases such as PAH[12]. These mechanistic insights provide a robust 
foundation for the therapeutic efficacy observed with sotatercept in clinical studies, even in patients receiving multiple 
background therapies[1].

CLINICAL STUDIES
As shown in Table 1, several clinical trials have evaluated the efficacy of sotatercept in Pulmonary Hypertension.

https://www.wjgnet.com/2222-0682/full/v15/i3/102688.htm
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Table 1 Clinical trials evaluating the role of sotatercept in pulmonary hypertension

Study Type of study No. of patients Dose Primary end point Adverse events Serious adverse events Outcome Type of PAH Background 
regimen

Pulsar Phase 2 
randomized, 
double-blind

106 patients at 43 
sites in 8 countries

0.3 or 0.7 mg/kg-1 
mg/kg

To compare the efficacy 
and safety of sotatercept 
vs placebo when added 
to standard of care

Thrombocytopenia was the 
most common; Hemoglobin 
increase in 1 patient (3%) in 
the sotatercept 0.3-mg group 
and in 7 patients (17%) in 
sotatercept 0.7-mg group but 
in no in the placebo group

24% in 0.7 mg group 162.2 dyn. sec. cm (-5) in 
the sotatercept 0.3-mg 
group and a decrease of 
255.9 dyn. sec. cm (-5) in 
the sotatercept 0.7-mg 
group, as compared 
with a decrease of 16.4 
dyn. sec. cm (-5) in 
placebo

Idiopathic (58%), 
heritable (14%), 
connective tissue 
disorder (17%), 
and drug induced 
(7%)

Prostacyclin 
infusion (39%), 
triple therapy (57%), 
double therapy 
(34%)

Pulsar 
open

Phase 2, 
multicentre, 
randomised, 
placebo-
controlled, 
double-blind 
study

106 participants 0.3 mg/kg-1 mg/kg 
or 0.7 mg/kg-1mg/kg

Change from baseline to 
months 18-24 in PVR, as 
measured by RHC. 
Change from baseline to 
months 18-24 in 6MWD, 
WHO-FC, and NT-
proBNP were secondary 
endpoints. The study 
protocol was amended in 
July 2020 with the third 
RHC to be performed at 
month 18

TEAEs were reported in 102 
(98.1%) participants, and 72 
(69.2%) of these experienced 
TEAEs considered treatment-
related

Serious TEAEs were reported 
in 32 (30.8%) participants. Five 
(4.8%) participants reported 
six serious TEAEs that were 
considered related to the 
study drug: Pyrexia, red blood 
cell increased, systemic lupus 
erythematosus, ischaemic 
stroke, pleural effusion and 
pulmonary hypertension

Statistically significant 
improvements occurred 
in all primary and 
secondary efficacy 
endpoints from baseline 
to months 18-24

Idiopathic (58%), 
heritable (14%), 
connective tissue 
disorder (17%), 
and drug induced 
(7%)

Triple (56.7%) or 
double (36.1%) 
background PAH 
therapy, and more 
than a third (36%) 
were receiving 
prostacyclin 
infusion therapy

Stellar Phase 3 
randomized, 
double-blind

323 underwent 
randomization 
(163 received 
sotatercept or 160 
placebo at 91 sites 
in 21 countries

Starting dose of 0.3 
mg/kg at visit 1 and 
was escalated to the 
target dose of 0.7 
mg/kg at visit 2 (day 
21, with a window of 
± 3 days). Patients 
continued to receive a 
dose of 0.7 mg/kg for 
the duration of the 
trial

The change from baseline 
at week 24 in the 6MWD

10% of the patients in either 
group during the 24-week 
treatment period. Epistaxis, 
dizziness, telangiectasia, in- 
creased hemoglobin levels, 
thrombocytopenia, and 
increased blood pressure were 
common adverse events

Serious adverse events 
occurred in 23 patients (14.1%) 
in the sotatercept group and 
36 patients (22.5%) in the 
placebo group

Sotatercept and placebo 
groups the change from 
baseline at week 24 in 
the 6-minute walk 
distance was 40.8 m 
(0.001 < P)

Idiopathic 
(50.9%), heritable 
(21.5%), drug-
induced (4.3%), 
connective-tissue 
disease-associated 
(17.8%), or after 
shunt correction 
(5.5%)

Monotherapy 
(5.5%), double 
therapy (34.4%), or 
triple therapy 
(60.1%)

Spectra Phase 2 open 
label

21 Sotatercept 0.3 mg/kg Change from baseline to 
week 24 in peak oxygen 
uptake

16 (76%) 3 (14%). Three serious TEAEs 
were reported (hematochezia, 
complication associated with 
central line, and fluid 
overload)

There was a significant 
improvement from 
baseline in peak oxygen 
uptake, with a mean 
change of 102.74 
mL/min (95% CIs: 
27.72-177.76; P = 0.0097)

Idiopathic (6%), 
heritable (4%). 
Associated with 
connetive tissue 
disorder (14%)

Prostacyclin 
infusion therapy 
(57%), double 
therapy (57%), triple 
therapy (43%)

PVR: Pulmonary vascular resistance; RHC: Right heart catheterisation; 6MWD: 6-minute walk distance; WHO-FC: World Health Organization functional class; NT-proBNP: N-terminal pro-B-type natriuretic peptide; TEAEs: Treatment-
emergent adverse events; PAH: Pulmonary arterial hypertension.
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Figure 1 Schematic representation of the proposed mechanism of action of sotatercept. By binding and sequestering activin-class ligands - such as 
activin A, growth differentiation factor 8, and growth differentiation factor 11 - it reduces overactive drosophila mothers against decapentaplegic protein 2/3 signaling 
while restoring deficient drosophila mothers against decapentaplegic protein 1/5/8 signaling. This rebalancing exerts antiproliferative and anti-inflammatory effects on 
the pulmonary vasculature, reversing pathological remodeling of small pulmonary arteries. BMPS: Bone morphogenetic proteins; ALK: Anaplastic lymphoma kinase; 
Smad: Drosophila mothers against decapentaplegic protein; GDF: Growth differentiation factor; ActRIIA/B: Activin receptor type 2A/B.

Pulsar
The safety and efficacy of sotatercept in individuals with PAH who were receiving background medication for 
pulmonary hypertension were investigated in a multicenter, randomized, double-blind phase 2 trial[1]. This trial 
consisted of a 24-week placebo-controlled treatment phase followed by an 18-month active medication extension period. 
Patients were eligible for inclusion if they were classified as World Health Organization (WHO) functional class (FC) II or 
III and had confirmed PAH (group 1 of the latest WHO classification of pulmonary hypertension)[13]. The subtypes 
linked to portopulmonary disease, schistosomiasis, and human immunodeficiency virus infection were excluded. Three 
groups of eligible patients were randomly assigned to receive sotatercept at doses of 0.3, 0.7, or a placebo. Subcutaneous 
injections of sotatercept or placebo (saline) were administered every 21 days.

At week 24, the intention-to-treat analysis demonstrated a reduction in pulmonary vascular resistance from baseline in 
the 0.3 mg sotatercept group, with an even greater reduction in the 0.7 mg sotatercept group compared to the placebo 
group. The 0.7 mg sotatercept group experienced an approximately 35% reduction from baseline. The most common 
hematologic adverse events were thrombocytopenia and elevated hemoglobin levels. Sotatercept treatment has been 
shown to reduce pulmonary vascular resistance in patients receiving baseline monotherapy, double therapy, or triple 
therapy. The primary factor contributing to the reduction in pulmonary vascular resistance was the lower mean 
pulmonary artery pressure in the sotatercept groups compared to the placebo group. Additionally, the sotatercept group 
demonstrated concordant improvements from baseline in 6-minute walk distance (6MWD) and N-terminal pro-B-type 
natriuretic peptide (NT-proBNP) levels.

Pulsar open label
The study aimed to assess the safety and effectiveness of sotatercept in treating PAH. A total of 106 individuals with 
WHO FC II-III and WHO group 1 PAH were included. Sotatercept (0.3 mg/kg or 0.7 mg/kg) was added to the standard 
of care during a 24-week double-blind, placebo-controlled trial[14]. In the extension phase, patients receiving sotatercept 
continued their current dosage, while those on placebo were rerandomized to either 0.3 mg/kg or 0.7 mg/kg of 
sotatercept. The improvements observed in 6MWD, NT-proBNP, and WHO FC at 24 weeks compared to baseline were 
maintained when sotatercept treatment was continued for up to 48 weeks. Individuals who were rerandomized from 
placebo to sotatercept at 48 weeks rather than 24 weeks also experienced improvements in 6MWD, NT-proBNP, and 
WHO FC.

Stellar
In phase 3 multicenter, double-blind, randomized, placebo-controlled trial, eligible patients with PAH who were 
receiving stable background therapy and classified as WHO FC II or III were randomly assigned in a 1:1 ratio to receive 
subcutaneous sotatercept every three weeks at a starting dose of 0.3 mg per kilogram of body weight (target dose: 0.7 mg 
per kilogram) or a placebo[15]. The primary outcome measure was the change in 6MWD from baseline at week 24. 
Patients with schistosomiasis, veno-occlusive disease, portopulmonary disease, and human immunodeficiency virus 
infection were excluded from the study. The primary outcome measure was the change in 6MWD from baseline at week 
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24. Secondary endpoints were ranked hierarchically. Multi-component improvement was calculated as the proportion of 
patients who met all three criteria at week 24 compared to baseline (i.e., an increase of at least 30 minutes in 6MWD, a 
decrease of at least 30% in NT-proBNP level, or maintenance or achievement of an NT-proBNP level of less than 300 pg 
per milliliter, or an improvement in WHO FC from III to II or I, or II to I, or II).

Out of the 434 patients screened for eligibility, 323 were randomized to receive sotatercept or placebo at 91 locations in 
21 countries. Eligible patients were randomized (1:1) to receive a placebo (160 patients) or sotatercept (163 patients) in 
addition to their ongoing background therapy. The study population was relatively young, with a mean age of 47.9 years 
and a mean time from diagnosis of 8.8 years. Among the 323 patients randomized, 198 (61.3%) were receiving triple 
therapy, and 129 (39.5%) were receiving prostacyclin infusion therapy. During the 24-week treatment period, at least 10% 
of patients in both groups reported experiencing adverse events. Epistaxis, telangiectasia, and dizziness were more 
common in the sotatercept group than in the placebo group.

In the sotatercept group, 23 patients (14.1%) experienced serious adverse events, compared to 36 patients (22.5%) in the 
placebo group. Mean hemoglobin levels increased by approximately 1.3 g/dL in the sotatercept group and decreased by 
approximately 0.1 g/dL in the placebo group at week 24. Addition of sotatercept to background therapy with currently 
available medications for 24 weeks was found to improve exercise capacity as measured by 6MWD. Improvements were 
also observed in pulmonary vascular resistance, WHO FC, NT-proBNP levels, risk of death, and the physical impacts and 
cardiopulmonary and symptoms domain scores of the PAH-symptoms and impact quality-of-life instrument. Sotatercept 
was associated with an 84% reduced risk of death or nonfatal clinical deterioration events compared to placebo. The 
safety profile of sotatercept was consistent with findings from the phase 2 pulsar study. The study had several limitations, 
including the underrepresentation of minority groups, patients from outside North America and Europe, and patients 
with PAH associated with drugs and toxins, congenital heart disease, or connective tissue disease. According to study 
results, patients with PAH may experience a nearly three-fold increase in life expectancy when sotatercept is added to 
stable background therapy. This benefit may be accompanied by a reduction in the need for lung/heart-lung 
transplantation, intravenous prostacyclin, and PAH-related hospitalizations.

Other trials
In the BELIEVE phase 2 trial, sotatercept was evaluated in patients with beta-thalassemia. Results showed that sotatercept 
considerably increased hemoglobin levels and reduced transfusion burden in patients with beta-thalassemia, suggesting a 
potential benefit in treating anemia in this patient population. Additionally, levastaruzent is being studied in a phase 3 
trial called medalist (NCT02631070) in patients with very low-, low-, and intermediate-risk myelodysplastic syndromes 
(MDS). Despite the discontinuation of sotatercept’s trials in β-thalassemia owing to its binding to activin A, sotatercept is 
the first-in-class agent to target TGF-β superfamily inhibition for the treatment of ineffective erythropoiesis. For patients 
with β-thalassemia, TGF-β superfamily inhibition may provide an alternative or adjunctive therapeutic approach[16]. In 
this study, sotatercept demonstrated safety and efficacy in patients with β-thalassemia. In a phase 2 study, sotatercept 
treatment was also found to increase hemoglobin levels and reduce transfusion requirements in anemic patients with 
lower-risk MDS[17]. These findings suggest that sotatercept may have a common underlying mechanism of action that 
ameliorates ineffective erythropoiesis across multiple disease states.

Sotatercept has been investigated in numerous clinical trials across various therapeutic areas, with a focus on its 
potential to treat conditions such as MDS, PAH, and others. In the commands trial, sotatercept was found to improve 
anemia and reduce the need for red blood cell transfusions in patients with lower-risk MDS. These findings suggest that 
sotatercept may be a promising therapeutic option for patients with MDS. The cherish trial demonstrated that sotatercept 
could improve iron overload markers and increase hemoglobin levels in patients with non-transfusion-dependent beta-
thalassemia, suggesting its potential as a therapeutic option for this patient population. Collectively, these studies 
indicate that sotatercept holds promise for the treatment of various conditions characterized by anemia, impaired red 
blood cell production, and related complications.

The ongoing, open-label extension study, SOTERIA, is evaluating the long-term safety, tolerability, and efficacy of 
sotatercept when added to background therapy for the treatment of PAH in patients who have completed prior 
sotatercept studies without premature discontinuation[18]. SPECTRA is a phase 2, open-label trial evaluating the change 
in peak oxygen consumption during exercise in adult PAH patients[19]. Similarly, MOONBEAM and CADENCE are 
ongoing phase 2 trials investigating the pharmacodynamics and pharmacokinetics of sotatercept, as well as its role in 
reducing pulmonary vascular resistance, respectively[20-22]. The hyperion and zenith trials are randomized, controlled 
phase 3 studies evaluating the effect of sotatercept on time to clinical worsening or first morbidity or mortality events[20].

CHALLENGES AND LIMITATIONS
The clinical translation of sotatercept for PAH faces several challenges that need to be addressed to ensure its effective 
implementation. One considerable hurdle lies in the high cost of biological therapies. Sotatercept, as a complex biologic, 
may carry a substantial price tag, particularly in resource-constrained settings. This could limit access to the drug for 
patients in low- and middle-income countries where healthcare resources are often limited. Overcoming this challenge 
will require exploring cost-effective manufacturing methods and advocating for policy changes that can improve afford-
ability and accessibility, thus ensuring broader availability for those in need. Another challenge lies in managing the 
potential side effects associated with sotatercept. Despite its promising effects in reversing vascular remodeling, clinical 
trials have reported adverse events, including thrombocytopenia and elevated hemoglobin levels. These side effects 
require careful monitoring and effective management strategies to ensure patient safety. Establishing standardized 
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protocols for patient monitoring, encompassing strategies for early detection and intervention, will be crucial to 
minimizing risks and optimizing therapeutic outcomes.

Ultimately, the successful clinical implementation of sotatercept depends on its integration into existing healthcare 
frameworks. This entails timely and accurate diagnosis of PAH, providing adequate training for clinicians on its use, and 
incorporating sotatercept into established treatment protocols. Ensuring that healthcare systems possess the necessary 
infrastructure to effectively manage these novel treatment options is paramount to maximizing their benefits and 
improving patient outcomes. Addressing these barriers will be essential to fully realize the transformative potential of 
sotatercept in the treatment of PAH.

A noteworthy limitation of this study lies in the exclusion of metabolites with insufficient single nucleotide 
polymorphisms, an approach adopted to maintain statistical rigor and minimize the risk of false-positive associations. 
However, this approach may have inadvertently limited the ability to identify novel metabolite-gene associations, 
especially for metabolites that are understudied or lack sufficient genetic data. Future studies should consider alternative 
approaches, such as imputation-based methods or integrating multi-omics datasets, to improve the analysis of these 
metabolites. Because sotatercept, an activin signaling inhibitor, is the first medication to target a completely new pathway 
in nearly two decades, its inclusion in the therapeutic arsenal has considerably raised expectations. Ongoing long-term 
research will be critical to further understanding the drug’s overall benefits and safety profile.

CONCLUSION
Sotatercept, a novel therapeutic approach, targets the underlying pathophysiology of PAH by addressing the imbalance 
between pro- and anti-proliferative signaling pathways. This innovative mechanism of action sets it apart from conven-
tional therapies, offering a new avenue for the management of PAH. Clinical trials, including pulsar, stellar, and others, 
have substantiated sotatercept’s efficacy in considerably reducing pulmonary vascular resistance, enhancing exercise 
capacity, and positively influencing key biomarkers such as NT-proBNP. Notably, its safety profile has remained 
consistent across studies; however, ongoing monitoring of long-term effects is warranted.

Sotatercept shows promise in enhancing patient outcomes when added to background PAH therapy. Ongoing trials, 
such as SOTERIA, MOONBEAM, and CADENCE, in the open-label long-term follow-up study to evaluate the effects of 
sotatercept in PAH treatment will offer further insights into its long-term efficacy and safety. Sotatercept’s unique 
mechanism of action offers a promising new direction in PAH treatment, potentially extending survival, reducing 
morbidity, and improving the quality of life for patients who continue to face poor prognoses despite current treatment 
options. However, it is important to note that much of the genetic and mechanistic data informing these advances 
primarily come from genome-wide association studies performed in European populations. This limits the generaliz-
ability of findings to other populations and underscores the need for more diverse and representative datasets in PAH 
research. Addressing these gaps is crucial to ensuring that novel therapeutics such as sotatercept are broadly applicable 
and effective across diverse patient populations. Future research should focus on elucidating the sotatercept’s role in 
various PAH subgroups and exploring the potential of combination therapies to optimize outcomes. In essence, 
sotatercept is poised to become a key component of PAH management, addressing unmet medical needs and offering 
hope for patients battling this challenging condition.
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Abstract
Third-space endoscopy (TSE) has emerged as an effective treatment modality for 
various gastrointestinal motility diseases and gastrointestinal tumors. TSE is 
based on the concept of working in the submucosa using a mucosal flap valve 
technique, which is the underlying premise for all TSE procedures; thus, some 
complications are shared across the spectrum of TSE procedures. Despite the high 
safety profiles of most TSE procedures, studies have reported various adverse 
events, including insufflation-related complications, bleeding, perforation, and 
infection. Although the occurrence rate of those complications is not very high, 
they sometimes result in critical conditions. No reports of chylous effusion 
following TSE procedures, particularly per-oral endoscopic myotomy, have been 
documented previously. We are presenting the first reported case of chylous 
pleural effusion after per-oral endoscopic myotomy. Additionally, we aim to 
present a comprehensive overview, discuss the existing data, and provide insights 
into pulmonary post-endoscopic complications in light of recent advancements in 
endoscopic procedures, especially TSE.

Key Words: Endoscopy; Third-space endoscopy; Submucosal endoscopy; Per oral 
endoscopic myotomy; Endoscopic submucosal dissection; Pulmonary complications; 
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Core Tip: In this review, we discuss a case of post-per oral endoscopic myotomy chylothorax, focusing on its management, 
which was carried out with the assistance of other specialties through a multidisciplinary team including a cardiothoracic 
surgeon, nutritionist, anesthesiologist, and, of course, gastroenterologists. We also provide a brief review of the current 
known data in the literature regarding post-endoscopic pulmonary complications, especially in relation to third-space 
endoscopic procedures such as per oral endoscopic myotomy.

Citation: Tawheed A, Ismail A, El-Tawansy A, Maurice K, Ali A, El-Fouly A, Madkour A. Third space endoscopy pulmonary 
complications and chylothorax post peroral endoscopic myotomy. World J Methodol 2025; 15(3): 102703
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/102703.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.102703

INTRODUCTION
Third-space endoscopy (TSE), or submucosal endoscopy, is an interventional endoscopic technique that reaches the 
submucosa and beyond under direct visualization accomplished via fluid injection and expansion of the submucosal 
space. As shown by Sumiyama et al[1], the peritoneal cavity and mediastinum could be accessed safely via a submucosal 
tunnel secured by a mucosal flap valve, thus minimizing the risk of contamination and leakage after secure mucosal 
incision closure[1,2]. TSE uses the submucosal space as the default working space to treat various gastrointestinal (GI) 
diseases or to endoscopically resect early GI tumors as an alternative to surgery.

TSE is now the primary treatment for several GI disorders. For example, peroral endoscopic myotomy has been 
suggested as an alternative to surgery for achalasia. It has since become the preferred method of managing achalasia after 
proving to be effective and safe in long-term follow-up studies. Multiple subsidiary procedures have been introduced 
using the same concept, such as gastric-per oral endoscopic myotomy (POEM)[3] to treat gastroparesis, diverticular-
POEM for epiphrenic diverticulum (pulsion diverticulum)[4], Zenker-POEM for Zenker’s (hypopharyngeal) diverticulum
[5]. Recently, peroral endoscopic fundoplication has been introduced to treat post-POEM gastroesophageal reflux, 
considered a pure natural orifice transluminal endoscopic surgery procedure[6]. In terms of managing early GI tumors, 
this began with advances in techniques such as endoscopic mucosal resection and endoscopic submucosal dissection 
(ESD), submucosal endoscopic tumoral resection and now includes more invasive techniques such as endoscopic full-
thickness resection.

The typical steps of POEM involve submucosal injection of fluid, allowing the endoscopist to make a tunnel in the 
submucosa, followed by myotomy and, lastly, the closure of the mucosa, which stands as the only barrier between the 
esophageal lumen and the mediastinum[7]. ESD shares with POEM the concept of working in the third space/
submucosa, but instead of myotomy, mucosectomy will be done to resect the tumor[8]. Due to the quite invasive nature 
of those procedures compared to luminal endoscopy, there are expected to be several complications not reported during 
and after luminal endoscopy[9]. This review will focus on pulmonary complications of these procedures, which most 
commonly are aspiration pneumonia, pulmonary embolism, and gas-related complications like retroperitoneal air, 
pneumoperitoneum, pneumothorax, and pneumomediastinum. Although studies have recognized pleural effusion as a 
possible post-POEM complication, no reports of post-POEM chylothorax have been published so far[10,11]. Therefore, we 
are also reporting a rare case of chylothorax as an adverse event after POEM and presenting the outlines of management 
of such cases using the help of similar cases after cardiothoracic surgeries.

OVERVIEW OF THE COMPLICATIONS
In most luminal endoscopic procedures (first space endoscopy), the type of anesthesia is usually conscious sedation using 
midazolam and/or propofol. Generally, cardiopulmonary complications represent nearly 60% of the total adverse events 
that happen during or after all types of endoscopic procedures. The most common type of complication that could 
happen is hypoxia, which could happen in as low as 1.5% and up to 70% of patients, especially in patients undergoing 
endoscopic variceal ligation[12]. However, this is usually reversible within a few minutes after proper management and 
usually has no future morbidity. Prevention of such complications could be done by proper assessment, patient selection, 
tailored anesthesia according to each case, and continuous monitoring of vital signs during the procedure. Management 
requires early detection of the adverse event, reporting, and a multidisciplinary approach[13]. Advanced endoscopic 
techniques such as TSE are usually associated with a higher incidence of complications, which tend to be more severe 
pulmonary complications.
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In a prospective post-POEM computed tomography (CT) esophagram cohort that included 84 patients who underwent 
POEM for achalasia. The CT revealed that nearly 86% of patients had pneumomediastinum, 67% had pneumoperi-
toneum, 52% had subcutaneous emphysema, and 46% had pleural effusion[14]. Other findings that had lower frequencies 
in their cohort included retroperitoneal air in 38% of patients, pneumothorax in 19%, atelectasis in 14%, intramural air in 
13%, pericardial effusion in 2%, and pneumopericardium in 2%. Despite the high incidence rates of post-POEM 
pulmonary events, only 6% (5 patients, 4 with pneumonia and 1 with leak) of patients in the total cohort required an 
intervention based on that imaging. The authors concluded that an early post-POEM CT could help detect complications 
before symptoms appear. Chartier et al[15] also studied this, where the early CT post-POEM detected adverse events that 
required intervention in 14% of their cohort. However, the authors concluded that follow-up using CT without symptoms 
remains questionable. Multiple grading systems have been introduced to assess the severity of surgical complications, for 
example the Clavien-Dindo classification, originally used for surgical adverse events but then adapted to include 
endoscopic adverse events[16]. New grading systems have been originally designated to evaluate the adverse events of 
endoscopic procedures. Nass et al[17] introduced the adverse events in GI endoscopy classification (Table 1). Another 
proposed classification was proposed by Chavan et al[18], divided into 4 classes (not an adverse event, mild, moderate, 
and severe) (Table 2).

COMPLICATIONS HIGHLY ASSOCIATED WITH TSE
Insufflation-related complications
The definition of insufflation-related complications needs a consensus from experts worldwide before it can be validated. 
However, it was suggested that it should only be defined as a complication if the insufflation-related events required an 
intervention[19]. The rate of insufflation-related events usually depends on multiple factors, including the definition of 
complication, the type of gas used (air or CO2), the nature and duration of the procedure, and the method of diagnosis
[15]. Most pulmonary complications are reported after POEM compared to other endoscopic procedures; this could be 
explained by the anatomy of the esophagus, where after myotomy, the mucosa will be the only barrier with the 
mediastinum[19]. The most common respiratory complications with POEM are insufflation-related complications. These 
include subcutaneous emphysema (7.5%) and pneumoperitoneum (6.8%). pneumothorax (1.2%), and pneumomedi-
astinum (1.1%)[20].

The use of CO2 instead of air has been associated with low insufflation-related complications; this is because CO2 has a 
higher diffusion capacity and quicker absorption than air[21,22]. Cai et al[22] reported a study where room air was used 
in 52% of patients, and insufflation-related complications included pneumomediastinum (48%), pneumoperitoneum 
(37%), subcutaneous emphysema (28%), and pneumothorax (17%). In contrast, Zhang et al[23] reported a decrease in the 
incidence rate of insufflation-related complications from 3.3% to 1.9% after switching to CO2. The previous results 
highlight the most important preventive measure to decrease the incidence of insufflation-related complications: Using 
CO2 instead of room air. Other measures that could help include positive pressure ventilation, using the low-flow gas 
tube, and dissecting a wider submucosal tunnel[24-27]. However, all these measures cannot completely prevent complic-
ations related to insufflation.

The diagnosis of insufflation-related complications should be done as early as possible to prevent irreversible damage. 
This could be done by clinical examination and other investigations, including monitoring the end-tidal CO2 and peak 
airway pressure. Fluoroscopy could help differentiate between capnoperitoneum and retroperitoneal CO2[28].

In the Nabi et al[19] review article, where the authors discussed the insufflation-related complications of POEM, they 
suggested a 4-pronged approach to be applied to manage such complications. The approach includes: (1) Gastric 
decompression through suctioning; (2) Temporary pausing of the procedure to allow CO2 absorption; (3) Subtle changes 
in ventilator settings to increase minute ventilation and augment CO2 washout; and (4) Lastly, needle decompression[19,
29]. However, we would like to add a fifth point to this approach that we believe should be number one: Good 
communication between the endoscopist and the anesthesiologist before, during, and after the procedure. Since POEM is 
a procedure that causes an increase in the peak inspiratory pressure and means arterial pressure with a lot of CO2 
insufflation leading to systemic absorption[30], this will not be possible to be controlled only by an anesthesiologist. Thus, 
endoscopists should also be involved in the management of such situations.

Subcutaneous emphysema could happen in TSE procedures as an insufflation-related complication with a potential 
risk of airway obstruction. It has been found that 60% of the instances of raised end-tidal CO2 > 50 mmHg are associated 
with subcutaneous emphysema[31]. Therefore, general anesthesia with intubation is necessary to allow the regulation of 
ventilation volume. The uptake of CO2 produced by the insufflation could be resolved through hyperventilation. While 
mild cases can be treated with hyperventilation, this may not be sufficient to maintain normocapnia in more severe cases 
where subcutaneous emphysema has occurred and requires needle drainage[31]. A meta-analysis study reported that the 
incidence rate of pneumothorax during or after POEM is 1.2%[20]. In most cases, pneumothorax can be treated conser-
vatively or by needle decompression. On the other hand, post-POEM tension pneumothorax, as reported by Kang et al[32] 
and Rajmohan et al[33] requires a chest tube insertion and could be a life-threatening condition.

Although pneumoperitoneum is not a direct pulmonary complication, its incidence could result in severe lung injury. 
This happens due to either gastric distention or pneumoperitoneum due to continuous insufflation, eventually leading to 
an increase in the peak inspiratory pressure and lung injury. To decrease the peak inspiratory pressure, the anesthesi-
ologist usually decreases the tidal volume and increases the respiratory rate to keep ventilation. If these measures fail, the 
anesthesiologist could ask the endoscopist to start gastric decompression, decrease the amount of CO2 insufflation, and 
percutaneous abdominal needle decompression (the 5-pronged approach)[30]. However, Inoue et al[7] recommended 
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Table 1 The adverse events in gastrointestinal endoscopy classification

Grading Definition

No adverse 
event

A telephone contact with the general practitioner, outpatient clinic, or endoscopy service without any intervention or extended 
observation of the patient after the procedure, < 3 hours, without any intervention

Adverse events with any deviation of the standard postprocedural course, without the need for pharmacologic treatment or endoscopic, 
radiologic, or surgical interventions

Presentation at the emergency ward, without any intervention

Hospital admission (< 24 hours), without any intervention

Allowed therapeutic regimens are drugs as antiemetics, antipyretics, analgesics, and electrolytes

Grade I

Allowed diagnostic tests: Radiology and laboratory tests

Adverse events requiring pharmacologic treatment with drugs other than those allowed for grade I adverse events (i.e., antibiotics, antith-
rombotics, etc.)

Blood or blood product transfusions

Grade II

Hospital admission for more than 24 hours

Grade III Adverse events requiring endoscopic, radiologic, or surgical intervention

Grade IIIa Endoscopic or radiologic intervention

Grade IIIb Surgical intervention

Grade IV Adverse events requiring intensive care unit/critical care unit admission

Grade IVa Single-organ dysfunction (including dialysis)

Grade IVb Multiorgan dysfunction

Grade V Death

Definition of adverse event: All negative outcomes for a patient that prevent completion of the planned procedure or cause any deviation from the 
standard postprocedural course.

keeping the positive pressure ventilation above the levels produced by the CO2 insufflation by the endoscopist, believing 
this could be a protective measure against emphysema and embolism. The disagreement regarding the limitation of peak 
inspiratory pressure during POEM has persisted. However, we recommend keeping peak inspiratory pressure under 30 
cmH2O is best.

Empyema, pneumonia, and mediastinitis
Since the peritoneal and mediastinal cavities are exposed in POEM, it is postulated that contamination of these spaces 
could lead to infection-related complications[34,35]. Contamination and sepsis are frequently seen following dehiscence 
of mucosal entry or delayed mucosal perforations, leading to mucosal barrier failure[10,23]. Zhang et al[23] reported 13 
cases of delayed mucosal barrier failure leading to infection. To prevent such complications, prophylactic antibiotics are 
routinely administered before POEM and for a few days postoperatively[36]. Post-operative infections can be managed 
by antibiotics only in mild cases. Significant infections usually require drainage or surgery along with a prolonged course 
of antibiotics[10]. Delayed mucosal barrier failure requires nil per os, nasogastric/naso-jejunal feeds, and intravenous 
antibiotics.

Aspiration pneumonia
The incidence of aspiration pneumonia in POEM is very low > 0.1%[36-38]. As most patients lie in a left lateral decubitus 
position during endoscopy, when aspiration pneumonia happens, it is usually in the left lung. Aspiration pneumonia is 
mainly diagnosed clinically with fever, cough, and sputum symptoms. A chest X-ray or a CT scan can also detect the 
radiographic signs of pneumonia. White blood cell count, C-reactive protein level, and body temperature are reported to 
be significantly higher in patients with aspiration pneumonia than in those without aspiration pneumonia[39]. Preventive 
measures include a clear liquid diet for at least 24 hours preoperative, adequate suction of the oral cavity to remove 
saliva, esophageal content aspiration, if present, before induction of anesthesia, and rapid sequence intubation with 
cricoid pressure in a semi-reclining position[37,40,41]. If the patient develops post-POEM aspiration pneumonia, 
antibiotics should be administered to avoid prolonged hospital stays[39].

Pulmonary embolism
Pulmonary embolism is a rare complication; however, it could be fatal if not discovered early. Khashab et al[42] reported 
an event of pulmonary embolism managed with as a possible complication of POEM. The source of the embolism could 
be either a venous thromboembolism (VTE) or an air embolism. The risk of VTE is increased because of prolonged 
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Table 2 Classification of adverse events of third space endoscopy[18]

Category Type of adverse event

Any events requiring prolongation of hospital for > 10 days and ICU admission > 1 night

Insufflation related events

Causing hemodynamic instability

Requiring premature termination of procedure ± drainage

Mucosal injury (during or after)

Requiring special closure techniques (stenting/sponge/surgery/drainage)

Bleeding (during or after)

Requiring blood transfusion

Causing hemodynamic instability

Endoscopic reintervention or surgery

Post procedure leak

Requiring endoscopic reintervention, drainage or surgery

Cardiopulmonary events

Causing hemodynamic instability

Requiring premature termination of procedure

Infection

Severe

Causing hemodynamic instability requiring antibiotics ± drainage or surgery

Any events requiring prolongation of hospital for 4-10 days and ICU admission for 1 day

Insufflation related events with high probability of hemodynamic compromise requiring prolonged 
withholding of procedure (15 minutes) ± immediate drainage

Capno-pericardium

Mediastinal emphysema

Tension pneumothorax

Pleural effusion (during or after)

Moderate

Requiring drainage ± antibiotics

Insufflation related events requiring temporary withholding of procedure ± drainage

Retroperitoneum

Pneumothora

Capno-peritoneum

Mucosal injury (during or after) which can closed endoscopically

Bleeding (during or after) not requiring blood transfusion or additional endoscopic intervention

Mild

Infection requiring prolonged antibiotics

Insufflation related events not requiring any measures and accidently detected during fluoroscopy

Small pneumothorax

Small pneumoperitoneum

Retroperitoneum

Mild mediastinal emphysema

Not an adverse event

Subcutaneous emphysema

Citation: Chavan R, Nabi Z, Reddy DN. Adverse events associated with third space endoscopy: Diagnosis and management. Int J Gastrointest Interv 2020; 9: 
86-97. Copyright © International Journal of Gastrointestinal Intervention. Published by The Society of Gastrointestinal Intervention. Powered by INFOrang Co., 
Ltd. ICU: Intensive care unit.
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recumbency during TSE and after the procedure because of the intravenous sedation. Kusunoki et al[43] reported an 
overall frequency of asymptomatic VTE after ESD of 10%. To prevent VTE, it is recommended to use mechanical prophy-
lactic measures such as changing the posture right after the procedure, massaging the lower limbs, and wearing elastic 
stockings. Early detection of VTE is important to minimize the risk of pulmonary embolism; thus, the D-dimer level on 
the day after ESD, particularly, could be valuable. It is reported to be potentially associated with the risk for VTE in ESD 
patients[43]. Air embolism is a very rare insufflation-related complication. The main problem is that it can be difficult to 
notice because it mimics sedation-related problems. Therefore, it should be considered with prolonged altered mental 
status, anisocoria, tachycardia, tachypnea, dyspnea, or ST-T changes in the electrocardiogram. The only proven method to 
reduce the incidence of air embolism is by using CO2 instead of room air[44].

Hemothorax
Hemothorax is another post-POEM adverse event where earlier detection is important. Werner et al[10] reported a 
delayed bleeding event causing hemothorax. The event required surgery for definitive treatment.

Pleural effusion
Pleural effusion that requires drainage is a rare complication of POEM. According to some reports, it only occurs in 0.2% 
of patients who undergo POEM[10]. Several studies examined the rate of post-POEM pleural effusion. Werner et al[10] 
reported that, up to 2017, data from literature studying post-POEM complications recruited 4117 patients; of those who 
underwent POEM, 11.7% developed pleural effusion, and only 0.2% of patients required drainage. Another multicentric 
study recruited 1826 patients and reported that only 0.2% of patients developed pleural effusion post-POEM. However, in 
most cases, the pleural effusion spontaneously resolved[35]. In a recent Korean cohort, the data of 328 patients were 
collected retrospectively, showing that the frequency of pleural effusion post-POEM was 0.9%[11]. Based on the above-
mentioned studies, the frequency of developing pleural effusion after POEM ranged from 0.2% to 11.7%, with a small 
number of reported cases of pulmonary embolism.

PREVENTION OF PULMONARY COMPLICATIONS
To reduce pulmonary complications in TSE and POEM it is recommended to follow the following recommendations.

Preoperative preparation
Preoperative prevention strategies include keeping the patient on clear liquids for at least 24 hours before the procedure, 
aspirating the esophageal contents before induction of anesthesia and rapid sequence intubation with cricoid pressure, 
starting induction/intubation with the patient in a semi-reclining position, and giving antibiotic prophylaxis to reduce 
postoperative infections.

Intraoperative technical optimization
Intraoperative prevention strategies include the use of CO2 instead of room air, avoidance of full-thickness myotomy, and 
avoidance of over-insufflation when full-thickness myotomies have been recognized. These strategies will reduce 
insufflation-related complications and pneumothorax. Frequent abdominal palpation could help in the early detection of 
tense pneumoperitoneum. Inadvertent entry in the mediastinum should be promptly recognized as it could lead to 
pneumoperitoneum and pneumopericardium. In cases where clinical instability is thought to be due to pneumoperi-
cardium or pneumothorax, it is recommended to briefly interrupt the procedure without insufflation to reestablish 
clinical stability and continue the procedure. In cases with cardiac arrest, bilateral chest tubes and subxiphoid pericardial 
windows can be lifesaving.

Postoperative monitoring strategies
Thorough postoperative monitoring is recommended to early detect and manage postoperative complications.

FUTURE RESEARCH DIRECTIONS
Investigating the underlying mechanisms of pulmonary complications associated with TSE, particularly the impact of 
insufflation techniques, will enrich our understanding of how these complications develop and how they could be further 
prevented. Moreover, exploring advancements in surgical techniques aimed at minimizing the risk of such complications 
would be valuable.

CASE REPORT
To our knowledge, no cases of chylothorax have been reported post-POEM. However, we report a post-POEM 
chylothorax in a 58-year-old female patient without notable medical history apart from suffering from type II achalasia 
for which she underwent an open Heller’s myotomy 20 years ago. With an Eckardt score of 11, the patient presented with 
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Figure 1 Case report. A: Chylous pleural effusion with pigtail inserted; B: Syringes showing the aspirated white pleural fluid “chylous effusion”; C: X-ray showing 
the total resolution of the previous chylothorax after our management plan; D: Flowchart showing the management of post-peroral endoscopic myotomy chylothorax. 
POEM: Peroral endoscopic myotomy; CRP: C-reactive protein; TLC: Total leukocyte count.

recurring dysphagia, vomiting, and significant weight loss. Esophagoscopy revealed a dilated esophagus, and esophageal 
manometry confirmed the recurrence of type II achalasia. An 8-cm tunnel was started above the cardia and extended for 3 
cm on the gastric side. We were driven to use a higher current due to the severe submucosal fibrosis (forced coagulation 
effect 2 at 60 watts). Myotomy was performed successfully without intraprocedural complications.

36 hours later, the patient started a clear fluid diet without developing complications and was discharged a day later. 
On post-procedural day 4, the patient presented with severe dyspnea. Chest examination revealed absent breath sounds 
on the right side. The patient was readmitted to the hospital, and a chest X-ray revealed a massive right pleural effusion 
with a left mediastinal shift. A pigtail catheter was inserted (Figure 1A), which drained a white milky effusion 
(Figure 1B), and the patient was kept nil per os. The diagnosis of empyema was excluded based on the absence of fever, 
normal C-reactive protein, and total leucocytic count. Fluid analysis revealed high triglycerides; otherwise, the patient 
had normal biochemical parameters in her effusion sample. After three days of drainage, the catheter evacuated most of 
the fluid, leaving a scant amount of drained serous fluid with a normal triglycerides level on fluid analysis.

A CT of the chest with oral and intravenous contrast confirmed the diagnosis of pulmonary embolism and also 
confirmed the absence of any esophageal leaks or esophageal-pleural fistulas. The patient was kept on anticoagulation for 
pulmonary embolism. After a trial to restart the clear fluid diet, the patient developed chylothorax again despite the 
absence of an esophageal leak. A thoracic duct leak was excluded using lymphoscintigraphy. The high morbidity and 
mortality of thoracic duct ligation pushed us to apply the algorithmic approach described by Chalret du Rieu et al[45] in 
2011 in order to manage post-operative chylothorax based on when the chylothorax formed and how the drainage 
flowed. Upon applying the algorithm, the decision was for a conservative treatment. The patient was kept on exclusive 
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parenteral nutrition, and based on our nutritionist’s recommendations, total elimination of fats was applied. Two weeks 
later, the patient started an oral diet with the elimination of all fats except for medium-chain triglycerides to reduce the 
risk of bacterial translocation, which was of beneficial value. During the following week, the patient became symptom-
free, and the effusion resolved, which was confirmed using imaging (Figure 1C), leading to the removal of the pigtail 
catheter. The patient was discharged safely and was advised to continue a fat-free diet supplemented with medium-chain 
triglycerides for another 3 months.

During the subsequent follow-up visits, there was a significant improvement in pre-POEM symptoms, especially 
dysphagia. In addition, the patient gained nearly 25 kg, and her Eckardt score dropped to 2. Regarding the effusion, the 
patient remained asymptomatic without any evidence of chylothorax recurrence to date (1 year). The management of 
such a post-POEM chylothorax was challenging, especially after the exclusion of a thoracic duct injury and the presence 
of any esophageal leaks or fistulas. Based on our experience and after reviewing the literature, we suggest the following 
algorithm for the management of post-POEM chylothorax (Figure 1D)[45,46]. This includes conservative treatment in the 
form of diminution of chyle flow, efficient drainage of the pleural cavity, nutritional support for the prevention of chronic 
adverse events, and the avoidance of septic consequences; regular chest X-rays; total cessation of oral or enteral fat 
consumption at the time of chylothorax diagnosis which can reduce chyle flow by a factor of 10[46]. Surgery and 
radiographic embolization should be considered if conservative measures fail to treat chylothorax.

CONCLUSION
TSE has transformed the field of GI endoscopy, making it possible to replace surgery with minimally invasive procedures 
either in some diseases such as achalasia, gastroparesis, or to resect early GI tumors. Under the umbrella of TSE, many 
procedures have been developed, including POEM, submucosal tunnelling endoscopic resection, Zenker-POEM, gastric-
POEM, diverticular-POEM, and peroral endoscopic fundoplication. Although TSE is technically challenging, major 
complications are rarely reported; however, once they occur, they require careful observation and prompt management. 
In this review, we aimed to spotlight the pulmonary complications of TSE, especially POEM. We could summarize the 
management of these complications in the sentence, “working as a team”. The management could never be done by an 
anesthesiologist or the endoscopist alone; instead, it requires a team effort. However, the main steps are the 4-pronged 
approach that includes gastric decompression, temporary holding of the procedure, increasing the minute ventilation, 
and needle decompression.

Also, we are reporting the first case of chylothorax after POEM. We faced challenges in managing such cases because of 
the lack of similarly reported cases and, thus, the absence of guidelines for managing this complication. We overcame this 
obstacle by consulting our colleagues in the cardiothoracic surgery specialties, which allowed us to successfully manage 
this case and develop an algorithm of management for similar cases after POEM. However, further studies and research 
are needed to validate the use of this algorithm on a larger number of patients.
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Abstract
BACKGROUND 
Knowledge-based systems (KBS) are software applications based on a knowledge 
database and an inference engine. Various experimental KBS for computer-
assisted medical diagnosis and treatment were started to be used since 70s 
(VisualDx, GIDEON, DXPlain, CADUCEUS, Internist-I, Mycin etc.).

AIM 
To present in detail the “Electronic Pediatrician (EPed)”, a medical non-machine 
learning artificial intelligence (nml-AI) KBS in its prototype version created by the 
corresponding author (with database written in Romanian) that offers a physio-
pathology-based differential and positive diagnosis and treatment of ill children.

METHODS 
EPed specifically focuses on the physiopathological reasoning of pediatric clinical 
cases. EPed has currently reached its prototype version 2.0, being able to diagnose 
302 physiopathological macro-links (briefly named “clusters”) and 269 pediatric 
diseases: Some examples of diagnosis and a previous testing of EPed on a group 
of 34 patients are also presented in this paper.

RESULTS 
The prototype EPed can currently diagnose 269 pediatric infectious and non-
infectious diseases (based on 302 clusters), including the most frequent respira-
tory/digestive/renal/central nervous system infections, but also many other non-
infectious pediatric diseases like autoimmune, oncological, genetical diseases and 
even intoxications, plus some important surgical pathologies.
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CONCLUSION 
EPed is the first and only physiopathology-based nml-AI KBS focused on general pediatrics and is the first and 
only pediatric Romanian KBS addressed to medical professionals. Furthermore, EPed is the first and only nml-AI 
KBS that offers not only both a physiopathology-based differential and positive disease diagnosis, but also 
identifies possible physiopathological “clusters” that may explain the signs and symptoms of any child-patient and 
may help treating that patient physiopathologically (until a final diagnosis is found), thus encouraging and 
developing the physiopathological reasoning of any clinician.

Key Words: Knowledge-based systems; Computer-assisted medical diagnosis; Non-machine learning artificial intelligence; 
DXPlain; General pediatrics; “Electronic Pediatrician” software

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Electronic Pediatrician (EPed) is the first and only physiopathology-based non-machine learning artificial 
intelligence (nml-AI) knowledge-based system (KBS) focused on general pediatrics and is the first and only Romanian 
pediatric KBS addressed to medical professionals. Furthermore, EPed is the first and only nml-AI KBS that offers not only 
both a physiopathology-based differential and positive disease diagnosis, but also identifies possible physiopathological 
“clusters” that may explain the signs and symptoms of any child-patient and may help treating that patient physiopatholo-
gically (until a final diagnosis is found), thus encouraging and developing the physiopathological reasoning of any clinician.

Citation: Drăgoi AL, Nemeș RM. “Electronic Pediatrician”, a non-machine learning prototype artificial intelligence software for 
pediatric computer-assisted pathophysiologic diagnosis ― general presentation. World J Methodol 2025; 15(3): 100903
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/100903.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.100903

INTRODUCTION
Knowledge-based systems (KBS) are software with 2 pivotal components: (1) A knowledge (data-)base (KB); and (2) An 
inference engine (which deduces new information based on that KB)[1-3].

Medical expert systems (MES)[4] are artificial intelligence (AI)-based KBS[5-7] which emulate human experts and can 
be used as important adjuvants in clinical decision making[8].

However, because MES are mainly based on if–then rules, they are hard to build and maintain, thus quite expensive. 
Some examples of MES are: VisualDx (focused on dermatology), GIDEON & Mycin (both focused on infectious diseases), 
DXplain[9-12], CADUCEUS, Internist-I (all focused on internal medicine) etc[13,14].

The here-proposed software application “Electronic Pediatrician (EPed)” (built as a prototype by the corresponding 
author of this article) is a non-machine learning AI (nml-AI) KBS, a much cheaper alternative for MES, with other two 
main advantages: (1) EPed is the first nml-AI KBS written in Romanian and focused on general pediatrics; and (2) EPed is 
the first and only physiopathology-based nml-AI KBS that offers both a list of possible diseases for any proposed child-
patient and a list of possible pathophysiological “clusters” that may explain the set of clinical and paraclinical signs of 
that child-patient (and thus help treating the patients physiopathologically until a specific disease diagnosis is obtained) 
encouraging and developing the physiopathological reasoning of any clinician (thus having potential pedagogical 
importance in the future, including a helpful resource in orientating the anamnesis and the clinical exam). This EPed 
prototype was also tested on a group of selected patients treated in the Children’s Infectious Diseases Ward of The 
Emergency County Hospital Târgoviște (Romania).

MATERIALS AND METHODS
The “cluster” concept used by EPed
The “cluster” concept (used by EPed) is defined as any morphological and/or functional anomaly (macroscopic or 
microscopic) that produces at least one non-trivial clinical or paraclinical sign (or symptom) and can be a physiopatho-
logical macro-link in the physiopathogenic chain of one or more diseases or syndromes. This “cluster” concept is much 
wider and flexible than a “syndrome” because it contains all the clinical and paraclinical signs of a specific physiopatho-
logical process: For example, the “pharyngitis” cluster is defined as “an acute or chronic infectious/non-infectious inflam-
mation of the pharynx” plus all the non-trivial clinical and paraclinical signs generated by this inflammation; the same for 
laryngitis, epiglottitis, sinusitis etc.
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The 7 types of clusters used by EPed
EPed uses 7 major types of clusters [each having a relatively specific clinico-paraclinical picture (CPP)], which can be 
regarded as modules of "healthy" physiopathological clinical reasoning of any medical professional: (1) Syndromes that 
can also have the role of physiopathological macro-links in various diseases, for example: Respiratory functional 
syndrome, central neuron syndrome, peripheral neuron syndrome, etc.; (2) Inflammation of various tissues, anatomical 
structures, organs, etc., for example: "pharyngitis" (defined as acute/chronic infectious/non-infectious inflammation of 
the pharynx), "laryngitis" (defined as acute/chronic infectious/non-infectious inflammation of the larynx), etc.; (3) 
Deformities (including cracks/ruptures) of tissues, anatomical structures and organs, etc., for example: Left ventricular 
hypertrophy, right ventricular hypertrophy, etc.; (4) Various functional imbalances, for example: Left systolic ventricular 
failure, left diastolic ventricular failure, etc.; (5) Various metabolic/homeostatic imbalances, for example: Metabolic 
acidosis, respiratory acidosis, hypoxia, hypoxemia, etc.; (6) Changes in lab parameters (e.g. hypernatremia, hyperkalemia, 
direct/total hyperbilirubinemia) that also produce at least one non-trivial sign/symptom (different from the name of the 
cluster): For example, hypernatremia also produces non-trivial clinical signs (e.g. convulsions), etc.; and (7) Various 
genetic abnormalities (each with a certain CPP), for example: Trisomy 21 (Down syndrome), trisomy 13 (Patau 
syndrome), mutations of the dystrophin gene (muscular dystrophies Duchenne, Becker) etc.

Example of a cluster-based description of a disease
For example, acute viral hepatitis A (VHA) is described in EPed by a specific set of clusters: (1) Viremia (predefined by 
EPed as the presence of the Hepatovirus A in the bloodstream); (2) Hepatitis (predefined by EPed as the non-specific 
global inflammation of the liver); (3) Hepatocytolysis (predefined by EPed as the necrosis of hepatocytes); (4) Intrahepatic 
cholestasis; (5) Extrahepatic cholestasis (that may sometimes complicate VHA); (6) Biological/systemic inflammatory 
syndrome (predefined by EPed as the increase in serum levels of the main inflammatory markers); (7) Cholecystitis 
(predefined by EPed as the nespecific inflammation of the biliary vesicle that may sometimes appear in VHA); (8) 
Cholangitis (that may sometimes complicate VHA); and (9) Gastritis (predefined by EPed as the inflammation of the 
gastric mucosa that may sometimes appear in VHA). Note: (1) The “cluster” concept can be regarded as a “vertical 
synapse” between various biochemical (microscopic) sub-processes of any disease (the pathophysiological micro-links of 
that disease) and the (macroscopic) clinical signs and symptoms of a patient. EPed essentially tries to create a common 
and unifying physiopathological language between several pediatric subspecialties (and not only!) by using this “cluster” 
concept as a unifying binder with a central role in the general algorithm of diagnosis and treatment proposed by EPed; (2) 
EPed primarily uses clusters to ultra-concisely describe diseases and to generate a physiopathology-based complex/
combined differential diagnosis on N clinical/paraclinical signs (CPS)/symptoms simultaneously, an advantage 
impossible to be accomplished by any medical/pediatric manual: Furthermore, the physiopathological foundation of this 
complex differential diagnosis is not found in any other software of computer-assisted medical diagnosis; and (3) 
Moreover, EPed also has a promising performance in establishing a pediatric positive diagnosis, as we have already 
shown in a recent article in which we’ve tested EPed on 34 child-patients with 24 distinct real diagnoses established by 
the medical doctor[15] (Table 1; Figure 1).

The real positive-diagnoses (established by the medical doctor for each tested child-patient in part) were found to 
occupy an average list-index of 12 (varying from 1 to 57) in the list of possible disease-diagnoses proposed by EPed for 
each input case in part, which is an acceptable performance of medical positive diagnostic performance for a prototype 
version (Figure 2).

Furthermore, in 2025, we plan to retrospectively test the positive-diagnosis performance of EPed on at least 1000 
Romanian child-patients from at least one major Romanian hospital, with a total of at least 200-250 distinct diagnoses.

The 2-steps diagnosis accomplished by EPed: EPed uses an original 2-steps physiopathology-based differential 
diagnostic algorithm: (1) Finding all possible clusters that may explain the set of clinical and paraclinical signs of a child-
patient; and (2) Finding all possible diseases containing those previously found possible clusters. Important note. EPed 
uses a newly-proposed universal diagnostic algorithm based on Occam's razor (the parsimony principle) also combined 
with the relative incidence (RI) of diseases.

The structure of EPed: As a nml-AI KBS, EPed has 2 major components: (1) A medical knowledge database (composed of 
text files describing clusters and diseases respectively) and (2) A processing engine (which analyzes any child-patient and 
offers lists of possible clusters and diseases for that child-patient).

The interface of EPed: EPed has an interface window (IW) with 2 main sections: (1) (The lower-half of IW) by which the 
user can rapidly gather (by using predefined lists of terms) all the clinical and paraclinical signs of a child-patient; and (2) 
(The upper-half of IW) containing the lists of possible clusters and diseases proposed by EPed for that child-patient 
(Figure 3).

The steps of using EPed are listed next: (1) The user adds any CPS to a distinct list dedicated to the CPP of a child-
patient. See the next figure in which the user has added the “cough” symptom (“tuse” in Romanian) to the list dedicated 
to CPP (Figure 4A); and (2) After all CPS (gathered from a patient) are added in the CPP-list, EPed automatically analyzes 
that CPP-list and finds all possible clusters (Figure 4B) and diseases (diseases that contain at least one of the possible 
clusters). This 2nd step has two sub-steps: (1) For each possible cluster, EPed calculates a coverage score (CS) which 
measures the percent in which that CPP-list is explainable by that possible cluster found; and (2) EPed then generates a 
list of possible diseases (LPD) that may explain at least one cluster from the list of possible clusters (LPC). For each 
disease (from LPD), 3 types of scores are calculated and assigned to that disease: (1) The RI of that specific disease (1 = 
very rare; 2 = rare; 3 = medium incidence; 4 = frequent; 5 = very frequent); (2) A cluster CS (CCS) measuring the percent 
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Table 1 The 24 distinct real diagnoses of the tested group (as established by the medical doctor)

The real diagnoses of the tested group (as 
established by the medical doctor)

The number of tested cases per each real diagnosis 
(also in percents from the n = 34 patients in total) (%)

The indexed cases tested for 
each diagnosis in part

Viral diarrhea (rotavirus, norovirus, SARS-CoV2, 
adenovirus)

7 (21) Cases No. 4, 5, 6, 14, 17, 19, 25

Bacterial diarrhea (Clostridium, Salmonella, 
Campylobacter, Shigella)

5 (15) Cases No. 1, 5, 7, 14, 15, 18

Infectious mononucleosis (Epstein-Barr virus and/or 
citomegalovirus)

4 (12) Cases No. 2, 23, 27, 34

Pyelonephritis (ESBL-neg./pos. E. coli) 4 (12) Cases No. 4, 24, 29, 30

Viral URTI (adenovirus) 3 (9) Cases No. 8, 25, 30

Iron-deficiency anemia 3 (9) Cases No. 8, 15, 29

COVID-19 (both respiratory and digestive forms of 
COVID-19)

3 (9%) Cases No. 10, 16, 19

Streptococcal pharyngitis/tonsillitis 2 (6) Cases No. 3, 33

Viral encephalitis (varicella-zoster virus) 2 (6) Cases No. 12, 22

Minor poststreptococcal inflammatory syndrome 1 (3) Case No. 4

Viral pneumonia 1 (3) Case No. 6

Hand-foot-and-mouth disease 1 (3) Case No. 8

Type-A influenza 1 (3) Case No. 9

Viral tracheobronchitis 1 (3) Case No. 11

Bacterial acute otitis media 1 (3) Case No. 11

Varicella 1 (3) Case No. 12

Giardiasis (Giardia lamblia) 1 (3) Case No. 13

Hepatitis A 1 (3) Case No. 20

Floor-of-mouth abscess (sublingual gland abscess) 1 (3) Case No. 21

Scarlet fever 1 (3) Case No. 26

Acute lymphoblastic leukemia (ALL) 1 (3) Case No. 28

Vulvovaginal (Vv.) candidiasis 1 (3) Case No. 30

Marshall syndrome (PFAPA) 1 (3) Case No. 31

Mediterranean spotted fever (Rickettsia conorii) 
(confirmed by pos. IgM anti-Rickettsia conorri)

1 (3) Case No. 32

COVID-19: Coronavirus disease 2019.

of LPC that can be explained by each possible disease in part; and (3) A combined score of any (possible) disease CSD = 
RI*CCS (Figure 4C).

RESULTS
This section of the paper offers an example of a simulation based on a processed respiratory CPP: EPed generates both an 
LPC and LPD for this given respiratory CPP (Table 2).

DISCUSSION
EPed is the first and only nml-AI KBS for "hybrid" (pediatric) physiopathological and disease medical diagnosis in 
Romania and worldwide. Although not a MES, EPed is very versatile.
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Table 2 A simulation applied on a respiratory clinical and paraclinical picture example

A respiratory CPP example The possible clusters that may partially or integrally explain the 
given respiratory CPP (%)

The possible diseases that may 
explain the possible clusters 
found by EPed

This CPP example contains these 7 
listed signs (which are simultaneously 
processed as a single CPP

EPed has found many possible clusters that may partially explain the 
given respiratory CPP (the percent in parentheses represents the degree 
by which that specific cluster theoretically/potentially explains the given 
CPP

EPed has found many possible 
diseases that may explain the 
possible clusters found by EPed

Cough (“tuse”) Systemic (biological) inflammatory syndrome (57%) Tuberculosis (CSD = 1.1)

Fever (“febra”) Systemic dissemination of Mycobacterium tuberculosis (42%) Viral pneumonia (CSD = 1.1)

Wheezing (“wheezing”) Broncho-esophageal fistula (42%) Bacterial pneumonia (CSD = 1)

Increased erythrocyte sedimentation 
rate (ESR) (“VSH crescut”)

Tracheo-esophageal fistula (42%) COVID-19 (CSD = 0.9)

Thrombocytopenia (“trombocitopenie”) Bronchiolitis (a cluster defined by EPed as an inflammation of bronchioli) 
(28%)

Scarlet fever (CSD = 0.9)

Neutrophilia (“neutrofilie”) Bronchiolitis obliterans (28%) Acute viral diarrhea (CSD = 0.8)

Monocytosis (“monocitoza”) Respiratory failure (28%) Viral URTI (CSD = 0.8)

Pericarditis (28%) Bronchiolitis (CSD = 0.6)

Functional respiratory syndrome of obstructive type (28%) Measles (CSD = 0.5)

Dehydration (28%) Influenza (CSD = 0.5)

Pleurisy (28%) Congenital broncho-esophageal 
fistula (disease) (CSD = 0.5)

Alveolar pneumonia (28%) Congenital tracheo-esophageal 
fistula (disease) (CSD = 0.5)

Interstitial pneumonia (28%) Bacterial URTI (CSD = 0.4)

Bronchitis (14%) Infectious mononucleosis with EBV 
or/and CMV (CSD = 0.4)

Carditis (pancarditis) (14%) Cystic fibrosis (CSD = 0.4)

Gastroesophageal reflux disease (14%) Bacterial epiglottitis (CSD = 0.3)

Rhinitis (a cluster defined by EPed as an inflammation of the nasal 
mucosa) (14%)

Viral laryngeal tracheitis (CSD = 0.2)

Adenoiditis (a cluster defined by EPed as an inflammation of the nasal 
adenoids) (14%)

Periamygdalian abscess (phlegmon) 
(CSD = 0.2) 

Bacteremia (14%) Cervical adenoflegmon (CSD = 0.2)

Cholangitis (14%) Asthma (CSD = 0.2)

Endocarditis (14%) Gastroesophageal reflux disease 
(CSD = 0.1)

[…] Hiatal hernia (CSD = 0.1)

Pyelonephritis (14%) etc.

Sepsis (14%)

Toxic bacterial syndrome (14%)

SIRS (14%)

CNS tuberculoma (14%)

Viremia (14%)

Hypersplenism (14%)

Vasculitis (14%)

etc.

CPP: Clinico-paraclinical picture; EPed: Electronic Pediatrician.



Drăgoi AL et al. The “EPed®”-presentation

WJM https://www.wjgnet.com 6 September 20, 2025 Volume 15 Issue 3

Figure 1 The 24 distinct real diagnoses of the tested group (as established by the medical doctor).

Figure 2 The average list-index of real positive-diagnoses in the list of Electronic Pediatrician-predicted diagnoses for each of the 34 
tested child-patients. RPDs: Real positive-diagnoses; LPD: List of Electronic Pediatrician-predicted diagnoses.

The entire EPed prototype (including its unpacked database containing 302 clusters and 269 diseases) takes less than 
3Mb on any USB memory stick or hard-disk, which makes it very practical, portable and RAM&ROM-memory efficient.

EPed is very efficient in its speed of input, because any CPS can be rapidly searched (even by using a word fragment!) 
in a pre-generated list of all CPSs from the database of EPed: In takes maximum 5 seconds to find any sign in the 
database, so that it takes about 30 seconds to input a set of 6 CPSs gathered from the patient, even in the emergency room.

EPed is very efficient in its speed of listing all the possible clusters and diseases, because it pre-loads its entire database 
in the RAM memory of any computer (with minimal RAM and ROM resources): In 2-3 seconds EPed identifies all 
possible clusters and diseases plus all the pseudo-probabilistic scores that serve in its 3 types of listings (by various scores 
or combination of scores).

The speed of input and computing of EPed is comparable to any online medical symptom checker. However, its focus 
on physiopathological clusters (by using a simple and robust nml-AI architecture), makes EPed much more versatile than 
any other symptom checker, because it intelligently and causally links CPSs to diseases not directly, but via clusters 
(which are causal medical concepts much more general and flexible than classical syndromes). The costs of periodically 
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Figure 3 The interface of Electronic Pediatrician.

Figure 4 A simple test in which Electronic Pediatrician provides two distinct lists of all possible clusters and all possible diseases 
respectively for one single symptom: “cough”. A: The sign “cough” (“tuse” in Romanian) inserted in the list dedicated to the clinico-paraclinical picture 
(CPP); B: The possible clusters identified by Electronic Pediatrician (EPed) to explain “cough” listed in the list of (all) possible clusters (LPC) (“100%T” means that all 
those clusters cover the CPP by 100%, because the “cough” is the only inserted clinical sign in this example): (1) Bronchitis (a cluster defined by EPed as an 
inflammation of bronchi); (2) Bronchiolitis (a cluster defined by EPed as an inflammation of bronchioli); (3) Bronchiolitis obliterans; (4) Carditis (pancarditis); (5) 
Systemic dissemination of Mycobacterium tuberculosis; (6) Broncho-esophageal fistula; (7) Tracheo-esophageal fistula; (8) Respiratory failure; (9) Pericarditis; (10) 
Gastroesophageal reflux disease; (11) Rhinitis; and (12) Functional respiratory syndrome of obstructive type; C: The possible diseases identified by EPed to explain 
all the clusters that may imply “cough” listed in the list of (all) possible disease (LPD) (listed in the descending order of CSD): (1) Viral pneumonia (CSD = 1.6); (2) 
Bronchiolitis (CSD = 1.3); (3) Tuberculosis (CSD = 1.2); (4) Bacterial pneumonia (CSD = 1); (5) Congenital broncho-esophageal fistula (CSD = 0.8); (6) Congenital 
tracheo-esophageal fistula (CSD = 0.8); (7) Viral URTI (CSD = 0.8); (8) Asthma (CSD = 0.8); (9) Cystic fibrosis (CSD = 0.7); (10) Scarlet fever (CSD = 0.6); (11) 
COVID-19 (CSD = 0.6); (12) Measles (CSD = 0.5); (13) Bacterial epiglottitis (CSD = 0.5); (14) Acute viral diarrhea (CSD = 0.4); (15) Influenza (CSD = 0.3); (16) 
Bacterial URTI (0.3); (17) Viral laryngeal tracheitis (croup) (CSD = 0.3); (18) Chickenpox (CSD = 0.3); (19) Infectious mononucleosis with EBV or/and CMV (CSD = 
0.3); (20) Peptic ulcer (CSD = 0.2); (21) Gastroesophageal reflux disease (CSD = 0.2); (22) Hiatal hernia (CSD = 0.2); (23) Roseola infantum (6th childhood disease) 
(CSD = 0.2); and (24) Acute rheumatoid arthritis (CSD = 0.2) etc.
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expanding and updating EPed (including its database) are exponentially lower than any medical AI diagnostic system, 
with EPed being much more energy-efficient than AI systems which are quite expensive and notorious for their huge 
energy expenditure and need for large human resources in their development. Furthermore, EPed doesn’t “hallucinate” 
as AI systems do. EPed can be also easily adapted in the future for Android phones/tablets and also for online use. EPed 
can be easily adapted and improved over time by using minimal human resource.

This prototype EPed was also preliminarily tested on real child-patients by comparing the EPed-proposed list of 
possible diseases with the list of all diagnoses of the child-patient at discharge (as established by a real MD)[15].

CONCLUSION
EPed may be used not only by students, interns and MD pediatricians but also by any other medical professional from 
any other (medical) specialty close to pediatrics (or interested in it): General practitioners, infectionists etc. EPed can also 
be regarded as a potential pedagogical tool usable in training future medical students and resident physicians by 
developing their physiopathological reasoning and differential diagnosis skills.
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Abstract
BACKGROUND 
Severe dengue children with critical complications have been attributed to high 
mortality rates, varying from approximately 1% to over 20%. To date, there is a 
lack of data on machine-learning-based algorithms for predicting the risk of in-
hospital mortality in children with dengue shock syndrome (DSS).

AIM 
To develop machine-learning models to estimate the risk of death in hospitalized 
children with DSS.

METHODS 
This single-center retrospective study was conducted at tertiary Children’s 
Hospital No. 2 in Viet Nam, between 2013 and 2022. The primary outcome was 
the in-hospital mortality rate in children with DSS admitted to the pediatric 
intensive care unit (PICU). Nine significant features were predetermined for 
further analysis using machine learning models. An oversampling method was 
used to enhance the model performance. Supervised models, including logistic 
regression, Naïve Bayes, Random Forest (RF), K-nearest neighbors, Decision Tree 
and Extreme Gradient Boosting (XGBoost), were employed to develop predictive 
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models. The Shapley Additive Explanation was used to determine the degree of contribution of the features.

RESULTS 
In total, 1278 PICU-admitted children with complete data were included in the analysis. The median patient age 
was 8.1 years (interquartile range: 5.4-10.7). Thirty-nine patients (3%) died. The RF and XGboost models de-
monstrated the highest performance. The Shapley Addictive Explanations model revealed that the most important 
predictive features included younger age, female patients, presence of underlying diseases, severe transaminitis, 
severe bleeding, low platelet counts requiring platelet transfusion, elevated levels of international normalized ratio, 
blood lactate and serum creatinine, large volume of resuscitation fluid and a high vasoactive inotropic score (> 30).

CONCLUSION 
We developed robust machine learning-based models to estimate the risk of death in hospitalized children with 
DSS. The study findings are applicable to the design of management schemes to enhance survival outcomes of 
patients with DSS.

Key Words: Dengue shock syndrome; Dengue mortality; Machine learning; Supervised models; Logistic regression; Random 
forest; K-nearest neighbors; Support vector machine; Extreme Gradient Boost; Shapley addictive explanations

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The in-hospital mortality rate of children with dengue shock syndrome (DSS) at a large tertiary pediatric hospital in 
Viet Nam was 3%. The supervised models showed good predictive value. In particular, the Random Forest and Extreme 
Gradient Boost models demonstrated the highest model performance. The supervised machine learning model showed that 
the nine most important predictive variables included younger age, presence of underlying diseases, severe transaminitis, 
critical bleeding, platelet transfusion requirement, elevated international normalized ratio and blood lactate levels, and high 
vasoactive inotropic score (> 30). Identification of mortality predictors in patients with DSS will help optimize management 
protocols to enhance survival outcomes.

Citation: Vo LT, Vu T, Pham TN, Trinh TH, Nguyen TT. Machine learning-based models for prediction of in-hospital mortality in 
patients with dengue shock syndrome. World J Methodol 2025; 15(3): 101837
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/101837.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.101837

INTRODUCTION
Dengue has posed a huge disease burden in tropical and subtropical countries, particularly Southeast Asia, South Asia, 
and South America, with its incidence increasing by 85.5% from 1990 to 2019 worldwide[1]. Dengue-associated severe 
complications have been attributed to increasing mortality rates, varying from 1% to > 20%[2,3]. Common severe dengue-
related complications among hospitalized children include dengue shock syndrome (DSS), severe bleeding, acute liver 
failure, huge plasma leakage, and respiratory failure[4-7]. To date, many prognostic models for dengue-related death 
have been reported in adult cohorts; however, there are insufficient data on the pediatric population in this regard[8-12]. 
In addition, several published prognostic models to estimate the risk of death among hospitalized dengue children are 
restricted by the relatively limited sample size and the lack of robust statistical methods to determine the predictive 
model effect[3,4]. Notably, we recently reported a cohort of 492 hospitalized children with DSS to predict fatality; 
however, this study was restricted by the limited number of fatal outcomes (n = 26 deaths, 5.3%)[3]. Another prospective 
study cohort showed more important predictors of death in children with severe dengue; however, the study was limited 
by the small sample size of 78 pediatric patients included in the final analysis[4]. Recently, machine learning methods, 
with their high performance in prediction and classification, have achieved significant advances and applicability in a 
multitude of medical fields, particularly tropical diseases[13-15]. We aimed to use machine learning to identify the strong 
predictors of mortality among hospitalized children with DSS. Determining the predictors of death will aid in optimizing 
the prognosis and management protocols of hospitalized children with DSS to enhance survival outcomes.

MATERIALS AND METHODS
Study design, setting, population and data source
This single-center retrospective cohort study, the Viet Nam Dengue-Infected Study, was conducted at Children’s Hospital 
No. 2 in Ho Chi Minh City, Viet Nam. This study included all pediatric patients admitted with DSS between 2013 and 
2022. Data were collected from patient records to ensure the comprehensive coverage of clinical and laboratory variables 
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relevant to patient outcomes. The inclusion criteria were age < 18 years, laboratory-confirmed dengue infection, and the 
presence of DSS[2]. The exclusion criteria were a lack of serological confirmation of dengue infection and missing data for 
covariables of interest (≥ 50%).

Study outcome and candidate predictors
The main outcome was the in-hospital mortality rate in pediatric intensive care unit (PICU)-admitted children with DSS. 
Candidate predictors were predetermined based on clinical knowledge, disease pathogenesis, and medical literature, 
including patient age, underlying diseases on admission, systolic shock index, critical bleeding, severe transaminitis, 
international normalized ratio (INR), peak hematocrit (%), platelet cell count, platelet transfusion requirement, blood 
lactate, serum creatinine, cumulative fluid infused from referral hospitals and within 24 h PICU admission, colloid to 
crystalloid fluid infusion ratio, and vasoactive inotropic score (VIS).

Data collection of variables
The dataset was gathered from hospital medical records, originally comprising 1278 observations and 81 variables, and 
was classified into the following major categories:

Demographic data: Patient’s age, gender, and accompanied underlying diseases.

Clinical data: Day of onset of dengue shock, severity of dengue shock, severe bleeding, platelet transfusion, respiratory 
rate, systolic shock index, VIS, cumulative amount of fluid infused from the referral hospital and during 24 h of PICU 
admission, and colloid-to-crystalloid fluid infusion ratio.

Laboratory data: Hematological parameters, liver enzyme levels, and biomarkers indicating organ dysfunction.

Data preprocessing and feature selection
Handling missing data: Missing data patterns were examined using the naniar, rms, VIM, and dlookr packages in R. 
Visualizations, such as missing data patterns, Pareto charts, and hierarchical clustering, were utilized to manipulate 
missing values. Variables with more than 50% missing data were excluded from the analysis. Missing data imputation 
was performed using Multivariate Imputation by Chained Equations (MICE) method. The MICE algorithm was 
performed with predictive mean matching, generating five imputed datasets with 50 iterations each.

Data cleaning and transformation: Categorical variables were converted into factors. Binary variables were converted 
into numeric (0/1) formats. Outliers and irrelevant categories were removed where applicable.

Feature selection: A predefined set of clinical and laboratory covariables was preselected using clinical knowledge, the 
Least Absolute Shrinkage and Selection Operator (LASSO), and stepwise selection using the Akaike information criterion 
(AIC) method. To prevent overfitting by selecting a combination of predetermined features, we prudently manipulated 
the penalizing coefficient (lambda) from the LASSO regression in balance with the AIC method.

Statistical analyses
All steps in the predictive model development are described in Figure 1. The original dataset was first oversampled using 
the synthetic minority oversampling technique (SMOTE) to address the mortality outcome imbalance[16]. After 
oversampling, the dataset was split into training (70%) and testing (30%) sets.

Machine learning models
Supervised models were implemented, including logistic regression, Random Forest, Naive Bayes, Decision Tree, K-
nearest neighbors (KNN) and Extreme Gradient Boost (XGBoost). The models were trained using 5-fold cross-validation 
to optimize the performance metrics. The hyperparameters were tuned using grid search to identify the optimal settings 
for each model. Performance metrics, including accuracy, sensitivity, specificity, precision, area under the curve (AUC), 
and F1-score, were calculated with 95% confidence intervals for the test set using bootstrapping techniques.

Model explanation
Shapley additive explanations (SHAP) analysis was used to interpret the contribution of each feature to model 
predictions. The SHAP values provide insights into the contribution of each feature to the model's predictions. SHAP 
summary and dependence plots were generated to visualize the importance of individual features and their interactions 
with the outcome.

All study analyses were conducted using R (version 4.3.2) with packages including tidyverse, compare Groups, rms, 
naniar, VIM, dlookr, missRanger, glmnet, caret, xgboost, SHAP forxgboost, ggplot2, and cutpointr. Statistical significance 
was set at P < 0.05.

RESULTS
Baseline characteristics of study participants upon PICU admission
Between 2013 and 2022, approximately 2000 children with DSS were admitted to the PICU, of whom 1278 met the 
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Figure 1 The study flow-chart. LASSO: Least Absolute Shrinkage and Selection Operator; DSS: Dengue shock syndrome; AUC: Area under the curve; AIC: 
Akaike information criterion; SMOTE: Synthetic minority oversampling technique; KNN: K-nearest neighbors.

eligibility criteria and were included in the analysis. Of these, 39 patients (3%) died in-hospital, whereas the remaining 
1239 patients (97%) survived. Baseline clinical and laboratory characteristics of the participants are presented in Table 1. 
The non-survivors were generally younger and had a higher prevalence of underlying diseases. The occurrence of DSS 
was observed earlier in non-survivors, with a median duration of four days after the onset of fever. Patients who did not 
survive experienced greater disease severity, with a significantly higher proportion of patients developing decom-
pensated DSS. Critical bleeding complications were more prevalent among non-survivors and were accompanied by a 
markedly higher systolic shock index. These patients also exhibited more critical hepatic injury, as indicated by dramat-
ically elevated levels of aspartate aminotransferase and alanine aminotransferase along with severe hepatic transam-
inases. Additionally, non-survivors had higher blood lactate levels, reflecting more severe metabolic acidosis. Regarding 
coagulation, non-survivors had a significantly elevated INR and lower hemoglobin and nadir hematocrit levels than the 
survivors. Platelet counts were lower in the non-survivors than in the survivors. In terms of respiratory function, non-
survivors had a higher respiratory rate, indicating more respiratory distress. Fluid resuscitation was more pronounced in 
non-survivors, with greater cumulative intravenous fluid administration and higher colloid-to-crystalloid ratio. 
Furthermore, non-survivors required significantly more vasoactive inotropic support, with a larger proportion of patients 
requiring a VIS > 30, underscoring the severity of hemodynamic instability. Overall, non-survivors with severe dengue 
exhibited a more severe clinical profile and required more intensive treatment, which correlated with the fatal outcomes 
observed in this group.

Clinical predictors of in-hospital mortality of patients with DSS upon PICU admission
As presented in Table 2, in the multivariable logistic regression, the full predefined model showed significant clinical 
predictors of in-hospital mortality in patients with DSS, including accompanying underlying diseases, severe bleeding, 
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Table 1 Baseline clinical and laboratory characteristics of study participants on pediatric intensive care unit admission (n = 1278), n 
(%)/median (interquartile range)

Characteristics Non-survivor (n = 39) Survivors (n = 1239) P value

Age (years) 7 (5-10) 8.1 (5.4-10.7) 0.16

Female sex 18 (46) 601 (49) 0.77

Underlying diseases 7 (18) 73 (6) < 0.01

Day of occurrence of dengue shock  
since onset of fever (days)

4 (4-5) 5 (4-5) 0.09

Grading of DSS

Compensated DSS 11 (28) 1143 (92) < 0.001

Decompensated DSS 28 (72) 96 (8)

Severe bleeding 29 (74) 66 (5.3) < 0.001

Respiratory rate (breaths/min) 30 (24-40) 25 (22-30) < 0.001

Systolic shock index (bpm/mmHg) 1.47 (1.33-1.88) 1.3 (1.11-1.5) < 0.01

White blood cell count (× 109/L) 7.15 (3.86-12.9) 4.74 (3.36-6.7) 0.93

Hemoglobin (g/dL) 13.8 (11.5-15.1) 14.9 (13.5-16.1) 0.01

Peak hematocrit (%) 46 (42-52) 48 (45-51) 0.07

Nadir hematocrit (%) 33 (29-34) 38 (35-41) 0.001

Platelet cell count (× 109/L) 25 (14-42.4) 36 (23-55) 0.21

Platelet transfusion 34 (87) 129 (10.4) < 0.001

Aspartate aminotransferase (IU/L) 2219 (572-4458) 148 (86-314) < 0.001

Alanine aminotransferase (IU/L) 724 (324-1670) 63 (34-149) < 0.001

Severe transaminitis 25 (64) 105 (9) < 0.001

International normalized ratio 2.52 (1.83-3.57) 1.21 (1.1-1.47) < 0.001

Blood lactate (mmol/L) 7.2 (3.1-13) 2.3 (1.6-3.1) < 0.001

Serum creatinine (mmol/L) 65 (56-111) 51 (44-59) 0.001

Cumulative fluid infused from referral hospitals and 24 h of PICU admission 
(mL/kg)

301 (220-393) 133 (104-176) < 0.001

Ratio of colloid-to-crystalloid infusion 6.0 (1.7-9.1) 0.7 (0-2.0) < 0.001

Vasoactive inotropic score during first 24 h 60 (40-165) 0 (0-15) < 0.001

Vasoactive inotropic score > 30 30 (79) 17 (13) < 0.001

DSS: Dengue shock syndrome; PICU: Pediatric intensive care unit.

high INR, platelet transfusion requirement, elevated blood lactate and serum creatinine levels, larger volume of fluid 
infusion from referral hospitals and 24 h of PICU admission, and a high VIS (> 30). No significant interactions were found 
between the covariates. Multivariable analyses from the LASSO and AIC methods generated results similar to those from 
the full predefined model. However, the LASSO penalized underlying diseases as insignificant variables in the final 
model, whereas the AIC preserved this covariate in the final model. Although both LASSO and AIC models disregarded 
age variables, we retained this covariate in the final prognostic models based on its clinical importance in disease 
pathogenesis and the medical literature.

Performance of supervised models for in-hospital mortality in DSS patients without SMOTE
Table 3 summarizes the performance parameters of various supervised machine learning models employed to estimate 
the risk of in-hospital mortality in patients with DSS. The logistic regression model achieved an AUC of 0.92 (95%CI: 0.90-
0.94), with a sensitivity of 0.99, low specificity of 0.50, precision of 0.98, F1 score of 0.61, and an accuracy of 0.97. The 
Naïve Bayes model further revealed an AUC of 0.86 (95%CI: 0.70-1), sensitivity 0.91, specificity 0.82, precision 0.83, F1 
score 0.87, and an accuracy of 0.86. The Random Forest model demonstrated high performance with an AUC of 0.86 
(95%CI: 0.69-1), sensitivity 0.82, specificity 0.91, precision 0.90, F1 score and accuracy of 0.86. In addition, the KNN model 
yielded almost similar results to the Random Forest model. The Decision Tree model exhibited an AUC of 0.77 (95%CI: 
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Table 2 Multivariable models for in-hospital mortality of patients with dengue shock syndrome upon pediatric intensive care unit 
admission

Full model1 Reduced model 12 Reduced model 23

Candidate predictors
OR (95%CI) P value OR (95%CI) P value OR (95%CI) P value

Age (years) 0.85 (0.71-1.02) 0.09 0.93 (0.8-1.08) 0.32 0.94 (0.81-1.09) 0.39

Underlying diseases 5.14 (1.22-21.7) 0.03 4.1 (1.02-16.3) 0.04

Systolic shock index (mmHg/bpm) 0.46 (0.08-2.48) 0.36

Severe bleeding 4.28 (1.37-13.4) 0.01 3.38 (1.19-9.57) 0.02 3.38 (1.2-9.58) 0.02

Severe transaminitis 1.16 (0.4-3.38) 0.78

International normalized ratio 1.56 (1.12-2.17) < 0.01 1.45 (1.05-1.99) 0.02 1.47 (1.07-2.01) 0.01

Peak hematocrit (%) 1.08 (1.0-1.16) 0.05

Platelet counts (< 20 × 10 9/L) 0.95 (0.32-2.85) 0.92

Platelet transfusion 4.48 (1.11-18.1) 0.03 4.1 (1.07-15.7) 0.03 4.89 (1.27-18.9) 0.02

Blood lactate (mmol/L) 1.2 (1.02-1.41) 0.03 1.2 (1.04-1.39) 0.01 1.19 (1.03-1.37) 0.02

Serum creatinine (µmol/L) 1.02 (1.0-1.03) 0.01 1.01 (1-1.03) 0.09 1.01 (1.0-1.03) 0.06

Log-2 Cumulative fluid infused from referral hospitals and within 
24 h-PICU admission (mL/kg)4

2.76 (1.25-6.1) 0.01 3.69 (1.95-7.0) < 0.001 3.61 (1.88-6.91) < 0.001

Colloid to crystalloid fluid infusion ratio 1.07 (0.98-1.17) 0.15

Vasoactive inotropic score (> 30) 9.58 (2.36-39) < 0.01 4.78 (1.49-15.4) < 0.01 4.59 (1.42-14.8) 0.01

1Full model based on predefined covariates with multiple imputation data analysis.
2Reduced model 1 based on Least Absolute Shrinkage and Selection Operator method.
3Reduced model 2 based on stepwise selection with the lowest value of Akaike information criterion.
4Standardization of covariates by Log-2 transformation.
DSS: Dengue shock syndrome; OR: Odds ratio; PICU: Pediatric intensive care unit.

Table 3 Performance of supervised models to estimate the risk of mortality in patients with dengue shock syndrome without the 
synthetic minority oversampling technique

Models AUC (95%CI) Sensitivity Specificity Precision F1 score Accuracy

Logistic regression 0.92 (0.90-0.94) 0.99 0.50 0.98 0.61 0.97

Naïve Bayes 0.86 (0.70-1) 0.91 0.82 0.83 0.87 0.86

Random forest 0.86 (0.69-1) 0.82 0.91 0.90 0.86 0.86

KNN 0.86 (0.71-1) 0.82 0.91 0.90 0.86 0.86

Decision tree 0.77 (0.59-0.94) 0.82 0.73 0.75 0.78 0.77

XGBoost 0.86 (0.71-1) 0.82 0.91 0.90 0.86 0.86

AUC: Area under the curve; KNN: K-nearest neighbors; SMOTE: Synthetic minority oversampling technique; XGboost: Extreme gradient boosting.

0.59-0.94), sensitivity 0.82, specificity 0.73, precision 0.75, F1 score 0.78, and an accuracy of 0.77. Finally, the XGBoost 
model also performed well, with an AUC of 0.86 (95%CI: 0.71-1), sensitivity 0.82, specificity 0.91, precision 0.90, F1 score 
and an accuracy of 0.86. Considering the performance of all these models, the Random Forest, KNN, and XGBoost models 
demonstrated the highest performance across multiple metrics, indicating their strong predictive capabilities.

Performance of supervised models for in-hospital mortality in DSS patients from oversampling with the SMOTE 
method
Table 4 summarizes the performance of the supervised machine learning models in predicting the in-hospital mortality in 
DSS patients when oversampling with SMOTE was employed. Overall, all supervised models using the SMOTE method 
showed superior performance compared to the models without SMOTE applicability. The XGBoost model demonstrated 
excellent performance compared with the other models.
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Table 4 Performance of supervised models to estimate the risk of mortality in patients with dengue shock syndrome from oversampling 
data with the synthetic minority oversampling technique

Models AUC (95%CI) Sensitivity Specificity Precision F1 score Accuracy

Logistic regression 0.93 (0.89-0.97) 0.94 0.93 0.77 0.85 0.93

Naïve Bayes 0.94 (0.91-0.97) 0.95 0.94 0.80 0.87 0.94

Random forest 0.97 (0.95-0.99) 0.98 0.97 0.88 0.93 0.97

KNN 0.91 (0.87-0.95) 0.92 0.89 0.69 0.78 0.90

Decision tree 0.95 (0.92-0.98) 0.95 0.96 0.85 0.90 0.96

XGBoost 0.97 (0.95-0.99) 0.98 0.96 0.86 0.92 0.96

AUC: Area under the curve; KNN: K-nearest neighbors; SMOTE: Synthetic minority oversampling technique; XGboost: Extreme gradient boosting.

Features of importance from the Random-forest model with oversampling method
As presented in Figure 2, the oversampled random-forest model showed the most significant features (ranked by the Gini 
score), including the cumulative amount of fluid infused from the referral hospital and during the 24 h of admission, 
blood lactate, INR, and serum creatinine. Other important features included younger age, female patients, severe 
bleeding, low platelet count requiring platelet transfusion, a high VIS score, and underlying diseases.

The SHAP model
The SHAP model identified key variables contributing to the risk of fatality in children with severe dengue who were 
admitted to the PICU. The SHAP plot highlights the most important predictors contributing to the risk of death in hospit-
alized children with DSS, as presented in Figure 3. Among predetermined covariates, platelet transfusion had the highest 
SHAP value, making it the most important predictor of mortality. The cumulative amount of fluid infusion was also a 
major contributing factor. A larger volume of intravenous infusion and more colloids than crystalloid fluid adminis-
tration were highly associated with an increased risk of mortality. Elevated serum creatinine and lactate levels were 
significant predictors of mortality. Critical hepatic injury, high INR, and severe bleeding highly predicted mortality in 
patients with DSS. A high systolic shock index and VIS (> 30) were substantial contributors to the mortality risk, 
reflecting the hemodynamic instability of patients. Peak hematocrit levels were highlighted as a relevant factor, while 
demographic variables, such as age and sex also played a role in predicting mortality, with older age surprisingly 
showing a protective effect in contrast to the younger population. The presence of underlying diseases, decompensated 
DSS, and platelet counts (< 20 × 109/L) had lower SHAP values, indicating that they were less influential than other 
variables.

DISCUSSION
Severe DSS significantly increases the risk of mortality among hospitalized children by up to 20%. Therefore, identifying 
prognostic factors associated with mortality in patients with DSS is imperative to optimize the allocation of medical 
resources, enhance monitoring capabilities, and prioritize treatment strategies to improve patient survival rates.

This study aimed to construct and validate predictive models for assessing the mortality risk in pediatric patients 
diagnosed with DSS. By analyzing data from 1278 patients, we identified 39 fatalities, corresponding to a mortality rate of 
3%. Key variables incorporated into the final predictive model included severe bleeding, INR, platelet transfusion 
requirement, blood lactate levels, serum creatinine, cumulative intravenous fluid infusion from referral hospitals and 
within the first 24 h of PICU admission, and a VIS exceeding 30. These predictors exhibited robust predictive power for 
mortality risk, thereby offering valuable insights into the clinical management and prognosis improvement in patients 
with DSS. Our findings are consistent with the existing literature on the mortality risk factors for severe DSS. Each 
variable was carefully predetermined based on the pathophysiological relevance of the disease and corroborated with 
previous studies. Notably, our study distinguished itself by employing advanced machine learning techniques, such as 
Random Forest and XGBoost, to validate the reliability of the model. In this study, severe bleeding was demonstrated to 
be a critical prognostic factor, which is consistent with previous studies[17,18]. The INR, reflecting coagulation dys-
function, was also significantly associated with elevated mortality. This may have resulted from potential liver 
dysfunction or consumption of clotting factors in patients with severe DSS. Notably, coagulopathy combined with 
thrombocytopenia can lead to uncontrolled bleeding, further escalating mortality risk. Platelet transfusion requirement is 
a strong predictor in the prognostic model. In clinical practice, platelet transfusions are administered to DSS patients with 
severe thrombocytopenia and active hemorrhage or those requiring invasive procedures, such as endotracheal intubation, 
central venous catheterization, or abdominal decompression. Thus, platelet transfusion serves as an indicator of ongoing 
critical hemorrhage and is necessary in patients undergoing invasive interventions. Elevated blood lactate levels, 
commonly observed in patients with prolonged DSS or multi-organ failure, were significantly associated with mortality. 
This finding corroborates previous studies that established blood lactate as an independent predictor of mortality in 
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Figure 2 Features of importance from the Random Forest model.

Figure 3 The SHAP analysis shows the impact of predefined variables on the model’s prediction of mortality in patients with dengue 
shock syndrome.

patients with DSS[3,4,19]. Additionally, increased serum creatinine levels indicate acute kidney injury, which is 
frequently observed in patients with prolonged shock or reduced perfusion due to increased intra-abdominal pressure 
from large-volume fluid resuscitation[5]. This variable is also correlated with higher mortality rates[5]. Our model 
showed that a larger volume of intravenous fluid infusion was associated with increased mortality risk. Effective fluid 
management is crucial in treating patients with DSS in accordance with the 2009 World Health Organization (WHO) 
dengue guidelines[2]. The 2009 WHO dengue guidelines have recommended that tissue perfusion should be maintained 
through the administration of a minimal amount of intravenous fluid[2]. Numerous studies have demonstrated that fluid 
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overload is associated with poor outcomes, not only in patients with DSS but also in extensive critical care scenarios[3,4,
19]. A high cumulative volume of intravenous fluid intake indicated several critical adverse conditions, including 
prolonged huge plasma leakage, delayed hospitalization accompanied by severe shock, and inappropriate large-volume 
intravenous fluid administration. These factors can lead to progressive respiratory failure, increased intra-abdominal and 
thoracic pressures, and the development of a combination of hypovolemic and obstructive shock. Furthermore, an 
increased VIS indicates the need for high-dose vasopressors to sustain blood pressure and oxygen delivery to organs, 
signifying severe cardiac failure or critical shock with a poor prognosis unless aggressive interventions are performed[3]. 
In this study, a high VIS (> 30) was a significant predictor of mortality risk in patients with DSS, which is consistent with 
previous studies[3,6].

To date, there are scant data on the prognostic value of estimating the risk of in-hospital death among pediatric 
patients. A small prospective cohort (n = 78 children with severe dengue) revealed significant clinical predictors of 
mortality among hospitalized children, including increased blood lactate levels, VIS, and positive fluid balance[4]. In 
addition, we recently developed a conventional statistical model to predict the in-hospital mortality in 492 PICU-admitted 
children with DSS. We also showed prognosticators for mortality in DSS children, including critical bleeding, high 
volume of fluid infusion, elevated blood lactate and increased VIS (> 30) during the first 24 h of PICU admission[3]. 
However, the study was restricted by its retrospective design, high rate of missing data for biochemistry tests, and small 
number of fatal outcomes (n = 26 deaths, 5.3%). The limitations of the inadequate sample size in the aforementioned 
studies cannot be manipulated by the conventional statistical analysis. A similar issue was observed in the current study, 
as there were 39 deaths (3%) among the sample size of 1278 children with DSS. To address this issue, we implemented the 
SMOTE. This approach effectively mitigated data imbalance and enhanced the model performance beyond that achieved 
by conventional statistical methods. After adjustment with the SMOTE, all supervised machine learning models showed a 
dramatic improvement in the performance metrics, and the XGBoost model demonstrated the best performance in 
predicting the risk of mortality.

Considering its simplicity, conventional statistical modelling has gained wide popularity among researchers. However, 
it requires a priori assumptions, a refined set of clinically important variables consistent with the underlying biological 
mechanisms, an adequate sample size to ensure study power, and an appropriate number of outcomes compared to the 
total predictors in the predictive models[20]. However, machine learning models are abstract to interpret, with or without 
a priori assumptions and oversampling techniques for limited outcome events. Notably, machine learning modelling has 
a weakness in that it is prone to overfitting. Hence, we integrated the two methods of conventional and machine learning 
analyses to maximize the strength of both techniques in our study. We based the AIC and LASSO methods on a 
predetermined set of features, and these conventional methods helped minimize overfitting, which is commonly 
associated with machine learning. Oversampling with the SMOTE significantly enhanced the study power and model 
performance metrics.

The XGBoost-based SHAP model was developed to evaluate the importance of SHAP values and the magnitude of the 
impact of each clinical predictor. Notably, the most significant predictors of in-hospital mortality among DSS patients 
were platelet transfusion requirement, critical bleeding, severe coagulation disorder and transaminitis, high VIS (> 30), 
large volume of fluid infused with more colloids than crystalloids, kidney failure, and high serum lactate levels. These 
prognostic factors had high-ranking SHAP values, reflecting their greater significance in the mortality prediction model 
for DSS. Furthermore, the SHAP model also revealed that other covariables, including demographic factors (age and sex), 
underlying diseases, and severity of dengue shock, were less important in the final prognostic model, as indicated by the 
small and narrow magnitudes of the SHAP values. Therefore, the SHAP model provides a transparent interpretation of 
how each variable affects the overall model's decisions, offering a comprehensive understanding of the interplay between 
the predictors and mortality risk. Interventions targeting the clinical predictors of high weight, as mentioned above, can 
significantly improve the survival outcomes of children with DSS.

This study has several significant implications for clinical practice. First, these machine learning-based predictive 
models can potentially transform the prognosis and management of hospitalized children with DSS. In particular, the 
XGBoost model had the highest predictive accuracy, identifying critical factors including younger age, female sex, 
underlying diseases, severe transaminitis, critical bleeding, low platelet counts necessitating transfusion, high INR, 
elevated blood lactate and serum creatinine levels, a large volume of resuscitation fluid, and a VIS > 30. Second, this 
result can be manipulated to design therapeutic schemes based on modifiable factors such as platelet transfusion, 
judicious administration of infused fluid and vasopressors, and management of critical transaminases. Third, a risk-
scoring system can be developed based on the identified predictors from supervised and SHAP models to classify high- 
and low-risk mortality groups. This will aid clinicians in early recognition and assessment of the disease severity among 
hospitalized children with DSS. Therefore, interventions targeting these predictors can significantly improve the survival 
outcomes of children with DSS.

However, this study had certain limitations. First, as this was a single-center retrospective study, the generalizability of 
the findings to other treatment centers or diverse patient populations may be limited. Second, despite employing sophist-
icated techniques to process data and mitigate imbalances, missing or incomplete data might have had an impact on the 
analysis. Finally, there was variability in treatment standards during the study period from 2013 to 2022. In our study, the 
study population included children presenting with DSS, which has been well reported as the most common 
complication of severe dengue and is attributed to a high mortality rate (up to 20%)[2]. Thus, the study findings can be 
externally validated in WHO-reported regions with the highest dengue-related burdens, particularly South America, 
Africa, and Southeast Asia[1,2]. External validation across different dengue-endemic regions will increase the validity and 
generalizability of the model developed in this study.
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CONCLUSION
We developed robust machine-learning-based models to estimate the risk of mortality in hospitalized children with DSS. 
The study findings can be manipulated to optimize the prognosis and management of children with severe dengue and 
enhance patient survival outcomes.
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Abstract
BACKGROUND 
Migraine has been proposed as a potential contributing factor to ischemic compli-
cations involving the retina and optic nerve. Ophthalmic disorders connected 
with migraine encompass occlusions of the branch and central retinal arteries and 
veins, alongside anterior and posterior ischemic optic neuropathy. With the 
advent of optical coherence tomography angiography (OCTA), it is easy to 
identify these macular subclinical microvascular and structural changes.

AIM 
To evaluate macular and peripapillary structural and microvasculature changes in 
patients with migraine with aura (MA), migraine without aura (MW), and healthy 
control (HC) participants using OCTA.

METHODS 
In this observational cross-sectional study, we studied a total of 100 eyes: (1) 32 
eyes of 16 patients with MA; (2) 36 eyes of 18 patients with MW, recruited based 
on the International Classification of Headache Disorders; and (3) 32 eyes of 16 
age and sex-matched healthy participants. Foveal flux, foveal avascular zone 
(FAZ), peripapillary flux obtained from OCTA, and foveal and peripapillary 
ganglion cell layer (GCL) thickness calculated via optical coherence tomography 
were compared among the groups.

https://www.f6publishing.com
https://dx.doi.org/10.5662/wjm.v15.i3.100950
mailto:virna@aravind.org
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RESULTS 
The mean FAZ area measured in patients with MA and MW was significantly larger than that in the control 
participants (P = 0.002). However, there was no significant difference between the FAZ of the MA and MW groups. 
Macular perfusion in the superficial capillary plexus in patients with MA was significantly lower compared to MW 
(P = 0.0018) and HCs (P = 0.002). There was also significant thinning of the GCL in patients with MA and MW (P = 
0.001) compared to HCs. However, there was no significant difference in temporal GCL thickness between the MA 
and MW groups.

CONCLUSION 
Significant changes have been found in structural and microvascular parameters in patients with migraines 
compared with HCs. OCTA can serve as a valuable non-invasive imaging technique for identifying microcircu-
latory disturbances, aiding in better understanding the pathogenesis of different types of migraine and establishing 
their link with other ischemic retinal and systemic pathologies.

Key Words: Migraine; Aura; Optical coherence tomography angiography; Foveal microvasculature; Macular perfusion

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our observational study shows that there are microvascular and structural changes seen on optical coherence 
tomography angiography in migraine, and these changes could serve as a valuable non-invasive biomarker in its diagnosis.
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INTRODUCTION
Migraine, ranked as the third most prevalent disease worldwide, has an overall prevalence of 14.7% (18.8% in females 
and 10.7% in males)[1]. The term 'migraine' originates from the Latin word 'hemicrania,' signifying 'half skull.' This 
designation was initially used by the Greek physician Galenus of Pergamon[2]. Migraine auras refer to sensory symptoms 
(neurologic, gastrointestinal, and autonomic) that may manifest before or during a migraine attack. These symptoms 
include phenomena such as light flashes, blind spots, or tingling in the hands or face[2]. Their usual duration spans from 
4 hours to 72 hours, and often cause significant incapacitation. These manifestations can occur episodically (fewer than 15 
days per month) or chronically (more than 15 days per month). Among migraine headache sufferers, 70% experience 
migraine without aura (MW)[2]. While the complete pathophysiology of migraine remains elusive, there appears to be a 
complex interplay between neural and vascular factors that play a pivotal role[3].

For years, migraine has been proposed as a potential contributing factor to ischemic complications involving the retina 
and optic nerve[4]. Ophthalmic disorders associated with migraine include occlusions of the branch and central retinal 
arteries and veins, as well as anterior and posterior ischemic optic neuropathy[5]. Furthermore, there is evidence 
suggesting that migraine could increase the risk of onset or progression of normal tension glaucoma[6,7]. These disorders 
have been observed during both acute migraine attacks and the periods between attacks[8]. Consequently, both 
immediate and sustained alterations in ocular perfusion among patients with migraine might make them more 
susceptible to the aforementioned ocular complications[8,9].

There have been studies from Turkey and the United States describing optical coherence tomography (OCT) and OCT 
angiography (OCTA) parameters among patients with migraine[10], revealing numerous vascular differences compared 
to the healthy population[11-15]. Nonetheless, there is little literature available on the structural and microvascular 
parameters of the macula and peripapillary area among the Indian population.

In this study, we investigated the following parameters: (1) Foveal flux as a measure of foveal vasculature (flux is a 
novel metric that approximates the number of red blood cells moving through vessel segments per unit area); and (2) 
Foveal avascular zone (FAZ), peripapillary flux in the superior, inferior, nasal, and temporal quadrants through OCTA, 
and ganglion cell layer thickness (GCL) at the macula and in the superior, inferior, nasal, and temporal peripapillary 
quadrants as structural parameters through OCT. This study aimed to better understand the differences among three 
groups: patients with migraine with aura (MA), without aura (MW), and healthy controls (HCs).

MATERIALS AND METHODS
After approval from the Institutional Ethics Committee of our institute (Project No. RES2023067CLI), we prospectively 
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studied a total of 100 eyes: (1) 32 eyes from 16 patients with MA; (2) 36 eyes from 18 patients with MW; and (3) 32 eyes 
from 16 HCs. We assessed distant and near visual acuity, refractive error, slit-lamp anterior segment evaluation, posterior 
segment evaluation by indirect ophthalmoscopy, intraocular pressure by applanation tonometry, and OCT and OCTA 
parameters, as previously discussed. Patients were selected from the outpatient clinic of the neuro-ophthalmology 
department of our institute and those referred by neurologists, with inclusion based on the International Classification of 
Headache Disorders, 3rd edition[14]. Exclusion criteria for all groups included any neurologic disorder other than 
migraine (including neurodegenerative diseases such as Alzheimer's disease or Parkinson's disease); any optic nerve 
disorders such as glaucoma, ischemic optic neuropathy, or retinal diseases; a history of intraocular surgery other than 
cataract extraction; systemic conditions affecting the microvasculature such as diabetes mellitus, hypertension, vasculitis, 
or renal disease; and ocular media opacity precluding high-quality imaging. HCs were also excluded if taking vasoactive 
medications, such as calcium channel blockers. The demographic parameters of participants are described in Table 1.

OCTA images were acquired using the AngioPlex matrix software on the CIRRUS HD-OCT Model 6000© 2021 (Carl 
Zeiss Meditec, Inc., Dublin, CA, United States). The scanning area captured consisted of a 6 mm × 6 mm section centered 
on the fovea, a 4.5 mm × 4.5 mm section centered on the optic nerve head (ONH), and a 200 µm × 200 µm optic disc cube. 
The superficial retinal capillary plexus (SCP) was segmented with an inner boundary 3 µm posterior to the internal 
limiting membrane (ILM) and an outer boundary 15 µm posterior to the outer aspect of the inner plexiform layer. Optic 
nerve scans were segmented into ONH and radial peripapillary capillary (RPC) slabs. The ONH slab was segmented with 
an inner boundary at the anterior border of the ILM and an outer boundary 150 µm posterior to the ILM. The software 
automatically assigned two concentric circles centered at the fovea and ONH. The radii of the inner and outer circles were 
1 mm and 2 mm, respectively, providing a ring width of 1 mm. The flux, as a measure of vascularity, of the macular and 
RPC was evaluated between these rings in the peripapillary region and in four sectors (superior, inferior, nasal, and 
temporal) around the ONH. The segmentation was between the ILM and the posterior limit of the retinal nerve fiber 
layer (RNFL). Color-encoded slabs representing different layers were generated. The FAZ area was directly measured 
with AngioPlex software using a slab from the ILM to 75 µm above the retinal pigment epithelium. CIRRUS 6000 
automatically centers and optimizes B-scan settings. The device also automatically corrects for the patient’s refractive 
error and balances fundus brightness and contrast. Eye tracking was done using FastTrac™.

The macular and peripapillary GCL thickness was also evaluated in the peripapillary region and in four sectors using 
the same ONH analysis software. OCTA scans with low-quality or inadequate signal strength index (less than 6 on a 10-
point scale) were excluded. Scans with blink artifacts, motion artifacts, media opacities interfering with the vessel signals, 
or segmentation errors were not included in the study.

Statistical analyses
Age, sex, intraocular pressure, refractive errors, and OCT and OCTA parameters were compared among the three groups: 
(1) MA; (2) MW; and (3) HCs. An independent t-test was used to test the significant difference between the means of two 
independent groups. Analysis of variance was used to determine whether the difference between group means (more 
than two groups) was statistically significant. P < 0.05 was considered statistically significant.

RESULTS
A total of 32 eyes from 16 patients in the MA group, 36 eyes from 18 patients in the MW group, and 32 eyes from 16 
healthy participants were enrolled. The mean ages for the three groups were as follows. (1) The MA group had a mean 
age of 28.18 years ± 7.23 years; (2) The MW group had a mean age of 28.94 years ± 5.95 years; and (3) The HC group had a 
mean age of 27.87 years ± 6.97 years. Across the three groups, the distribution of sexes was similar. In the MA group, 
37.5% were male and 62.5% were female; in the MW group, 44.44% were male and 55.56% were female; and in the HC 
group, 43.75% were male and 56.25% were female. The age (P = 0.89) and sex (P = 0.92) differences were not significant 
among the groups. Additionally, the intraocular pressure (P = 0.92) and mean refractive errors (0.55) were not 
significantly different among the groups, as described in Table 1.

All patients enrolled in the study had a best-corrected visual acuity of 6/6 by distance Snellen's chart and near acuity of 
N6 by the Jaeger chart. Representative OCTA scans of the MA, MW, and HC participants are shown in Figure 1A 
(macula) and Figure 1B (optic nerve). Quantitative analysis of macular OCTA findings in the patients with MA and MW, 
and HCs is shown in Table 2. The mean FAZ area measured 0.34 mm² ± 0.12 mm² in the patients with MA, which was 
significantly larger than that in the control participants (0.201 mm² ± 0.007 mm²; P = 0.002). The FAZ of patients with MW 
(0.29 mm² ± 0.14 mm²) was also significantly larger than that in the HCs (P = 0.007). However, there was no significant 
difference between the FAZ areas of the MA and MW groups.

Macular perfusion in the SCP was significantly lower in patients with MA (4.16 ± 1.47) compared to those with MW 
(6.21 ± 3.10; P = 0.0018) and HCs (6.18 ± 2.12; P = 0.002). There was no difference in foveal perfusion between the MW and 
HC groups. There were no significant differences in peripapillary perfusion in the superior, inferior, nasal, and temporal 
quadrants among the MA, MW, and HC groups, as shown in Table 2.

When comparing structural parameters obtained from OCT, no statistical differences were found in GCL thickness 
among the MA, MW, and HC groups in the foveal, superior, inferior, and nasal peripapillary regions. However, there 
was significant thinning of the GCL in patients with MA (29.43 ± 4.01; P = 0.001) compared to HC participants (30.59 ± 
3.44). Additionally, the temporal GCL thickness in patients with MW (27.38 ± 3.76; P = 0.009) was significantly reduced 
compared to HC participants. However, there was no significant difference in temporal GCL thickness between the MA 
and MW groups.
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Table 1 Demographic parameters of participants, n (%)

Group Mean age in 
years Male Female Mean refraction 

(spherical)
Mean refraction 
(cylinder)

Mean intraocular 
pressure

Migraine with aura (n = 
16)

28.18 ± 7.23 6 (37.5) 10 (62.5) 0.71 ± 0.67 0.31 ± 0.36 15.25 ± 2.87 

Migraine without aura (n = 
18)

28.94 ± 5.95 8 
(44.44)

10 
(55.55)

0.47 ± 0.48 0.20 ± 0.24 15.18 ± 2.58

Healthy controls (n = 16) 27.875 ± 6.97 7 
(43.75)

9 (56.25) 0.27 ± 0.36 0.18 ± 0.26 15.82 ± 2.88

"Male" and "female" show the count and percentage of participants in each sex category for each group.

Table 2 Average ± standard deviation values of optical coherence tomography angiography parameters

Optical coherence tomography angiography parameters Migraine with aura Migraine without aura Healthy controls

Foveal flux 4.16 ± 1.47 6.21 ± 3.10 6.18 ± 2.12

Foveal avascular zone 0.34 ± 0.12 0.29 ± 0.14 0.20 ± 0.07

Superior peripapillary flux 18.57 ± 4.70 19.03 ± 0.93 18.69 ± 3.46

Inferior peripapillary flux 18.22 ± 1.84 18.49 ± 1.12 18.65 ± 1.25

Nasal peripapillary flux 17.88 ± 1.69 17.14 ± 3.96 17.76 ± 2.08

Temporal peripapillary flux 17.55 ± 1.81 22.51 ± 1.83 18.71 ± 1.42

Table 3 Optical coherence tomography parameters of migraine with aura, migraine without aura, and healthy controls

Optical coherence tomography parameters Migraine with aura Migraine without aura Healthy controls

Macular GCL thickness 9.46 ± 2.25 9.25 ± 2.27 10.15 ± 3.44

Superior GCL 29.43 ± 3.76 28.58 ± 3.78 30.68 ± 3.16

Inferior GCL 29.40 ± 4.22 29.30 ± 4.02 29.06 ± 3.59

Nasal GCL 29.43 ± 4.01 28.11 ± 3.59 28.75 ± 3.75

Temporal GCL 29.43 ± 4.01 27.38 ± 3.76 30.59 ± 3.44

GCL: Ganglion cell layer.

DISCUSSION
After analyzing a total of 100 eyes divided into three groups (MA, MW, and HCs), we concluded that the FAZ was 
enlarged in patients with migraine, both with and without aura, compared to HCs. Microvascular ischemic events or 
capillary remodeling of near-normal FAZ may be the cause of FAZ enlargement. The FAZ area is reportedly associated 
with the severity of systemic diseases, such as diabetes, and some studies have indicated that screening for FAZ might 
help detect early microvascular abnormalities. OCT parameters of MA, MW, and HC are shown in Table 3.

Enlarged FAZ has also been observed in several studies conducted in Turkey and the United States[13,15]. Our finding 
of an enlarged FAZ in patients with MW compared to HCs was supported by the results of Hamurcu et al[16] and Taşlı 
and Ersoy[17].

Another important conclusion of our study was the reduced foveal vascularity in the SCP in patients with MA 
compared to patients with MW and HCs. Similar findings have been reported by various studies[13,15,18,19]. The 
decreased foveal vessel density in the SCP in patients with MA is supportive of retinal microvascular disease. The chronic 
retinovascular alterations demonstrated by OCTA in patients with MA may be related to the increased risk of ocular 
complications in patients with migraine, even in the absence of an acute attack[13]. Since the advent of modern 
techniques, many studies have used various parameters to assess retinal vasculature to establish a link between migraine 
and other ischemic ocular and systemic diseases. Acer et al[20] reported that ocular pulse amplitude did not significantly 
differ between patients with migraine without aura and control cases. We employed foveal flux, a novel metric that 
approximates the number of red blood cells moving through vessel segments per unit area. In vitro and in vivo studies 
demonstrated that foveal flux is not only a complementary parameter to conventional vessel density but also a potentially 
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Figure 1 Representative optical coherence tomography angiography scans of migraine with aura, migraine without aura, and healthy 
control participants. A: Optical coherence tomography angiography (OCTA) images at superficial retinal capillary plexus of fovea of migraine with aura (MA), 
migraine without aura (MW) and healthy controls (HCs) from left to right with their corresponding B scan below; B: OCTA scans at optic nerve head in the MA, MW, 
HC groups from left to right, respectively. ILM: Internal limiting membrane; IPL: Inner plexiform layer.

useful measure of retinal perfusion, in addition to other OCTA-derived parameters.
We did not find any significant difference in peripapillary vasculature among the three groups. However, the temporal 

GCL thickness in patients with MA and MW was found to be significantly reduced compared to the HC group. Similar 
thinning of the GCC and RNFL has been documented in various studies[11,12]. Compromised choroidal blood flow can 
lead to focal ischemic damage in the optic disc[21]. These structural changes might provide insights into the association of 
migraine with optic nerve diseases such as anterior and posterior ischemic optic neuropathy, normal tension glaucoma, 
and others[5,6]. Amaurosis fugax in migraineurs has been proposed as a sign of affected choroidal blood flow[22].
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Although most studies have shown more structural and microvascular changes in patients with aura compared to 
those with MW, we found in our study that FAZ enlargement and temporal GCL thinning were equally significant in 
patients with MW. Thus, we conclude that all patients with migraine, including those with and without aura, exhibit 
vascular and structural abnormalities compared to healthy eyes. Although the exact pathogenesis of migraine is still 
unknown, it is believed to be triggered by specific vessels and nerves in the brain. As the eye is an extension of the brain, 
these features could be reflected in the retinal blood vessels and nerves as observed by OCTA. Enlargement of the FAZ 
and loss of GCL could be early changes in migraine cases and may serve as potential biomarkers in the future.

To the best of our knowledge, our study is the first to employ OCT and OCTA parameters in three groups—MA, MW, 
and HC—to study structural and vascular changes in migraine within the Indian population.

This study had several limitations. First, the sample size was small, which might have contributed to the lack of 
significant results for some parameters. Additionally, most participants were in the interictal period, so vascular findings 
during an acute migraine attack could not be assessed. We also failed to include vascularity measures in the deep 
capillary plexus at the fovea and ONH, thus limiting access to important information. A possible confounding factor 
could have been the duration of migraine symptoms, as structural changes are chronic phenomena that we did not 
consider. Finally, migraine is a heterogeneous disorder, making it difficult to categorize patients into distinct groups.

CONCLUSION
In conclusion, we found significant FAZ enlargement in patients with migraine, both with and without aura, compared to 
HCs. Additionally, we observed reduced foveal vascularity in patients with aura compared to patients without aura and 
HCs. These microvascular changes can help establish a link between migraines and other retinal and choroidal ischemic 
diseases, providing a better understanding of migraine’s lesser-established pathophysiology. We also found temporal 
GCL thinning in both groups of patients with migraine compared to HC. Repeated insults due to reduced blood supply 
during attacks may explain these structural changes even during attack-free periods.

Having conducted a study involving 100 eyes across three groups—MA, MW, and HC—we can now consider the 
future prospects of our research. Building on this pilot study, there is potential to conduct extensive longitudinal investig-
ations. This broader research could encompass factors such as the duration of migraine episodes, acquiring scans during 
the attack phase, and incorporating a more comprehensive array of parameters.
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Abstract
BACKGROUND 
Recently, the identification of cell apoptosis induced by natural products has 
become research hotspot and frontier in the biopharmaceutical and food indu-
stries under the umbrella of global green development worldwide. Traditionally, 
cell apoptosis is identified using morphological, biochemical, and cell cycle 
experiments, which is time consuming, and experimental materials are not from 
the same group, and it is very hard to ensure the identity and veracity of results of 
former and latter experiments.

AIM 
To establish a selective, instant, and practical protocol to identify cell apoptosis 
induced by natural products.

METHODS 
A one transient cell processing procedure (OTCPP) was used to detect human 
colorectal cancer LoVo cell apoptosis after treatment with Pinus massoniana bark 
extract (PMBE) at the morphological, biochemical, and cell cycle levels. The 
methods used included treatment with DNA gel electrophoresis, fluorescence 
microscopy, and flow cytometry.

RESULTS 
In PMBE-treated LoVo cells, we observed a DNA ladder on gel electrophoresis 
and fluorescence microscopy revealed "nuclear shrinkage, chromatin conden-
sation or fragmentation". In addition, flow cytometry showed an "obvious apop-
tosis curve". Thus OTCPP achieved synchronous detection of the morphology, 
biochemistry, cell cycle, and the DNA content of the cells.

CONCLUSION 
OTCPP can quickly identify apoptosis and measure the apoptosis rate, thereby 
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unifying qualitative and quantitative analysis.

Key Words: Apoptosis identification; Fluorescence microscopy; DNA gel electrophoresis; Flow cytometry; Pinus massoniana 
bark extract; One transient cell processing procedure
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Core Tip: According to the global green development hypothesis, the identification of cell apoptosis induced by natural 
products is a research hotspot. However, routine laboratory identification of apoptosis suffers from experimental errors and 
poor repeatability. Herein, we explored the simultaneous morphological, biochemical and molecular identification of 
apoptosis, while reducing experimental errors. We established a protocol to instantly identify apoptosis following natural 
product treatment, termed one transient cell processing procedure (OTCPP), comprising eleven steps. It could identify 
apoptosis of cultured LoVo cells in a little as 4 days. The OTCPP procedure is easy, rapid and high efficient, especially for 
researchers in developing countries.
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INTRODUCTION
Apoptosis is a normal physiological phenomenon[1,2], widely involved in development, tissue homeostasis, and some 
pathological processes, further becomes a frontier of bio-medical research. Classic methods for apoptosis identification 
include fluorescence microscopy, gel electrophoresis, and flow cytometry, among which DNA ladder resulting from gel 
electrophoresis is regarded as gold standard. However, these methods have different protocols and are performed with 
different cells cultured in different dishes, respectively, consuming more time. Apoptotic cells, whose degraded smaller 
DNA leaked out, fixed with ethanol and then stained with fluorescein, will become sub-diploids because of their DNA 
contents less than those of G1 phase[3,4]. The extracted DNA can be effectively controlled by phosphate-citric acid buffer 
(0.2 M, pH7.8), and the leaked DNA can form DNA ladder under gel electrophoresis, while the residual cells’ cell cycle 
distribution can be analyzed with flow cytometry[5,6].

Currently, the global green development hypothesis is promoting research into natural products, thus they have 
become hotspot in the biopharmaceutical and food industries. Certain natural products can promote or inhibit cell 
growth, or even induce their apoptosis[7]. The identification of natural product-induced apoptosis is thus an important 
subject. Consequently, the present study aimed to identify the effect of Pinus massoniana bark extract (PMBE) on human 
colorectal cancer LoVo cells to demonstrate the integrative procedure termed one transient cell processing procedure 
(OTCPP). OTCPP produces uses different instruments to achieve apoptosis detection, with relatively satisfactory results. 
We believe that OTCPP will play an important role in accelerating the progress of basic research, clinical diagnosis, and 
screening candidate natural drugs.

MATERIALS AND METHODS
Reagents
The Institute of Songzhen nutritional resource (Guangzhou, China) supplied the PMBE. The other reagents comprised 
HEPES (Amresco, Solon, OH, United States), Roswell Park Memorial Institute (RPMI) 1640 (HyClone, Logan, UT, United 
States), Penicillin-Streptomycin (Penicillin 10000 units/mL, Streptomycin 10000 µg/mL) (Invitrogen, Waltham, MA, 
United States), Fetal bovine serum (FBS; Sijiqing Co. Hangzhou, China), Trypsin (HyClone), propidium iodide (PI) 
(Sigma, St. Louis, MO, United States), RNase A (Sino-American Biotechnology Co., Beijing, China) and Proteinase K 
(Merck, Darmstadt).

Cell line
This study used the human colorectal cancer cell line LoVo (ATCC, Manassas, VA, United States; number CCL-229).

Equipment
The OTCPP process used an incubator, fluorescence microscope (BH-2, Olympus, Tokyo, Japan), electrophoresis 
apparatus (Bio-Rad, Hercules, CA, United States), a flow cytometer (ELITE, Beckman Coulter, Indianapolis, IN, United 
States), and MULTICYCLE analysis software (Phoenix Flow Systems, San Diego, CA, United States).

https://www.wjgnet.com/2222-0682/full/v15/i3/98201.htm
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Figure 1 Fluorescence microscopy observation of LoVo cell apoptosis. Propidium iodide staining of LoVo cells untreated and treated with 140 µg/mL 
Pinus massoniana bark extract for 24 hours under fluorescence microscope with G.B. filter. Normal cells depicted in the panel show light and homogeneous staining 
of their nuclei. In contrast, apoptotic cells represented in the panel show thick and irregular staining of their nuclei as a result of chromatin condensation and nuclear 
fragmentation. Magnification, 400 ×. N: Normal cells; A: Apoptotic cells; C: Control group; T: Treatment group.

OTCPP Protocol
(1) Cell Culture and Treatment: Two wells of LoVo cells were cultured in complete RPMI 1640 media (10% FBS, 10 mmol/
L HEPES, 100 IU/mL penicillin, 100 µg/mL streptomycin) in a flat-bottom plate (Costar, Corning, NY, United States), 
respectively, until to the logarithmic growth period (about 104-6 cells/mL), then labeled as experimental group and control 
group, further adding 140 µg/mL PMBE to the culture media or not, respectively, all incubating for 24 hours; (2) Cell 
Collection and fixation: 1 mL of 0.25% trypsin was used to trypsinize the LoVo cells (1-2 × 107) at 37℃ for appropriate 
time. Then, add 0.5% FBSRPMI 1640 media to stop trypsinization and gentle pipetting the cell clumps into single cells. 
The cells were transferred into an Eppendorf tube, centrifuged at 100 g for 5 minutes, and then discarded the supernatant. 
The cell pellet was washed twice using 1 × PBS with centrifugation at 100 g for 5 minutes each time. The cells were 
resuspended into single cell status using 1 × PBS (20 µL), added with 2 mL 70% ethanol, and placed at -20℃ overnight to 
fix the cells; (3) Centrifuged 100 g, 10 minutes, discarded supernatant to remove ethanol; (4) Resuspended in 0.5 mL 1 × 
PBS, transferred to a new micro-tube, centrifuged 150 g, 10 minutes, discarded supernatant; (5) Added 40 µL of 0.2 M 
phosphate-citric acid buffer (pH7.8), RT 30 minutes, intermittent shaking; (6) Centrifuged 100 g, 10 minutes, and then 
transferred the supernatant to a new micro-tube, incubated on ice for fluorescence observation and flow cytometry 
analysis; (7) Added 3 µL of 0.25% NP40, 3 µL of RNase A solution (1 mg/mL) to the supernatant, vortexed, further 
incubated at 37℃, 30 minutes; (8) Added 3 µL of Proteinase K (1 mg/mL) to the mixture, vortexed thoroughly, and then 
incubated at 37℃ for 30 minutes; (9) Then, 16 µL of the mixture was mixed thoroughly with 2 µL of 6 × DNA loading 
buffer, resolved on agarose gel at 220V, 2 hours, and then stained with EB. The gel was visualized under UV light; (10) 
Cell pellets of step (6) were resuspended in 0.5 mL 1 × PBS. Then, added 10 µL of Proteinase K (1 mg/mL), vortexed 
gently, and left RT, 30 minutes, then washed the cells two times using 1 × PBS with centrifugation 100 g, 5 minutes each 
time, and discarded supernatant, resuspended again in 20 µL 1 × PBS into single cells. Then, added 300 µL of DNA 
staining solution (containing 150 µg/mL PI and 20 U/mL RNase A) and incubated RT, 30 minutes; and (11) Placed a drop 
of the single cell suspension on a air-drying glass slide, covered with a coverslip, and observed under a fluorescence 
microscope (G.B filter, 400 ×). The remaining cell suspension for flow cytometry, analyzing the ratio of apoptotic cells.

Duration of use
4 days (2 ON incubation, 1 ON fixation, and 1 day with 2-3 hours of operation time).

Key notes
(1) Trypsinize the cells just well; (2) Rotation speed no more than 150 g; (3) Resuspend the cells into a single cell 
suspension using a small amount of 1 × PBS, then fix them with ethanol; and (4) Recommend removing large multi-
cellular aggregates with a nylon monofilament mesh screen before analysis on the flow cytometer, ensuring that the cells 
flow through the cytometer in a single line.

RESULTS
Using a one-station operation for one-time cell culture and OTCPP, obtained enough experimental materials to identify 
cell apoptosis with different instruments, letting synchronous identification of LoVo cell apoptosis at morphological, 
biochemical, cell cycle, and DNA content level, respectively, come true. Further, reach the perfect combination of 
qualitative and quantitative analysis, which not only shortened the experimental time, but also completed the task in four 
working days rather than the original 9 working days. The results were quite satisfactory (Figure 1, Figure 2, and 



Cui YY. Selective and instant procedure for apoptosis identification

WJM https://www.wjgnet.com 4 September 20, 2025 Volume 15 Issue 3

Figure 2 DNA gel electrophoresis of LoVo cell apoptosis. DNA ladder of apoptotic LoVo cells treated with 140 µg/mL Pinus massoniana bark extract for 
24 hours. Results of gel electrophoresis of relative low-molecular-weight DNA oozed out of apoptotic LoVo cells. M: DNA marker DL2000; C: Control group; T: 
Treatment group.

Figure 3). Briefly, an integrative protocol for apoptosis identification and measurement was established.
PI staining of control LoVo cells and cells treated with 140 µg/mL PMBE for 24 hours under a fluorescence microscope 

with a G.B. filter. Normal cells (N) depicted in the panel show light and homogeneous staining of their nuclei. In contrast, 
apoptotic cells (A) in the panel show thick and irregular staining of their nuclei. Magnification, 400 ×.

DNA ladder from apoptotic LoVo cells treated with 140 µg/mL PMBE for 24 hours. Results of gel electrophoresis 
showing that relatively low molecular-weight DNA had extruded out of apoptotic LoVo cells. M DNA marker DL2000; 1 
Control; 2 PMBE Treatment

Results of flow cytometry analysis of control LoVo cells and LoVo cells treated with 140 µg/mL PMBE for 24 hours: (1) 
Shows a normal cell cycle distribution of untreated LoVo cells stained with PI, showing no obvious apoptotic-sub-G1 
curve, but with 10.9% of the cells showing spontaneous apoptosis; (2) Shows the cell cycle distribution of LoVo cell 
treated with PMBE and stained with PI. There is an obvious apoptotic-sub-G1 curve before the G1 curve, with 31.4% of 
the cells showing apoptosis; and (3) Shows the statistical histogram of LoVo cell apoptosis induced by PMBE treatment 
compared with Control.  aP < 0.05 vs Control, n = 3, mean ± SD.
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Figure 3 Pathological changes of LoVo cells after treatment with 140 µg/mL Pinus massoniana bark extract for 24 hours or not by flow 
cytometry analysis. A: Control group, a normal cell cycle distribution of an untreated LoVo cell line stained with propidium iodide (PI), there is no obvious 
apoptotic curve- sub-G1 curve but with a percentage of 10.9% spontaneous apoptosis. Treatment group, altered cell cycle distribution of a treated LoVo cell line 
stained with PI, there is an obvious apoptotic curve-sub- G1 curve before G1 curve with a gross percentage of 31.4% induced apoptosis; B: Statistical histogram of 
LoVo cell apoptosis induced by PMBE treatment compared with Control.  aP < 0.05 vs Control, n = 3, mean ± SD. C: Control group; T: Treatment group.

DISCUSSION
Through culturing cells once and subsequent OCTPP, obtain enough experimental materials to detect the target cell 
apoptosis with different instruments, reaching the simultaneous identification of apoptosis at morphological, 
biochemical, cell cycle, and DNA content level, respectively, further realize the unity of quantitative and qualitative 
analyses, shortening the experimental time obviously, while producing relatively good results.

Current measures for apoptosis identification involve detecting morphological, biochemical, and DNA content 
changes. At morphological level, fluorescence microscopy requires culturing cells on coverslips until monolayers form, 
which involves in the complicated steps and the inferior picture quality due to cell-cell junctions. What’s more, it is 
qualitative other than quantitative. At molecular level, DNA for gel electrophoresis was not extracted classically after 
cells are lysed with buffer, not only time-consuming, but also potentially toxic, and possibly shearing DNA as well, 
further decreasing the reproducibility of experiments. Although pulse alternative field gel electrophoresis can avoid 
shearing DNA via pre-embedding cells in low-melting-point agarose, which will increase the time taken and the cost of 
the experiments. Moreover, these DNA detection methods are qualitative, or at most semi-quantitative. By contrast, flow 
cytometry is simple, rapid, quantitative, and multi-parametric.

Performing these three independent experiment results analyses (morphological, biochemical, and DNA content 
analyses) is time consuming, and the experimental materials are frequently not from the same cell culture batch, making 
it hard to ensure the consistency and veracity of the results. Herein, prefixed the cells in 70% cold ethanol, then 0.2 M 
phosphate-citrate buffer at pH7.8 was used to extract DNA, and then spin 100 g, 5-10 minutes to make the smaller DNA 
leaked out thoroughly. The supernatant was then sequentially incubated with RNase A and proteinase K, further for 
direct electrophoresis. The cell pellets were stained with PI, a proportion of which was for slide preparation and 
fluorescence microscope observation, the remaining for flow cytometry. OTCPP allows the rapid identification of the 
classical hallmarks of apoptosis, which owns merits as follows: (1) 70% cold ethanol fixation makes cells stored for 
relatively longer time before analysis, without any significant DNA degradation from pathogenic infection and cell 
autolysis; (2) Multiple targets (nuclear shrinkage, DNA ladder and sub-G1 curve) can be detected almost simultaneously, 
shortening the experimental time sharply; (3) Culturing cells on coverslips for nuclear morphology observation can be 
omitted completely; (4) DNA extraction is simple and rapid, with no phenol, chloroform, or other toxic reagents, and the 
inconvenience of pulse field gel electrophoresis; (5) 0.2 M phosphatecitrate buffer (pH 7.8) helps the smaller DNA 
fragments completely extruded out of apoptotic cells[8], increasing the sensitivity and specificity of flow cytometry; and 
(6) The same experimental samples can be ensured, enhancing the consistency during experimentation. Briefly and 
vividly, OTCPP successfully achieved three birds of cell apoptosis in one stone. Thus, OTCPP is an improvement on 
classical methods of apoptosis identification, and researchers can select it according to their different purposes and own 
experimental conditions. However, OTCPP might have potential limitations, unsuitable for long-lived cells lacking or just 
weak proliferative ability, e.g. neural cells, myocardial cells, and stem cells with relatively small numbers in different 
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tissues in organisms.

CONCLUSION
The present study presents a novel selective procedure for the rapid identification of human colon cancer LoVo cell 
apoptosis induced by the natural product, PMBE, using the OTCPP protocol. The use of OTCPP might pave the way for 
future basic and clinical research by optimizing experimental conditions (e.g. single-molecular augmented capture and 
imaging) to improve detection sensitivity in other cell types and/or disease models, e.g. neurons, cardiomyocytes and 
stem cells in critical diseases.
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Abstract
BACKGROUND 
The primary issue in managing edentulous patients is the severely resorbed 
mandibular ridge, particularly in older individuals with diminished adaptive 
capacities. This compromised situation leads to the fabrication of inadequate 
dentures that lack retention and stability, potentially causing psychosocial issues.

AIM 
To determine the difference in retentive capacity between three attachment 
systems in implant-retained overdentures.

METHODS 
Three edentulous mandibular models were fabricated using heat-cured 
polymethacrylate resin, with two implant replicas placed in the intra-foraminal 
region of each model. 30 acrylic resin mandibular overdentures were fabricated 
with provisions for three different overdenture attachment systems: A prefab-
ricated ball/O-ring attachment, a locator attachment system, and an equator 
attachment system. Each model was subjected to 15000 pulls using a universal 
testing machine to remove the overdenture from the acrylic model and the force 
data were recorded.

RESULTS 
The ball/O-ring attachment system demonstrated superior retentive capacity for 
15 years, while the locator and equator attachment systems maintained excellent 
retentive capacity for 5 years.

https://www.f6publishing.com
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CONCLUSION 
The ball/O-ring attachment system outperformed better than the other two attachment systems regarding retentive 
capacity. The locator and equator attachment systems presented sufficient retentive abilities until 15000 cycles. 
After 7500 cycles, significant differences in retentive force between the systems evolved.

Key Words: Dentures; Overdenture attachment systems; Equator; Dislodging cycles; Retentive capacity

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The extensively resorbed mandibular ridge is the most common issue when treating edentulous patients, partic-
ularly as they age and lose some of their adaptive abilities. This often leads to the fabrication of unsatisfactory dentures with 
low retention and stability, potentially exacerbating psychological issues. In contrast, patients with maladaptive dentures 
showed excellent clinical outcomes with implant-supported overdentures. For edentulous patients, the mandibular 2-implant 
overdenture is the preferred treatment approach.

Citation: Chauhan R, Padiyar N, Kaurani P, Gupta A, Chauhan S. Comparative evaluation of retentive capacity of three different 
attachment systems for implant retained overdentures: An in vitro study. World J Methodol 2025; 15(3): 101057
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/101057.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.101057

INTRODUCTION
Reduced adaptive capabilities are the most common problem with severely resorbed mandibular ridges in complete 
dentures, resulting in poor retention and stability[1-3]. With high success rates, edentulous patients have received various 
prosthetic treatment options using osseointegrated implants[4-6]. An implant-supported overdenture improves aesthetics 
and oral hygiene, simplifies fabrication, and is more cost-effective[7,8]. The long-term functionality of implant-supported 
overdentures relies significantly on the attachment system’s retentiveness[9]. Nowadays, implant-supported over-
dentures use a variety of attachment systems to improve their functionality[10,11]. Clinical applications with tooth-
supported or implant-supported overdentures use ball attachments, and locator attachments are the most accessible types 
of attachments[12-16]. When prosthetic space is limited, a novel attachment method called the “OT Equator” with the 
smallest vertical height and diameter was designed[17]. An implant-retained overdenture attachment should have 
appropriate retentive characteristics that improve prosthesis retention while allowing for the patient’s simple placement 
and removal[18].

Physical nature and retention, such as frictional contacts, mechanical interlocking, or magnetic forces, may influence 
the degree of retentive force[19-21]. Therefore, consuming food and liquids while chewing, wearing, and removing the 
prosthesis is likely to affect the retentive capacity of the attachment systems. During mastication and insertion, micro and 
macro movement happens between the retentive surfaces of an attachment system. Over time, taking out the overdenture 
causes wear and lowers the retentive pressure[22]. The purpose of this in vitro study was to compare and evaluate the 
retentive capacity of three different attachment systems for implant-supported overdentures, i.e., the ball, the locator, and 
the equator system. The retentive capacity of each system was evaluated after multiple simulated insertion-removal 
cycles. The retentive values remained constant after many simulated insertion and removal cycles.

The objectives include: (1) Measure the retentive capacity of three different implant-retained overdenture attachment 
systems at the 1st, 7500th, and 15000th levels; (2) Compare the retentive capacity of the three implant-retained overdenture 
attachment systems at the 1st, 7500th, and 15000th; (3) Measure the retentive strength of three implant-retained overdenture 
attachment systems changes after being put in and taken out several times in a simulated manner at the 1st, 7500th, and 
15000th stages; and (4) Compare the changes in the retentive capacity of three different attachment systems after multiple 
simulated insertion-removal cycles at the 1st, 7500th, and 15000th stages.

MATERIALS AND METHODS
The mandibular edentulous acrylic resin models were made with heat-polymerized polymethyl methacrylate resin (DPI 
Heat Cure, DPI, Mumbai, Maharashtra, India). The two implant replicas (Collagen Meniscus Implant) have a diameter of 
3.75 mm and a length of 10 mm were placed. The acrylic resin mandibular overdentures were fabricated using heat-
polymerized polymethyl methacrylate resin (DPI Heat Cure, DPI, Mumbai, Maharashtra, India). A prefabricated ball/O-
ring attachment (Bioline dental implant series), OT Equator® attachment (Rhein 83, Bologna, Italy), Locator® attachment 
(Zest Anchor, Escondido, CA, United States), resin cement (RelyxTM, 3M ESPE, United States), universal testing machine 
(Instron 5567), manual thermocycling unit (two S-U-Polytub, Schuler Dental, Germany), and surveyor table and metallic 
clips were used in this study.

https://www.wjgnet.com/2222-0682/full/v15/i3/101057.htm
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This study, which adhered strictly to all pertinent ethical principles, received approval from the ethical scientific 
committee of the local institution (Mahatma Gandhi Dental College and Hospital, Jaipur, India). The study model was 
fabricated using three wax patterns of standard mandibular edentulous models, which were made using modeling wax 
(Figure 1). Each wax model inserted two implant replicas in a parallel direction within the osteotomy site in the mandible 
at sites B and D. According to Misc et al[23], the two implants were separate, running alongside each other, positioned at 
the same horizontal level, perpendicular to the occlusal plane, and equidistant from the midline. We assessed their 
parallelism at the implant site by employing paralleled pins. Acrylic wax models were subsequently created using the 
compression molding technique (Figure 2).

Group 1 used the pre-fabricated ball/O-ring attachment (Bioline dental implant series). In pre-fabricated ball/O-ring 
attachment, a diameter of 2 mm, a metallic housing with a rubber O-ring component was used. Group 2 used the OT 
Equator® attachment (Rhein 83, Bologna, Italy). In pre-fabricated OT equator attachments, a diameter of 2 mm and a 
metallic housing with a nylon insert were used. It has a castable Hader bar with a length of 22 mm, a diameter of 1.8 mm, 
and a gauge of 13. The nylon rider measures 5 mm in length and 2.6 mm in width, with a moderate retention rate. The 
nylon rider measures 5 mm in length and 2.6 mm in width, with a moderate retention rate. Group 3 used the Locator® 
attachment (Zest Anchor, Escondido, CA, United States). The implant replicas (Collagen Meniscus Implant, 3.75 mm × 10 
mm) were put into the acrylic models using a physio dispenser, similar to an implant that would be put into an 
osteotomy site in the mandible. Locator® attachment (Zest Anchor, Escondido, CA, United States) has Tissue cuff length = 
1.0 mm, diameter = 3.86 mm. The retention force for the male blue locator inserts is 6.7 N, and maximum convergence = 
20°. The models were sealed with resin cement (RelyxTM, 3M ESPE, United States). Each attachment system was secured 
into the implant replicas on the acrylic resin model, placed the overdentures with the corresponding housing on it, and 
tightened to 35 N/cm.

Experimental setup
Acrylic-made edentulous mandibles hold acrylic overdentures with their respective attachment systems (Figure 3). Some 
metallic clips were attached to the dentures and secured with clear auto-polymerized acrylic resin (Figure 4). The 
edentulous acrylic models were fixed in place using a surveyor table (Figure 5 and Figure 6).

Retention force testing
The Instron 8874 universal testing machine was set to perform 15000 insertion and de-insertion cycles on each denture 
specimen. There were cycles of a 2 mm upward movement at a crosshead speed of 50 mm/minute, followed by a 
downward movement with the same characteristics created in universal testing machine. The test machine was 
programmed for frequency and recorded retention strength data for each specimen over 15000 cycles. The readings were 
recorded from the start of the test, along with the retention force data for each cycle, ranging from 1 to 15000. The means 
of thirty values from the 1st, 500th, 1500th, 3000th, 4500th, 6000th, 7500th, and 9000th cycles were calculated for statistical 
analysis, using a significant level P of 0.05.

RESULTS
Table 1 and Figure 7 display descriptive statistics for changing retention strengths in the three study groups throughout 
the cycle sequence outlined below. In group 3, average retention decreased from 22.460 ± 2.2 N at baseline to 11.79 ± 1.4 N 
after 15000 cycles. The equator system reduced retention from 19.2 ± 2.7 N to 11.2 ± 1.7 N, while the ball attachment 
system decreased from 22.62 ± 2.1 N to 13.78 ± 3.1 N at the end of the cycle series. The graph depicts the distribution of 
retention values across the three groups. All three groups showed statistically significant differences in the retentive 
value at the 7500th and 15000th cycles. Three systems demonstrated enhanced retention strength after the initial 1500 
cycles. Until the 4500-cycle, the locator and equator systems showed similar retention levels. However, there was more 
fluctuation in the ball attachment group. Up to the 4500th cycle, the locator and equator groups had higher median values, 
with the most significant disparity observed in the ball attachment system.

The Kruskal-Wallis test was performed. Once again, there were notable disparities in retention values across the whole 
cycle, except the 500th cycle. Compared to the baseline value, the locator group experienced a mean percentage change of 
36.3% and 90.5% at the 7500th and 15000th cycles, respectively. In the equator group, 31.1% and 46.1% had a change in 
value from the baseline at the 7500th and 15000th cycles, respectively. The percentage change in the ball attachment group 
was 23.1% and 39.1% at the same cycles of the baseline value, respectively. A nonparametric statistical method known as 
the Kruskal-Wallis test compares the medians of two or more groups of data. This test evaluates whether the medians of 
the groups are identical. We randomly select the samples to ensure the independence of the observations and to maintain 
a minimum ordinal measurement scale for the dependent variable. When we violate the assumptions of normality and 
homogeneity of variance, this method becomes useful. This method proves advantageous when analyzing data that 
deviates from the normal distribution, such as microbiome data in health research. The test establishes and ranks the data 
from smallest to largest, sums the ranks in each subgroup, and determines the statistic H value. The null hypothesis states 
that the medians of both groups are equal. We reject the null hypothesis if the H statistic value demonstrates significance
[20]. We used the Kruskal-Wallis test (Table 2, Figure 8) to compare the initial and end retention, revealing substantial 
disparities in median values. This suggests that the ball attachment method experienced reduced retention loss during the 
fatigue testing cycles. The mean retentive force for the ball attachment system was 22.620 N, 17.390 N, and 13.88 N from 
the baseline at the 7500th and 15000th cycles, respectively. The Locator® attachment system came in second with 22.46 N 
(base), 14.3 N (cycle 7500), and 11.79 N (cycle 15000). And the OT Equator® attachment system came in third with 19.2 N 
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Table 1 Evolution of retention strength in all groups according to number of insertion/de-insertion cycle, ball attachment system, 
equator attachment system, and locator attachment system

Cycles Min Max Mean Standard deviation Mean differences Change, % P value P value vs 1 
cycle

Ball attachment system

1 21.8 23.9 22.620 0.7899 0.001 (S)

7500 12.0 15.1 17.390 0.7430 5.23 23.1 0.001 (S)

15000 15.9 18.5 13.78 0.79 8.84 39.1 0.001 (S)

Equator attachment system

1 17.4 20.1 19.200 0.7318 0.001 (S)

7500 12.5 14.2 13.22 0.48 5.98 31.1 0.001 (S)

15000 10.3 12 11.2 0.53 8 41.6 0.001 (S)

Locator attachment system

1 21.4 23.6 22.460 0.7230 0.001 (S)

7500 13.5 14.8 14.3 0.46 8.16 36.3 0.001 (S)

15000 11.3 12.7 11.79 0.37 10.67 90.5 0.001 (S)

Table 2 Kruskal-Wallis test results (P < 0.05) and mean values

Circles P value

Initial 0.001

500 0.2

1500 0.001

3000 0.001

4500 0.001

6000 0.001

7500 0.001

9000 0.001

15000 0.001

Figure 1 Wax models. A: Ball/O-ring attachment; B: Locator attachment system; C: Equator attachment system.
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Figure 2 Attachments. A: Ball/O-ring attachment; B: Locator attachment system; C: Equator attachment system.

Figure 3 Attachment assembly. A: Ball/O-ring attachment; B: Locator attachment system; C: Equator attachment system.

Figure 4 Mandibular dentures fabricated in a conventional manner using heat-cured acrylic resin.

(base), 13.22 N (cycle 7500), and 11.2 N (cycle 15000). All three groups showed statistically significant differences in the 
retentive value at the 7500th and 15000th cycles.

DISCUSSION
Complete dentures pose a challenge for retention because of the complex oral musculature and its attachments. In most 
edentulous patients, decreased retention in prostheses due to bone resorption causes mastication discomfort and dissatis-
faction with conventional complete dentures. Implant placement in a completely edentulous mandibular arch is one of 
the treatment options for retaining or supporting long-term restorations[24]. Mandibular implant-retained prostheses 
outperform conventional dentures in each aspect, potentially overshadowing the challenge of excellent retention[2]. The 
purpose of this in vitro study was to compare and rate how well the ball, equator, and locator attachment systems held 
their shape during fatigue testing, which involved putting and taking out the attachments up to 15000 times. This in vitro 
study simulated two implant-retained overdentures by placing two implant analogs 23 mm apart at the canine eminence. 
For completely edentulous patients, this is considered the minimum standard of care. The procedure involved vertically 
separating the denture from the base. Fatigue or failure of overdenture attachments adversely affect their function, 
maintenance, and patient satisfaction. We generated 15000 pulls of separation for each specimen to assess the retentive 
capacity of the attachment systems. In their study, Al-Ghafli et al[25] found that if someone used the prosthesis every day 
for ten years, it would separate 15000 times, assuming they took out and put back in the overdenture four times a day.
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Figure 5 Acrylic resin overdenture. A: O-ring housing for ball attachment; B: Equator metallic housing and nylon insert; C: Locator metallic housing and male 
insert.

Figure 6 Mandibular overdenture models. A: O-ring housing for ball attachments; B: Equator metallic housing and nylon insert; C: Locator metallic housing 
and male insert.

The most common instrument for vertical separation and peak load force testing in in vitro studies is the Instron 
universal testing machine. We used an upward movement of 2 mm at a crosshead speed of 50 mm/minute, which 
approximates the rate at which patients remove the implant overdenture[9]. Although the speed of over-denture removal 
remains unproven, Sarnat et al[26] proposed that it could approximate the speed at which a real overdenture detaches 
from its holding elements under vertical force. We subjected the obtained results to statistical analysis and conducted 
comparisons to assess the retentive ability during different cycles corresponding to previous years of denture usage. The 
results indicated differences in peak load-to-dislocation between the three types of attachments. The ball attachment (28.4 
± 5.86 N) showed the maximum amount of retention, followed by the equator attachment (26.9 ± 7.75 N) and the locator 
attachment (26.6 ± 4.14 N).

Further data was analyzed to determine the percentage changes in the three attachment systems. The ball and locator 
systems showed similar characteristics at baseline, with a mean retention capacity of 22.6 N and 22.4 N, respectively, and 
the Equator system showed a retention capacity of 19.2 N. However, at the 7500th cycle, there was a reduction of 23.1% for 
the ball attachment system, 31.1% for the equator, and 36.3% for the locator attachment. After that, the decline in retentive 
values continued for all three attachment systems until the 15000th cycle, when the ball attachment system showed a mean 
retention of 13.7 ± 8.84 N (reduction by 39.1%) and the locator system demonstrated a mean retention of 11.79 ± 10.67 N 
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Figure 7 Mean values. A: Mean values of the retentive capacity of three attachment systems at cycle 1; B: Mean values of the retentive capacity of three 
attachment systems at cycle 7500; C: Mean values of the retentive capacity of three attachment systems at cycle 15000.

Figure 8 Kruskal-Wallis test results (P < 0.05) and mean values.
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(reduction by 90.5%). In contrast, the OT equator had a mean value of 11.2 ± 8 N (a decrease of 41.6%).
The results indicated that the three attachment systems maintained or increased retention until around three years of 

usage. Ball attachment systems showed the highest retention until one year, when the patient inserts an overdenture four 
times daily. Equator and locator showed their highest retention for 3 years. There is a direct association between adequate 
retention, improved patient satisfaction, and increased quality of life. Various studies[27-30] have shown that forces 
varying between 10 and 20 N are sufficient for minimum retention in mandibular ODs, ensuring stability. Mínguez-
Tomás et al[31] in their study evaluated retentive capacity in different attachment systems and found sufficient retention 
capacities after 14600 cycles and provided more precise data on attachment wear and retention loss.

Al-Ghafli et al[25] suggested some of the factors influencing retention loss, like the number and position of implants, 
the type of material used to fabricate the attachments, prosthetic design, and forces of different magnitudes in different 
directions. Conversely, Rutkunas et al[9] proposed that friction between the male and female retention elements, resulting 
from deformation or dimensional changes in the inner diameter of attachment nylon inserts, causes wear during the 
simple daily use of prosthesis. Different groups of researchers did an in vitro study that measured retention force in 
several different areas. These included fatigue (after 100, 200, 500, 1000, and 5000 dislodgement cycles), thermal 
undulation (10000 cycles at 5 and 55 degrees), implant angulation (0, 5, and 10 degrees), and disinfectants (three different 
agents). Repeated dislodging and thermal undulation did not alter the retention forces. Locator attachments showed a 
notable reduction in retention force of up to 58%. Implant angulation did not induce any significant changes in retention 
forces[24-27,31].

This study’s result suggests that the ball attachment system in OD-1 maintains its superior retentive capacity until it 
begins to decline one year later. Still, the equator and locator maintain excellent retention for 3-4 years and then show 
rapid decline thereon. After 5 years, all three maintain good retention - even up to 10 years in the testing scenario. This 
could be due to the ball attachment system, which consists of a titanium male unit and a rubber-ring female unit. This 
system transfers stress to the abutments and provides an excellent shock-resorbing effect during operation. This can be 
due to the design of the ball attachment, which provides a bigger mechanical undercut. We performed this study in a 
controlled experimental setting to evaluate the retentive capacity of three different systems used in implant-supported 
overdentures, but we only applied mono-directional forces during the evaluation. This approach does not represent a 
realistic model for a clinical situation with overdentures. Therefore, the first molars generate the main forces, which in 
turn generate rotational forces on the attachments through leverage[32-34].

CONCLUSION
Given the limitations of this in vitro study, the following conclusion can be drawn: (1) The ball/O-ring attachment system 
showed superior retentive capacity among all three attachment systems; (2) Locator, OT equator, and ball attachment 
systems maintain clinically acceptable retention after 10 years; (3) Retention increases from baseline values until around 
the 1500th cycle mark in the ball attachment system; (4) Retention values were similar for the locator and equator 
attachment systems until the 4500th cycle; and (5) All three groups showed statistically significant differences in the 
retentive value at 7500th and 15000th. The ball attachment and locator attachment systems maintain their retentive capacity 
longer than the OT equator attachment systems. All three attachment systems showed a statistically significant decrease 
in the retention force. Further research is required to understand the loss in the retention force of various overdenture 
attachment systems.
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Abstract
BACKGROUND 
Systematic reviews (SRs) synthesize and evaluate data, mainly from randomized 
trials, which then guides the development of clinical recommendations in evi-
dence-based medicine. However, the data and methodological information in the 
included papers can often be lacking or unclear, and reviewers usually need to 
contact the authors of included studies for clarifications. Contacting authors is 
recommended, but it is unclear how often SR teams do it, or what the level of 
response is.

AIM 
To investigate how often reviewers undertake contact with the authors of 
included randomized controlled trials (RCTs) for clarification on data and risk of 
bias concerns, to explore the factors that influence whether SR authors contact or 
do not contact the authors, and the content and level of responses.

METHODS 
We conducted a systematic electronic database search in MEDLINE using the 
search string “(systematic review)” AND “(RCT OR randomized OR trial)” for 
articles published between 1 January 2024 and 19 February 2024, without lan-
guage restrictions. Screening and data extraction was done independently by two 
reviewers, and conflicts resolved by a senior author. Contact authors of included 
SRs were contacted for clarifications.

RESULTS 
Of the 329 included SRs, 38% (n = 125) explicitly mentioned contact with the 
authors of included studies. The remaining 62% (n = 204) did not. We attempted 
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contact with all SR teams for clarifications and received 90 responses (19.4%). Of the 50 respondents who did not 
explicitly mention contact in their SRs, 25 (50%) replied that they did make contact. We received a total of 64 
responses on the level and content of information sought. The mean ± SD contacts SR teams made were 10 (10), 
replies received 5 (6.7), and response waiting time 10.1 (28.3) weeks. Resources, time, poor previous experience, 
perceived likelihood of poor response and bias concerns were reported as barriers to attempting contact.

CONCLUSION 
The majority of SRs published in 2024 did not confirm seeking clarifying or missing information from primary 
study authors. However, SR teams reported that 50% of contacted primary authors respond. Additional research 
can clarify this rate of response and establish methods to increase the integration of this core methodological 
element in SRs.

Key Words: Systematic review; Methodology; Contacting authors; Interventions; Randomized control trials
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Core Tip: We found that a majority of systematic review teams do not seek clarifying or missing information from primary 
study authors. Time and resources are seen as a barrier, however, we found that almost 50% of contacted primary authors 
were reported to respond. Contacting authors should be seen as a core methodological requirement for systematic reviewers, 
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INTRODUCTION
In clinical medicine, evidence-based medicine has been the cornerstone of decision making for more than three decades, 
underpinned by systematic reviews (SRs) to develop clinical guideline recommendations[1]. Most SRs primarily include 
randomized controlled trials (RCTs) in their search and evidence synthesis process, as RCTs are the gold standard design 
for assessing the efficacy of a medical intervention[2]. This is derived from the reduced risk of bias inherent in the 
methods of an RCT.

There is substantial evidence that completeness and quality of methods information is still sporadically reported, even 
in high impact journals[3]. There is also evidence that authors often release different forms of data over time meaning that 
SR authors may have questions that need clarifying or data that needs confirming[4]. Missing data, due to inadequate 
reporting of summary statistics or overall findings when results are unfavourable or null, is also a challenge and 
represents a significant source of bias. This can be observed in situations where the authors may hold the notion that 
certain results do not add value to their publication or limit impact, or there are pressures to deliver positive results due 
to commercial demands[5]. Incomplete data that do not make it into SRs can result into healthcare decision makers 
making less-than-ideal choices for treatment protocols, resource allocation, and overall care, potentially resulting in 
poorer patient outcomes[6].

When conducting a SR, contacting the authors of eligible and included RCTs to clarify material or provide additional 
recorded data that may be missing is suggested[7]. This can be beneficial for SRs, as they are able to more clearly discern 
the risk of bias in each RCT and include RCTs that they would otherwise have had to discount. Their results would then 
be of a more representative sample and draw wider conclusions in their meta-analysis. Nonetheless, reviewers applying 
this guidance face challenges in identifying the authors of RCTs, frequently experience RCT authors failing to reply, and 
struggle with summarizing the process in their own SR. Missing info about quality appraisal can also be common.

The aim of this study was to investigate how often systematic reviewers undertake contact with the authors of 
included papers for clarification on data and risk of bias concerns. We explored the factors that influence whether SR 
authors contact or do not contact the authors of the included studies, and the content and level of response to the 
communication. We also explored variables including impact factor of journal and available funding on whether author 
contact was initiated or not.

MATERIALS AND METHODS
A protocol for this review was deposited in the online repository for the University of Central Lancashire prior to the 
initiation of this review[8].

https://www.wjgnet.com/2222-0682/full/v15/i3/95559.htm
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This work was exempt from ethical approval as there were no ethics issues related to it. Only corresponding authors 
who have made their contact information publicly available for the purpose of being contacted about their publications 
were contacted, solely with questions about their publications.

The report of this review followed the preferred reporting items for SRs and meta-analyses reporting guidelines.

Literature search
We performed a systematic electronic database search of all the RCTs published between 1 January 2024 and 19 February 
2024 from the single database MEDLINE on 19 February 2024. The search strategy was “systematic review” (Title/
Abstract) AND [“RCT” (Title/Abstract) OR “randomized” (Title/Abstract) OR “trial” (Title/Abstract)]. All retrieved 
citations from this search were imported into Covidence and results de-duplicated.

Study selection
Two authors (Shah E and Tony-Jimmy TE) independently screened all titles and abstracts, discarding those not meeting 
inclusion criteria. Disagreements were resolved by discussion and consensus in the presence of a third and fourth author 
(Sinopoulou V and Gordon M). All SRs selected for full-text screening were downloaded and independently reviewed by 
two authors (Shah E and Tony-Jimmy TE) to confirm whether papers met the inclusion criteria. All differences were 
resolved by Gordon M and Sinopoulou V, in a similar manner.

Inclusion criteria for full-text SR manuscripts were: (1) Full-text SR manuscripts of RCTs involving human participants; 
(2) Full-text SR manuscripts of RCT with interventions for the management of symptoms, involving any pharmacological 
or non-pharmacological intervention compared to any other intervention, placebo, no treatment, or usual care; and (3) 
Full-text SR manuscripts with outcome measures that directly impact patient health or risk to health. SRs that included 
any phase RCTs were eligible. There were no limitations on language or region.

Exclusion criteria were: (1) Manuscripts which reported outcome data of non-randomized or quasi-randomized trials; 
(2) Manuscripts that reported on non-medical interventions such as service evaluation, delivery, safety, and education 
trials; (3) Manuscripts on in-vitro interventions; and (4) Manuscripts without outcome results (e.g. protocols, trial 
registrations).

Outcomes
The outcomes for this review were: (1) Whether contact with the included studies’ authors was initiated or not; (2) 
Number of contacts initiated, and number of responses received when contact was initiated; (3) Time given to primary 
authors to respond; (4) Type of information requested when author contact was initiated; (5) Factors that prevented 
reviewers from contacting authors; and (6) Whether impact factor (higher or lower than 5) and funding (industry, 
publicly funded or not reported) are correlated with whether author contact was initiated or not.

Data extraction
Two authors (Shah E and Tony-Jimmy TE) independently extracted data using a predesigned extraction form and 
disagreements were resolved by a third and fourth reviewer (Sinopoulou V and Gordon M).

The extracted data were key characteristics such as year of publication, contact author name and email, journal source, 
impact factor of SR publication journal, funding sources, DOI; including quotations or any comments made regarding 
author contact and data for the above outcomes.

Missing information
SR correspondence authors were contacted via email at their listed correspondence email when outcome information was 
lacking. Authors were given two weeks to reply at which point a reminder was sent if no response was received, and an 
additional two weeks were given for response. Emails were sent and responses received in March 2024.

Statistical analysis
We calculated descriptive statistics as absolute numbers and percentages for all binary outcomes, and mean ± SD for 
continuous outcomes. We conducted χ2 tests to test for differences in relation to impact factor and funding source.

RESULTS
Our search identified 866 unique papers. After abstract screening, 484 SR were excluded with reasoning, leaving 382 SRs 
that met our inclusion criteria for full text screening. Of those included, 3 SRs were not accessible for full text screening. 
Thus, 379 SRs were included for full text screening, of which 329 met the inclusion criteria and were included in the 
review (Figure 1).

No included SRs provided enough information for our data extraction in their text, and we attempted contact with the 
corresponding authors for all included SRs. The questions we asked were structured on the outcomes of this review as 
outlined in the methods section.

Was contact with the included studies’ authors initiated or not
Of the 329 full-text SRs examined, 38% (n = 125) explicitly mention contact with the primary authors of included studies 
as part of their planned protocol and methods. The remaining 62% (n = 204) of the examined SRs did not explicitly 
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Figure 1 Prisma diagram. SR: Systematic review; RCTs: Randomized controlled trials.

mention contact with the primary study authors or that this was a part of their protocol.
Our team contacted the corresponding authors of included SRs via email for further information on the nature of their 

primary author contact. 7% (n = 23) of the 329 included SRs could not be contacted via email, due to inaccurate, outdated 
or lack of contact information, or being on leave. Of the 125 SRs that mentioned primary author contact in their papers, 
116 could be contacted. From the 116 emails that were successfully sent, 40 replies were received, with 1 reply deemed 
unclear, yielding a 34% (39/116) response rate from SRs that explicitly mention author contact with primary studies’ 
authors.

Of the 204 SRs that did not explicitly mention contact with primary study authors in their paper, 14 SR teams were not 
accessible for email contact, for similar reasons as already outlined. From the 190 emails that were successfully sent, 50 
replies were received, with 2 replies deemed unclear, yielding a 25% response rate. After receiving these email responses, 
25 of 48 of clear respondents (52%) confirmed they did contact study authors despite not reporting so in their papers.

The total number of SRs with confirmed initiated contact with primary RCT authors out of all included SRs was 64/329 
(19.4%), with 61% (n = 39) reporting author contact in their paper, and 39% (n = 25) not reporting author contact in their 
paper (Figure 2).

Number of contacts initiated, number of responses received when contact was initiated and time given to primary 
authors to respond
Of the 64 SRs that confirmed author contact, 37 SR authors provided details on how many primary authors they 
contacted and the number of replies they received. The mean ± SD contacts SR authors made were 10 (10) RCT authors, 
and the mean ± SD replies were received 5 (6.7). The mean ± SD response rate per contact sent was 0.49 (0.45) or 49% (45). 
The waiting time for responses prior to recording a non-response was a mean ± SD of 10.1 (28.3) weeks with a median 
(range) of 4 (2-126) weeks (Table 1).

Type of information requested when author contact was initiated
Of the 64 SR authors who responded with details about the contacts they made, 64% (n = 41) reached out to clarify 
outcome data; 48% (n = 31) for inclusion/exclusion criteria; 39% (n = 25) for methods, design or risk of bias; and 14% (n = 
9) for other reasons (full-text requests, data in corrections).

Factors that prevented reviewers from contacting authors
Of the 23 papers that did not mention RCT author contact in their SR and replied to confirm as such, 61% (n = 14) 
considered RCT author contact as part of their study design. When not pursuing author contact, 52% (n = 12) of 
respondents gave reasons related to resources and time; 43% (n = 10) poor previous experience; 26% (n = 6) perceived 
likelihood of poor response; 21% (n = 5) integrity or bias; and 30% (n = 7) other reasons (no missing data, or enough data 
was available, or data could be estimated).
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Table 1 Summary of key results

Summary

Total number of SRs that report author contact in their paper (n = 329), n (%) 125 (38)

Total number of SRs that confirmed author contact but didn’t report it (n = 48), n (%) 25 (52)

The mean ± SD contacts made by authors per SR 10 (10) RCT authors

The mean ± SD response rate for SRs per author contact sent 0.49 (0.45) or 49% (45)

The mean ± SD and median (range) waiting time for responses prior to recording a non-response 10.1 (28.3) weeks and 4 (2-126) weeks

SR: Systematic review; RCTs: Randomized controlled trials.

Figure 2  Graphical illustration of included systematic reviews teams’ responses.

Impact factor and funding source
Neither an impact factor higher or lower than five, nor whether SR funding was from industry, public or not reported, 
was correlated with whether SR authors confirmed they contacted primary study authors, confirmed that they did not, or 
did not respond to us to confirm either (all P values > 0.05).

DISCUSSION
SRs are a core form of knowledge translation for clinicians and researchers. However, their role in guideline development 
and international policy is perhaps more impactful. Previous research has clearly identified that large numbers of studies 
are unclear when it comes to methods, such as to lead to a downgrade in judgements of quality[3], that missing data can 
be a risk, as it may change as studies are subsequently published in different forms[4] and this in turn can have major 
impacts on the certainty of subsequent outputs and guidance for the clinical community[9,10].
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This is the first study to investigate whether authors of SRs are currently following guidance[7] to mitigate these risks, 
by routinely attempting to contact randomized controlled trial authors to clarify or supply information.

This review has found that a third of SRs explicitly planned to do this and reported it in their methods, with a further 
7.5% reporting they did this but did not record it in their review. This still leaves a vast majority of reviews that did not 
ever attempt such contact at all, despite the risks and guidance to the contrary.

Responding review teams commented on the reasons for not planning this core element of review work, with some of 
the reasons being experiential and related to poor response in the past. Other reasons included perceived bias, which is 
not supported by organizations such as Cochrane[7], and most commonly, time. This final point is interesting. We 
recognize the significant investment of time and resource needed for SRs as a barrier, but for those already pursuing such 
works we believe maximining the value, impact and ultimate verisimilitude of findings is so central that the minimal 
extra effort needed would seem to justify the investment.

In what is also a novel finding, 37 review teams gave details of the effectiveness of their primary author contacts, 
suggesting 50% of primary authors contacted responded. This is in line with our experience as SR authors and would 
therefore suggest barriers of resource are perceived but not likely borne out in reality if such practice is integrated.

It is worth commenting that this practice is secondary researchers accounting for primary study issues. Therefore, a 
better solution would be for trial authors to include such detail, as well as editors and reviewers mandating this to be the 
case. But as this is a well-recognized and pervasive issue that is likely to continue given the rapid growth in academic 
output, such mechanisms are vital to enhance the evidence base when synthesized as a whole.

A limitation of this work is the sample size and choice. A large sample has been taken but it has been limited to recent 
publications and trial-focused interventional reviews. It is possible that these findings are not therefore more general-
isable. However, the importance of this context is such that even if it is a limited finding, we believe its importance to still 
be key.

There are some limitations of this work. While a large sample was obtained, it was limited to recent publications and 
trial-focused interventional reviews, potentially affecting the generalisability of the findings. Additionally, the respons-
iveness of authors we contacted for missing information may not accurately reflect whether primary author contact was 
established. Furthermore, some authors who responded to our initial email did not respond to the follow-up 
questionnaire or provided only partial responses, possibly due to response fatigue from our two-step email approach. 
These factors may further impact the overall generalisability of the study. Finally, the responsiveness of authors we 
contacted for missing information may not accurately reflect whether primary author contact was established, with non-
responses further limiting the sample size.

Future research could seek to investigate in greater detail the rate of response from authors, time taken to make such 
contacts and possibly methods to enhance response or enhance primary publications.

CONCLUSION
Our study provides novel insights on the current state of the field regarding author responses to requests for information 
on published RCTs. It does highlight how common such issues occur and the need for peer reviewers and journal editors 
to work to ensure that publications are transparent in such reporting. This study is limited by its focus on recent public-
ations, which may not represent the broader spectrum of SRs. Additionally, the response rate from contacted authors may 
have been influenced by our specific inquiry approach, and may not reflect general responsiveness. Future research 
should investigate strategies to enhance primary author response rates in SRs, such as the use of standardized contact 
protocols or incentives for participation. Additionally, studies should assess the impact of author contact on the risk of 
bias assessments and the quality of evidence synthesis.
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Abstract
BACKGROUND 
Pituitary macroadenomas represent a significant challenge in clinical mana-
gement due to their variable presentations and complex treatment considerations. 
This manuscript explores the multidisciplinary approach to understanding and 
managing pituitary macroadenomas, integrating neurosurgery, endocrinology, 
radiology, and pathology perspectives.

AIM 
To summarize the literature on pituitary macroadenoma and outline the possible 
multidisciplinary approach in the diagnosis, management, and rehabilitation of 
individuals with pituitary adenomas, to add to already preexisting knowledge, in 
managing these cases enhancing better ocular and systemic outcomes.

METHODS 
A search was conducted on an online publication database (PubMed) using the 
term “pituitary adenoma” including all results published over twenty years (2004-
2024). Results were sorted for relevance, language, and completeness.

RESULTS 
A total of 176 records were returned. The guidelines of the PRISMA 2020 sta-
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tement were followed in this study. A total of 23 records were excluded due to being out of scope while a further 
13 records were duplicates. Another 17 records were not available as full-length articles and were also excluded. 
The references of each included record was further searched for relevant publications. A total of 141 records were 
therefore used in this minireview.

CONCLUSION 
Pituitary macroadenomas pose substantial clinical challenges due to their size and potential for significant 
hormonal and neurological impact, modern therapeutic strategies offer effective management options. Early 
detection and comprehensive treatment are essential for optimizing patient outcomes and maintaining quality of 
life. Continued research and advancements in medical technology are likely to further enhance the management 
and prognosis of this condition in the future

Key Words: Pituitary; Macroadenoma; Multidisciplinary; Hormonal dysregulation

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The review encompasses recent advancements in diagnostic imaging techniques, surgical approaches, hormonal 
management, and adjuvant therapies. Furthermore, it discusses the importance of a collaborative framework involving 
specialists from various disciplines to optimize patient outcomes and quality of life. By synthesizing current evidence and 
clinical experiences, this manuscript aims to provide insights into the comprehensive management of pituitary 
macroadenomas and stimulate further research.

Citation: Aluyi-Osa G, Suleman A, Salati C, Spadea L, Gagliano C, Musa M, Zeppieri M. Multidisciplinary management of pituitary 
macroadenoma. World J Methodol 2025; 15(3): 97694
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/97694.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.97694

INTRODUCTION
Pituitary adenoma, whether micro or macro depending on size, is a group of benign tumors within the skull, around the 
pituitary gland, which can extend to extra pituitary areas. A pituitary adenoma is referred to as micro when the size is 
less than 10mm, and when the size is more than 10mm it is referred to as Macroadenoma. Sizes larger than 40mm are 
referred to as giant tumors[1].

Pituitary adenomas effect on the visual system is dependent on several factors including, size, location, and whether it 
is functional or not, it is still not a fact if there is any relationship between the effect of functional and non-functional 
pituitary adenoma[2], with little or no effect on the motor function. Although it is a benign condition it can significantly 
affect vision and other systemic functions, because the pituitary gland also referred to as the master gland, helps regulate 
the function of other endocrine glands (glands whose secretion flows directly into the bloodstream), for the onward 
manifestation of its effect at effector organ or tissue or even system.

Pituitary adenoma can be said to be functional or non-functional depending on its effect on hormonal secretion; non-
functional adenoma can affect vision, as seen in about 58% of cases, and the person involved may not know immediately 
because there is a compensation from the unaffected eye[3].

The pituitary gland is made up of two lobes, the anterior pituitary and the posterior pituitary. The anterior pituitary, 
constitutes a major portion of the pituitary gland, hence it is also responsible for the triggering effect on other glands 
within the body, including those anatomically far from it. Pituitary adenoma can cause varying levels of visual 
impairment, its manifestations in the eyes depending on size and location, including but not limited to optic atrophy, 
visual field defect, specifically bitemporal hemianopia in both eyes, due to possible compression at the chiasma level, 
swollen disc, reduced visual acuity, when the optic nerve (CNII) is involved, sluggish pupillary reaction and possibly 
raised intracranial pressure. This condition's differential includes Brain stem glioma, Arachnoid cyst, Ependymoma, 
Glioblastoma multiforme, etc.[4]. Diagnosis is strictly by matching visual or systemic findings with neuroimaging, the 
systemic component of it comes into play when the tumor is functional as earlier stated. Computerized tomography scan, 
or magnetic resonance imaging (MRI), requires a multidisciplinary approach to not only diagnosis but also care in the 
long run, if the affected individual must have a better quality of life[5].

As earlier said, Pituitary adenomas are one of the most common intracranial tumors, the non-functional type ordinarily 
will not cause or show any signs, unless there is a mass effect on structures surrounding the pituitary gland[6].

Due to the complex systemic sequelae presented in patients with pituitary adenoma, there is a need for a holistic 
approach to care, this includes the help of the ophthalmologist, Neurologist, Neuroopthalmologist, Radiologist, and 
Endocrinologist. Each of these specialties has a role they play if the management of a pituitary macroadenoma is regarded 
as holistic and clinical in approach. Although pituitary macroadenomas are referred to as benign tumors, they can exhibit 
some significant effects, both in the visual system, and the overall health of the patient, hence the importance of a 

https://www.wjgnet.com/2222-0682/full/v15/i3/97694.htm
https://dx.doi.org/10.5662/wjm.v15.i3.97694
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multidisciplinary approach cannot be overemphasized. This will not only potentiate the management regimen but will 
also hasten it, with high chances of better recovery or prognosis. In cases where pituitary macroadenomas affect the 
secretion of hormones, for example, the thyroid hormone secretion macroadenomas, metabolic activities like heart rate, 
sweating, and the like might become significantly altered[7], the ophthalmologist under this circumstance initiate the 
need for the patient to see the endocrinologist as soon as possible, also in individuals who have pituitary macroadenoma 
affecting prolactin hormone, there is bound to be sexual/reproductive changes be it male or a female[8]. Furthermore, 
some pituitary tumors might present like a pituitary macroadenoma, but in the real sense, it is a more metastatic 
condition, the help of the radiologist and neurosurgeon, comes into play here, not just for better prognosis, but sometimes 
to even save the life of the individual, so at the end of the day all tumors involving the pituitary gland, whether quiet or 
active require the action of the various above-listed professionals for proper management now and in the future. Over the 
years there have been various workups done in seeing to a better pituitary macroadenoma treatment from the aspect of 
immunity[8], to the aspect of radiotherapy[9], surgical approach[10-12], with the sole aim of better outcome, so a look at 
the preexisting management plan for pituitary macroadenomas and its systemic sequelae is very important. Transient 
visual obscuration (TVO) is rare in pituitary adenoma, there is evidence of resolved TVOs after resection of pituitary 
macroadenoma that was compressive[12].

MATERIALS AND METHODS
This review was done using a systematic search string on PubMed, as stated below, (("eye" [MeSH Terms] OR "eye" [All 
Fields]) AND ("pituitary neoplasms" [MeSH Terms] OR ("pituitary" [All Fields] AND "neoplasms" [All Fields]) OR 
"pituitary neoplasms" [All Fields] OR ("pituitary" [All Fields] AND "adenoma" [All Fields]) OR "pituitary adenoma" [All 
Fields])) AND ((ffrft [Filter]) AND (2004: 2024 [pdat])). Two authors (AG and AS) scrutinized all records for relevance. 
The search strategy followed the PRISMA[13] guidelines as shown in the flowchart below as Figure 1. The results were 
further stratified to only include relevant work between 2004 and 2024. This is shown in Figure 1 below.

RESULTS
A total of 176 records were returned. 23 records were excluded due to being out of scope while a further 13 records were 
duplicates. Another 17 records were not available as full-length articles and were also excluded. A further 18 articles were 
harvested from the references of the 123 records so stratified. A total of 141 records were therefore used in this 
minireview.

DISCUSSION
Overview of pituitary macroadenoma
Importance of a multidisciplinary approach: In the management of pituitary macroadenoma and tumors in general, 
there is a need for the utilization of a multidisciplinary approach, in the form of shared care, whether the tumor is benign 
or metastatic, a constant observation by various specialties involved in neoplasia, depending on the location and cause is 
constantly being sought for. Before now Multidisciplinary approach to care was based on consultation as requested, but 
recently it has very paramount for better outcomes in the long run. An important component of an effective multidiscip-
linary team includes better communication, standardized coordination, and improved interdisciplinary decision-making, 
all of this must include the patient in the care process[14,15]. Although there are barriers to effective inter-professional 
collaboration in the management of pituitary macroadenoma, another importance of this review is to suggest possible 
mechanisms of action to be taken to enhance effective shared care regimen in the management of this emerging condition, 
which is sometimes masqueraded in form of other conditions. Furthermore, outcomes of pituitary surgery as a result of 
various analyses, have been shown to demonstrate significant positive outcomes following the implementation of a 
multidisciplinary approach. The outcome can be measured in terms of lower complications, shorter duration of stay in 
health centers, and increased curative resection[16].

Post-operative management would require a multidisciplinary approach, each doctor should be brought to the status 
quo regarding the performed procedure to avoid complications involved in managing the patient[17].

Pathophysiology of pituitary macroadenoma: Pathophysiology of Pituitary adenoma seems not be straight forward, 
hence prompt recognition especially in patient presenting with cavernous sinus syndrome, particularly in an 
hemodialysis clinic, is important for better management outcome[18]. In patients with pituitary adenoma, early detection 
of a dysfunctional visual pathway, can give insight into treatment modality and reduce the risk of permanent vision loss
[19]. Tumors involving the sellar and parasellar region usually present with optic nerve head neuropathy similar to those 
found in glaucoma patients[20].

Pituitary adenoma can occur side by side with other tumors like the clear cell meningioma, due to their close 
similarities in radiological assessment, these are known as collision tumors e.g. the Clear cell meningioma which happens 
to be very aggressive[21]. The phenomenon by which pituitary apoplexy occurs is connected to either a decreased blood 
supply or by hemorrhagic mechanism[22,23]. There have been reported cases of Pituitary adenoma being confused with 
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Figure 1  The search strategy followed the PRISMA.

other syndromes, like the Tolosa Hunt Syndrome[24]. Changes in vascular perfusion of the pituitary gland can be 
affected by uncontrolled diabetes[25]. The presence of a pituitary lesion or disease usually points to the possibility of an 
existing malignancy[26]. Pituitary macroadenoma should be considered in cases presenting with typical clinical signs of 
Foster-Kennedy syndrome[27,28].

Though rare there has been a report of metastatic gastric cancer found in the pituitary (MGCP)[29]. Acute ischemic 
stroke though rare has been identified as a complication of pituitary apoplexy secondary to pituitary adenoma[30]. Stable 
chiasma lesions have been shown to have similar visual field defects as the patient grows older hence ruling out any 
statistical difference in visual field defect as a result of age[31].

Tumor biology and growth patterns: The height of a pituitary adenoma from the genu of the cavernous internal carotid 
artery correlates better with visual outcome compared with gross tumor height[32]. Results from previous studies 
showed biological evidence to support, the use of specific proteostasis modulation in the management of solid tumors, 
with syndromic sequelae, especially tumors that involves misfolding of proteins[33].

Diagnosing cases of collision tumor is sometimes challenging, but it poses a great importance regarding post-operative 
care of the individual, in terms of using radiation therapy, it also helps to detect recurrence nature of tumors[34].

There is the possibility of gradual resolution of the residue of a pituitary adenoma, within the intra-cavernous sinus 
space, as a result of possible necrosis[35]. Involvement of orbital regions in cases involving the sinonasal anatomy usually 
is a sign[36].

Tumor size has been found to correlate positively with the mean deviation and correlates negatively with average 
sensitivity in both cases of functional and non-functional pituitary adenomas[2].

Orbital involvement in most of the sinonasal diseases indicates the extensive and aggressive nature of the pathology 
and many of these, even if they are not malignancies are difficult to treat[37]. This is especially true for acute fulminant 
and chronic invasive fungal rhinosinusitis[38].

Decisions in the early detection and management of pituitary carcinoma, it is important to establish systems that help 
with genomic profiling and also determination of molecular biomarkers[39]. The relationship between the existence of 
adrenocorticotropic hormone (ACTH) pheochromocytoma on its own or as part of the multiple endocrine Neoplasia type 
1[40]. Rapidly developing headache which are accompanied by visual impairment in the female gender with sellar 
tumors is usually of the sellar atypical teratoid/rhabdoid tumors[41]. Tumor growth and volume have been implicated in 
symptoms reoccurring from time to time, In cases of highly vascularized lesions in the suprasellar space, this should give 
a high index of suspicion for possible Hemangioblastoma[42,43]. The E2F3 transcription factor has been fingered as one of 
the players in tumorgenicity, although the mechanism is still undergoing a lot of research, as seen in the work of Parisi et 
al[44], it is not a common phenomenon for pituitary infarction or hemorrhage to occur around the parasellar region[45].

Pituitary adenoma without chiasma compression but with lateral extension into the cavernous sinus can present with 
normal visual fields and cranial nerve three palsy with pupillary involvement[46]. Pituitary macroadenoma presenting 
with ophthalmoplegia without visual field defect has been shown to have a good prognosis provided it is attended to on 
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time[47]. Metastatic progression of pituitary macroadenoma post radiotherapy has been reported although it incidence is 
low[48]. The growth of adenoma during pregnancy and subsequent regression post-partum has been reported[49,50]. 
Pituitary apoplexy should be considered as a differential in patients suspected to have bacterial meningitis, this should be 
done due to the associated mortality and morbidity if missed[51].

Hormonal dysregulation and clinical manifestations: The pituitary gland secretes various hormones that help to 
regulate various bodily functions. Changes in the hypophyseal structure would therefore result in a lot of systemic 
manifestations (hormonal) such as hypothyroidism, hyperthyroidism, hypokalemia, etc. Persistent hypokalemia could 
result in ocular manifestations such as central retina vein occlusion[52]. Hyponatremia resistant to conventional therapy 
should point to pituitary gland macroadenoma[53]. Pituitary prolactinoma secreting growth hormone (GH) has been 
reported as a variant of the macroadenomas[54]. Also, suppressed immunity leading to intraocular complications has 
been reported in individuals with pituitary macroadenoma[55]. In cases of Hypothalamic-pituitary tumors, as seen in 
some genetic conditions, there is the possibility of the individual subsequently having severe visual deterioration as the 
person ages, which has been reported in Klinefelter's syndrome[56].

Changes seen in the trabecular meshwork in cases of excessive secretion of the adrenocorticotrophic hormone 
(hypercortisolism) can be reversed subsequently to its normal physiological state[57]. Pituitary macroadenoma with 
apoplexy has been seen in cases of coronavirus disease 2019 (COVID-19) infection, with patients presenting with sudden 
bilateral vision loss and fever, so this should be looked out for when attending to patients with respiratory infection and 
unexplained vision loss[58]. Diplopia as a result of restrictive extraocular muscle myopathy is a possible sign of acro-
megaly due to the presence of pituitary macroadenoma[59]. Cranial nerve III palsy is not common with pituitary 
macroadenoma, its presence indicates the extension of lesion to parasellar areas and cavernous regions[60]. The fact that 
cranial neuropathy and diabetes are occurring together, should not be a criterion for bringing forth a causal relationship, 
further workup is of importance in cases like this[61]. Pertinent literature regarding clinical investigations of pituitary 
macroadenomas is listed in Table 1.

Diagnostic modalities
Imaging techniques (MRI, computed tomography, etc.): Early detection of visual field pathway dysfunction, may help 
in treatment regimen modification for patients with pituitary macroadenoma and also help to reduce the occurrence of 
irreversible optic neuropathy[62]. Ganglion cell layer-internal plexiform layer assessment using optical coherence 
tomography (OCT) is a very important tool, with a high degree of sensitivity, in detecting lesions in the anterior portion 
of the visual pathway, especially in cases where chiasmatic compression exists as a result of pituitary adenoma[63]. 
Changes in the structure of retinal tissues have a close relationship to retinal nerve fiber thickness and the outcome of the 
management regimen[64,65]. It is possible for Cushing’s syndrome to occur as a result of hypersecretion of ACTH, but 
this time it is stimulated from an orbital neuroendocrine tumor, rather than the typical Pituitary gland tumor or 
associated tumor[66]. The parapapillary zone of atrophy is worse and more frequent in those with large intrasellar or 
perisellar pituitary tumors[67].

Fast changes in the pattern electroretinogram in patients with glaucoma should spur the conduction of an MRI or 
computed tomography (CT) scan to rule out intra-cranial space occupying lesions[68,69]. Figure 2 and Figure 3 show 
examples of imaging scans. Defects in the retinal nerve fiber layer (RNFL) and macula ganglion cell complex (GCC) are 
seen in patients with chronic chiasma compression earlier than visual field defects. The macula GCC correlates with 
visual outcomes[69-72]. The assessment of contrast sensitivity can be very important in diagnosing changes at the 
chiasmatic level in cases of pituitary adenoma[73], Disorders of the anterior visual pathway capable of causing secondary 
visual disorders of the visual cortex, this can be detected through the use of MRI[74,75]. MRI is often used over CT for 
diagnosing pituitary adenomas because it excels in characterizing tiny pituitary sellar lesions and improving anatomical 
delineation prior to surgery. Additionally, MRI is recommended for post-operative monitoring[76].

Apart from the visual field changes in chiasma pathology, inattention to the temporal side on monocular testing should 
prompt the clinician's attention to possible chiasma pathology[77]. Cases of retinal alterations that are uncharacteristic, 
should be carefully evaluated for the possibility of chiasma lesions[78].

Stratus OCT has been shown useful in the diagnosis of band atrophy caused by chiasma lesions[79]. In the absence of a 
visual field assessment, a domain OCT can be used to differentiate lesions of the ganglion cell layer, from that typical of 
glaucomatous changes[80,81]. Information gathered from the OCT angiography, can be used as a prognostic factor, in 
determining visual outcome following surgical intervention[82,83]. Although sometimes the extent of visual field loss is 
related to the tumor size, but not in all cases[84]. The use of OCT in the detection of the degree of RNFL loss and 
associated visual field changes might have some limitations to its use[85].

The use of simple temporal depression in visual field results has been shown to aid in the diagnosis of compressive 
optic lesions affecting the optic chiasm which is affected by pituitary gland tumor[86,87]. Having good knowledge about 
identifying isolated nerve palsy can play a major role in helping to diagnose Pituitary gland-related anomalies, and it will 
also help direct treatment to the appropriate quarters[88].

Endocrine testing (hormonal assays): Hormonal testing can help to confirm or refute diagnoses of pituitary adenomas in 
a timely and minimally invasive manner.

Insulin growth factor testing is usually the first port of call. This hormone is usually secreted in times of increased GH 
in the bloodstream. The presence of elevated levels of both these hormones can confirm the presence of a pituitary 
adenoma[89]. These hormones are also useful for monitoring the progression of management for pituitary adenomas as a 
return to normal levels may indicate a remission[89].



Aluyi-Osa G et al. Pituitary macroadenoma

WJM https://www.wjgnet.com 6 September 20, 2025 Volume 15 Issue 3

Table 1 Clinical investigation of pituitary macroadenomas

Ref. Examination Organ Assessment

[63-65] OCT Eye Retinal layer analysis

[74-76] MRI/CT scans Brain Pituitary gland imaging

[80-84] Hormonal assays Plasma, CSF Fluid assays

[96-99] Histopathological examination Brain tissue Hematoxylin and eosin staining, physical examination etc.

OCT: Optical coherence tomography; MRI: Magnetic resonance imaging; CT: Computed tomography; CSF: Cerebrospinal fluid.

Figure 2  Sagittal imaging scans of a patient with pituitary adenoma.

Adrenocorticotropic hormone helps to regulate the adrenal steroid in the body. A raised ACTH may indicate the 
presence of an ACTH-secreting adenoma[90]. These types of pituitary hormones are usually more aggressive[90]. In such 
patients, there can be a regression into Cushing’s disease[91]. Patients who present with headaches, visual changes, and 
reduced libido should undergo prolactin levels test, ACTH levels, and testosterone[92]. The dexamethasone/cortico-
trophin-releasing-hormone test is classically used to test for this. Following a 48-hour regime of 0.5 mg/kg of 
dexamethasone, a loading dose of 1 ug/kg body weight is given exactly 2 hours after the last dexamethasone dose 
followed by a 15 minutes wait before the level of plasma cortisol is measured[93]. Cortisol levels higher than 1.8 µg/dL 
subsequently confirm abnormally increased ACTH levels which is a sequelae of ACTH releasing pituitary adenoma[93].

Other assays that can help in the differential diagnoses of pituitary macroadenomas include gonadotroph secreting 
hormone assay, lactotroph secreting hormone, somatotroph secreting hormone, and thyroid-secreting hormone assays[94,
95].

Histopathological evaluation: In cases of pediatric and juvenile craniopharyngioma, changes in vascular structure, are 
closely related to structural and functional outcomes[96,97]. Expert knowledge in the area of the anatomy of the brain and 
histopathologic assessment of imaging findings, are very important in differentiating various pathologies and aid in 
better management[98]. Proper analysis is needed to differentiate pituitary macroadenoma from sellar chondrosarcoma 
due to similar systemic effects[99].

Multidisciplinary management strategies
Vasospasms and fluctuation in blood pressure intraoperatively have been indicted and correlated to the existence of 
pituitary adenoma[100]. There is a synergistic improvement in terms of visual outcome and recovery in cases where both 
surgical resection and additional radiological intervention are carried out[101].
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Figure 3  Radial computed tomography imaging scans of a patient with pituitary adenoma.

In cases where individuals present with similar pathognomic signs with other pathological entities, a multidisciplinary 
approach should be instituted[102], Autoimmune workup is necessary in cases of xanthogranulomatous hypohysitis
[103]. Management can be multifaceted depending on the presenting signs and diagnostic findings[104], Been able to 
carry out extensive systemic workup and keeping the mind open is important in managing conditions that might be very 
radical, but will present initially as a calm lesion[105].

Patients presenting with prolactinoma secondary to macroadenoma could benefit from the use of pharmaceutical 
agents like cabergoline[106]. Different patients require different approaches, pregnant women require multidisciplinary 
consideration, and pregnant women taking bromocriptine for macroprolactinoma secondary to pituitary macroadenoma 
would require surgery due to the low data of the safety of bromocriptine to the fetus[107].

Neurosurgical considerations
Neurosurgical intervention provides a better prognosis for pituitary macroadenomas as compared to purely conservative 
medical management[108]. Debulking of tumor size usually leads to improvement in the patient's symptoms and signs
[109]. However, a high degree of suspicion is required to screen for other coexisting disorders of the central nervous 
system, in cases of optic disc melanocytoma which is presenting with disproportionate signs or symptoms[110]. 
Hypothalomopituitary involvement in cases of neurosarcoidosis is rare, which leads to complications that seem to occur 
more frequently, than those seen in other neurological and or systemic syndromes[111,112]. The thickness of the RNFL 
has been found to not be a very important factor in determining post-surgical outcome, after a decompressive surgery
[113], It is important to recognize pituitary apoplexy as a major cause of cranial nerve anomaly, as it has been fingered as 
a rare presenting sign of pituitary adenoma[113]. In cases of pituicytoma where there is a partial removal of the tumor, 
management can be completed with the help of radiotherapy[114,115]. In cases of collision tumors, a craniotomy is 
preferred over the transsphenoidal approach[116].

The size of the tumor plays a key role in determining the treatment regimen[117]. The minimally invasive nature of 
transsphenoidal and endoscopic procedures in the management of pituitary adenoma or tumors of the sellar turcica 
makes them the go-to procedure[118].

Timing for surgical intervention in cases of pituitary apoplexy resulting from internal carotid artery should be prompt, 
due to the effect of this condition on visual acuity[119]. Neuroimaging should be considered in patients with conjunctival 
chemosis, as Yamamuro et al[120], presented a case where a pituitary neuroendocrine tumor masqueraded as severe 
conjunctiva chemosis[120].

Transsphenoidal surgery
Transphenoidal surgeries go through the nose to reach the pituitary adenoma as against accessing via the skull. Visual 
field recovery following transsphenoidal tumor resection surgery is correlated with the absence of preoperative central 
visual field anomaly or even bilateral visual field defects, in patients with pituitary adenoma[121], the use of tran-
ssphenoidal technique as the surgery of choice in the management of pituitary adenoma, has been found to show 
improvement, in avoiding irreversible visual impairment[122-126].
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Transsphenoidal surgery has been shown to cause progressive improvement in visual outcomes in patients with non-
functional pituitary macroadenoma[127]. There is a report that transsphenoidal surgery for the removal of pituitary 
macroadenoma is associated with transient refractive error changes with the postulation that hyponatremia induced by 
tumor removal causes changes in the aqueous humor which in turn causes changes in the lens via osmosis[128]. Early 
neurosurgical intervention is crucial in patients with pituitary apoplexy[129]. Pituitary apoplexy is a complication of 
pituitary adenoma in most cases[130]. Decreased perfusion to the optic disc and retina caused by compressive lesions has 
been shown to possibly further progress after decompression procedures[131].

Endoscopic techniques
Extended intracavernous surgery using endoscopy and a measured, selective resection of the medial wall of the 
cavernous sinus was reported to be viable for the management of invasive secreting pituitary adenomas[132]. In another 
case, no tumor recurrence and the total removal of the aneurysm was completed at about 6 months of follow-up, using 
the endoscopic endonasal surgery technique[133]. Following Endoscopic surgery assessment of OCT angiography 
showed improvement in the density of retinal fibers[134-136]. Endoscopic endonasal approaches to the removal of 
pituitary macroadenoma or tuberculum sellae tumors are safe and less invasive than craniotomy[137,138].

Radiation therapy
Radiological therapy involves the use of ionizing radiation to manage diseases. These are commonly used against cancer 
cells to kill or restrict their multiplication. There seems to be no significant relationship between the amount of radiation 
delivered and its effect on some ocular parameters like the RNFL and the Endothelial cell density, otherwise, changes are 
usually related to the tumor suppression mechanism[139]. The use of Gamma knife Radiosurgery has been shown to 
come out with lesser side effects and the patient can return to their normal daily activities soon afterward[140].

Stereotactic radiosurgery
Outcomes of proton therapy have been linked to the possible technique in unlocking the effectiveness or benefits of 
proton stereotactic radiosurgery[141]. Aneurysm can be a complication following stereotactic surgery, and it can happen 
many years post-surgery[142]. Fractionated stereotactic therapy has been shown to reduce tumor size without toxicity
[143] There have been incidences of the development of central nervous system lymphoma post-irradiation[144]. 
Stereotactic radiotherapy has been proven to give better doses to the surrounding extra cranium than conventional 
radiotherapy[145].

Medical suppression of hormonal secretions
Physiologic pituitary gland enlargement following pregnancy has been treated using bromocriptine[146]. Fan et al[147] 
reported on a case of pituitary adenoma which regressed and completely shrunk after management with bromocriptine
[147]. Bromocriptine is a dopamine receptor agonist that helps to reduce the amount of prolactin in the body, thereby 
mitigating the progression of prolactin-linked-adenomas[148].

Hormonal replacement therapy
One of the major life-threatening complications of using the gonadotropin-releasing hormone agonist, is Pituitary 
apoplexy[149,150], Pasireotide which is a somatostatin analogue has been shown to help in the reduction of pituitary 
mass as seen in a case of Cushing syndrome[151], where a 14-year-old girl presented with headache, unilateral right eye 
ptosis and secondary amenorrhea. Baagar et al[151] also successfully managed a case of pituitary adenoma using 
Pasireotide[151].

Excluding thyroiditis, the majority of the endocrine dysfunction or dysregulation usually becomes permanent 
regardless of the use of immune checkpoint inhibitors[152,153].

The effect of high prolactin levels on the tear film is duration-dependent[154]. Studies have shown that the eye might 
become very sensitive, due to prolonged exposure to GH and the insulin-like growth factor-1[155], Studies have shown 
that the effect of retinoic acid anabolic androgenic steroids and their relationship with the prolactin-secreting pituitary 
adenoma needs to be studied more in other to get an idea of what links these parameters together[156]. Carbagoline use 
can be very effective in terms of visual improvement and reduction in tumor size in cases of some pituitary adenomas, 
that are functional[157]. Prompt use of Carbagoline resulted in swift recovery of visual acuity[158].

Challenges faced and lessons learned
A drop in visual acuity may be the first sign or symptom noticed in cases of pituitary adenomas. Visual acuity usually 
improves spontaneously post-operatively, although rates may differ[159,160]. Basic tests such as frequency doubling 
technique have been shown effective in pituitary macroadenoma diagnosis[161].

Contrast sensitivity has been found to vary with various factors, including luminance level, neural mechanism, grating 
motion, and shape. It is worthy of note that contrast sensitivity can be influenced by factors such as refractive status, 
surgeries e.g. cataract surgery or even refractive surgery, diabetic eye changes, and Pituitary adenomas[162], RNFL 
thickness and optic disc can be very important indicators in terms of prognosis, Severe scotoma is found more in the 
upper quadrant of the temporal field, and also in the lower nasal hemifield[163]. Patients with tumors affecting the 
extraocular muscle may present with complaints at the first visit to an eye hospital, quickly identifying these conditions is 
necessary for their management, both in the short and long run[164] for visual outcome evaluation, following pituitary 
adenoma surgical procedure[165]. Eyecare practitioners should have a very high level of suspicion for internal carotid 
artery aneurism, as a differential for any form of sellar mass[166]. Evidence support the fact that mutation in specific 
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genes can cause early onset Cushing disease, with invariably increased size of adrenocorticotrophic pituitary adenoma
[166]. Radial peripapillary capillary density is a stronger indicator for determining outcome in terms of visual field 
recovery[167]. Visual field constriction that appears to be rapid even in the presence of other ocular morbidity, should 
prompt immediate radiological assessment. A high index of suspicion must be correlated with appropriate and prompt 
radiological assessment[168], The GCC and ganglion cell layer thickness parameters can help predict the integrity of the 
central visual field of patients with pituitary tumors[169,170]. Care and due diligence must be ensured to avoid misdia-
gnosis, in their case series Choudhari et al[171], showed the misdiagnosing of pituitary adenoma as NTG[171].

Future directions and innovations
More work on the aspect of the effect of the COVID-19 vaccine on the effect of pituitary adenoma needs to be done, The 
COVID-19 vaccine has been implicated in the possible cause for the increase in the size of the pituitary gland, although 
more work needs to be done[172]. The use of BRAF and MEK inhibitors represent or stand a chance in the future, in the 
treatment of capillary craniopharyngioma[173]. Differentiating some forms of sellar region tumor possesses some 
challenges, hence newer methods such as the use of randomics and deep learning(machine learning are the newer 
methods to give better differentiating outcomes, with subsequent effects on the management plan and expected outcome
[174]. The use of intraoperative MRI together with a transsphenoidal approach is an emerging technique found to be 
associated with significantly reduced complications[175]. Some records could not be retrieved as they did not meet the 
selection criteria

CONCLUSION
In conclusion, the management of pituitary macroadenomas exemplifies the necessity of a multidisciplinary approach in 
modern medicine. These tumors, due to their potential to cause significant endocrine dysfunction and compress adjacent 
neural structures, demand comprehensive and coordinated care. Collaboration among endocrinologists, neurosurgeons, 
ophthalmologists, radiologists, and pathologists is pivotal for accurate diagnosis, effective treatment planning, and 
monitoring of patient outcomes. Advanced imaging techniques and tailored surgical strategies, combined with targeted 
pharmacotherapy, have significantly enhanced the prognosis for patients with pituitary macroadenomas. However, 
ongoing research is essential to refine these interventions, reduce recurrence rates, and better understand the molecular 
and genetic underpinnings of these tumors. By embracing a multidisciplinary framework, healthcare professionals can 
ensure holistic and patient-centered care, ultimately improving the quality of life for individuals affected by this 
condition.
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Abstract
BACKGROUND 
Cognitive impairment is a major cause of disability in patients who have suffered 
from a stroke, and cognitive rehabilitation interventions show promise for im-
proving memory.

AIM 
To examine the effectiveness of virtual reality (VR) and non-VR (NVR) cognitive 
rehabilitation techniques for improving memory in patients after stroke.

METHODS 
An extensive and thorough search was executed across five pertinent electronic 
databases: Cumulative Index to Nursing and Allied Health Literature; MEDLINE 
(PubMed); Scopus; ProQuest Central; and Google Scholar. This systematic review 
was conducted following the preferred reporting items for systematic reviews and 
meta-analyses guideline. Studies that recruited participants who experienced a 
stroke, utilized cognitive rehabilitation interventions, and published in the last 10 
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years were included in the review.

RESULTS 
Thirty studies met the inclusion criteria. VR interventions significantly improved memory and cognitive function 
(mean difference: 4.2 ± 1.3, P < 0.05), whereas NVR (including cognitive training, music, and exercise) moderately 
improved memory. Compared with traditional methods, technology-driven VR approaches were particularly 
beneficial for enhancing daily cognitive tasks.

CONCLUSION 
VR and NVR reality interventions are beneficial for post-stroke cognitive recovery, with VR providing enhanced 
immersive experiences. Both approaches hold transformative potential for post-stroke rehabilitation.

Key Words: Cognitive rehabilitation; Memory improvement; Stroke; Technology; Virtual reality

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Virtual reality (VR) and non-VR cognitive rehabilitation interventions show promise in enhancing memory and 
overall cognitive function in patients who experienced a stroke. In this systematic review of 30 studies, VR-based ap-
proaches demonstrated significant cognitive improvements, leveraging immersive experiences that simulate real-world tasks 
to aid recovery. Non-VR interventions, including brain stimulation, and cognitive training have also been shown to be 
effective in improving memory and quality of life. By providing insights into these diverse strategies, this review 
underscored the transformative potential of tailored cognitive rehabilitation techniques in post-stroke recovery.

Citation: Mathew R, Sapru K, Gandhi DN, Surve TAN, Pande D, Parikh A, Sharma RB, Kaur R, Hasibuzzaman MA. Impact of 
cognitive rehabilitation interventions on memory improvement in patients after stroke: A systematic review. World J Methodol 2025; 
15(3): 98132
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/98132.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.98132

INTRODUCTION
Cerebrovascular accidents or strokes are major causes of morbidity worldwide and impose a substantial burden on 
individuals, families, and healthcare systems[1]. Stroke is among the primary contributors to mortality and disability 
worldwide[2,3]. Cognitive impairment following a stroke is the most prevalent type of disability[4]. In the realm of 
neurological rehabilitation, the aftermath of a stroke presents a formidable challenge, necessitating comprehensive 
strategies to mitigate the multifaceted impact on an individual’s physical, psychological, and cognitive well-being[5]. 
While considerable progress has been made in the acute management of stroke, the consequences of stroke-related 
cognitive impairments continue to delude both clinicians and researchers[6]. Cognitive deficits, including memory loss, 
attention difficulties, and executive dysfunction, often persist in patients who experienced a stroke, with some studies 
suggesting that the rate of dementia is approximately 30% at 1-year post-stroke. As the population continues to age and 
stroke incidence remains a significant global health issue, the imperative to optimize recovery strategies has never been 
more pronounced[1,7].

Cognitive rehabilitation, a therapeutic approach aimed at improving cognitive functioning and daily living skills 
through structured interventions, has emerged as a promising avenue to address these enduring challenges[8,9]. This is a 
dynamic and evolving field and has emerged as a beacon of hope for individuals who experienced a stroke and are 
grappling with memory impairments[10]. The principal goals of post-stroke cognitive rehabilitation are to improve 
cognitive functioning to allow individuals to participate in everyday activities on their own, reduce the severity and 
impact of impairment, and improve overall quality of life. These requirements can change as patients progress, receive 
support from caregivers, or move through various stages of recovery following a stroke[11].

The efficacy of various cognitive rehabilitation interventions in post-stroke recovery has garnered increasing attention 
in the last few decades. This systematic review aimed to comprehensively evaluate the existing body of evidence to shed 
light on the benefits and limitations of cognitive rehabilitation interventions for patients who experienced a stroke in 
terms of memory improvement. Several factors explain the rationale for undertaking this review. First, stroke survivors 
frequently experience cognitive deficits. Personalized rehabilitation strategies are needed since these impairments can 
impact a variety of cognitive areas, including memory, attention, language, executive function, and visuospatial abilities
[12]. Second, the diversity of available cognitive rehabilitation techniques and interventions complicates the decision-
making process for clinicians and rehabilitation specialists. A rigorous evaluation of the literature is needed to guide 
evidence-based clinical practice.

https://www.wjgnet.com/2222-0682/full/v15/i3/98132.htm
https://dx.doi.org/10.5662/wjm.v15.i3.98132
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Stroke-induced memory impairment can range from mild forgetfulness to severe amnesia, impacting not only 
individuals but also their caregivers and the broader healthcare system[13]. Understanding the potential benefits of 
cognitive rehabilitation interventions for memory improvement is pivotal, as it may pave the way for more tailored and 
effective post-stroke rehabilitation strategies[11]. Recent technological advancements have led to the development of 
innovative rehabilitation programs, such as computer-based cognitive training and virtual reality (VR) simulations, 
which offer interactive and engaging environments for patients[14]. These modern approaches stand in contrast to 
traditional methods that often involve paper-and-pencil exercises or therapist-guided recall and memory drills. While 
traditional methods are generally more accessible and cost-effective, they may lack the adaptability and immersive 
engagement provided by computer-based and VR programs[15]. Conversely, modern approaches can offer more person-
alized and data-driven experiences, potentially enhancing patient motivation and participation. However, they may be 
limited by accessibility issues and higher costs, particularly in resource-limited settings[16]. Evaluating the effectiveness 
of these modern approaches compared with traditional methods was critical to this review.

In this comprehensive analysis, we scrutinized the existing body of research to explore the outcomes of cognitive 
rehabilitation programs specifically designed to target memory deficits in patients who experienced stroke. By critically 
assessing the available evidence, we provided clinicians, researchers, and caregivers with valuable insights into the effect-
iveness of these interventions. Ultimately, this systematic review aimed to provide valuable insights into optimizing post-
stroke cognitive rehabilitation strategies, contributing to improved patient outcomes and better quality of life for 
individuals affected by stroke-related cognitive dysfunction.

Review question
What is the impact of cognitive rehabilitation interventions, including memory training, neurorehabilitation, mind-
fulness, and VR, on memory improvement in patients who experienced a stroke?

MATERIALS AND METHODS
The preferred reporting items for systematic reviews and meta-analyses statement was followed in the conduct and 
reporting of this systematic review[17]. This protocol was registered in the PROSPERO database (CRD42023454330) in 
August 2023.

Databases and search strategy
An extensive and thorough search was executed across pertinent electronic databases, such as the Cumulative Index to 
Nursing and Allied Health Literature, MEDLINE (PubMed), Scopus, ProQuest Central, and Google Scholar, to identify 
additional relevant studies. The gray literature and references of the included studies were also searched. The search 
method combined keywords and medical subject headings (MeSH) terms relevant to the “population, intervention, 
control, and outcome” components of patients who experienced stroke, cognitive interventions, and memory impro-
vement.

The search strategy was based on subject-specific header indices within each database, incorporating MeSH terms as 
well as their corresponding synonyms (keywords). Truncations, wildcards, and additional terms were selected to 
accurately represent the focus of the review. The Boolean operators ‘AND’ and ‘OR’ were used to combine these search 
terms. The search strategy, which combined MeSH terms and keywords for MEDLINE (PubMed), is outlined in Table 1 
and was adapted to adhere to the specific syntax requirements of each database.

Two reviewers individually searched all titles and abstracts for studies that were pertinent to the review. The full texts 
of all relevant papers were retrieved and examined by the same reviewers, with conflicts resolved by consensus. Another 
author was assigned as the third reviewer to resolve any unresolved differences. The entire list of articles retrieved was 
imported into Rayyan software to remove duplicates and scrutinize the title and abstract.

Selection criteria
The specific inclusion criteria were as follows: Studies involving patients who experienced a stroke as the target 
population; studies focusing on cognitive rehabilitation interventions, including memory training, neurorehabilitation, 
mindfulness, and VR; studies assessing memory improvement as an outcome measure; randomized controlled trials, 
quasi-experimental, and observational studies; and studies published in English and those published within the last 10 
years.

The exclusion criteria were studies not involving patients who experienced a stroke; studies focusing solely on non-
cognitive interventions (e.g., physical rehabilitation); studies without a clear focus on memory improvement; studies 
without relevant outcome measures or lacking proper methodology; studies not available in the English language; and 
studies published before 2014.

Data extraction
The reviewers independently retrieved the following data and compiled it into a standard data extraction form: Study 
author; year; country; study purpose; setting; study design; participant characteristics; sample size; data collection 
method; type of cognitive rehabilitation; interventions; and significant results reported.
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Table 1 Search strategy for the MEDLINE database

Search terms for MEDLINE database
P 
(population)

Patients who 
experienced stroke

“Post-stroke patients” OR “Stroke survivors” OR “Cerebrovascular accident patients” OR “Post-cerebrovascular 
accident individuals” OR “Patients with post-stroke sequelae” OR “Rehabilitated stroke patients” OR “Stroke 
recovery” OR “Post-stroke rehabilitation” OR “CVA survivors” OR “Hemiplegic patients post-stroke”

I 
(intervention)

Cognitive rehabil-
itation

“Cognitive rehabilitation” OR “Cognitive training” OR “Neurorehabilitation” OR “Cognitive therapy” OR 
“Cognitive retraining” OR “Cognitive intervention” OR “Brain injury rehabilitation” OR “Stroke rehabilitation” OR 
“Neuropsychological rehabilitation” OR “Memory rehabilitation” OR “Cognitive skill training”

O (outcome) Memory 
improvement

“Memory enhancement” OR “Improving memory” OR “Memory boost” OR “Enhanced cognitive function” OR 
“Cognitive improvement” OR “Memory recovery” OR “Memory rehabilitation” OR “Memory training” OR 
“Cognitive enhancement” OR “Cognitive training for memory”

Sets “1-3” will be combined with ‘AND’

Risk of bias assessment
The risk of bias in the included studies was assessed using the criteria outlined in the Cochrane Handbook for Systematic 
Reviews of Interventions. The randomized trials were specifically evaluated for bias via version 2 of the Cochrane risk of 
bias assessment[18]. The risk of bias tool for nonrandomized studies of interventions was used to evaluate quasi-experi-
mental and nonrandomized trials[19]. The methodological quality of this systematic review was appraised using the 
AMSTAR 2 tool, ensuring adherence to established guidelines for rigor and transparency in systematic review reporting 
(Supplementary material).

Data synthesis
The data were systematically extracted from each included study and collated in tabular form (Table 2). This included 
details on study characteristics (e.g., author, publication year, study design), participant demographics (inclusion criteria), 
intervention specifics (e.g., type of cognitive rehabilitation, duration), and outcome measures related to memory 
improvement in patients who experienced a stroke. The review provided a narrative synthesis of the data extracted from 
the included studies, organized under several key headings. This offered a comprehensive understanding of the patterns, 
trends, and variations in the research findings, shedding light on the impact of cognitive rehabilitation interventions on 
memory improvement in patients who experienced a stroke.

RESULTS
The search extracted a total of 165 studies, with 72 duplicates eliminated, yielding 93 titles and abstracts that were 
assessed for eligibility. Following the screening of titles and abstracts, 51 full-text studies were reviewed for eligibility. 
Thirty of the full texts matched the inclusion criteria for the systematic review. Figure 1 depicts the flow diagram of the 
study selection process.

Study characteristics
The characteristics of the included studies considered in this review are summarized in Table 2.

Quality assessment of the included studies
Only one study exhibited a high risk of bias in terms of methodological assessment[20]. All studies demonstrated a low 
risk of bias in the dimensions of bias due to deviations from intended interventions (D2) and bias due to a lack of data in 
the results (D3). However, issues with the randomization procedure were reported in seven studies[21-27], potentially 
impacting the internal validity of these studies by increasing the risk of selection bias. Proper randomization is crucial for 
ensuring that any observed effects can be confidently attributed to the intervention rather than underlying differences 
between study groups. Additionally, two studies raised concerns about measurement bias in the assessment of outcome 
bias (D4), which could affect the reliability of outcome measurements and lead to inaccurate conclusions about the effect-
iveness of the intervention[21,28].

Three studies were reviewed with noted issues in the quality assessment of the stated outcome (D5), indicating 
potential variability in outcome reporting or inconsistency in measurement tools, which may influence the comparability 
of results across studies[29-31]. One study revealed a significant risk of outcome bias, suggesting that its findings should 
be interpreted cautiously, as they may reflect measurement inaccuracies or selective outcome reporting[28]. Figures 2 and 
3 provide a visual summary of the risk of bias assessment across all included studies, highlighting the areas where 
methodological weaknesses were most prevalent.

Efficacy of VR-based cognitive rehabilitation intervention
In the field of cognitive rehabilitation for patients who experienced a stroke, VR technology has offered innovative 
solutions. Wilson et al[32] used interactive VR sessions where patients engaged in goal-oriented and exploratory tasks, 
targeting both unimanual and bimanual movements. It consisted of four goal-based and three exploratory movement 

https://f6publishing.blob.core.windows.net/1c400736-de64-46df-b657-8320daf5568c/98132-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/1c400736-de64-46df-b657-8320daf5568c/98132-supplementary-material.pdf
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Table 2 Summary of characteristics of included studies

Ref. Country Aim of the study Study design
Participant 
characteristics, 
sample size

Data collection 
method

Interventions 
characteristics

Key finding 
reported by 
author(s)

Wilson et al
[32], 2021

Australia To test whether the 
intensive use of a 
home-based virtual 
rehabilitation 
system can 
improve cognitive 
and functional 
outcomes in 
patients recovering 
from stroke

Parallel 
randomized 
control trial

The patients who met 
the following inclusion 
criteria were included 
in the study: Those 
who had upper-limb 
weakness due to a 
confirmed unilateral 
stroke; expressed the 
intention to undergo 
rehabilitation; English 
speakers who could sit 
and maintain posture 
unassisted and 
possessed at least a 
minimal upper limb 
movement range as 
assessed by an occupa-
tional therapist. 
Excluded were patients 
with prior neurological 
disorders (except 
stroke); psychiatric or 
developmental 
disorders; visual 
impairments 
preventing task 
completion; and those 
under 18 years of age. 
n = 19

Box and Block test. 
9-Hole Peg Test. 
MoCA. SIS. 
Neurobehavioral 
function inventory

Patients who 
experienced a stroke 
received EDNA 
training at home for 30-
min sessions, with a 
minimum of three and 
a maximum of four 
sessions each week 
over 8 weeks. The 
training included four 
goal-based and three 
exploratory movement 
tasks involving 
handheld objects or 
tangible user interfaces 
on a tablet. The control 
group engaged in 30-
min sessions of a 
GRASP program for 8 
weeks. In addition to 
conventional rehabil-
itation therapy, they 
participated in arm and 
hand exercises

Cognitive 
outcomes showed 
significant 
differences pretest 
and post-test for 
the EDNA group. 
The magnitude in 
MoCA 
improvement was 
moderate to large 
with the effect size 
g = 0.70 (t = 2.31, P 
= 0.036)

Jaywant et al
[35], 2023

New York To elucidate the 
formulation of a 
combined 
executive function 
intervention in 
patients experi-
encing chronic 
stroke that 
integrated CCT 
with MST

Non-randomized 
pilot study

Inclusion criteria were 
first-time stroke more 
than 6 months before 
enrollment, English 
speakers, having an 
evidence of cognitive 
difficulties, willingness 
to participate for the 
full study duration, 
proficiency with a 
computer keyboard 
and mouse, not concur-
rently receiving other 
cognitive rehabilitation 
services and able to 
perform basic self-care 
functions. Patients with 
other neurological 
disorders, severe 
mental illness, 
alcohol/substance use 
disorder, severe 
depression requiring 
psychiatric care, 
dementia, or 
dependence in self-care 
activities due to 
cognitive deficits were 
not included. n = 3

Client Satisfaction 
Questionnaire-8. 
Credibility and 
Expectancy 
Questionnaire. 
WAIS. WMS. 
Symbol-Digit 
Modalities Test. 
TMT A and B. 
Paced Auditory 
Serial Addition 
Test. Behavior 
Rating Inventory of 
Executive Function. 
WCPA

An intervention was 
developed that 
integrated CCT and 
MST to target executive 
functions and train for 
the transfer to daily C-
IADLs. Rehacom was 
chosen as the software 
for CCT. The 
multicontext approach 
was used for the MST 
component

Participant P1 self-
reported a slight 
improvement in 
everyday executive 
functioning on the 
BRIEF but 
demonstrated a 
slight decline in 
performance on 
neuropsychological 
measures and 
slightly worse 
performance on the 
WCPA. 
Participants P2 and 
P3 both 
demonstrated an 
improvement in 
select neuropsy-
chological tests and 
the WCPA

32 patients who were 
diagnosed with stroke 
or TBI using CT and 
magnetic resonance 
imaging and those 
patients with impaired 
cognition (MMSE score 
of ≤ 27) were enrolled. 
Patients with the 
presence of a previous 
central nervous system 
lesion, such as TBI, 
stroke, brain tumor, 
and epilepsy, an 
impossible one-step 

Participants underwent 
30 sessions of 
computer-assisted 
cognitive rehabilitation 
(Comcog) five times a 
week. Comcog system 
uses 10 training 
activities: 2 auditory 
processing tasks that 
assess response time 
during auditory 
stimulation; 2 visual 
processing tasks that 
assess response time 
during visual 

A significant 
improvement was 
observed in MMSE 
(P = 0.000), MBI (P 
= 0.000), 
intelligence 
quotient (P = 
0.002), and all 
computerized 
neuropsychological 
test components 
except for the word 
color test in the 
stroke group. 
When comparing 

Jung et al[36], 
2021

South Korea To determine the 
efficacy of 
computer-assisted 
rehabilitation 
techniques in 
patients of stroke 
and TBI and to 
compare the 
patterns of 
cognitive function 
recovery in both 
these groups

Retrospective 
cohort study

Computerized 
neuropsychological 
test. MMSE. MBI
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obey command due to 
higher brain 
dysfunction (aphasia 
or hemispatial neglect), 
poor cooperation, the 
presence of a visual or 
hearing impairment 
that interfered with 
cognitive rehabil-
itation, and unstable 
vital signs were 
excluded from the 
study

stimulation; 2 selective 
attention tasks that 
track attention in 
distraction; 3 working 
memory tasks that 
assess recognition and 
recall memory using 
visual, auditory, and 
multisensory 
stimulation; and 1 
emotional attention 
task that assesses 
responses to pleasant or 
unpleasant stimulation

the TBI and stroke 
groups, it was 
noted that all 
parameters, except 
for digit span 
forward, visual 
learning, word 
color test, and 
MMSE, had higher 
mean values in the 
stroke group. 
Significantly 
higher values were 
seen in the stroke 
group for visual 
span forward and 
card sorting test

Kober et al
[37], 2015

Austria To evaluate an 
adaptive human-
computer interface 
in improving 
cognitive function 
in patients who 
experienced a 
stroke

Non-randomized 
prospective 
study

24 patients who 
experienced first-time 
stroke with any site of 
brain lesion and motor 
deficit were included 
in the study. Patients 
with visual hemi-
neglect, dementia, 
psychiatric disorders 
such as depression or 
anxiety, other 
concomitant 
neurological disorders, 
aphasia, or insufficient 
motivation and 
cooperation were 
excluded from the 
study

Long-term memory 
was tested using 
CVLT and Visual 
and Verbal 
Memory Test 2. 
Short-term memory 
was tested using 
Corsi Block 
Tapping Test, Digit 
span test, CVLT, 
VVM2. Working 
memory was tested 
using Corsi Block 
Tapping Test 
backwards task and 
digit span test

For both NF training 
protocols, electroen-
cephalography signal 
was recorded using a 
10-channel amplifier 
with a sampling 
frequency of 256 Hz. 
Up to ten NF training 
sessions were carried 
out on different days 
three to five times per 
week. Each session 
lasted approximately 45 
min and consisted of 
seven runs of 3 min 
each

After NF training, 
the sensorimotor 
rhythm patient 
group showed 
significant 
performance 
improvements in 
parameters of the 
CVLT assessing 
verbal short-term 
and long-term 
memory compared 
to the pre-
assessment. 
Sensorimotor 
rhythm patients 
showed a 
numerical 
performance 
improvement in 
visual-spatial 
short-term 
memory

Li et al[38], 
2022

China To determine if left 
dorsolateral 
prefrontal cortex 
iTBS can improve 
cognitive function 
in patients who 
experienced a 
stroke

Prospective 
single center 
randomized 
pseudocontrolled 
trial with double 
blinding

58 patients who met 
the inclusion criteria in 
which stroke was 
confirmed by CT or 
magnetic resonance 
imaging, 18 to 65-year-
old patients, post 
stroke cognitive 
impairment diagnosis, 
absence of visual or 
hearing impairment, 
ability to complete the 
assessment and 
training, vitally stable 
and have signed 
informed consent for 
iTBS treatment were 
included. Patients with 
cognitive dysfunction 
caused by cranio-
cerebral trauma or 
neurological diseases, 
aphasia, unstable 
arrhythmias, or other 
serious physical 
conditions, contrain-
dications of magnetic 
stimulation, history of 
seizures, patients in 
critical condition were 
excluded from the 
study

MMSE. Oxford 
cognitive screen. 
Event-related 
potential P300 pre 
and post 
intervention

Stimulation was done 
by using a transcranial 
magnetic stimulator 
(nagneuro 60 type 
stimulator) and a 
figure-of-eight coil. In 
the iTBS group, three 
continuous pulses at 50 
Hz were repeated at 5 
Hz (2 s on, 8 s off) for a 
total of 192 s and 600 
pulses. In the sham 
stimulation group, coil 
was rotated by 90° so it 
sat perpendicular to the 
target area, and the 
minimum stimulation 
was generated. 
Stimulation parameters 
and site matched those 
of the iTBS group

Post-intervention 
MMSE scores 
showed a statist-
ically significant 
increase from the 
baseline. After 
iTBS intervention, 
there was 
significant 
improvement in 
the overall 
cognitive function, 
executive function, 
and memory 
function

To assess the 
outcome of TIMP 
interventions on 
improvement of 
cognitive and 
affective outcomes 
relative to baseline 

30 participants who 
were chronic post-
stroke and community-
dwelling were 
randomized to one of 
three experimental 
groups who met the 

TMT-part B. The 
forward DST. The 
General Self-
Efficacy Scale. The 
Multiple Affect 
Adjective Check 
List-Revised. The 

The interventions used 
differed among the 
groups of participants: 
Group 1: 45 min of 
active TIMP training. 
Group 2: 30 min of 
TIMP followed by 15 

TIMP + motor 
imagery seemed to 
improve cognitive 
adaptability in 
individuals with 
chronic post-stroke 
conditions, 

Haire et al
[42], 2021

Canada Randomized 
controlled trial
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in patients who 
experienced a 
stroke

following inclusion 
criteria: (1) 
Hemiparesis/unilateral 
stroke sustained more 
than 6 months prior to 
enrollment in the 
study; (2) Presence of 
at least minimal 
movement of the 
affected limb; (3) Age: 
30-79 years; and (4) 
Ability to understand 
and follow simple 
instructions. Those 
patients who had a 
presence of comorbid 
neurological disorder 
and were actively 
participating in an 
upper extremity 
rehabilitation program 
at the same time as the 
study period were 
excluded from the 
study

Self-Assessment 
Manikin

min of cued motor 
imagery, involving 
listening to a 
metronome beat set for 
each exercise while 
engaging in motor 
imagery. Group 3: 30 
min of TIMP followed 
by 15 min of motor 
imagery without 
external cues. Exercises 
focused on training of 
gross and fine motor 
control using acoustic 
and electronic 
instruments, which 
were selected and 
positioned to meet 
individual needs

potentially attrib-
utable to the 
reinforcement of 
mental constructs 
via motor imagery 
after engaged 
training

Abd-Elaziz et 
al[47], 2015

Egypt To measure the 
effect of cognitive 
rehabilitation of 
elderly patients 
with a history of 
stroke on their 
cognitive function 
and ADL

Quasi experi-
mental research 
design

70 elderly patients who 
were aged 60 years and 
above with post stroke 
dementia with a 
history of stroke at 
least three months 
prior to study 
documented by CT or 
magnetic resonance 
imaging brain and with 
a stable medical status 
were recruited for the 
study. Patients with 
the presence of 
additional severe 
medical conditions 
preventing active 
rehabilitation, aphasia, 
agnosia, disturbed 
conscious level and 
those on antipsychotic 
drugs, antiepileptic, 
and anticoagulant 
drugs were excluded 
from the study

MMSE: Including 
five items 
(orientation, 
registration, 
attention and 
calculation, recall, 
and language. Digit 
span (forward and 
backward). Logical 
memory. Geriatric 
Depression Scale. 
Barthel index

The program consisted 
of three theoretical 
session about health 
education for diabetes 
mellitus, hypertension, 
and prevention of 
recurrent stroke and 
five practical sessions 
about spatial memory, 
attention and concen-
tration, visual attention, 
fish face task, N400 task

Training programs 
significantly 
benefited cognitive 
function in elderly 
patients who 
experienced a 
stroke. Significant 
differences were 
observed in 
pretest, post-test, 
and follow-up 
assessments in the 
studied group, 
including MMSE, 
logical memory, 
digit span forward, 
and digit span 
backward (P value 
= 0.000). At 
baseline, group I 
had a mean logical 
memory of 4.65 ± 
2.37, and group II 
had 4.37 ± 1.92. 
After the program, 
group I showed 
slight 
improvement, with 
a mean of 6.62 ± 
2.12

The computerized WM 
training program 
Cogmed was used. It 
consisted of various 
visuospatial and verbal 
working memory tasks. 
The difficulty of each 
task was adapted to 
each patient’s WM 
capacity. After 
completing the 25 
training sessions, each 
individual was 
assigned a WM index. 
Each session was 45-60 
min of intense exercise 
including one break 
with the exercise 
intensity varying 
between 4-5 days/week 
for 5-7 weeks. All 
participants were 
trained in pairs or in 
groups of three, and 
both individual 

After the program 
ended 20 weeks 
later, the group 
showed significant 
improvements on 
all neuropsycho-
logical tests (P < 
0.001). There was a 
marked positive 
change in the 
working memory 
index (P < 0.001), 
with each patient 
showing 
improvement 
during the 
training. 
Computerized 
working memory 
training can 
enhance cognitive 
abilities and daily 
life performance 
for those with 
acquired brain 

Hellgren et al
[28], 2015

Sweden Aimed at invest-
igating the effects 
of computerized 
working motor 
training on 
working motor 
skills, cognitive 
tests, activity 
performance, and 
estimated health 
and whether the 
effects of 
computerized 
working motor 
training can be 
attributed to 
gender or time 
since injury

Randomized 
controlled trial- 
crossover design

Inclusion criteria: (1) 
Age between 20-65 
years; (2) With 
subjective working 
motor impairment; (3) 
Significantly impaired 
WAIS WM index 
compared with index 
of verbal compre-
hension; and (4) 
Presence of motivation 
for training. Exclusion 
criteria: (1) Intelligence 
quotient ≤ 70 as 
measured with WAIS-
III/WAIS-IV; (2) 
Depression; and (3) 
Perceptual or motor 
difficulties that make 
the computerized WM 
training impossible. n 
= 48

Neuropsychological 
tests focused on 
verbal and visual 
working memory: 
Paced Auditory 
Serial Attention 
Test; forward and 
backward block 
repetition; and 
Listening Span 
Task. EQ-5D 
questionnaire and 
the interviews 
based on the 
Canadian occupa-
tional performance 
measure
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performances and 
group performances 
were analyzed and 
presented at a 20-week 
follow-up session

injuries, partic-
ularly when started 
early in rehabil-
itation

Fishman et al
[48], 2021

Canada To determine 
whether a simple 
intervention 
targeting goal 
setting could 
improve cognitive 
performance across 
commonly affected 
domains 
(attention/working 
memory, and 
verbal memory) in 
the chronic phase 
of stroke

Randomized 
controlled trial-
single-blind, 
parallel-design

72 stroke survivors 
were randomly 
assigned to experi-
mental and control 
group who met the 
inclusion criteria such 
as English speaking, 
nonaphasic individuals 
between 35 and 90 
years of age with 
definite ischemic stroke 
diagnoses based on CT 
and magnetic 
resonance imaging 
scans at least 3 months 
post stroke. 
Participants with 
severe aphasia or 
dementia were 
excluded from the 
study

Controlled Oral 
Word Association 
Test. CVLT-II. 
Semantic fluency 
test. DST. TMT. 
Verbal fluency 
tasks

For each task, half of 
the participants were 
asked to establish a 
goal to increase their 
performance by 20%; 
the researcher gave 
them a specific number 
to aim for. CVLT 
encouraged 
participants to set goals 
for their word learning 
task. If they 
successfully recalled at 
least 10 words, they 
were to recall 1 extra 
word; if they correctly 
recalled fewer than 10 
words, they were to 
recollect 2 additional 
words

Goal setting 
improved 
cognitive 
performance in 
stroke survivors. 
Participants with 
goal-setting 
instructions 
showed better 
executive function, 
attention/working 
memory, and 
learning compared 
to those with 
standard 
instructions. They 
exceled in tasks 
involving verbal 
executive function, 
attention/working 
memory, and 
verbal learning

Fernandez-
Gonzalo et al
[21], 2016

Sweden To validate the 
effectiveness of 
resistance exercise 
in individuals with 
greater physical 
capabilities, 
focusing on 
various cognitive 
functions such as 
working memory, 
verbal fluency 
tasks and attention

Pilot randomized 
controlled trial

Participants who were 
included in the study 
were individuals who 
had experienced a 
stroke, over 40 years of 
age, at least 6 months 
post-stroke, had mild 
to moderate 
hemiparetic gait, and 
could perform closed-
chain exercises with 
the prescribed device. 
Exclusion criteria 
included unstable 
angina, congestive 
heart failure, severe 
arterial disease, major 
depression, dementia 
(scoring < 24 on the 
MMSE), difficulty 
understanding 
instructions, or chronic 
pain. n = 32

Digit span forward. 
Spatial span 
forward - WMS-III. 
Conners 
Continuous 
Performance Test-
II. Stroop Color and 
Word Test. Rey 
Auditory Verbal 
Learning Test. 
Verbal fluency test. 
Semantic fluency

Participants underwent 
unilateral resistance 
exercise training using 
the more-affected leg 
on a flywheel leg press. 
This training occurred 2 
days per week, with 
over 48 h of rest 
between sessions, for a 
period of 12 weeks. The 
training sessions 
consisted of a 
standardized warm-up, 
followed by 4 sets of 7 
maximal repetitions 
designed to induce 
ECC overload as 
validated in previous 
stroke studies. The 
training involved 
pushing with maximal 
effort during the entire 
range of motion in the 
concentric phase, 
resisting inertial force 
during the first part of 
the eccentric phase, and 
applying maximal 
effort to stop 
movement at about 70° 
knee flexion

    The training 
group showed 
enhancements in 
cognitive function. 
This included 
improved verbal 
fluency and 
executive 
functions, as 
measured by the 
verbal fluency test 
and TMT

Virtual reality-based 
cognitive intervention 
used a city simulation 
called Reh@City, which 
featured a three-
dimensional 
environment with 
streets, sidewalks, 
buildings, parks, and 
moving cars. Reh@City 
required patients to 
complete common 
daily tasks at four 
frequently visited 
locations: A 
supermarket; a post 
office; a bank; and a 
pharmacy. The system 
offered visual feedback 
with time and point 
counters, rewarding 

    The study 
revealed that the 
virtual reality-
based cognitive 
rehabilitation had a 
significantly 
positive impact on 
cognitive functions 
like global 
cognitive 
performance, 
attention, memory, 
visuospatial skills, 
and executive 
functions. It also 
led to 
enhancements in 
subjective health 
status, physical 
functioning, and 
overall recovery. 

Faria et al[22], 
2016

Portugal To check the effect-
iveness and 
benefits of virtual 
reality-based 
cognitive rehabil-
itation through 
simulated ADL via 
Reh@City

Randomized 
controlled trial

Patients who 
experienced a stroke 
were randomly 
assigned to 
intervention and 
control group. 
Inclusion criteria: 
MMSE > 15; ability to 
read and write; 
capacity to sit; no 
hemi-spatial neglect; 
and motivation to 
engage in the study. 
Patients with moderate 
or severe language 
comprehension deficits 
were excluded

Addenbrooke 
cognitive 
examination, 
attention, memory, 
verbal fluency, 
language, and 
visuo-spatial 
abilities. TMT A 
and B. Picture 
arrangement test. 
SIS 30. System 
Usability Scale
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patients for completing 
objectives and 
intermediate tasks 
while deducting points 
for mistakes or using 
the help button. This 
mainly targeted 
executive functions, 
encouraging problem-
solving, planning, and 
reasoning skills

These results 
indicated that the 
virtual reality-
based cognitive 
rehabilitation 
intervention had a 
positive effect on 
cognitive and 
functional 
outcomes for 
patients who 
experienced a 
stroke. Notably, 
memory within the 
experimental 
group saw 
significant 
improvement (Z = 
-2.081, P = 0.037, r 
= 0.69)

Faria et al[23], 
2020

Portugal To compare the 
effectiveness of 
two cognitive 
rehabilitation 
interventions in 
improving 
cognitive function 
and self-perceived 
cognitive deficits in 
patients experi-
encing chronic 
stroke

Randomized 
controlled trial

Participants who were 
included in the study 
were those under 75 
years, in 6 months 
post-stroke chronic 
phase, with no hemi-
spatial neglect, ability 
to sit, and motivated to 
take part in the study. 
Patients whose MoCA 
scores fell more than 
two standard 
deviations below the 
average score, with 
severe depressive 
symptoms, and those 
who had received 
occupational therapy 
within the 2 months 
leading up to the study 
were not included

Neuropsychological 
assessment. MoCA. 
TMT A and B. 
Verbal paired 
associates from the 
WMS-III-memory 
assessment. Digit 
span (forward and 
backward recall 
conditions). Symbol 
search. Digit 
symbol coding. 
Patient-Reported 
Evaluation of 
Cognitive State

The task generator is a 
tool for creating 
personalized cognitive 
rehabilitation programs 
consisting of 11 tasks. 
After assessing each 
participant’s cognitive 
abilities using the 
MoCA, a training 
program was 
generated. The virtual 
reality-based Reh@City 
v2.0 intervention took 
the same task generator 
tasks and placed them 
in a virtual city. 
Patients had to 
complete cognitive 
tasks related to 
everyday activities like 
shopping or reading 
the newspaper. This 
virtual city included 
billboards and products 
from real places in 
Portugal to make the 
tasks relatable to the 
real world

The task generator 
intervention 
enhanced 
orientation on the 
MoCA, along with 
specific processing 
speed and verbal 
memory. The task 
generator group 
only showed 
significant 
improvements in 
retention scores, 
both immediately 
after the 
intervention and at 
follow-up. In the 
learning and 
memory test, the 
Reh@City v2.0 
group significantly 
improved retention 
and recognition 
scores after the 
intervention. 
Reh@City v2.0 
performed better in 
general cognitive 
function, 
visuospatial ability, 
and executive 
functions and 
showed significant 
and substantial 
improvements in 
verbal memory 
and processing 
speed

The control group 
underwent traditional 
cognitive training, 
which included 
activities such as 
processing speed and 
attention training, 
memory training, 
computational ability 
training, and problem-
solving ability training. 
The intervention group 
used an immersive 
virtual reality system 
for training, which 
included life skills 
training, exergames, 
and entertaining 
games, totaling 16 
different games. Both 
groups received an 
extra 15 min of 

Virtual reality-
based puzzle 
games can enhance 
cognitive function 
in elderly patients 
who experienced a 
stroke, including 
overall cognition, 
memory, attention, 
and daily living 
skills. Significant 
improvements 
were observed 
memory 
improvement in 
patients who 
experienced a 
stroke and 
underwent 
immersive virtual 
reality-based 
training forward 

Liu et al[24], 
2022

China To evaluate the 
effectiveness of an 
immersive virtual 
reality puzzle 
game as a rehabil-
itation therapy for 
elderly patients 
who experienced a 
stroke with 
cognitive issues 
with primary focus 
is on enhancing 
executive function 
and visual-spatial 
attention

Pilot randomized 
controlled trial

30 elderly patients with 
post-stroke cognitive 
impairment in the age 
group between 60 and 
90 years old, having 
MoCA score between 
18 and 26, Fugl-Meyer 
motor scale exceeding 
85 for at least one 
upper and lower limb. 
Patients who were 
challenging to 
evaluate, examine, or 
could not follow 
instructions and with 
severe hearing or 
visual impairment, 
mental disorders, or a 
history of epilepsy or 
vertigo were excluded 
from the study

MoCA scale. TMT-
A. Digit symbol 
substitution test. 
DST-forward and 
DST-backward. 
Verbal fluency test. 
MBI
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intervention each day, 6 
days a week, for 6 
weeks. Cognitive 
function was evaluated 
before and after the 6-
week treatment for all 
participants. Self-report 
questionnaires were 
given only to the IVRG 
group after 6 weeks of 
training

DST (Z = 0.78, P = 
0.435 > 0.05) 
backward DST (Z = 
0.347, P = 0.728 > 
0.05)

Maier et al
[20], 2020

Spain To assess if 
adaptive 
conjunctive 
cognitive training 
in patients experi-
encing chronic 
stroke improved 
attention, memory, 
spatial awareness, 
and depressive 
mood compared to 
standard cognitive 
tasks, while 
considering 
comorbidities

Randomized 
controlled pilot 
trial

30 patients experi-
encing chronic stroke 
were randomized into 
control and 
intervention group 
who were in the age 
group of 45 to 75 years, 
had a cognitive 
impairment, and 
absence of severe 
upper limb motor 
disability. Patients with 
severe cognitive 
impairment and 
impairments like 
spasticity, 
communication 
disabilities, 
hemianopia, physical 
impairments, or severe 
mental health 
problems were 
excluded from the 
study

Averaged 
standardized 
composite scores. 
Neuropsychological 
test battery. Corsi 
Block Tapping Test 
Backward (Corsi B). 
RAVLT immediate. 
Delayed recall 
(RAVLT D). WAIS 
digit span 
backward (WAIS B)

The rehabilitation 
gaming system was 
used for daily cognitive 
training in a study 
where participants 
were split into an 
experimental group 
and a control group. 
The experimental 
group underwent a 6-
week adaptive 
conjunctive cognitive 
training using the 
rehabilitation gaming 
system. The control 
group worked on 
standard cognitive 
tasks at home over the 
same 6-week period. 
Cognitive assessments, 
including executive 
function, spatial 
awareness, attention, 
and memory, were 
conducted at three 
points: Baseline, after 6 
weeks, and during an 
18-week follow-up

The experimental 
group 
demonstrated 
noteworthy 
enhancements in 
attention and 
spatial awareness, 
whereas the 
control group 
displayed memory 
improvement but 
not in other areas. 
Virtual reality-
based cognitive 
training shows 
potential for 
patients who 
experienced a 
stroke, particularly 
those dealing with 
depression

Marangolo et 
al[41], 2018

Italy To investigate the 
effects of tDCS on 
language recovery 
in aphasic 
individuals

Randomized 
controlled trial- 
crossover, 
double-blind 
design

The study involved 12 
participants (6 males 
and 6 females) with 
left-brain damage and 
chronic aphasia. 
Inclusion criteria were 
patients who were 
native Italian speakers, 
right-handed before 
their brain injury, had 
experienced a single 
left-hemispheric stroke 
at least 6 months prior, 
possessed mild affluent 
aphasia without articu-
latory difficulties, 
possessed basic 
comprehension skills, 
and had no attention or 
memory deficits that 
could affect their 
performance

Standardized 
language tests (the 
Battery for the 
Analysis of Aphasic 
Disorders test). 
Neuropsychological 
battery of tests-
working memory 
(i.e. digit span)

tDCS was applied over 
the right cerebellar 
cortex for 20 min. Each 
stimulation condition 
consisted of five 
consecutive daily 
sessions over 1 week 
with a 6-day gap 
between sessions. 
During the tDCS 
sessions, participants 
completed specific 
language tasks, such as 
naming pictures and 
generating verbs in 
response to presented 
nouns. In both tasks, 
the examiner manually 
documented the 
participant’s responses 
on a separate sheet. If 
the participant did not 
provide a response 
within the 20-s 
timeframe, the program 
automatically 
displayed the next 
picture or noun

The study 
suggested that 
cathodal cerebellar 
tDCS coupled with 
language training 
could improve 
verb retrieval in 
individuals with 
aphasia. Notably, 
the improvement 
was more 
pronounced in the 
cognitively 
demanding verb 
generation task. 
These findings 
indicated the 
potential 
therapeutic 
benefits of 
cerebellar 
stimulation for 
aphasia treatment, 
particularly in 
tasks involving 
executive and 
memory 
components

30 sub-acute patients 
who experienced a 
stroke over the age 18 
with no impairments 
and history of 
psychiatric, 
neurological disorders 
or substance abuse, 
and having sufficient 
cognitive and language 
abilities and willing to 
participate. Those 

The Systemic Lisbon 
Battery is a virtual 
reality program set in a 
city where patients 
engage in various 
activities such as 
brushing teeth, 
showering, selecting 
clothes, arranging 
shoes, following 
recipes, recalling news 
or shopping in a virtual 

The results 
indicated superior 
performance in 
assessments of 
overall cognitive 
function, executive 
abilities, attention, 
and memory. 
Memory [WMS 
memory quotient: 
t(25) = -3.297; P < 
0.01]. Modified 

Oliveira et al
[33], 2022

Portugal To evaluate a 
virtual reality-
based approach for 
aiding cognitive 
recovery in 
patients who 
experienced a 
stroke

Single-arm pre-
post design

MoCA. Frontal 
assessment battery. 
WMS-I. Color Trails 
Test
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patients who could not 
complete at least 6 
training sessions (i.e. 
180 min of 
intervention) were 
excluded from the 
study

shop. Each session 
incorporates spatial 
orientation and 
memory by recalling 
door numbers and 
street details. The 
intervention plan was 
structured by difficulty 
and targeted cognitive 
domains, with 
interactions using a 
computer mouse. For 
the completely 
dependent patients, the 
psychologist controlled 
the mouse based on 
patient instructions. 
Each patient completed 
7 sessions, each lasting 
approximately 30 min

reliable change 
index analysis 
indicated that 15% 
improved in 
memory. Virtual 
reality exercises 
focusing on 
everyday activities 
can offer short-
term cognitive 
rehabilitation 
benefits for 
patients who 
experienced a 
stroke

Withiel et al
[45], 2019

Australia To assess the 
effectiveness of 
group 
compensatory 
memory skills 
training and CCT 
in rehabilitating 
memory after 
stroke

Randomized 
controlled trial

65 participants were 
randomized into two 
interventional and one 
waitlist control group. 
Those with a history of 
stroke confirmed by 
neurological 
examination and brain 
imaging at least 3 
months previously 
were included in the 
study. Patients with 
physical impairment 
and with severe 
cognitive or 
communication deficits 
were excluded

The RAVLT -verbal 
and visual learning. 
Brief visuospatial 
memory test-
revised–memory. 
Royal Prince Alfred 
Prospective 
Memory Test-
prospective 
memory. Symbol 
Span Test-spatial 
memory. Digit span 
backward-verbal 
working memory. 
Everyday Memory 
Questionnaire-
Revised. Part A of 
the Comprehensive 
Assessment of 
Prospective 
Memory

An adapted version of 
the manualized 
memory group 
program, “Making the 
Most of your Memory: 
An Everyday Memory 
Skills Program,” was 
used. It consisted of six 
2-h sessions, conducted 
weekly at a university 
psychology training 
clinic. An experienced 
neuropsychologist led 
the sessions with two 
provisional psycho-
logists’ assistance. 
LumosityTM, is an 
adaptable CCT 
program. The training 
regimen consisted of 30 
min per day, 5 days a 
week, for 6 weeks. 
After the project 
concluded, participants 
on the waitlist were 
given the option to 
select a memory 
intervention

65 community-
dwelling stroke 
survivors took part 
(24 in the memory 
group, 22 in CCT, 
and 19 in the wait-
list control). The 
memory group 
showed more 
significant 
progress in 
memory-related 
goals and internal 
strategy use at the 
6-week follow-up 
compared to 
computerized 
training and wait-
list control. 
Memory skills 
groups, rather than 
computerized 
training, may assist 
community-
dwelling stroke 
survivors in 
reaching their 
functional memory 
goals

The control group 
received three sessions 
of CMDT every week 
for 6 weeks and 
included motor tasks 
associated with balance 
and posture while 
sitting and standing, 
which were performed 
simultaneously with 
cognitive tasks related 
to attention, memory, 
and cognitive function. 
Tasks included 
counting backward 
from a number while 
sitting up and naming 
the days of the week in 
reverse order during 
trunk rotation. The 
interventional group 
received CMDT + 
AMST in a different 
room than the control 
group but in the same 
manner as the control 
group. AMST used the 
interactive metronome 
(IM pro 9.0) and 
involved various motor 
tasks. These tasks 

Park and Lee
[29], 2018

South Korea To compare CMDT 
with AMST based 
on its effects on 
increasing 
attention, memory, 
and cognitive 
functioning when 
used in the rehabil-
itation of 
individuals with 
chronic stroke

Pilot randomized 
controlled trial

30 participants were 
included in the study 
and randomly assigned 
to the experimental 
and control group who 
were diagnosed stroke 
with cerebral 
hemorrhage or cerebral 
infarction, MMSE-K 
score ≥ 21, able to 
follow verbal 
instructions and 
having dual task 
capability. Patients 
with dementia, history 
of seizure, high blood 
pressure or angina, and 
visual or auditory 
impairments that 
would interfere with 
task performance were 
excluded

TMT-A. TMT-B. ST. 
DST. CMDT and 
AMST of the 
experimental group 
using a metronome

In the interven-
tional group, 
significant changes 
occurred in 
multiple test 
scores: TMT-A and 
TMT-B (P = 0.001), 
DST-forward and 
DST-backward (P 
= 0.001), ST-word, 
and ST-color (P = 
0.001). Combined 
(CMDT + AMST) 
intervention was 
more effective in 
improving 
cognitive function, 
attention, and 
memory in patients 
with stroke than 
CMDT alone
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included tapping both 
hands while making a 
semi-circular 
movement and 
pressing the right or 
left trigger in response 
to the reference sound

Park and Park
[30], 2015

South Korea To study the effects 
of CoTrans 
(computer-based 
cognitive rehabil-
itation program) 
on the cognitive 
function and visual 
perception of 
patients with acute 
stroke

Randomized 
controlled trial

30 participants were 
included in the study 
and randomly assigned 
to the experimental or 
control group who had 
history of no more than 
one stroke with an 
onset duration of < 3 
months; MMSE score 
of ≤ 23; has the ability 
to understand 
instructions and use 
the controller with the 
unaffected upper limb 
and not having 
unilateral hemispatial 
neglect and 
hemianopsia

Lowenstein 
Occupational 
Therapy Cognitive 
Assessment. Motor-
free Visual 
Perception Test-3

The control group 
received conventional 
cognitive rehabilitation 
with emphasis on 
visual perception 
ability using pencil and 
paper. The experi-
mental group received 
a Korean Computer-
based cognitive rehabil-
itation program with 
CoTrans program using 
a joystick and a large 
button focusing on 
visual perception, 
attention, memory, 
orientation, sequencing, 
and categorization

Computer based 
cognitive rehabil-
itation with 
CoTrans may 
contribute toward 
the recovery of 
cognitive function 
and visual 
perception in 
patients with acute 
stroke. The 
improvement in 
Lowenstein 
Occupational 
Therapy Cognitive 
Assessment and 
Motor-free Visual 
Perception Test 
was higher in the 
experimental 
group than in the 
control group 
subjects after 20 
sessions. A statist-
ically significant 
difference was 
observed between 
the two groups at 
the end of 
treatment

Patani[44], 
2020

India To determine how 
neurobic exercises 
affect the memory 
of patient who 
experienced a 
stroke

Randomized 
controlled trial

The study included 40 
participants aged 50 to 
80, of both genders, 
diagnosed with stroke, 
MMSE score > 22, 
higher Brunnstrom’s 
recovery stage and 
Barthel index score > 
12. Patients with 
neuromusculoskeletal 
condition, other 
psychiatric illness, 
hearing and visual 
deficit, hemodynamic 
instability with 
uncontrolled 
hypertension and other 
progressive metabolic 
diseases were excluded

MoCA scale. SIS Neurobic exercises are 
a distinctive brain 
workout program that 
combines physical 
senses such as vision, 
hearing, taste, smell, 
and touch, along with 
emotional senses in a 
regularly changing 
routine

The post-treatment 
mean MoCA score 
in the experimental 
group was 18.35 ± 
4.36, in 
comparison, the 
conventional 
group had a mean 
MOCA score of 
11.70 ± 3.31. With 
the use of SIS and 
MoCA, neurobic 
exercises 
significantly 
improved memory

The experimental 
group received training 
with computer 
programs 30 min/day 
for 2 weeks in addition 
to standard treatment. 
Visual and spatial 
memory training 
involves remembering 
the positions of images 
in a five-by-five square 
with an increasing 
number of objects 
(images of books). The 
patient clicks on the 
cells to recall the image 
positions. The number 
of objects to remember 
increases with correct 
performance until two 
mistakes are made. 
Information about 
speed and correctness 

Prokopenko et 
al[31], 2013

Russia To evaluate the 
effectiveness of 
novel 
computerized 
correction 
programs for 
cognitive neurore-
habilitation

Randomized 
controlled trial

Inclusion criteria: 
Patients with cognitive 
problems following 
stroke; having mild 
dementia, without 
significant speech 
problems or epilepsy; 
and in the acute and 
early restorative period 
of stroke. Exclusion 
criteria: Patients with 
MMSE < 20; medically 
unstable; were not 
fluent in Russian or 
had speech problems. n 
= 43 participants 
(experimental group: 
24 participants; Control 
group: 19 participants)

МоСА. Schulte’s 
tables (for attention 
deficit estimation)

The intervention 
group displayed a 
noteworthy 
enhancement in 
cognitive function, 
as indicated by the 
MMSE, frontal 
assessment battery, 
clock drawing test, 
Schulte’s test, and 
MoCA (with a 
significance level 
of P < 0.01), 
following the 
treatment course
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of answers and the 
amount of information 
memorized is displayed 
on the screen. Other 
computerized tasks in 
the cognitive correction 
program include 
remembering symbol 
sequences, arranging 
clock hands, and serial 
counting

Song and Fu
[59], 2022

China To investigate the 
impact of cognitive 
impairment 
rehabilitation on 
the cognitive 
performance of 
older patients who 
experienced a 
stroke

Retrospective 
study

120 patients with the 
first onset of stroke, 
having stable vital 
signs were randomly 
assigned to the study 
and control group. 
Patients with 
complicated 
cerebrovascular 
conditions, cognitive 
impairment, physical 
limitations, intellectual 
abnormalities, 
malignant tumors were 
excluded

МоСА The study group 
received additional 
rehabilitation for 
cognitive impairment. 
Patients with MoCA 
scores below 26 had 
enhanced cognitive 
training. This training 
included exercises for 
time, space, and 
character discrim-
ination, where patients 
were shown familiar 
individuals, places, and 
the current time and 
asked to distinguish 
them independently. 
Number practice aimed 
to help patients 
understand basic 
numbers, sort and 
calculate them, 
enhancing logical 
thinking. Training for 
language and memory 
abilities involved 
increased 
communication with 
family members, 
memory stimulation, 
daily reading sessions, 
and exercises for 
reasoning abilities like 
describing and 
categorizing various 
daily items in the ward

The scores for the 
study group 
cognitive function, 
simple intelligence 
state, and 
neurological 
deficiency were 
higher than the 
scores of the 
control group 
following the 
rehabilitation 
treatment (P < 
0.05)

Wizard (Peak) offers 
tablet-based training 
for visuospatial 
working memory. In 
the game, geometrical 
figures are hidden 
under cards. During 
each round, the cards 
are revealed one by one 
in a random order, and 
the player must select 
the correct hiding place 
using the touchscreen. 
The game has a 
narrative involving a 
Wizard who needs 
items like strength, 
weapons, and trophies 
to battle monsters. 
Tokens are earned 
through successful 
trials and lost when 
mistakes are made. The 
game adjusts its 
difficulty based on the 
player’s performance 
and is played on tablet 
computers in a 
designated room with 
technical support. After 
each training session, 
patients rated their 
enjoyment of the 

Patients who 
conducted Wizard 
training showed a 
significantly larger 
pre-post change in 
the Wechsler 
spatial span test 
backward scores 
than those who 
were not offered 
[F(1,80) = 12.947, 
Pcorr = 0.002, d = 
0.72]. Wizard 
training was 
associated with a 
larger 
improvement in 
verbal learning 
capacity on the 
verbal learning and 
memory test, and 
the degree of 
improvement 
correlated 
positively with the 
training dose. Self-
directed training 
with the Wizard 
game improved 
working memory 
functions of the 
impaired patients 
who experienced a 

Studer et al
[34], 2021

Germany To examine if 
patients’ 
commitment to 
daily self-directed 
training could be 
improved through 
precommitment

Randomized 
controlled trial

95 adult patients who 
experienced a stroke 
with visuospatial 
memory impairments 
were recruited and 
randomly allocated 
into three groups: A 
precommitment, 
control and standard 
therapy only group. 
Patients with moderate 
or severe aphasia, 
dementia, severe 
deficits in multiple 
cognitive domains, 
inability to provide 
consent and multi-
resistant bacteria were 
excluded

Wechsler spatial 
span test. Verbal 
learning and 
memory test
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Wizard game on a 
Likert scale from 1 to 7

stroke

Tsai et al[39], 
2020

Taiwan To investigate the 
comparative effects 
of repetitive 
transcranial 
magnetic 
stimulation and 
iTBS in patients 
with left 
hemispheric stroke 
on patients’ global, 
memory, attention, 
language and 
visuospatial 
cognitive function

Randomized, 
controlled, 
double-blind 
study

44 patients were 
randomly assigned to 
rTMS, iTBS and sham 
groups diagnosed with 
ischemic or 
hemorrhagic stroke 
with cognitive 
impairment, no history 
of seizure, intracranial 
occupying lesion, use 
of antidepressants or 
neurostimulators. 
Patients with unstable 
cardiac dysrhythmia, 
fever, infection, 
hyperglycemia, 
epilepsy or previous 
administration of 
tranquilizers, 
neurostimulators or 
other medication that 
significantly affected 
the cortical motor 
threshold and those 
with metallic 
intracranial devices, 
pacemakers or other 
electronic devices in 
their bodies were 
excluded

RBANS. Beck 
Depression 
Inventory

The iTBS treatment 
consisted of 3 pulses of 
50 Hz bursts repeated 
at 5 Hz for a total of 190 
seconds (600 pulses). 
The 5 Hz rTMS 
protocol was applied at 
an intensity of 80% of 
the resting motor 
threshold, with 2 
strains at an interval of 
8 seconds, repeated 
every 10 seconds for a 
total of 10 minutes (600 
pulses). Each patient 
received 10 days of 
rTMS treatment, 
administered in the 
morning from Monday 
to Friday for 2 
consecutive weeks. For 
the control group, a 
placebo coil (Magstim) 
for the sham 
stimulation was used, 
which delivered less 
than 5% of the 
magnetic output with 
an audible click on 
discharge

After 10 rTMS 
sessions, the 5 Hz 
rTMS group 
showed significant 
increases in total 
RBANS score (P = 
0.003) and 
improved delayed 
memory (P = 
0.007). The iTBS 
group exhibited 
significant 
increases in total 
RBANS score (P = 
0.001) and 
enhancements in 
immediate 
memory (P = 
0.006), language (P 
= 0.005), and 
delayed memory 
(P = 0.008). Both 
iTBS and 5 Hz 
rTMS improved 
global cognition 
and memory 
without affecting 
mood and were 
effective and safe 
for treating 
patients who 
experienced left-
brain stroke and 
enhanced memory 
function

Aben et al
[25], 2014

Netherlands To ascertain how a 
novel MSE training 
program affects the 
MSE of patients 
who experienced a 
stroke, depression, 
and quality of life 
over the long run

Multicenter 
randomized 
controlled trial

153 patients between 
the age group of 18 and 
80 years, living 
independently, 18 
months or more post 
onset after stroke and 
reported subjective 
memory complaints. 
Patients with 
progressive 
neurological disorders 
such as dementia or 
multiple sclerosis, 
alcohol or drug abuse, 
subdural hematomas, 
or subarachnoid 
hemorrhages

Metamemory in 
adult questionnaire

The MSE training, 
adapted for patients 
who experienced a 
stroke from a program 
by Verhey and Ponds, 
consisted of three main 
parts: An introduction 
about memory and 
stroke, training on 
internal and external 
memory strategies, and 
psychoeducation on 
how mood, anxiety, 
and memory-related 
worries affect memory 
complaints. It involved 
nine 1-h sessions 
conducted twice a 
week, including 
training booklets and 
homework 
assignments. The 
control group did not 
receive therapeutic 
interventions but was 
educated about stroke 
causes and 
consequences. They 
had nine 1-h sessions, 
similar to the MSE 
group, but did not 
receive homework 
assignments. A trained 
psychologist led both 
groups

MSE improved 
significantly over 
the intervention 
period in the 
experimental 
group compared 
with the control 
group (P = 0.010; 
Cohen’s d = 0.48). 
In younger patients 
in the experimental 
group, MSE 
improved 
significantly more 
than the MSE score 
in the control 
group (B = 0.56; P 
< 0.003)

To assess how a 
home-based 
reablement 
program impacts 
various rehabil-
itation outcomes in 
patients who 

24 participants were 
randomly assigned to 
interventional and 
control group who 
were above the age of 
20, having modified 
Rankin scale score of 2-

The home-reablement 
group underwent goal-
oriented training for 
ADLs for 50 min a day, 
once a week for 6 
weeks. During the 
initial week, the 

Individuals who 
had experienced a 
stroke showed the 
possibility of 
improving their 
motor function, 
ADL and instru-

Chiu et al[46], 
2021

Taiwan Single-blind 
randomized 
clinical trial

Fugl-Meyer 
Assessment for the 
upper extremity. 
SIS
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experienced a 
stroke

4 points, and could 
maintain a sitting 
position for at least 30 
min in a wheelchair or 
bed without any 
assistance, and have 
the ability to follow 
instructions and 
cooperate with the 
procedures. Patients 
with orthopedic 
disorder, progressive 
disease, and peripheral 
nerve injury were 
excluded

occupational therapist 
leading the program 
focused on 2 to 3 ADLs 
that the participants 
considered important 
but challenging to 
perform. The therapist 
not responsible for the 
assessments gauged the 
participants’ desire for 
improvement and 
assessed their current 
abilities in carrying out 
these ADLs. From the 
second to the sixth 
week, the occupational 
therapist taught the 
participants how to 
perform these ADLs 
effectively and 
provided them with 
strategies like task 
analysis, task 
modification, and 
simplifying the work 
process

mental ADL, 
emotional well-
being, memory, 
and participation 
in various activities 
through their 
participation in a 
home-reablement 
program

Baylan et al
[43], 2020

United 
Kingdom

To evaluate the 
viability and 
approval of 
integrating short 
mindfulness 
training into a 
music listening 
program for 
individuals 
recovering from a 
stroke

Randomized 
clinical trial

English-speaking 
adults who are native 
speakers, aged 18 to 80 
years during the first 
11 months of 
recruitment, and in the 
acute stage after being 
clinically and/or 
radiologically 
diagnosed with an 
ischemic stroke are 
included in this study. 
Patients with comorbid 
progressive 
neurological or 
neurodegenerative 
condition, major 
psychiatric disorder, 
history of major 
substance abuse 
problems, clinically 
unstable, unable to 
give informed consent 
or unable to cooperate 
are excluded. N = 72 
were recruited and 
randomly allocated 
into mindful music 
listening (n = 23), 
music listening alone 
(n = 24) and audiobook 
listening (n = 25)

MoCA. Test of 
Everyday 
Attention. BIRT 
Memory and 
Information 
Processing Battery. 
WAIS. WMS. 
Controlled Oral 
Word Association 
Test

Participants got an iPod 
Nano and were told to 
listen to their selected 
material daily for at 
least an hour, aiming 
for a total of 56 h over 
the 8 weeks and were 
instructed to keep a 
daily written record of 
their listening to 
measure adherence. In 
the mindful-music 
group, they received a 
recording with a brief 
mindfulness exercise to 
complete daily before 
listening to music for 
the first three weeks. 
These were short 
exercises focused on 
mindfulness elements. 
Participants were 
guided to let thoughts 
pass and refocus if 
distracted. At the 
fourth visit, another 
brief exercise 
(following the breath) 
was introduced for the 
next three weeks. For 
the final two weeks, 
participants could 
choose which exercise 
to do. During the last 
visit, post-intervention 
listening plans were 
discussed, and the 
mindful-music group 
received a CD or 
recording of the 
mindfulness exercises

Mindful music 
listening is feasible 
and acceptable 
post-stroke. The 
participants’ self-
reported positive 
cognitive effects 
were primarily 
related to memory 
and attention. The 
music groups, not 
the audiobook 
group, reported 
experiencing 
memory 
reminiscence. The 
mindful music 
group specifically 
mentioned an 
enhanced ability to 
refocus their mind 
after it wandered. 
This indicates 
improved 
attentional control 
or attentional 
switching

60 patients who 
experienced a stroke 
aged between 60-74 
years old, having 
stroke-affected arm 
paresis, disturbed deep 
and superficial 
sensations, and MMSE 
score > 21 points were 
included in the study. 
Participants with 
stroke-affected arm 
paralysis, aphasia, 

Fugl-Meyer 
Assessment upper 
extremity. Modified 
Ashworth scale. 
Box and Block Test. 
Hand Tapping 
Score Test. 
Modified 
Functional 
Independence 
Measure. 
Addenbrooke’s 
cognitive 

The conventional post-
stroke rehabilitation 
program lasted for 3-4 
h daily, 5 days a week, 
including various 
therapies. Training 
with the new techno-
logical devices (Kinect 
or Armeo robot) took 
place for 45 min a day, 
totaling ten sessions. 
Training sessions 
involved motor tasks 

The Armeo group 
showed greater 
overall cognitive 
changes, partic-
ularly in attention 
and executing 
complex 
commands like 
drawing two 
pentagons. These 
differences were 
statistically 
significant (P < 

Adomavičienė 
et al[26], 2019

Lithuania To assess how new 
technology 
influences 
functional status, 
cognitive abilities, 
and upper limb 
motor outcomes in 
stroke rehabil-
itation

Randomized 
prospective 
clinical trial
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painful shoulder 
syndrome and 
hypertonic stroke 
affected arm were 
excluded from the 
study

examination-
revised

and short rest periods. 
The exercise program 
was tailored to each 
patient, and they 
received individual 
supervision from an 
occupational therapist. 
Patients sat in a chair or 
wheelchair with seat 
belts for safety and 
were actively engaged 
in the exercises. The 
clinician assessed arm 
impairment, motor 
function recovery, and 
any complications at 
the beginning of each 
training session

0.05). The 
Addenbrooke’s 
cognitive 
examination-
revised testing 
results indicated 
more substantial 
enhancements in 
memory, fluency, 
and visuospatial 
abilities within the 
Armeo group (P < 
0.05)

Yin et al[40], 
2020

China To determine the 
impact of rTMS 
intervention on 
patients with post-
stroke cognitive 
impairment to 
behavioral 
improvements, 
including ADL and 
executive and 
memory function

Randomized 
controlled trial

34 patients with post-
stroke cognitive 
impairment, aged 
between 30-75 years; 
MoCA < 26, with stable 
vital signs, normal 
cognitive function 
before stroke, and no 
severe aphasia were 
included for the 
review. Patients with 
complete left prefrontal 
cortex injury, 
transcranial surgery or 
skull defect, metal or 
cardiac pacemaker 
implants, history of 
brain tumor, brain 
trauma, seizures, 
cognitive function 
recession and affective 
disorder were 
excluded from the trial

MoCA. Victoria 
Stroop test. 
Rivermead 
Behavior Memory 
Test

rTMS treatment was 
conducted using a 
MagPro X100 magnetic 
stimulator and a 
standard figure-of-eight 
air-cooled coil. A 10-Hz 
rTMS was applied at 
80% of the resting 
motor threshold. 
Patients received 
treatments once a day, 
5 days per week for 4 
weeks. After rTMS 
treatments, they 
underwent a 30-min 
computer-assisted 
cognitive rehabilitation 
program covering 
various cognitive skills 
like attention, executive 
function, memory, 
calculation, language, 
and visuospatial skills

A two-way 
repeated measures 
ANOVA of the 
RBMT indicated a 
significant 
interaction effect 
between time and 
group in terms of 
memory ability (F 
= 5.2, df = 2, P = 
0.008). After two 
and four weeks of 
therapy, pairwise 
comparisons 
revealed a 
substantial rise in 
the RBMT score for 
the rTMS group (P 
< 0.001)

Yun et al[27], 
2015

South Korea To determine if 
cognitive function 
of patients who 
experienced a 
stroke can be 
enhanced by tDCS

Prospective, 
double-blinded, 
randomized 
case-control 
study

45 patients who 
experienced a stroke 
were randomized into 
two interventional 
(left-FTAS and right-
FTAS) and one control 
group who had no 
temporal lobe damage 
on magnetic resonance 
imaging and had been 
diagnosed as acute or 
sub-acute within six 
months of their stroke. 
Patients with apraxia, 
aphasia, seizure and 
history of craniotomy 
were excluded

Korean-MMSE. 
Computerized 
neurocognitive 
function tests. 
Visual and auditory 
CPT. DSTs- 
Forward and 
backward. Verbal 
learning tests. 
Korean version of 
the MBI

In the tDCS groups, 
anodal electrodes were 
placed in alignment 
with the 10-20 interna-
tional electroencephalo-
graphy system. The 
left-FTAS group had 
the electrode at T3, 
while the right-FTAS 
group had it at T4. 
Patients in both groups 
underwent tDCS 
treatment lasting 30 
min, administered five 
times weekly over a 
period of 3 weeks. In 
the sham group, the 
same method of 
affixing sponge 
electrodes was used as 
in the left-FTAS group, 
but no electric current 
was applied. The 
cognitive rehabilitation 
program implemented 
in the study was 
ComCog, focusing on 
enhancing attention 
and memory in patients 
with cognitive 
disorders

Left-FTAS group 
performed 
significantly better 
on the Korean-
MMSE, the verbal 
learning test-
delayed recall, the 
visual span test, 
and the backward 
DST. In the verbal 
learning test, the 
right-FTAS group 
demonstrated 
improvement in 
delayed recall. In 
the backward 
visual span test, 
the sham group 
performed better. 
The left-FTAS 
group had a 
significant 
improvement in 
auditory memory, 
according to a 
comparison of pre- 
and post-treatment 
data for each group

ADLs: Activities of daily living; AMST: Auditory motor synchronization training; BIRT: Brain Injury Rehabilitation Trust; BRIEF: Behavior Rating Inventory of 
Executive Function; CCT: Computerized cognitive training; C-IADL: Compensation-instrumental activities of daily living; CMDT: Cognitive-motor dual-task 
training; CVLT: California Verbal Learning Test; DST: Digit span test; ECC: Extraction-contraction coupling; FTAS:  Fronto-temporal Anode Stimulation; GRASP: 
Graded Repetitive Arm Supplementary Program; iTBS: Intermittent theta burst stimulation; IVRG: Immersive virtual reality group; MBI: Modified Barthel index; 
MMSE: Mini-Mental State Examination; MMSE-K: Mini Mental Status Examination-Korean; MoCA: Montreal Cognitive Assessment; MSE: Memory self-efficacy; 
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MST: Metacognitive strategy training; NF: Neurofeedback; RAVLT: Rey Auditory Verbal Learning test; RBANS: Repeatable Battery for the Assessment of 
Neuropsychological Status; rTMS: Repetitive transcranial magnetic stimulation; SIS: Stroke impact scale; ST: Stroop test; TBI: Traumatic brain injury; tDCS: 
Transcranial direct current stimulation; TIMP: Therapeutic instrumental music performance; TMT: Trail Making Test; VVM: Visual and Verbal Memory Test; WAIS: 
Wechsler Adult Intelligence Scale; WCPA: Weekly Calendar Planning Activity; WM: Working Memory; WMS: Wechsler Memory Scale.

tasks involving the manipulation of handheld objects or tangible user interfaces over the surface of a tablet. Unimanual 
movements involving the weaker and stronger hand were first tested, followed by bimanual movements for the 
exploratory tasks. These tasks challenged participants with activities ranging from reaching fixed targets to creatively 
engaging with virtual objects. The cognitive outcomes of the experimental group differed significantly between the 
pretest and post-test. The magnitude of improvement in the Montreal Cognitive Assessment score was moderate to large, 
with an effect size of g = 0.70 (t = 2.31, P = 0.036).

In a controlled trial, Faria et al[22] used a virtual city simulation to train patients in daily living tasks, establishing a 
bridge between the virtual and real worlds and increasing independence in daily life activities. The environmental setting 
was three-dimensional, featuring streets, sidewalks, buildings, parks, and moving cars. Patients were expected to perform 
routine everyday tasks at four frequently visited locations: A supermarket; a post office; a bank; and a pharmacy. On the 
basis of the outcomes of this study, VR-based cognitive rehabilitation considerably improved cognitive functions such as 
global cognitive performance, attention, memory, visuospatial skills, and executive functions. It also improved subjective 
health status, physical function, and total recovery. Remarkably, memory in the experimental group improved 
significantly (Z = 2.081, P = 0.037, r = 0.69).

In a randomized trial, Faria et al[23] evaluated the efficacy of two cognitive rehabilitation interventions for improving 
memory in patients who experienced a stroke: Personalized and adapted paper-and-pencil training (task generator) and a 
content-equivalent, ecologically valid VR-based simulation of activities of daily living. Patients were required to perform 
cognitive tasks associated with daily duties such as reading the newspaper or going shopping. Notably, in the learning 
and memory test, this intervention outperformed the other interventions in terms of improving general cognitive 
functioning, visuospatial ability, and executive skills.

Another novel finding was observed in a pre-post design study by Oliveira et al[33], where they evaluated a VR-based 
approach that mimicked the challenges of daily life activities, with a focus on ecological principles, for assisting in 
cognitive recovery in patients who experienced a stroke. The primary intervention tool was the Systemic Lisbon Battery, a 
VR program that simulates daily cognitive tasks in a virtual city. Patients interacted with it via a computer mouse, and 
patient interactions with the virtual environment were rated by clinicians. The t-tests revealed statistically significant 
changes, indicating that these scores improved in memory at the post-treatment assessment [WMS memory quotient: 
t(25) = -3.297; d = 0.39; P value = 0.01], and the modified reliable change index demonstrated significant improvements in 
memory and attention abilities. This VR cognitive rehabilitation training, which focused on ordinary tasks, may provide 
patients who experienced a stroke with short-term cognitive rehabilitation benefits[33].

A similar conclusion was reached by Adomavičienė et al[26] who conducted a randomized prospective clinical trial 
focused on how new technology (Kinect or Armeo robots) influenced functional status, cognitive ability, and upper limb 
motor outcomes in stroke rehabilitation. Memory improvements were demonstrated when a VR-based intervention was 
compared with conventional treatment, indicating the benefit of VR serious games for boosting attention and memory 
tasks in daily activities of patients who experienced a stroke.

Liu et al[24] used an immersive VR (IVR)-based puzzle game as rehabilitation therapy with a focus on improving 
executive function and visual-spatial attention. The training content of the IVR group was divided into three categories: 
Life skills training; exergames; and enjoyable games. The difficulty level of each game was graded out of five stars, with 
one being the easiest and five being the most challenging. Individuals wore head-mounted screens for training and began 
with a one-star difficulty level that subsequently increased. IVR technology substantially improved executive perfor-
mance and spatial orientation. Patients who experienced a stroke and received IVR-based training exhibited significant 
improvements in memory on both the forward digit span test (Z = 0.78, P = 0.435 > 0.05) and the backward digit span test 
(Z = 0.347, P = 0.728 > 0.05).

Additionally, VR-based interventions also exhibited therapeutic benefits for elderly patients who experienced a stroke, 
significantly impacting cognitive function and daily living activities. These improvements were more significant when 
working memory training was initiated early in the rehabilitation process[28]. VR-based cognitive training also showed 
promise for patients who experienced a stroke and depression, as subgroup analysis revealed lower depression levels and 
better cognitive improvements with a focus on attention and memory[20]. The cumulative findings highlighted the 
promising potential of VR-based cognitive rehabilitation interventions in enhancing cognitive function, memory, 
attention, and overall quality of life among patients who experienced a stroke, offering an innovative and engaging 
approach to stroke rehabilitation.

Efficacy of computer-based cognitive rehabilitation interventions
Computer-based approaches have also made significant advances in cognitive rehabilitation for patients who experienced 
a stroke. A randomized controlled trial by Hellgren et al[28] employed the Cogmed program, a computerized working 
memory training tool that consists of various visuospatial and verbal working memory tasks. Patients engaged in various 
working motor tasks adapted to their capacities. The study demonstrated that computer-based training could 
significantly improve motor skills, cognitive performance, and overall activity execution in patients who experienced a 
stroke.
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Figure 1 Preferred reporting items for systematic reviews and meta-analyses flow chart of study selection. RCT: Randomized clinical trial.

Similarly, Park and Park[30] conducted a controlled trial to assess the efficacy of the Korean computer-based 
application CoTrans for cognitive rehabilitation. Visual perception, attention, memory, orientation, sequencing, and 
categorization were all addressed in this program. The Lowenstein Occupational Therapy Cognitive Assessment and 
Motor-free Visual Perception Test-3 improved significantly in this study.

In another study conducted by Maier et al[20], a rehabilitation gaming system (RGS) for daily cognitive training of 
patients experiencing chronic stroke was used. The goal of this study was to assess whether adaptive conjunctive 
cognitive training improved attention, spatial awareness, and depressive mood compared with standard cognitive tasks 
while considering comorbidities.

The RGS framework entailed patients assuming the form of a virtual avatar on a computer screen and participating in 
conjunctive cognitive training scenarios such as the complex spheroids scenario, which trained basic attention and 
memory capacities. In the star constellations scenario, patients had to memorize a particular subset of stars in a constel-
lation and then recreate them after a delay period in this visuospatial short-term memory test. The difficulty level of the 
four task parameters was adjusted to teach spatial attention, spatial memory, working memory, and memory-delayed 
recall.

The delay time countdown was used as a non-spatial alerting method to train sustained attention. In the quality 
controller scenario, the patients had to perform two tasks at the same time. They removed doughnuts from a fryer after 
their cooking time reached the right workspace, and they discovered defective candies on a conveyor belt in the left 
workspace. The difficulty level of the five task parameters was adjusted to train alertness, visual search ability, selective 
and sustained attention, inhibition of prepotent reactions, behavior initiation, and response preparation. This scenario 
also highlighted skills such as divided attention, multitasking, and problem-solving. The experimental group had 
significant improvements in attention and spatial awareness, whereas the control group simply demonstrated memory 
improvement.

In a clinical trial conducted by Studer et al[34], patients with visuospatial working memory problems were told to 
perform 30 min of independently driven repetitive cognitive training every day, utilizing the cognitive training game 
‘Wizard,’ in addition to their standard therapy, for a 2-week intervention period. Wizard (Peak) provided tablet-based 
gamified training for visuospatial memory. Geometrical figures were concealed behind cards in this game. In each round, 
the cards were turned over one at a time in a randomized order to reveal the hidden figure. One figure was displayed at a 
time, and the player designated the hiding location by touch screen selection. The Wizard game, as an example of 
gamified cognitive training, significantly improved working memory abilities in patients who experienced a stroke. 
Patients who received Wizard instruction improved significantly more than those who did not [F(1,80) = 12.947, Pcorr = 
0.002, d = 0.72]. Wizard training was associated with increased improvement in verbal learning capacity on the verbal 
learning and memory test and in the level of progress. Self-directed training via the Wizard game improved the working 
memory functions of patients who experienced a stroke.
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Figure 2 Risk of bias assessment for individual studies in post-stroke cognitive rehabilitation interventions.

Figure 3 Risk of bias summary.

Jaywant et al[35] proposed a new cognitive rehabilitation technology in their study. The development of a combined 
executive function intervention in patients experiencing chronic stroke combined computerized cognitive training (CCT) 
with metacognitive strategy training (MST) to target executive functions and training for transfer to daily compensation-
instrumental activities of daily living. Rehacom was selected as the software for the CCT, and the MST component was 
created via the multicontext method. It included activities to improve attention, working memory, and executive function. 
These exercises were designed to train low-level executive functions such as attention to detail and processing speed 
before progressing to higher-level executive functions such as attention, planning, organizing, and problem-solving. The 
exercises were modified in response to the patient’s performance. The CCT sessions were preceded and followed by 
guided questioning. These questions were aimed to help participants anticipate obstacles, identify strategies, and make 
connections between Rehacom exercises and everyday compensation-instrumental activities of daily living. The 
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workbook contained answers to these questions. Workbook tasks were required for both the CCT and MST. Combining 
the CCT and MST resulted in improved cognitive performance and high participant satisfaction.

Jung et al[36] also used computer-assisted cognitive rehabilitation. Ten training activities were used: Two tasks for 
auditory processing that measured reaction times to auditory stimulation; two tasks for visual processing that measured 
reaction times to visual stimulation; two tasks for focused attention that evaluated close attention in distractions; three 
tasks for working memory that measured memory recognition and recall via auditory, visual, and multisensory 
stimulation; and one task for emotional attention that measured reactions to pleasurable or unpleasant stimulation. 
According to comparative studies including patients with traumatic brain injury and stroke, improved cognitive function 
after computer-assisted cognitive rehabilitation was observed in patients who experienced a stroke, with focal 
involvement benefiting the most. Except for the word color test in the stroke group, the Mini-Mental State Examination 
(MMSE) (P = 0.000), modified Barthel index (P = 0.000), intelligence quotient (P = 0.002), and all other components of the 
computerized neuropsychological exam improved significantly. With the exception of the digit span forward test, visual 
learning test, word color test, and MMSE, all the measures had higher mean values in the stroke group than in the 
traumatic brain injury group. The stroke group presented significantly higher scores on the visual span forward and card 
sorting tests.

Efficacy of non-VR-based cognitive rehabilitation intervention
Non-VR (NVR) cognitive rehabilitation interventions play a crucial role in assisting patients who experienced a stroke in 
their path to cognitive recovery. Among these approaches are electroencephalography (EEG)-based neurofeedback (NF), 
where EEG signals are recorded to help patients self-regulate specific brain frequencies through audio-visual feedback 
and rewards. The results of NF training varied, with the sensorimotor rhythm patient group experiencing memory 
improvement in California Verbal Learning Test parameters for evaluating linguistic short- and long-term memory. 
These patients demonstrated a numerical improvement in visual-spatial short-term memory[37].

Furthermore, several studies from various countries have investigated the impact of transcranial magnetic stimulation 
(TMS) techniques, such as intermittent theta burst stimulation (iTBS) and repetitive TMS, on specific brain areas, such as 
the prefrontal cortex on the dorsolateral side, to improve cognitive skills[38-40]. iTBS targeting the left dorsolateral 
prefrontal cortex effectively enhanced cognitive, memory, and executive function. Therefore, this intervention had a 
positive effect on post-stroke cognitive impairment[38].

Transcranial direct current stimulation (tDCS), which involves the placement of anodal electrodes at specific scalp 
locations combined with a cognitive rehabilitation program, has also been examined. The participants in the tDCS 
sessions conducted language tasks such as naming pictures and developing verbs to describe nouns that were given. The 
examiner manually recorded each participant’s response on a separate page for both tasks. After 20 s, if the participant 
did not respond, the program automatically moved on to the next image or term[27].

Combining cathodal cerebellar tDCS with language training improved cognitive performance, particularly in 
cognitively demanding tasks. Notably, the verb generation task, which requires a high level of cognitive function, showed 
greater improvement. These results point to the potential therapeutic advantages of cerebellar stimulation for the 
treatment of aphasia, especially in regard to activities requiring executive and memory functions[41].

Musical interventions (MIs) have shown promise in enhancing cognitive and motor functions, whether through 
playing musical instruments, cued motor imagery, or therapeutic instrumental music performance. The Therapeutic 
Instrument Music Performance and MI intervention improved cognitive adaptability, potentially through MI 
reinforcement, albeit without direct correlation with improvements in cognitive function. The utilization of musical 
instruments in active training seems to elicit favorable emotional responses, although these alterations in emotional 
reactions are not correlated with changes in cognitive function. Mindful music listening, a unique approach, was 
introduced, with patients listening to music daily to assess its impact on cognitive function and quality of life. The 
participants self-reported an improvement in the memory and attention domains of cognition with mindful music 
listening over audiobook listening[42,43].

Exercise-based cognitive rehabilitation integrates physical exercise with cognitive tasks to promote attention, memory, 
and cognitive functioning in patients who experienced a stroke[25,44]. Neurobics exercises, which combine physical 
senses and brain exercises, have been examined for their potential effects on post-stroke cognitive recovery[44]. Eccentric-
overload flywheel resistance training resulted in significant improvements in cognitive function, muscle adaptations, 
balance, gait performance, and quality of life. The results of this study may be explained by extraction-contraction 
coupling muscle actions that stimulate certain brain areas, such as the cingulate cortex, which is linked to brain circuits 
for tasks such as working memory, verbal fluency, and pain perception. This included improved verbal fluency and 
executive functions, as measured by the verbal fluency test and Trail-Making Test[21].

Memory skills training and cognitive training have been at the forefront, with various interventions such as group 
compensatory memory skills training, CCT, memory self-efficacy training, and home-based rehabilitation programs, all 
aimed at enhancing cognitive ability and improving overall quality of life[25,45,46]. “Making the Most of your Memory: 
An Everyday Memory Skills Program,” a manualized memory group program, was utilized in a randomized controlled 
trial. Weekly sessions lasting 2 h each were held in a university psychology training clinic. The sessions were facilitated 
by an experienced neuropsychologist assisted by two temporary psychologists. Memory skill groups surpassed CCT in 
achieving memory-related goals and internal memory strategy utilization. Compared with the computerized training and 
wait-list control groups, the memory group demonstrated more substantial progress in memory-related goals and 
internal strategy use at the 6-week follow-up. Rather than computerized training, memory skill groups may help 
community-dwelling stroke survivors achieve their functional memory objectives[45].
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Compared with cognitive-motor dual-task training (CMDT) alone, the combined intervention involving CMDT and 
action observation-based motor simulation training was more effective at enhancing cognitive function, attention, and 
memory in patients who experienced a stroke. The multiple test scores of the Trail-Making Tests A and B (P = 0.001), the 
digit span test-forward and backward (P = 0.001), and the Stroop test-word and color (P = 0.001) showed substantial 
changes in the intervention group[29].

Training programs for elderly patients who experienced a stroke revealed therapeutic effects on cognitive function and 
daily living activities. Abd-Elaziz et al[47] developed a cognitive rehabilitation program that consisted of theoretical 
sessions about health education for diabetes mellitus, hypertension, and prevention of recurrent stroke and practical 
sessions about spatial memory, attention and concentration, and visual concentration. The pre, post, and follow-up test 
results (MMSE, logical memory, Digit Spill Backward, and Digit Spill Forward) were significantly different across the 
study groups (P value = 0.000). The mean logical memory score of group I was 4.65 ± 2.37 at baseline, whereas that of 
group II was 4.37 ± 1.92. Following the training, group I had a mean score of 6.62 ± 2.12, indicating a slight improvement.

In stroke survivors, goal setting enhances cognitive function. Fishman et al[48] tested whether a simple intervention 
targeting goal setting could improve cognitive performance across commonly affected domains in the chronic phase of 
stroke. A broader range of cognitive domains, including executive function (primary outcome), attention/working 
memory, verbal memory (secondary outcomes), and validated cognitive measures are included in the assessment. Half of 
the participants were asked to set a target to improve their performance by 20% for each activity; the researcher provided 
them with a precise amount to aim for. The California Verbal Learning Test encouraged participants to make objectives 
for their word-learning assignment. They were to remember one more word if they could correctly recall ten or more 
words and two more words if they could correctly recall fewer than ten words. When participants with goal-setting 
instructions were compared with those with normal instructions, the former demonstrated superior executive function, 
attention/working memory, and learning. In particular, verbal learning, attention/working memory, and verbal 
executive function tests were all areas in which the goal-setting group performed exceptionally well.

Post-treatment cognitive neurorehabilitation has varying effects on different patient groups, with anodal stimulation to 
the left frontotemporal lobe improving auditory memory, highlighting the specificity of interventions for cognitive 
domains[27]. These NVR-based interventions encompass a rich variety of techniques and methodologies to support 
patients who experienced a stroke in their cognitive rehabilitation journey. They emphasized the importance of person-
alized and multimodal approaches, which target specific cognitive domains and foster overall cognitive enhancement 
without relying on VR technology.

Comparative analysis of interventions
The included studies offered comparative insight into the relative effectiveness of different cognitive rehabilitation 
strategies. Compared with NVR approaches, VR and computer-based interventions generally report greater efficacy in 
terms of effect sizes and statistical significance. For example, Studer et al[34] reported significant working memory 
improvements with a gamified training intervention (Wizard game), with a large effect size [F(1,80) = 12.947, Pcorr = 0.002, 
d = 0.72]. While direct comparisons across intervention types were not always feasible owing to variability in study 
designs and outcome measures, the majority of interventions yielded statistically significant improvements in cognitive 
domains critical to post-stroke recovery.

DISCUSSION
In patients who experienced stroke and underwent cognitive rehabilitation, both VR and NVR interventions have made 
significant strides in enhancing cognitive function, memory, and overall quality of life. VR-based interventions offer 
immersive and interactive experiences that bridge the gap between the virtual and real worlds, resulting in significant 
improvements in global cognitive functioning, attention, memory, visuospatial abilities, and executive functions. They 
have also shown positive effects on daily living activities, especially when they are initiated early in the rehabilitation 
process. NVR-based approaches also provide a diverse range of techniques, including cognitive training, brain 
stimulation, MIs, exercise-based rehabilitation, and goal setting, all of which have been demonstrated to be effective in 
improving cognitive performance. The choice between VR-based and NVR-based interventions depends on individual 
patient needs and preferences, and a multifaceted, personalized approach holds great promise in enhancing post-stroke 
cognitive recovery.

Efficacy of VR-based cognitive rehabilitation intervention
Our review of the literature revealed that VR holds tremendous promise for cognitive rehabilitation in patients who 
experienced a stroke. Through a comprehensive analysis of various studies, we found that VR-based interventions offer 
innovative and engaging approaches to improve cognitive and motor functions in patients who experienced a stroke. Our 
examination of the home-based VR rehabilitation system EDNA-22 revealed that interactive VR sessions can effectively 
target both unimanual and bimanual movements, which are vital for patients aiming to regain their independence in 
daily life. Research, including studies by the EDNA group, has shown that VR interventions lead to substantial cognitive 
improvements, with a particular focus on memory, attention, and executive functions[32].

VR-based interventions are especially beneficial for elderly patients who experienced a stroke, and early initiation of 
working memory training has positive impacts. The introduction of the virtual city simulation (Reh@City) also provided 
a bridge between the virtual world and the real world and empowered patients to perform daily tasks in a more engaging 
and ecologically valid context. These interventions have improved global cognitive function, attention, memory, 
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visuospatial skills, and executive functions, suggesting a promising approach for stroke rehabilitation[22].
When comparing VR-based interventions with traditional paper-and-pencil training, our review indicated that VR was 

significantly more effective in enhancing cognitive function and self-perceived cognitive deficits among patients who 
experienced a stroke. The incorporation of real-world elements into VR simulations enhances the realism of the exercises, 
making them more engaging and meaningful for patients[23]. We also noted the adaptability of VR-based rehabilitation, 
especially through immersive puzzle games with adjustable difficulty levels. This adaptability allows for tailoring 
rehabilitation programs to individual patient needs, a critical advantage for achieving positive outcomes[24].

Our review highlighted the benefits of integrating new VR technology tools such as Kinect and the Armeo robot into 
post-stroke rehabilitation. These tools positively influence functional status, cognitive ability, and upper limb motor 
outcomes, highlighting the diverse potential of VR-based interventions in enhancing rehabilitation efforts[26]. Another 
systematic review and meta-analysis investigated the use of VR in support of exercise therapy. Notably, however, the 
benefits of VR-supported exercise therapy were diminished once the intervention concluded[49].

Comparative research indicated that both patients who experienced a stroke and those with traumatic brain injuries 
benefited from computer-assisted cognitive rehabilitation, with patients who experienced a stroke showing impro-
vements in various cognitive metrics, such as MMSE, modified Barthel index, intelligence quotient, and components of 
neuropsychological exams[36]. Interactive cognitive training, as exemplified by the Wizard game, enhances working 
memory functions while making the rehabilitation process enjoyable and motivating[34]. Furthermore, VR-based 
cognitive rehabilitation is particularly beneficial for patients who experienced a stroke and depression[20].

Our review suggested that VR-based cognitive rehabilitation can provide short-term cognitive benefits to patients who 
experienced a stroke, including improvements in global cognition, memory, attention, and executive functions. These 
interventions have the potential to enhance cognitive function and overall quality of life among stroke survivors, offering 
an innovative and engaging approach to stroke rehabilitation. These findings are consistent with a review conducted by 
Parisi et al[50], in which the effectiveness of multisensory technologies for post-stroke cognitive rehabilitation was 
explored. The study revealed that these technologies, including VR with or without motion tracking, exhibited notable 
potential for enhancing cognitive rehabilitation. They were found to be particularly effective in improving attention, 
spatial cognition, global cognition, and memory compared with conventional treatments. However, a systematic review 
and meta-analysis conducted by Zhang et al[51] did not yield significant evidence supporting the advantages of VR 
interventions over traditional rehabilitation approaches in improving cognition among patients who experienced a 
stroke.

A bibliometric analysis conducted by He et al[52] confirmed that the use of VR tasks for the assessment and instruction 
of episodic memory in elderly patients who experienced a stroke is an emerging field in geriatric research. VR-based 
cognitive rehabilitation offers an immersive experience along with more natural interactions with the environment as a 
whole. Studies have demonstrated that more IVR systems improve episodic memory performance[52]. The present 
results are consistent with those of another systematic review conducted by Despoti et al[53], confirming that there was a 
significant increase in the working memory of patients who experienced a stroke as well as in verbal and visual memory 
when cognitive training was carried out in a fully immersive environment.

Efficacy of computer-based cognitive rehabilitation interventions
The field of cognitive rehabilitation for patients who experienced a stroke has undergone remarkable advancements 
through computer-based interventions, complementing the innovative solutions provided by VR technology. Computer-
based cognitive rehabilitation (CBCR) interventions have shown significant promise in enhancing cognitive and motor 
functions in patients who experienced a stroke. Findings from various studies highlighted the effectiveness of these 
interventions. The Cogmed program demonstrated improvements in motor skills and cognitive performance through 
tailored working memory tasks[28]. The CoTrans program offered a comprehensive approach, targeting multiple cog-
nitive aspects, such as visual perception, attention, and memory. Cognitive rehabilitation through CBCR with CoTrans 
has improved cognitive function and visual perception, particularly within the CBCR group[30].

The RGS provides multifaceted cognitive training scenarios that improve attention, spatial awareness, and mood[20]. 
The Wizard cognitive training game enhanced visuospatial working memory[34]. A combined approach that integrates 
CCT with MST is aimed at improving executive function and its transfer to daily activities[27,35]. Computer-assisted 
cognitive rehabilitation (Comcog) improved cognitive function and visual perception[43].

The results of this review are consistent with those of two other scoping reviews, highlighting that computerized 
cognitive rehabilitation has demonstrated efficacy when used in conjunction with other techniques[54,55]. The findings of 
a study by Nie et al[56] also revealed that computer-assisted cognitive rehabilitation significantly enhanced the global 
cognition of patients with post-stroke cognitive impairment. This approach has proven effective in enhancing both 
cognitive function and the ability to perform daily activities among patients with post-stroke cognitive impairment.

Computer-based interventions offer tailored, multifaceted approaches to cognitive recovery, further highlighting the 
transformative impact of technology in the field of post-stroke rehabilitation. While VR solutions provide immersive and 
interactive experiences that bridge the virtual and real worlds, computer-based training programs provide versatile tools 
for cognitive improvement and functional enhancement.

Efficacy of NVR-based cognitive rehabilitation intervention
NVR cognitive rehabilitation interventions offer diverse and innovative techniques to facilitate the cognitive recovery of 
patients who experienced a stroke. These approaches encompass a wide array of strategies that do not rely on VR 
technology, emphasizing personalized and multimodal solutions. Notable findings include the integration of CCT with 
MST, resulting in improved cognitive performance and high participant satisfaction, highlighting the potential of this 
combined approach[35]. EEG-based NF has emerged as a promising avenue, utilizing EEG signals to enable patients to 
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self-regulate specific brain frequencies through audio-visual feedback and rewards. NF training, despite varying 
outcomes, results in memory enhancements, particularly in verbal short-term and long-term memory, within the sensor-
imotor rhythm patient group, indicating domain-specific cognitive benefits[37].

Furthermore, studies from various countries have explored the potential of TMS techniques, such as iTBS and 
repetitive TMS, to target specific brain areas, such as the dorsolateral prefrontal cortex, and enhance cognitive ability[38-
40]. Interventions such as iTBS targeting the left dorsolateral prefrontal cortex have proven effective in enhancing 
cognitive, memory, and executive function in patients who experienced a stroke, emphasizing the potential for brain-
targeted interventions[38]. tDCS has also been integrated, involving the placement of anodal electrodes at specific scalp 
locations and combining them with a cognitive rehabilitation program. The cognitive tasks undertaken in tDCS sessions, 
such as naming pictures and describing nouns with verbs, highlight the versatility of these interventions[27]. Combining 
cathodal cerebellar tDCS with language training has demonstrated promise in enhancing cognitive performance, 
especially in cognitively demanding tasks such as verb generation, highlighting the therapeutic potential of cerebellar 
stimulation for activities requiring executive and memory functions[41]. Post-treatment cognitive neurorehabilitation 
using anodal stimulation to the left frontotemporal lobe has improved auditory memory, indicating the specificity of 
interventions for cognitive domains[27]. The findings of a systematic review conducted by Gong et al[57] are consistent 
with our findings. They reported that TMS is safe and efficiently aids in the cognitive recovery of patients who have 
suffered from post-stroke cognitive impairment. A few brief side effects may occur during therapy, but these are all 
expected to be below the patient’s tolerance range and not have a major detrimental impact on the patient[57].

MIs have shown promise in promoting cognitive and motor functions, whether through playing musical instruments, 
cued motor imagery, or therapeutic instrumental music performance[42,43]. Mindful music listening, a unique approach, 
has also been introduced, where patients listen to music daily to assess its impact on cognitive function and overall 
quality of life[43]. The Therapeutic Instrument Music Performance and MI intervention improved cognitive adaptability, 
potentially through MI reinforcement, although the exact mechanism is still being explored[42]. Numerous studies have 
utilized music therapy to aid in stroke rehabilitation, with favorable outcomes[58]. It is safe, efficacious, and inexpensive, 
and patients accept it readily. The use of music therapy in rehabilitation following a stroke has begun to gain more 
traction[58].

Exercise-based cognitive rehabilitation combines physical exercise with cognitive tasks to enhance attention, memory, 
and cognitive functioning in patients who experienced a stroke[25,44]. Neurobics exercises, which merge physical senses 
and brain exercises, have been explored for their potential in post-stroke cognitive recovery[44]. Furthermore, eccentric-
overload flywheel resistance training has shown remarkable improvements in cognitive function, muscle adaptations, 
balance, gait performance, and quality of life, suggesting a promising avenue for post-stroke cognitive recovery[21].

Memory skills training and cognitive training have remained at the forefront, featuring interventions such as group 
compensatory memory skills training, CCT, memory self-efficacy training, and home-based rehabilitation programs. 
These interventions collectively aim to enhance cognitive ability and improve overall quality of life[25,45,46]. Memory 
skills training has proven highly effective in achieving memory-related goals and internal memory strategy utilization, 
surpassing CCT in this regard. The utilization of programs such as “Making the Most of your Memory: An Everyday 
Memory Skills Program” exemplifies structured approaches to memory enhancement[45]. A systematic review conducted 
by das Nair et al[10] highlighted the same findings that memory rehabilitation was found to be effective for patients who 
experienced a stroke and reported fewer memory problems.

Moreover, the combination of CMDT with action observation-based motor simulation training is more effective than 
CMDT alone in enhancing cognitive function, attention, and memory in patients who experienced a stroke[29]. Fishman 
et al[48] introduced a straightforward yet effective intervention targeting goal setting to enhance cognitive performance 
across various domains in the chronic phase of stroke. This approach encouraged patients to set targets for improvement 
in specific cognitive domains, which can lead to tangible cognitive enhancements. Goal setting, as a cognitive rehabil-
itation technique, enhances cognitive performance, particularly in executive function, attention/working memory, and 
learning[48].

Abd-Elaziz et al[47] developed a comprehensive cognitive rehabilitation program that combined theoretical sessions 
about health education with practical sessions focused on spatial memory, attention, concentration, and visual concen-
tration. This holistic approach aims to improve cognitive abilities while addressing the broader health and lifestyle 
aspects of patients who experienced a stroke. Tailored training programs for elderly patients who experienced a stroke 
have demonstrated therapeutic effects on cognitive function and daily living activities, emphasizing the importance of 
age-appropriate interventions[47].

NVR-based cognitive rehabilitation interventions offer versatile and personalized solutions for patients who 
experienced a stroke, leading to improvements in cognitive function, memory, attention, and overall quality of life. These 
diverse approaches underscore the importance of personalization, offering a multifaceted landscape for post-stroke 
cognitive recovery.

Limitations
This review provided a comprehensive exploration of cognitive rehabilitation interventions for memory enhancement in 
patients who experienced a stroke; however, it omits specific memory subtypes, such as working memory and semantic 
memory. The strict inclusion criteria, which focused solely on interventions explicitly labeled cognitive rehabilitation, 
may have excluded relevant studies using alternate terminology. Methodological challenges, including heterogeneity in 
study design and outcome measures, impact the reliability and comparability of the findings. Furthermore, the 
homogeneity of the sample, which was primarily recruited from specialized rehabilitation centers, limits the generaliz-
ability of the results to broader stroke populations with diverse demographics and varying degrees of cognitive 
impairment severity. The applicability of these interventions to community or home-based settings remains uncertain. 
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Additionally, many studies lacked control groups or direct comparisons with traditional rehabilitation methods, which 
may affect the robustness of the conclusions regarding intervention efficacy. Future research should prioritize controlled 
designs to strengthen the evidence base and enable more definitive comparisons.

CONCLUSION
VR-based approaches provide immersive experiences that enhance cognitive function, memory, and daily activities. NVR 
strategies encompass cognitive training, brain stimulation, music, exercise, and goal setting, all of which contribute to 
improved cognitive performance. The choice between VR and NVR depends on patient preferences and individual needs, 
highlighting the value of personalized approaches in post-stroke cognitive recovery. Our findings undemphasized the 
transformative potential of technology-driven and innovative strategies in post-stroke rehabilitation, offering a versatile 
landscape to support patients in their journey to recovery and an improved quality of life.
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Abstract
BACKGROUND 
Systematic review focuses on the visual patient avatar (VPA) technology, a tool 
designed to enhance situational awareness in anesthesia by transforming tra-
ditional numerical data into intuitive visual displays.

AIM 
To explore how VPA can improve perceptual performance, reduce cognitive load, 
and increase user acceptance, potentially leading to better patient outcomes.

METHODS 
The review is based on 14 studies conducted between 2018 and 2023 in five 
different hospitals across Europe.

RESULTS 
These studies demonstrate that VPA allows clinicians to perceive and recall vital 
signs more efficiently than conventional monitoring methods. The technology’s 
intuitive design helps reduce cognitive workload, indicating less mental effort 
required for patient monitoring. Users’ feedback on VPA was generally positive, 
highlighting its potential to enhance monitoring and decision-making in high-
stress environments. However, some users noted the need for further develop-
ment, particularly in visualization design and data integration.

CONCLUSION 
Review concludes that VPA technology represents a significant advancement in 
patient monitoring, promoting better situational awareness and potentially 
improving safety in perioperative care.
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Core Tip: This systematic review examines the use of visual patient avatar technology to enhance perception, integration, and 
interpretation of medical data. Grounded in psychological and neuroscientific principles, the technology transforms 
information into intuitive shapes, colors, and animations, providing a clear advantage over traditional numerical formats. By 
simplifying complex data, it reduces cognitive workload, improves diagnostic accuracy, and bolsters clinical confidence. 
This innovative approach underscores the potential of visual representations in medical practice, fostering more efficient and 
effective decision-making processes for healthcare professionals.

Citation: Tramontana A, Rulli M, Falegnami A, Bilotta F. Visual avatar to increase situational awareness in anaesthesia: Systematic 
review of recent evidence. World J Methodol 2025; 15(3): 100459
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/100459.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.100459

INTRODUCTION
Visual patient avatar (VPA) is a computer derived representation of physiological variables that transforms traditional 
numerical data from patient monitors into intuitive visual displays using colors, shapes, and animations[1]. This tool can 
enhance situational awareness (SA), which is defined as the capacity to maintain an accurate internal representation of 
events in the environment and is considered an essential prerequisite for effective decision-making[2]. Innovation could 
allow anesthesiologist to quickly grasp patient conditions at a glance, improving, promoting and implementing their 
ability to monitor and respond to changes without constantly focusing on numerical displays and ultimately contribute to 
improve SA[1,2]. Over 80% of adverse events in anaesthesia stem from a deficiency in SA, with the first level of SA, as 
defined by Endsley, representing the largest proportion (42%). For instance, in the context of anaesthesia, this level 
involves recognizing the status and dynamics of the patient’s vital signs on the monitor[3]. Improving safety in anae-
sthesia is challenging due to the highly complex environment and the infrequent use of a systematic approach to errors, 
which leads to a low rate of error reduction[4]. Despite the continuing advancement in the use of VPA analog in 
anaesthesia, there are not comprehensive studies dedicated to summarizing the related available literature evidence on 
the improving of perceptual performances, the reducing of cognitive load and the users feedback and acceptance. Aim of 
this Systematic review is to summarize recent evidence related to the use of VPA in anaesthesia to promote SA.

MATERIALS AND METHODS
This systematic review is based on recent studies extracted by literature search in PubMed and retrieving selected 
evidence from Google scholar and Scopus. The PubMed for all types of articles using Medical Subject Headings terms, 
Boolean tools, and keywords for the topic of interest, such as “situational,” “situation”, “awareness,” “anesthesia” and 
“anaesthesia”, separately and in combination. All data were analyzed using a PRISMA 2009 checklist statement protocol 
as a guarantee of a complete and transparent data’s report. Full-text peer-reviewed randomized controlled trials, case-
control, cohort, and cross-sectional studies and reviews that were published from January 1, 1975 to August 1, 2024, 
which investigated the updates of the VPA to improving, promoting and implementing their ability to monitor and 
respond to changes without constantly focusing on numerical displays were considered eligible. Articles published in 
languages other than English, animal studies, grey literature, and articles which do not include anaesthesia environment 
or adult patients were excluded. Literature search led to retrieve 362 articles screened by title, by abstract and by the full 
text (Figure 1). Out of these 12 articles were selected as eligible for this systematic review. At the end of this screening, 
also the literature on Scopus and Google scholar was searched to find related articles that were not spotted in PubMed.

RESULTS
A total of 14 articles were selected as appropriate for the present systematic review (Table 1). These studies address 3 
principal aspects of the role of VPA in clinical practice: Perceptual performance, cognitive load, and user acceptance and 
integration. These prospective studies were conducted between December 2018 and December 2023 in five different 
hospitals across Switzerland[5-18], Germany[6,7,9], and Spain[6,7,9]. The participants consisted of volunteer medical staff, 
including anesthesiologists and nurses. Approximately 50% of the participants were women, with ages ranging from 30 
years to 37 years and work experience spanning approximately 4 years to 8 years[5-18]. As this was the first time 

https://www.wjgnet.com/2222-0682/full/v15/i3/100459.htm
https://dx.doi.org/10.5662/wjm.v15.i3.100459


Tramontana A et al. VPA to increase SA in anaesthesia

WJM https://www.wjgnet.com 3 September 20, 2025 Volume 15 Issue 3

Table 1 Summary of findings

Characteristics     Improved perceptual performance Reduce cognitive load User acceptance and integration Total

[5-9] [5-9] [8,11,13]

[10,12,13] [10,12,13] [14,16,17]

[14,15,16] [14,15,16] [18]

Articles

[17,18] [17,18] -

14

Total 13 13 7 -

Figure 1 Flow chart.

implementing this VPA in simulated practice using various technologies, the researchers deemed it necessary to conduct 
preliminary educational sessions, followed by off-site training. Furthermore, a video and reference materials were 
provided to each physician via the hospital’s intranet[5-7,9,15-18]. VPA technology is capable of displaying various 
parameters, including pulse rate, blood pressure, oxygen saturation, electrocardiogram ST-segment, central venous 
pressure, respiratory rate, tidal volume, expiratory carbon dioxide concentration, body temperature, brain activity, and 
neuromuscular relaxation[5].

Data were collected using an open questionnaire and a quiz administered via iSurvey on an iPad (Apple Inc., 
Cupertino, CA, United Sates). The data obtained were analyzed using a six-phase thematic analysis for the open-ended 
responses, employing the Harvest Your Data tool (Wellington, New Zealand)[5,6]. The quiz and demographic data were 
processed using Microsoft Excel (Microsoft Corporation), and translations were facilitated by DeepL (DeepL SE, Cologne, 
Germany)[5,6,15]. Some studies also utilized eye-tracking technology, such as the Gazepoint GP3 (Gazept, Vancouver, 
BC, Canada)[10,14,18] or the Pupil Invisible mobile eye-tracking device (Pupil Labs GmbH)[10], to assess clinicians’ 
ability to retrieve and remember data. The resulting data provided enhanced insights into the underlying analytical 
pathways by offering information on spatial and temporal measurements, gaze coordinates, dwell times on areas of 
interest (AOI), as well as saccades and fixations. These data were analyzed using Gazepoint Professional Analysis 
software (Gazept, Vancouver, BC, Canada) or Pupil Player for eye-tracking data analysis (Pupil Labs GmbH)[6,10,14,18]. 
Additionally, some tests were conducted using a Google Glass headset (Alphabet Inc.)[18]. In all the referenced papers, 
tests were conducted to evaluate the participants’ ability to rapidly comprehend situations and process additional 
information presented on a visual avatar monitor compared to a standard monitor[5-18]. The results demonstrated 
statistical significance, with a P value of < 0.05[6,9].

Perceptual performance
In 13 of 14 articles are reported evidenced related to the impact of implementing in clinical practice VPA on Perceptual 
Performance[5-10,12-18]. The thirteen articles reviewed claim that the VPA exhibits favorable usability characteristics, 
including rapid identification of underlying problems, excellent visibility of vital parameters from a distance, and 
valuable additional support, especially for beginners, compared to traditional displays. Participants also appreciated the 
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appealing graphic design of the VPA and emphasized its intuitive nature[5-10,12-18]. Participants were required to 
categorize data as “too low”, “too high”, or “normal” and remember the placement and location of installations in a 
patient[5,6]. The distribution of fixations and dwell time did not show statistically significant differences between the 
screen modes (avatar-only vs conventional monitor and split-screen). The monitoring modes also did not reveal 
significant differences in fixation and dwell time concerning variables such as profession, work experience, and scenario 
sequence.

The scenarios significantly influenced fixation and dwell time on the monitor, with participants showing greater 
attention during the myocardial infarction scenario. Better task performance was associated with a reduction in fixations 
and dwell time on the monitor, suggesting an inverse relationship between performance efficiency and the visual 
attention required. Participants had fewer fixations and spent less time on the avatar portion of the screen compared to 
the conventional part, indicating a difference in the mode of visualization[10]. In conventional monitoring, the time spent 
on AOIs for installations ranged from 2.13 seconds to 2.51 seconds, while for VPA-intensive care unit, the time distri-
bution was more balanced, with no AOI viewed for an excessively long time[6].

Analysis of variance tests for time spent on alarms across cases indicated no statistically significant differences (P = 
0.193). However, a greater amount of time was spent on alarms in instances involving yellow and red alerts (P = 0.018, 
moderate evidence). In conventional monitoring, more time was spent on installation areas, while the VPA exhibited a 
more balanced distribution of time across AOIs[6]. Other studies emphasize the need for further development of the VPA 
monitor into a subsequent model, known as VPA-intensive care unit, incorporating features identified by users in 
previous studies as essential[9]. Among the most notable features that need further improvements are: Enhancements in 
graphic design, improved accuracy in presenting displayed information, refinements in system-user interface[9].

The typically displayed information includes the following parameters: Pulse contour cardiac output catheter, 
intracranial pressur sensor, neuromuscular relaxation, central venous line, ST segment, arterial line, urinary catheter, 
peripheral venous line, tube functionality, brain activity, etCO2, brain activity sensor, central venous pressure, 
temperature, peak inspiratory pressure, SpO2, FiO2, respiratory rate, cardiac index, electrocardiogram/pulse rate, tidal 
volume, and mean arterial blood pressure[6,9]. Controlled studies show that anesthesia providers using VPA technology 
were able to perceive and recall more vital signs correctly compared to traditional monitoring methods. For instance, in 
10-second scenarios, providers identified a median of 11 vital signs using the avatar, compared to 7 with conventional 
monitors, indicating that the avatar-based system allows for more efficient information processing in high-pressure 
situations[5].

The study established the hypothesis that split-screen monitoring is non-inferior to conventional monitoring in terms 
of performance on critical tasks during anesthesia emergency scenarios. Furthermore, the use of the avatar enhanced the 
likelihood of verbalizing the cause of the emergency compared to conventional monitoring. The results indicate that this 
technology can serve as a safe and situational-awareness-focused supplement to conventional monitoring. However, the 
user’s greater familiarity with conventional monitoring, as opposed to their limited experience with the avatar, may act as 
a significant confounding factor, potentially underestimating the true impact of the avatar[9,10].

In one study was used the Paced Auditory Serial Addition test, the test, which involves arithmetic tasks, simulates 
distraction by requiring participants to listen to and sum up numbers presented every 2 seconds[16]. This task 
necessitates various cognitive resources and ensures identical test conditions for all participants, evidenced no significant 
difference between the two types of monitoring and viewing times[16].

Cognitive load
In 13 of 14 articles are reported evidenced related to the impact of implementing in clinical practice VPA on cognitive 
load[5-10,12-18]. The second chapter delves into the capacity of this technology to reduce cognitive load, a topic of 
significant interest within the scientific community. Notably, this technology has demonstrated a reduction in perceived 
workload among anesthesia providers. In one study, the National Aeronautics and Space Administration Task Load 
Index, a recognized measure of cognitive workload, was significantly lower when using avatar-based monitoring 
compared to traditional methods. This finding suggests that the VPA can help alleviate the mental effort required to 
monitor patients, potentially leading to fewer errors and faster decision-making[5-10,12-18]. It is important to note that, 
with the advancement of technology, the increasing volume of data necessitates complex systems for integration and 
visualization to effectively reduce cognitive load[5]. In fact, 80% of errors during perioperative treatment are attributed to 
reduced SA caused by cognitive overload[5]. Avatar-based monitoring reduces perceived workload, particularly when 
the duration of monitor observation is brief[15,16].

User acceptance and integration:
In 7 of 14 articles are reported evidenced related to the impact of implementing in clinical practice VPA on perceptual 
performance[8,11,13,14,16-18]. Following the implementation of the VPA in clinical settings, anesthesia providers 
reported that it significantly enhanced their ability to monitor patients and make timely decisions, thanks to the quick 
overview and rapid problem identification facilitated by the avatar technology. Despite some initial resistance and the 
need for adjustments to accommodate individual preferences, the overall reception was positive, suggesting a high 
potential for broader adoption in clinical practice[8,11,13,14,16-18].

The limitations of the VPA include the need for further development to enhance visualization designs, particularly by 
implementing user-customizable thresholds or aligning them with predefined audible alarm limits. The potential 
solutions suggested by study participants, such as improvements in visualization design, should be further explored and 
refined to enhance the effectiveness and usability of the VPA[11,13,14]. Additionally, due to the data integration involved, 
there are instances where accurately conveying the situation can be challenging because of data volume reduction. These 
efforts have sparked a new interest not only in advancing scientific knowledge but also in integrating these advancements 
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into clinical practice. To monitor user acceptance, significant attention has been devoted to reflexivity, which in these 
studies is categorized into personal, methodological, and contextual reflexivity[8,18].

Positive feedback focused on the design, intuitiveness, time-saving features, and clarity in visualizing patient devices. 
Negative feedback included concerns about sensory overload, the need for more familiarity, and incomplete information. 
Key areas for improvement included usability, visibility, and the need for customizable alarm thresholds. Further 
development is necessary to enhance the effectiveness and usability of the VPA, particularly in its visualization designs 
and data integration[8,16].

DISCUSSION
This systematic review originally summarizes recent evidence related to simulate training of VPA in anesthesia to 
promote SA, which demonstrates that implementing VPA technology in anesthesia can enhance perceptual performance, 
reduce cognitive load, and increase user acceptance, thereby improving the safety and effectiveness of anaesthetic 
practices. As a matter of fact, 80% of participants reported that distractions occur frequently during their daily work in 
the operating theatre[8,11,13,14,16,18].

SA consists of three stages: Perception, comprehension, and projection, and is crucial for informed decision-making[14,
18]. Many technological advances use and implement the SA’s stages to significantly improve patient care in periop-
erative and critical settings[5]. According to cognitive load theory, humans are incapable of processing massive amounts 
of data for long periods of time due to the limited capacity of working memory. Working memory can usually manage 5 
items to 9 items at a time. Typically manages between 5 items and 9 items at a time. When working memory is over-
loaded, it leads to diminished information processing, comprehension, and retention[8,14]. Furthermore, the emotional 
burden experienced by care providers in life-critical situations can impair mental acuity. The interplay of cognitive and 
emotional load may contribute to occupational distress, fatigue, and burnout[8,14]. Drawing on the principles of cognitive 
psychology and neuroscience, humans are better able to perceive, understand, and process an integrated, user-centered 
visual language than a technology-centered approach that measures specific parameters and displays them as isolated 
numbers and waveforms. The VPAs tested in these studies were designed according to these principles[5]. Additionally, 
the VPA incorporated the Gestalt principles of perception, including similarity, enclosure, closure, continuity, and 
connection, which emerged in the early twentieth century and continue to serve as accurate descriptions of human visual 
behavior. Objects are perceived as a group when they are in close proximity, share similar attributes, appear to have a 
boundary around them, or are connected[8].

Dual-processing theory established that human thinking and visual information processing are divided into two 
complementary systems: The associative system (System 1) and the reasoning system (System 2). System 1 enables rapid, 
instinctive decision-making that does not rely on working memory and is primarily influenced by emotions and intuitive 
judgments. In contrast, System 2 governs slower, more deliberate, and rational decision, predominantly regulated by the 
frontal cortex. These two systems operate concurrently, integrating to form a cohesive perception of visual information. 
However, current state-of-the-art monitors that rely on waveforms are not optimized to support quick and confident 
interpretation with minimal cognitive effort[9].

So, human brain is capable of rapidly detecting color, motion, and shape, seamlessly integrating this information to 
form associations. These principles can provide a foundation for designing user-centered patient monitoring technologies 
that enhance SA and optimize sensory perception. In contrast, the traditional single-sensor, single-indicator model, which 
presents information in isolation, may impose a greater cognitive burden on the user[8].

Several distinctive features of conventional representation contribute to this issue: Individuals can only process 
numbers sequentially; the displayed numbers represent low-level data that is only indirectly relevant to the task; many of 
the numbers shown fall within similar ranges (e.g., pulse rate, blood pressure, oxygen saturation); and individuals can 
retain only 7 digits, plus or minus 2, in their short-term memory at a time[18]. Conversely, the human brain can rapidly 
detect color, motion, and shape, integrating these cues to form associations. These principles can inform the design of 
user-centered patient monitoring technologies that enhance SA and optimize sensory perception, such as the VPA 
evaluated in these studies[8]. Comparing the results of this review on Philips VPA with previous research is possible to 
demonstrate that visualization technologies improve clinicians’ SA, diagnostic confidence, and reduce workload, but is 
possible to demonstrate, also, the limitations of these studies. In fact, there are other examples of technologies of visual-
ization in the literature that are not included in these studies (Table 2).

Literature search did not include databases other than PubMed, Scopus, and Google Scholar, which might have 
excluded relevant studies published elsewhere. However, the final article selection was carefully made, offering a 
balanced representation of the evidence. Most studies were conducted in controlled simulated environments, which may 
limit the applicability of the results to real clinical settings or other specialties. The participant group was voluntary and 
non-randomized, and some studies had a significant amount of missing data. Even though, the implications for clinical 
practice are significant. VPA technology represents a major advancement in patient monitoring, providing a more 
intuitive and effective way for clinicians to maintain SA and manage cognitive load during critical procedures, but not 
one of these studies has been done during clinical practice. Even though, the evidence suggests that adopting this 
technology can improve diagnostic accuracy, reduce clinical errors, and increase user satisfaction, indicating a high 
potential for broader integration into clinical practice. Maybe for now, as a safe addition to patient monitoring could be 
consider implementing a combination of avatar and conventional monitoring in a split-screen layout.

The chapter on integration and user acceptance was, in our opinion, the most interesting and original, as it has sparked 
less debate within the scientific community. We place significant importance on this chapter due to our team’s 
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Table 2 Other technologies

Name Company Characteristics

Alert Watch AlertWatch, Inc., Ann Arbor, MI, United States Multifunction decision - supporting systems for intraoperative anesthetic care, 
obstetric care, and remote monitoring

Dynamic lung Hamilton Medical AG, Bonaduz, Switzerland Respiratory monitoring data from ventilators in an animated anatomical lung 
image

Hemo-sight Mindray Medical International Limited, Shenzhen, 
Guangdong Province, China

Advanced hemodynamic monitoring

Pulmo-sight Mindray Medical International Limited, Shenzhen, 
Guangdong Province, China

Anatomical lung image with a bronchial tree and trachea to visualize 
respiratory parameters

Physiology screen Edwards Lifesciences Corp., Irvine, CA, United 
States

Advanced hemodynamic monitoring

Alarm status 
visualizer

Masimo Corp., Irvine, CA, United States Colored-visual alarm indicators on a three - dimensional anatomical image

ROTEM sigma Werfen Inc., Barcelona, Spain Graphical and visual interpretation of rotational thromboelastometry

Visual blood University of Zurich, Switzerland Visualization of arterial blood gas analyses

longstanding interest in and sensitivity to the ergonomics and clinical integration of new technologies in anesthesia. 
Additionally, as highlighted in studies on the “cockpit” environment, the rapid integration and acceptance by clinical 
operators underscore the importance of ergonomics and usability of new technologies in healthcare settings. Future 
studies, appropriately design, should evaluate the impact in clinical practice. The present review can design the future 
research protocol.

CONCLUSION
This systematic review on the VPA technology facilitates perception, integration, and interpretation, according to psycho-
logical and neuroscientific foundations, integrated the information in shapes, colors, and animations, compared to 
traditional formats like numbers, reducing workload and enhancing diagnostic confidence. The technology is not only 
straightforward to learn but also proves particularly valuable in high-cognitive load environments, where it enhances SA 
and supports swift, accurate decision-making. In fact, Eye-tracking studies affirm that the design of visual patient 
enhances visual perception, enabling users to process vital information more effectively across their entire visual field. 
This comprehensive approach ensures that critical data is conveyed with clarity and speed, making it an invaluable tool 
in clinical settings where time and precision are of the essence. In conclusion, presented results suggest a promising role 
of VPA in improving SA ultimately leading to increased perioperative safety.
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Abstract
BACKGROUND 
Emergency medical care is essential in preventing morbidity and mortality, 
especially when interventions are time-sensitive and require immediate access to 
supplies and trained personnel.

AIM 
To assess the treatment rates of eye emergencies in Africa. Ocular emergencies are 
particularly delicate due to the eye’s intricate structure and the necessity for its 
refractive components to remain transparent.

METHODS 
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This review examines the low treatment rates of eye emergencies in Africa, drawing on 96 records extracted from 
the PubMed database using predetermined search criteria.

RESULTS 
The epidemiology of ocular injuries, as detailed in the studies, reveals significant relationships between the 
incidence and prevalence of eye injuries and factors such as age, gender, and occupation. The causes of eye 
emergencies range from accidents to gender-based violence and insect or animal attacks. Management approaches 
reported in the review include both surgical and non-surgical interventions, from medication to evisceration or 
enucleation of the eye. Preventive measures emphasize eye health education and the use of protective eyewear and 
facial protection. However, inadequate healthcare infrastructure and personnel, cultural and geographical barriers, 
and socioeconomic and behavioral factors hinder the effective prevention, service uptake, and management of eye 
emergencies.

CONCLUSION 
The authors recommend developing eye health policies, enhancing community engagement, improving healthcare 
personnel training and retention, and increasing funding for eye care programs as solutions to address the low 
treatment rate of eye emergencies in Africa.

Key Words: Eye emergency; Ocular injury; Epidemiology; Treatment; Africa

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Eye emergencies in Africa are severely under-treated due to a combination of factors including inadequate 
healthcare infrastructure, shortage of trained personnel, and socio-economic and cultural barriers. This results in a high 
prevalence of preventable blindness. This study emphasizes the need for urgent policy reforms, increased funding, and 
community engagement to improve access to timely and effective eye care across the continent.

Citation: Bale BI, Zeppieri M, Idogen OS, Okechukwu CI, Ojo OE, Femi DA, Lawal AA, Adedeji SJ, Manikavasagar P, Akingbola A, 
Aborode AT, Musa M. Seeing the unseen: The low treatment rate of eye emergencies in Africa. World J Methodol 2025; 15(3): 
102477
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/102477.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.102477

INTRODUCTION
Eye emergencies encompass a wide range of conditions that require immediate medical attention to prevent severe 
consequences, such as permanent vision loss[1]. These include acute infections like endophthalmitis and corneal ulcers, 
traumatic injuries such as open globe injuries and chemical burns, and sudden exacerbations of conditions like acute 
angle-closure glaucoma[1,2]. Timely and effective medical response is critical for these conditions, as they can rapidly 
worsen if not treated promptly. While eye emergencies are a global public health issue, their impact is particularly 
pronounced in low-resource settings, such as many regions in Africa[1].

In Africa, socio-economic barriers further exacerbate the challenge, making it difficult for many individuals, especially 
in rural areas, to access facilities capable of handling ocular emergencies[3]. The shortage of trained ophthalmologists and 
emergency eye care services worsens the situation, leading to low treatment rates for these critical conditions[4]. This 
inadequate response infrastructure contributes to a high prevalence of preventable blindness and underscores significant 
disparities in healthcare access and quality across the continent[5].

Addressing these challenges requires urgent investment in healthcare infrastructure, enhanced training for eye care 
professionals, and the establishment of surveillance systems to monitor the health situation[7,8]. Public health initiatives 
to raise awareness about the importance of eye care are also essential[9]. Therefore, this paper critically examines the 
current state of eye emergencies in Africa, exploring the causes, consequences, challenges, and potential solutions to 
improve outcomes in this critical area of health.

MATERIALS AND METHODS
This scoping review was conducted to investigate the epidemiology, causes, and management strategies for eye 
emergencies in Africa, while also identifying barriers to effective treatment. The methodology was carefully designed to 
ensure a thorough and systematic approach to the selection of literature, extraction of data, and synthesis of findings.

https://www.wjgnet.com/2222-0682/full/v15/i3/102477.htm
https://dx.doi.org/10.5662/wjm.v15.i3.102477
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Search strategy
A comprehensive search was performed using the PubMed database to identify studies relevant to ocular emergencies in 
Africa. The search strategy, summarized in Table 1 below involved using a combination of keywords, including “ocular 
emergency”, “eye injury”, “Africa” and related terms. The search method utilized Boolean operators and a variety of 
keywords, including 'ocular emergency', 'eye damage', 'Africa' and associated terms. Search phrases were amalgamated 
utilizing Boolean operators (e.g., 'AND', 'OR') to optimize the retrieval of pertinent articles. The search was confined to 
papers published between January 2014 and August 2024 in English, with full-text access. Inclusion criteria specifically 
targeted research that addressed the epidemiology, etiology, management approaches, and obstacles to the treatment of 
ocular emergencies in Africa. The search was deliberately limited to studies published between January 2014 and August 
2024, ensuring that only the most recent and pertinent literature was considered for inclusion.

The data extraction form comprised fields for study characteristics (author, year, country, design), sample character-
istics (size, demographics), types of ocular emergencies, causes, management options, and outcomes. Discrepancies 
among reviewers during research selection and data extraction were reconciled through consensus or by consulting a 
third reviewer. This method guaranteed impartiality and uniformity during the evaluation process. The authors have 
read the PRISMA 2009 Checklist, and the manuscript was prepared and revised according to the PRISMA 2009 Checklist.

Inclusion and exclusion criteria
The selection of studies was guided by clearly defined inclusion and exclusion criteria:

Inclusion criteria: (1) Studies that specifically focus on ocular emergencies within African countries; (2) Articles 
published in the English language; (3) Studies that report on the epidemiology, causes, management strategies, and 
barriers to the treatment of eye emergencies; and (4) Studies with full-text availability.

Exclusion criteria: (1) Studies published prior to 2014; (2) Articles that are not directly relevant to the topic, including 
those not conducted within the African context; (3) Non-English language studies and studies without accessible full 
texts; and (4) Editorials, commentaries, and letters were excluded to maintain a focus on original research contributions.

Study selection
The initial search of the PubMed database yielded 136 records, encompassing a broad range of studies related to ocular 
emergencies across various African countries. Following this, a multi-stage filtering process was applied to ensure that 
only the most relevant and high-quality studies were included in the final review.

First, the records were filtered according to the predefined inclusion and exclusion criteria, which resulted in the 
exclusion of studies published before 2014, non-English language articles, and those that did not focus on the African 
context or eye emergencies. This initial filtering narrowed the list down to 96 records.

The remaining 96 studies were subjected to a rigorous screening process conducted independently by two reviewers. 
During this phase, the titles and abstracts of each study were meticulously reviewed to assess their relevance to the 
research objectives. Studies that appeared to meet the inclusion criteria were retained for full-text review. In cases where 
there was uncertainty or disagreement between the two reviewers regarding the inclusion of a study, the issue was 
discussed, and a third reviewer was consulted to reach a consensus. This collaborative approach ensured that the 
selection process was thorough and unbiased, ultimately leading to a final selection of studies that were deemed highly 
relevant and aligned with the research objectives. Although full-text availability was a criterion for inclusion to guarantee 
thorough data extraction, this requirement may have omitted significant studies accessible solely in abstract form.

Data extraction and synthesis
Data from the selected studies were extracted using a standardized data extraction form. The form captured details such 
as study characteristics (author, year of publication, country, study design), population characteristics (sample size, 
demographics), types of eye emergencies reported, causes, management approaches, outcomes, and barriers to treatment. 
Two reviewers (Bale BI and Idogen OS) independently performed data extraction to ensure accuracy and consistency. 
Disagreements were resolved by consensus or with the involvement of a third reviewer (Musa M). Given the hetero-
geneity in study designs, populations, and outcomes reported, a narrative synthesis was conducted. The synthesis 
focused on summarizing the prevalence and types of eye emergencies, the causes identified, management approaches, 
and barriers to effective treatment. Findings were grouped by themes related to epidemiology, causes, management 
strategies, and factors contributing to low treatment rates.

RESULTS
A total of 136 records were extracted using the search algorithm from the PubMed database as shown in Figure 1 below. 
After limiting the publication spread to 10 years spanning 2014 to 2024, a total of 96 records were obtained. Two authors 
then rigorously examined each record for relevance, language and completeness. Two records were excluded as they 
were an erratum to published studies which were also not included while another four were excluded because they were 
not in the English language. A further 53 records were out of the scope of this paper, and so they were also excluded. The 
references in 37 studies obtained were examined for relevant records; and a total of 21 relevant studies were further 
obtained, amounting to the usage of a total of 58 studies in this review.
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Table 1 Summary of search strategy including search component and keywords used

Search 
component Keywords/terms used

Ocular “ocular”[All Fields] OR “oculars”[All Fields]

Emergency “emerge”[All Fields] OR “emerged”[All Fields] OR “emergence”[All Fields] OR “emergences”[All Fields] OR “emergencies”[MeSH 
Terms] OR “emergencies”[All Fields] OR “emergency”[All Fields] OR “emergent”[All Fields] OR “emergently”[All Fields] OR 
“emergents”[All Fields] OR “emerges”[All Fields] OR “emerging”[All Fields]

Africa “africa”[MeSH Terms] OR “africa”[All Fields] OR “africa s”[All Fields] OR “africas”[All Fields]

Date range 2014: 2024[pdat]

Language, full 
text, relevance

Records filtered to exclude non-English language, no full text, and non-relevant articles.

Figure 1 A PRISMA diagram showing the search stratification used in this study.

DISCUSSION
The factors affecting treatment rates for disease emergencies, such as maternal health and infectious diseases, and those 
for eye emergencies share common barriers but also exhibit unique challenges. Both categories are significantly hindered 
by inadequate healthcare infrastructure and a shortage of trained personnel. For instance, in Africa, maternal health and 
eye emergencies alike are often delayed due to insufficient emergency care services, limited availability of supplies, and 
long travel times to healthcare facilities in rural areas[10-12]. Additionally, socio-economic factors, such as poverty and 
cultural norms, play a pivotal role in reducing treatment uptake for both[13]. Gender-specific barriers, including women 
needing permission from male family members to seek care, exacerbate delays for maternal health emergencies and eye 
injuries in women[14].

Epidemiological characteristics of eye emergencies in Africa
Untreated ocular emergencies pose a significant threat to vision, with global estimates indicating that approximately 2.5 
million people are affected by ocular injuries annually[13]. In affluent nations, ocular emergencies are generally 
addressed via robust healthcare systems featuring sufficient infrastructure, a high concentration of trained professionals, 
and readily available emergency services. In contrast, resource-constrained environments in Africa encounter substantial 
obstacles, such as insufficient healthcare facilities, restricted staff capacity, and socio-economic limitations. This 
significant differential highlights the necessity of resolving these gaps to enhance outcomes for ocular emergencies in 
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Africa.
Men and young individuals represent a significant proportion of those experiencing eye injuries, with one-fifth of 

adults reported to be affected[14]. In Nigeria, ocular injuries are a significant concern, particularly in Southeastern regions 
where there is a 3.5% incidence rate of ocular trauma, primarily involving closed globe injuries (76%) caused by blunt 
objects (57%), affecting mainly young people aged 10 to 19 years[15]. Children are often affected by eye emergencies, with 
a prevalence rate of 7.93% for eye injuries, commonly presenting as eyelid scars (5.34%), eyebrow scars (2.10%), and 
canthal scars (0.32%)[16].

Certain professions also face higher risks of eye emergencies due to occupational hazards. For instance, a study by 
Douglas and Koroye-Egbe[17] found a high prevalence of ocular injuries among welders, with 43.4% experiencing 
injuries such as burns, foreign bodies, and cuts. Similarly, among carpenters, work-related eye injuries and complaints 
were reported at rates of 30.7% and 32.5%, respectively, often due to inadequate use of protective eyewear, highlighting a 
significant occupational health issue[18].

In other parts of West Africa, such as Ghana, the occurrence of ocular injury among cocoa farmers was found to be 11.3 
per 1000 worker-years, with lost work time at a rate of 37.3 per 1000 worker-years, indicating a substantial occupational 
risk for this group[19]. In Côte d'Ivoire, epidemiological data indicates that ocular burns, a form of ocular trauma, 
constitute 11% of ocular injury cases, with chemical agents being the primary cause in 54% of these incidents[20]. This 
highlights significant regional risks associated with chemical exposures.

In Southern Africa, particularly in Zimbabwe, there was a high prevalence of open-globe injuries (71.2%) in Zimbabwe 
with blunt trauma (90%) being the most significant cause[21]. In Northern Cape South Africa, it was reported that 3.2% of 
acute ocular trauma in which mechanical trauma (blunt, sharp and extraocular foreign body) accounted for over 90% that 
primarily affect young men (86.3%), with injuries mostly occurring at home (47.9%)[22].

In Ethiopia, ocular trauma predominantly affects males (71.0%) and children (62.87%), with nearly equal prevalence of 
open globe injuries (47.07%) and closed globe injuries (47.74%). Corneal tears are the most frequent type of injury, 
accounting for 39.33% of cases[23]. Similarly, in Uganda, eye emergencies are most common among males aged 10 to 20 
years, with open globe injuries comprising 72% of cases. The most frequent specific incident is the presence of corneal 
foreign bodies, occurring in 42% of cases[24].

Other significant eye emergencies in the region include retinal detachment and retinal vessel occlusion. A 2023 
prospective study across multiple centers in Nigeria found 237 cases of retinal detachment, with tractional retinal 
detachment accounting for 25.7% of these cases[25]. Additionally, retinal vascular occlusion was identified in 0.9% of 
patients in Nigeria[26]. The prevalence of other eye emergencies is listed in Table 2[27-34].

The epidemiology of ocular emergencies in Africa indicates a significant prevalence among males, younger 
populations, and individuals employed in hazardous professions. Principal findings reveal considerable disparities in 
prevalence rates among areas

Causes of eye emergencies in Africa
Accidents are a significant cause of eye emergencies in the African population, often occurring during social activities. 
Male children, in particular, are at higher risk of ocular trauma during play, with most incidents happening at home and 
commonly involving closed globe injuries from impacts with various objects such as canes, stones, broomsticks, wood, 
and fists[35]. A study in Cameroon identified fights as the most frequent cause of ocular trauma, accounting for nearly 
one-third of all cases, with punches being the predominant mechanism in 21.39% of these cases[36]. In Senegal, physical 
violence against women also contributes to ocular injuries[37]. Additionally, accidental events such as car crashes and 
gunshot wounds lead to ocular conditions requiring immediate medical attention[38].

Another form of environmental accident, though rare, is ocular Hymenoptera stings, which are considered an eye 
emergency due to the severe ocular complications they can cause when the eye is stung or comes into contact with venom 
from insects of the Hymenoptera order, such as bees, wasps, and ants[39]. Similarly, although rare, snake envenomation, 
a common public health concern in the savanna regions of West Africa, can cause immediate severe eye damage, inflam-
mation, necrosis, and vision loss if not treated promptly, with potential systemic toxicity and infections necessitating 
emergency care[40].

Furthermore, ocular infections are a significant cause of eye emergencies, demanding immediate medical intervention 
to avert severe complications and potential vision loss. Bacteria are one of the causes of most ocular infections such as 
keratitis, corneal ulcer and endophthalmitis that are ocular emergencies[41]. Several significant factors have been 
identified as being associated with the prevalence of bacterial ocular infections. These factors include age, farming 
activities, a history of previous eye surgeries, and poor facial hygiene habits[42]. Similarly, open-globe injuries have been 
found to potentially result in endophthalmitis[44]. Corneal ulcers also often result from ocular trauma and lead to severe 
pain, potential corneal scarring, and risk of permanent vision loss if not treated promptly[45]. Moreover, fungal keratitis 
is one of the most challenging forms of infectious keratitis and is considered an eye emergency[46]. Like corneal ulcer, 
fungal keratitis can also be caused by ocular trauma[47]. A study by Fekih et al[48] reported that in 78.8% of fungal 
keratitis cases in Tunisia, fungal filaments were identified as the cause of infection, with Fusarium species being the most 
frequently isolated, found in 39.4% of the patients, especially those who had experienced ocular trauma. Similarly, 
parasitic keratitis, particularly caused by Acanthamoeba is another serious, though rare, corneal infection that can lead to 
emergency ocular injury, particularly among contact lens wearers in rural areas with low hygiene practices[49].

Occupational risks: Occupational hazards constitute a primary source of ocular emergencies, especially among welders, 
carpenters, and farmers, where insufficient utilization of protective eyewear intensifies the risk
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Table 2 Summary of the prevalence and incidence rates of eye emergencies across various countries in Africa

Ref. Type of eye emergency (prevalence) Study period Sample 
size Data sources Study design Country in 

Africa

Kyei et al[21] Open globe injuries (71.2%). Blunt trauma 
causing open-globe injuries (90%). 
Penetrating Intraocular, and perforating 
injuries causing open-globe injuries (10%)

January 2017 to 
December 2021 (4 
years)

863 Patients records Retrospective 
cross-sectional 

Zimbabwe

Bert et al[19] Ocular trauma (25.7%) 2 days 556 Questionnaire and 
ocular examination

Cross-sectional 
survey

Ghana

Douglas and 
Koroye-Egbe[17]

Ocular burns (42%). Foreign body injury to 
the eye (32%). Injuries caused by cuts to the 
eye (4%)

- 212 Ocular examination Cross-sectional 
descriptive

Nigeria

Onyekwelu et al
[18]

Superficial foreign body to the eye (88.6%). 
Chemical injury (8.6%). Nail injury to the 
eye (5.7%)

April 7, 2017 to 
May 15, 2017 (1 
month)

114 Questionnaire, ocular 
examination and 
interview

Descriptive 
cross-sectional

Nigeria

Daoudi et al[27] Preseptal cellulitis (85%). Orbital cellulitis 
(15%)

2008 to 2014 (6 
years)

28 Patient records Retrospective 
cohort

Morocco

Ajayi et al[28] Neovascular glaucoma (0.05%) January 2015 to 
December 2019 (4 
years)

566 Patient records Retrospective 
cohort

Nigeria

Koki et al[29] Ocular trauma (16.92%) January 2008 to 
December 2014 (6 
years)

591 Patient records Retrospective 
cohort

Cameroon

Kibret and Bitew
[30]

Fungal keratitis (45.1%) September 2014 
to August 2015 
(11 months)

153 Clinical examination Cross-sectional Ethiopia

Haingomalala et 
al[31]

Serious ocular trauma (5.75%) January 1, 2009 to 
December 31, 
2011 (2 years)

1267 Patient records Retrospective 
cohort

Madagascar 

Damtie and Siraj
[32]

Eye injury (7.7%) 2019 300 Questionnaire Cross-sectional Ethiopia

Baba et al[33] Penetrating ocular injury (65.7%) January 2006 to 
November 2013 
(7 years)

100 Patient records Retrospective 
cohort

Tunisia

Bastola et al[34] Ocular trauma (1.94%) September to 
November 2018 
(3 months)

280 Clinical examination Prospective 
observational

Eritrea

Failure to use protective eyewear and inadequate ocular health and safety training are major contributors to the 
reported cases of ocular emergencies in Africa[50]. This issue is particularly pronounced among farmers and individuals 
involved in agricultural activities, who are frequently exposed to hazards such as trauma from farming equipment, 
contact with vegetable material, eye injuries from animal attacks, and spillage of sand into the eye[50]. While welders in 
sub-Saharan Africa generally exhibit good ocular protection practices, linked to on-the-job training, work experience, and 
a history of previous ocular injuries[51], mechanics often suffer from prevalent eye injuries due to not using protective 
devices, exposing them to hazards such as dust, engine oil, fire sparks, metal crusting, and battery acid[52]. A study in 
Ethiopia showed that the risk of occupational ocular injuries was seven times higher for workers who did not use 
protective eyewear and 2.22 times higher for those without health and safety training compared to those who received 
such training[53]. Furthermore, within work environments involving Africans, the most common ocular injuries included 
blunt trauma and incidents involving foreign bodies[54].

Obstacles to treatment
Healthcare infrastructure, human resources and policy: Government policies are essential in determining how resources 
are allocated to healthcare infrastructure, directly influencing the availability and quality of care. In African countries, 
healthcare is delivered across primary, secondary, and tertiary levels, each offering varying degrees of service. Primary 
eye care services are particularly important, as they enable trained mid-level personnel to manage common eye 
emergencies, thereby reducing the burden on secondary and tertiary hospitals, as noted by Patel et al[6]. However, these 
primary services are often underdeveloped in many African nations, leaving gaps in early intervention for eye conditions. 
The lack of critical supplies, such as surgical instruments and medications, further hampers the effectiveness of treatment, 
as documented by research[55]. In response to these challenges, the World Health Organization (WHO) has made strides 
by introducing a “Primary Eye Care Training Manual” aimed at equipping healthcare workers with the skills needed to 
handle common eye emergencies. Furthermore, collaborative efforts between the International Agency for the Prevention 
of Blindness and nursing colleges in East and South Africa have led to the expansion of primary eye care services across 



Bale BI et al. African eye emergencies

WJM https://www.wjgnet.com 7 September 20, 2025 Volume 15 Issue 3

12 additional countries, enhancing access to essential eye care at the primary health care level[56,57].
In addition, sub-Saharan Africa faces a shortage of eye health professionals, including ophthalmologists, optometrists, 

ophthalmic nurses, and allied personnel, with a particularly uneven distribution, leaving rural areas significantly 
underserved compared to urban areas[58]. Current challenges include inadequate working conditions (structural issues) 
and a lack of security prompting trained eye care professionals to work in the city or emigrate internationally[59].

In Africa, the density of ophthalmologists is alarmingly low, with roughly 2.5 ophthalmologists per million indi-
viduals, in contrast to over 60 per million in high-income nations. Emergency eye care services are equally limited and 
frequently concentrated in urban regions, hence restricting access for rural communities. This imbalance is reflected in 
other emerging areas, including South Asia and Latin America. However, the exact figures change due to variations in 
healthcare infrastructure and personnel capability.

Also, although many African countries have developed national eye health plans and fostered collaborations between 
non-governmental organizations (NGOs) and the private sector, there remains a significant disconnect at regional and 
district levels[60,61]. This lack of local engagement and representation results in insufficient healthcare infrastructure and 
human resources at the grassroots level, undermining the effectiveness of national strategies[62]. Without the active 
involvement of local entities in decision-making processes, there is a risk of misaligned priorities and inefficient use of 
resources, ultimately hampering efforts to improve eye health outcomes and address the needs of communities effectively
[63].

Geographical and Socio-economic factors
People from poorer backgrounds rely on government services for eye care, and when these are not available, affordable 
and accessible this delays timely care, leading to long-term vision complications[64]. In remote regions, patients often face 
long travel times to reach adequately equipped facilities, leading to delays in treatment[65]. Moreover, high costs 
associated with medical consultations, treatments, and surgeries may prevent many individuals from seeking timely care 
for eye emergencies[66]. Even when services are subsidized, the cost of transportation to healthcare facilities can be 
prohibitive for low-income families[67].

Cultural and behavioral factors
Cultural and behavioral factors play a significant role in the low treatment rates of eye emergencies in Africa. One such 
factor is the additional barriers faced by women. In many African societies, women may lack financial autonomy, limiting 
their ability to pay for medical services[68]. Furthermore, cultural norms often require women to obtain permission from 
male family members before seeking medical care, which can delay or prevent access to timely treatment for eye 
emergencies[69]. These gender-specific barriers compound the overall challenges in accessing healthcare, contributing to 
the high prevalence of untreated eye conditions and resulting in greater risk of severe vision loss and other complications
[70].

Consequences of untreated eye emergencies
Individual impact: A person’s ability to carry out daily tasks is significantly impaired by vision loss, which results in a 
loss of independence[71]. Simple tasks such as reading, driving, and face recognition become challenging, drastically 
reducing the quality of life[72]. Untreated eye emergencies can have serious consequences on a person’s quality of life 
that can be severe and permanent[73]. Some of these emergencies include acute glaucoma, retinal detachment, severe eye 
infections, and traumatic eye injuries[74].

In Sub-Saharan Africa, trauma-induced orbito-oculoplastics diseases, if untreated, significantly harm individuals' 
psycho-social well-being, economic stability, educational achievements, quality of life, and pose a substantial threat to 
vision[75]. In cases of traumatic cataract it can lead to partial or total loss of vision[76]. Additionally, ocular trauma can 
result in the development of superficial corneal scars, which significantly impair vision by causing visual blur, glare, and 
reduced visual acuity, thereby affecting daily activities and overall quality of life[77].

In addition, untreated eye emergencies may result in persistent pain and discomfort. Acute angle-closure glaucoma, an 
eye emergency, is linked to excruciating eye discomfort and nausea[78]. Moreover, untreated infections can cause chronic 
inflammation and possibly spread to other body regions[79]. Untreated ocular syphilis, particularly prevalent among 
HIV-positive individuals, can cause severe eye conditions such as uveitis, retinitis, optic neuritis, and panuveitis, leading 
to sudden vision loss if not promptly addressed[80]. Psychological discomfort is frequently present alongside these 
physical symptoms. Anxiety and sadness might result from the pain and discomfort as well as the fear of permanent 
vision loss[81,82].

Public health and economic impact: On a larger scale, untreated eye emergencies represent a significant public health 
concern[83]. Ocular injury is a significant public health concern, particularly in low-resource cultures, as it is a primary 
cause of ocular morbidity and unilateral vision impairment[84]. Vision impairment and blindness substantially burden 
healthcare systems, increasing the need for specialized care, prolonged treatment, and potential complications, increasing 
the demand for healthcare professionals and facilities[85,86]. Individuals with untreated eye conditions often require 
more frequent medical visits and interventions, which puts additional strain on already limited healthcare resources, 
especially in low-income and underserved areas[87].

Vision impairment reduces workforce participation and productivity, impacting national economies[88]. Individuals 
who suffer from vision loss may find themselves unemployed or unable to make as much money. Good vision is 
necessary for many occupations, thus persons who lose their vision might face career limitations[89]. In addition to 
impacting the individual, this loss of income strains their families financially and makes them more dependent on welfare 
assistance[90].
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Interventions and programs rendered for the management of eye emergencies in Africa
In many regions of Africa, healthcare systems face numerous challenges, including limited resources, infrastructure, and 
access to specialized medical care. Access to treatment for eye emergencies varies significantly, with some ophthalmo-
logical services available, particularly in urban areas.

Over the past decade (2014–2024), trends in eye emergencies have shown significant strides in certain areas alongside 
persistent challenges. Awareness campaigns, particularly in urban centers, have improved due to enhanced public health 
initiatives and collaborations with NGOs, leading to greater recognition of eye health issues[91]. Urban areas have seen 
better access to basic care and advanced treatments, as highlighted by the establishment of primary eye care facilities and 
integration into primary health care systems in some African regions. However, rural areas still face barriers contributing 
to delayed treatment and higher rates of preventable blindness.

Surgical procedures, including corneal transplants and cataract surgeries, are essential in mitigating impaired vision 
resulting from ocular crises. Enhancing accessibility to these procedures, especially in rural regions, is crucial for 
alleviating the impact of vision impairment. Corneal transplantation is a surgical procedure that generally yields positive 
results. Unfortunately, in regions where subspecialty treatments like corneal transplants are not readily available, patients 
can develop serious complications which may result in blindness. A study in Malawi revealed that while many ocular 
trauma patients did not require surgical intervention, about one-third needed procedures such as corneal repair and 
cataract surgery[92]. Also, in Lubumbashi, Democratic Republic of Congo, the management of ocular foreign bodies 
included either straightforward removal or removal with suturing for deeper foreign bodies, which successfully 
preserved visual acuity in the majority of patients[93].

In Lagos, Nigeria, a study found that ocular trauma was the most common indication for destructive eye surgeries, 
with evisceration being frequently performed due to trauma or infection, highlighting the significant impact of ocular 
trauma and the urgent need for advanced surgical options to prevent severe outcomes[94]. For the management of ocular 
or peri-ocular trauma, the majority of patients requiring urgent surgery to the peri-ocular region, the treatment landscape 
in South Africa involves a high demand for immediate and multi-disciplinary surgical care, encompassing specialties like 
ophthalmology, maxillofacial, plastic, otorhinolaryngology, and neurosurgery[95,96]. This underscores the complexity of 
the injuries, highlights the extensive nature of trauma and the necessity for a coordinated and comprehensive approach to 
treatment (such as orthopedic operations, laparotomies, and vascular procedures).

Furthermore, due to the unavailability of some technological diagnostic testing in Africa, it may delay access to 
treatment of eye emergencies that can result in visual impairment or even blindness. A study by Miller et al[97] found that 
African ophthalmologists specialized in ophthalmic trauma adopt a more conservative approach to managing open globe 
injuries, using computed tomography (CT) imaging selectively for specific indications like suspected intraocular foreign 
bodies, unlike their counterparts in North and South America who routinely obtain CT imaging for all suspected cases. In 
Liberia, the lack of magnetic resonance imaging in a resource-limited setting necessitated the use of CT scans (coronal and 
sagittal cuts with variable window width) to detect intra-orbital wooden foreign bodies, facilitating their surgical removal 
to relieve pain, treat infection, and prevent complications[98]. This suggests that there may be fewer resources, such as 
availability of advanced imaging equipment, which can impact the thoroughness and immediacy of the diagnosis and 
treatment. This can potentially lead to differences in outcomes and quality of care for patients with eye emergencies in 
Africa. One such occurrence was reported in a case of retrobulbar hematoma reported in Uganda. Retrobulbar hematoma, 
an uncommon emergency that can cause blindness, requires prompt surgical intervention and may be delayed due to 
unavailability of radiological evaluation, particularly in rural areas where patients often present late and lack access to 
radiological services, thereby necessitating emergency surgical decompression of the orbit[99].

Certain ocular infections are considered eye emergencies and require immediate medical attention to prevent complic-
ations and preserve vision. In the case of ocular infections like endophthalmitis and bacterial keratitis, prompt and 
intensive treatment with topical antibiotics is crucial[100]. Despite this, according to some studies conducted in South 
Africa, there is still inadequate scientific evidence to support the effectiveness and safety of adjunctive steroid use 
(systemic or topical) compared to antibiotics alone in the treatment of these conditions[101,102]. Unlike fungal keratitis, 
which commonly occurs among people living in rural communities and often has worse outcomes than bacterial keratitis, 
its early management with drug-based medical treatments has achieved good outcomes in Egypt despite the shortage of 
medical resources[103].

Chemical injuries due to toxins and other harmful substances are significant causes of eye emergencies, requiring 
prompt and effective management to prevent long-term damage and vision loss. Venom ophthalmia, resulting from 
ocular contact with snake venom from various species of spitting cobras in Africa, is a severe ocular chemical injury that 
necessitates immediate medical attention, including thorough irrigation, analgesics, antibiotics, antihistamines, and anti-
inflammatory topical drugs[104]. Similar to a reported case of venom ophthalmia in South Africa, the initial management 
involves extensive irrigation, followed by the application of topical cycloplegics and antibiotics to prevent secondary 
infection, without requiring topical steroids or antivenom (topical or intravenous)[105].

Optic neuritis, however, less commonly documented than other causes, constitutes a significant etiology of ocular 
emergencies in Africa. The prevalence may be undervalued due to restricted diagnostic skills. Timely diagnosis and 
intervention are essential to avert permanent vision impairment.

Challenges and barriers to effective interventions
Resource limitations: Despite a strong commitment to managing eye emergencies effectively, African countries 
frequently encounter significant challenges due to limited financial and technical resources[106,107]. These constraints are 
a major impediment to the provision of high-quality eye care and the timely treatment of eye emergencies. Figure 2 
summarizes the challenges and most appropriate solutions.
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Figure 2 Challenges and solutions to eye emergencies in Africa.

The financial constraints faced by many African countries significantly impact their ability to manage eye emergencies. 
Health budgets are often limited and must be stretched to cover a wide range of medical needs, leaving insufficient funds 
for eye care[108,109]. Eye care services, including routine examinations, emergency treatments, and surgical inter-
ventions, require substantial investment in infrastructure, equipment, and supplies[110]. Many eye care facilities, 
especially in rural areas, are poorly equipped to handle complex eye emergencies[111]. Basic diagnostic equipment, 
surgical tools, and necessary medications are often in short supply. Additionally, the costs associated with consumables 
like intraocular lenses, medications, and diagnostic tools further strain limited budgets[112].

In addition to financial constraints, African countries face significant technical challenges in managing eye 
emergencies. There is a critical shortage of trained ophthalmologists, optometrists, and other eye care professionals[113]. 
For instance, in Nigeria, the availability and regional distribution of oculoplastic surgical services are inadequate, largely 
due to insufficient training[114]. In addition, the training and retention of these specialists are hampered by inadequate 
educational facilities and opportunities for professional development[115]. Consequently, the few available specialists are 
often concentrated in urban centers, leaving rural areas underserved[116].

Logistical challenges
Logistical challenges are a significant barrier to effective interventions for eye emergencies in Africa. One of the primary 
logistical issues is the scarcity of transportation funds, which can delay or completely hinder patients from accessing 
medical facilities for necessary interventions[117]. In addition, the distribution of eye care facilities is uneven, with most 
specialized centers situated in urban areas[118]. This urban-rural disparity contributes to the challenges of accessing eye 
care services in rural regions and people would often have to travel long distances to reach specialized eye care centers
[119]. This can be particularly challenging for elderly patients, those with disabilities, and families with limited financial 
means.

Awareness and knowledge
Awareness and knowledge regarding eye health issues are essential for the timely treatment of eye emergencies. When 
individuals are unaware of their conditions, they are less likely to seek appropriate care[120]. Furthermore, the sources 
from which patients obtain information about their conditions can impact their response to emergency eye cases[121]. 
This is such that even when individuals actively seek information, they may encounter a lack of reliable sources for 
accurate details about their eye conditions. For instance, a study in South Africa found that limited education on eye 
issues and the necessity for regular eye screenings among patients in a diabetic outpatient clinic affected their diagnosis 
and treatment[122].

Awareness of the importance of adhering to treatment plans is crucial for achieving effective medical outcomes[123]. 
This is significantly true for eye emergency cases. This lack of awareness can lead to poor compliance[124], as patients 
who do not perceive the benefits of following recommended care may neglect or discontinue it altogether. Similarly, 
unawareness of available facilities for managing eye emergencies can cause patients to seek alternative, and often less 
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effective, treatments[125].
The demographic and geographic traits of the study population may restrict the applicability of the findings to wider 

populations." Although our results offer significant insights into low treatment rates of eye emergencies in Africa, one 
must exercise caution when generalizing these findings to communities with differing demographic, socioeconomic, or 
healthcare circumstances. This study's findings, especially within the African setting, highlight the necessity of 
customizing interventions to local conditions while evaluating their possible relevance to other worldwide locations.

Recommendations and future directions
Community engagement and education: Effective community engagement and education are essential components in 
addressing the low treatment rates of eye emergencies in Africa. Preventive strategies should prioritize promoting and 
teaching the use of eye protective gear, particularly for individuals involved in high-risk activities such as operating 
machinery, agriculture and participating in certain sports[126]. Educational campaigns can highlight the importance of 
protective eyewear in preventing eye injuries and related emergencies, thus reducing the incidence of such cases.

Moreover, there is a crucial need to emphasize the importance of seeking prompt medical attention in the event of eye 
emergencies[127]. Public health initiatives should focus on raising awareness about the symptoms and dangers of 
delayed treatment for eye injuries and infections[128]. By educating communities about the urgency of timely medical 
intervention, it is possible to mitigate the risk of severe complications and improve overall eye health outcomes[129].

To address the difficulties of ocular emergencies in Africa, it is imperative to implement people-centered eye care 
systems. These encompass community-oriented screening initiatives, the incorporation of ocular health into primary 
healthcare services, and the formation of referral networks to enhance access to specialized care. Furthermore, compre-
hensive monitoring frameworks, including real-time surveillance systems for ocular crises, can facilitate targeted 
treatments and resource distribution.

Healthcare infrastructure enhancement
To address the low treatment rate of eye emergencies in Africa, enhancing healthcare infrastructure is paramount. This 
involves substantial investment in the construction and refurbishment of healthcare facilities for emergency care services
[130]. Upgrading existing hospitals and clinics with state-of-the-art ophthalmic equipment and ensuring a steady supply 
of essential medical materials are crucial steps[131]. Furthermore, establishing specialized eye care units within these 
facilities can significantly improve the accessibility and quality of emergency eye care[132]. Ensuring that these 
infrastructures are evenly distributed across rural and urban areas will help bridge the gap in eye care services and 
provide timely treatment to those in need[133].

Training and retention of eye care professionals
Training and retaining more eye care professionals, such as ophthalmologists, optometrists, and nurses, are also critical 
for improving the treatment rates of eye emergencies especially in rural areas[134,135]. Investment in professional 
development and continuing education programs can provide the necessary skills to manage eye emergencies effectively
[136]. Furthermore, creating a robust referral system to ensure that patients can access specialized care promptly can 
significantly enhance the management of eye emergencies[137].

Strengthening local organizations
Partnerships with NGOs and the private sector can also play a crucial role in bridging resource gaps. Ensuring that local 
organizations are actively involved in planning and resource allocation can help bridge the gap between national 
strategies and grassroots needs[137]. The Gambia’s model exemplifies how effective partnerships and health system 
frameworks can address vision care challenges and serves as a potential blueprint for other African countries seeking to 
enhance their vision care systems[138]. Therefore, not only empowering local organizations but also integrating them into 
the decision-making processes can ensure that resources are used effectively and that services are aligned with 
community needs[139].

Policy implementation and advocacy
The WHO's data indicating a reduction in vision loss in the African Region is a positive advancement. This trend 
illustrates the effects of enhanced healthcare delivery, heightened awareness, and focused efforts like the WHO's Vision 
2020 campaign[57]. Yet, awareness of eye care is insufficient in numerous areas of the African Region, with misunder-
standings regarding the urgency of ocular emergencies leading to procrastination in obtaining treatment. Augmenting 
financial support for eye care initiatives is warranted due to the considerable burden of avoidable visual impairment and 
its socioeconomic repercussions. Targeted expenditures in eye care do not exclude financing for other diseases but rather 
address a significant deficiency in healthcare services.

Comprehensive health policies and advocacy are vital for improving healthcare across Africa[140]. Developing 
standardized frameworks and guiding principles will help countries better incorporate ocular health into their healthcare 
systems[141]. Especially in the area of financial integration, these policies should be thorough, including budgets, plans, 
and guidelines to tackle the issue of inadequate eye care treatment in the region[142]. Integrating comprehensive eye care 
into Universal Health Coverage (UHC) is also vital for improving public health outcomes and ensuring equitable access 
to vision care[143]. However, many UHC programs currently lack comprehensive coverage for eye health care, resulting 
in significant out-of-pocket expenses and limited access to specialized care, such as in eye emergencies[144]. Innovative 
financing mechanisms, such as health insurance schemes and community health funds, can also be explored as has been 
done in Ghana and South Africa[145,146]. This approach will promote equitable access to eye care services and improve 
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overall health outcomes[137]. Therefore, the challenges and solutions to eye emergencies in Africa are summarized in 
Figure 2 below.

Limitations
The drawback of this study lies in the possibility of residual confounding, as not all variables that potentially affect the 
observed relationships may have been evaluated or considered. Lifestyle factors or genetic predispositions, which were 
outside the purview of this investigation, may have influenced the outcomes. Subsequent study should endeavor to 
incorporate a broader array of variables to mitigate this constraint.

Also, the dependence on self-reported and secondary data for certain variables creates the potential for recall and 
misclassification biases. Recall bias may arise if people wrongly recollect past events, whereas misclassification bias could 
stem from inaccuracies in data entry or categorization. These biases may compromise the validity of the findings. We 
therefore suggest utilizing objective metrics or primary data acquisition may alleviate these constraints.

While the longitudinal design of this study offers a more robust foundation for inferring temporal relationships than 
cross-sectional studies, it does not definitively establish causality. Unmeasured variables and other biases intrinsic to 
observational studies may continue to affect the outcomes. Consequently, prudence is necessary in interpreting the data 
as causal, and experimental research is required to validate these connections.

CONCLUSION
Summary of key points
This study discusses the critical and under-addressed issue of low treatment rates for eye emergencies in Africa, which 
significantly contributes to the high prevalence of preventable blindness across the continent. Eye emergencies require 
immediate medical attention to prevent severe outcomes, such as permanent vision loss. However, the ability to respond 
effectively to these emergencies is severely constrained by several factors unique to Africa. Socioeconomic barriers, partic-
ularly in rural regions, impede access to healthcare facilities equipped to handle ocular emergencies. The continent faces a 
significant shortage of trained eye care professionals, compounded by the uneven distribution of available specialists 
between the rural and urban regions, which further limits access to timely care. The epidemiology of eye emergencies in 
Africa reveals a worrying trend of increasing incidence, with young individuals, men, and those in high-risk occupations 
disproportionately affected. This study also notes that untreated eye emergencies can have devastating personal 
consequences, including a drastic reduction in quality of life, loss of independence, and long-term economic impacts. The 
challenges in managing these emergencies are exacerbated by inadequate healthcare infrastructure, lack of essential 
supplies, and insufficient training for healthcare workers at the primary care level. Our findings corroborate existing 
literature that underscores the significant deficiency of eye care experts in Africa and its effect on emergency care 
provision. This study emphasizes the necessity for policies that promote workforce development, encompassing the 
training and retention of eye care workers. The results underscore the necessity of incorporating eye care into primary 
healthcare systems to improve accessibility. These results ought to guide national health programs and international 
partnerships focused on mitigating preventable eyesight loss

Call to action
Effective initiatives to enhance eye emergency care in Africa encompass the establishment of mobile eye clinics for remote 
populations, the incorporation of eye care within existing primary healthcare systems, and the implementation of 
specialized training programs for primary healthcare practitioners. Public awareness efforts, customized to local contexts, 
should be executed to inform populations about the significance of prompt medical attention for ocular emergencies. 
These programs necessitate collaborative efforts among governments, NGOs, and international organizations to 
guarantee sustainability and efficacy. This study calls for urgent action to address the low treatment rates of eye 
emergencies in Africa. This includes enhancing healthcare infrastructure, especially in rural areas, and improving the 
training and retention of eye care professionals. It also advocates for stronger community engagement and education to 
raise awareness about the importance of eye care and the need for timely medical intervention. Furthermore, the study 
emphasizes the necessity of policy reforms and increased funding to ensure that eye health is integrated into broader 
public health strategies and that resources are allocated effectively to prevent avoidable vision loss across the continent.
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Abstract
BACKGROUND 
Endoscopic ultrasound-guided fine-needle aspiration/biopsy (EUS-FNA/B) is the 
most common modality for tissue acquisition from pancreatic masses. Despite 
high specificity, sensitivity remains less than 90%. Auxiliary techniques like elas-
tography and contrast-enhanced EUS may guide tissue acquisition from viable 
tumor tissue and improve the diagnostic outcomes theoretically. However, data 
regarding the same have shown conflicting results.

AIM 
To compare the diagnostic outcomes of auxiliary-EUS-FNA/B to standard EUS-
FNA/B for pancreatic lesions.
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METHODS 
The electronic databases of MEDLINE, EMBASE, and Scopus were searched from inception to February 2024 for all 
relevant studies comparing diagnostic outcomes of auxiliary-EUS-FNA/B to standard EUS-FNA/B for pancreatic 
lesions. A bivariate hierarchical model was used to perform the meta-analysis.

RESULTS 
A total of 10 studies were identified. The pooled sensitivity, specificity, and area under the receiver-operated curve 
(AUROC) for standard EUS-FNA/B were 0.82 (95%CI: 0.79-0.85), 1.00 (95%CI: 0.96-1.00), and 0.97 (95%CI: 0.95-
0.98), respectively. The pooled sensitivity, specificity, and AUROC for EUS-FNA/B with auxiliary techniques were 
0.86 (95%CI: 0.83-0.89), 1.00 (95%CI: 0.94-1.00), and 0.96 (95%CI: 0.94-0.98), respectively. Comparing the two 
diagnostic modalities, sensitivity [Risk ratio (RR): 1.04, 95%CI: 0.99-1.09], specificity (RR: 1.00, 95%CI: 0.99-1.01), 
and diagnostic accuracy (RR: 1.03, 95%CI: 0.98-1.09) were comparable.

CONCLUSION 
Analysis of the currently available literature did not show any additional advantage of EUS-FNA/B with auxiliary 
techniques for pancreatic solid lesions over standard EUS-FNA/B. Further randomized studies are required to 
demonstrate the benefit of auxiliary techniques before they can be recommended for routine practice.

Key Words: Endoscopic ultrasonography; Fine-needle aspiration Biopsies; Pancreatic ductal carcinomas; Contrast media; 
Elastography

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Auxiliary techniques like elastography and contrast enhancement are being used during endoscopic ultrasound-
guided fine-needle aspiration/biopsy (EUS-FNA/B) to guide tissue acquisition from viable tumor tissue and improve 
diagnostic outcomes. However, the present meta-analysis reported comparable sensitivity, specificity, and diagnostic 
accuracy between EUS-FNA/B with and without auxiliary techniques. Subgroup analysis of studies exclusively using 
contrast-enhanced harmonic-EUS-FNA/B, randomized studies, and studies reporting diagnostic outcomes after the first pass 
reported no difference between both modalities. Thus, using EUS-FNA/B with auxiliary techniques for pancreatic solid 
lesions does not provide any additional advantage over standard EUS-FNA/B.

Citation: Rath MM, Anirvan P, Varghese J, Tripathy TP, Patel RK, Panigrahi MK, Giri S. Comparison of standard vs auxiliary 
(contrast or elastography) endoscopic ultrasound-guided fine needle aspiration/biopsy in solid pancreatic lesions: A meta-analysis. 
World J Methodol 2025; 15(3): 97415
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/97415.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.97415

INTRODUCTION
The assessment of pancreatic head lesions has been greatly aided by the development of endoscopic ultrasound-guided 
fine-needle aspiration/biopsy (EUS-FNA/B). EUS-FNA/B has a sensitivity, specificity, and accuracy of 84%–92%, 
96%–98%, and 86%–91%, respectively, in diagnosing malignant pancreatic masses[1]. The sensitivity depends upon 
several factors – the type of needle used, use of suction, stylet, use of rapid on-site evaluation (ROSE) or macroscopic on-
site evaluation, and indwelling biliary stent[2-6]. The median survival in patients of pancreatic cancer who don’t receive a 
diagnosis on time and present with distant metastases is 8–12 months and 3–6 months, respectively[7]. On the flip side, 
the diagnosis of mass-forming chronic pancreatitis as pancreatic cancer, often to the tune of 5% to 35%[8], leads to 
unnecessary psychological trauma and needless surgeries. Auxiliary techniques that have been developed to increase the 
sensitivity and accuracy of EUS-FNA/B include real-time elastography (RTE)-EUS-FNA/B and contrast-enhanced 
harmonic (CEH)-EUS-FNA/B[9].

CEH-EUS-FNA/B uses a contrast agent with harmonic imaging to characterize tissue blood flow within the pancreatic 
masses and differentiate benign from malignant masses. The technique relies on generating a time-intensity curve (TIC) 
based on the temporal change in intensity of echo enhancement. CEH-EUS-FNA/B can differentiate benign from 
malignant pancreatic lesions[10]. For malignant lesions, the TIC is flat and low compared to benign lesions since the 
desmoplastic nature of the lesion limits blood supply[10]. The pooled sensitivity and specificity of CEH-EUS-FNA/B for 
diagnosis of pancreatic cancer are 91% and 86%, respectively[11]. However, there is a lack of uniformity concerning the 
standard cut-off values of TIC. CEH-EUS-FNA/B is also operator-dependent, and the endoscopist's experience may affect 
the results[12].

There have been conflicting results in studies comparing CEH-EUS-FNA/B to standard EUS-FNA/B. The aim of this 
meta-analysis was to compare the diagnostic outcome of auxiliary-EUS-FNA/B compared to standard EUS-FNA/B in the 
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diagnosis of pancreatic solid lesions.

MATERIALS AND METHODS
The present meta-analysis was reported in accordance with the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines[13].

Information sources and search strategy
The electronic databases of MEDLINE, EMBASE, and Scopus were searched from their inception to February 2024 for all 
relevant studies. The following keywords were used for the search: (Endoscopic ultrasound OR EUS) AND (FNA OR Fine 
needle aspiration OR FNB OR Fine needle biopsy) AND (Elastography OR Contrast) AND (Pancreas OR Pancreatic). 
Furthermore, relevant studies were searched from the reference lists of all retrieved studies, guidelines, and reviews.

Study selection
Two reviewers independently reviewed the obtained search records for inclusion and exclusion criteria from the titles 
and abstracts. The same independent reviewers went through the full text of the shortlisted articles. Any dispute was 
settled by a third reviewer. Comparative prospective and retrospective studies (parallel as well as cross-over) fulfilling 
the following criteria were included in this meta-analysis: (1) Participants-patients with a solid pancreatic lesion; (2) Index 
test-RTE-EUS-FNA/B or CEH-EUS-FNA/B; (3) Comparator test-Standard EUS-FNA/B; and (4) Reference standards-
surgical pathology for patients who underwent surgery or clinical and radiological follow-up of 12 months in 
unresectable cases. Conference abstracts, non-comparative single-arm studies, and case reports were excluded from the 
analysis.

Data extraction and risk of bias assessment
Two reviewers worked independently to retrieve the data. A third reviewer arbitrated any disputes. The following 
categories were utilized to gather data: Author and publication year, number of patients, age distribution, location and 
size of the lesion, type of needle and technique used, and the diagnostic outcomes.

The risk of bias and applicability in the included studies were evaluated using the QUADAS-2 tool[14]. Patient 
selection, index test, reference standard, and patient flow during the research and timing of the index tests are the four 
domains that make up this tool.

Statistical analysis
The sensitivity, specificity, likelihood ratio (LR), and diagnostic odds ratio (DOR) were determined using the true 
positive, false positive, false negative, and true negative data. The receiver operating characteristic curve (sROC) was 
summarized, and the area under the ROC (AUROC) was computed. The bivariate hierarchical model was used for meta-
analysis of the summary estimate for sensitivity and specificity together, whereas the hierarchical summary ROC model 
was used to model the parameters for the sROC curve. The bivariate model models the sensitivity and specificity more 
directly, assuming that their logit (log-odds) transforms have a bivariate normal distribution between studies[15]. In 
random-effects meta-analysis, the extent of variation among the effects observed in different studies is referred to as tau-
squared (τ2), which is a measure of heterogeneity. A sensitivity analysis was conducted to evaluate the reliability of the 
study's findings. Based on the LR of the diagnostic test, a Fagan nomogram was utilized to calculate the post-test 
probability. A P value of < 0.10 for the slope coefficient in Deek's plot indicated publication bias[16]. Data analysis was 
performed using Meta-DiSc version 1.4 (Madrid, Spain), RevMan version 5.4, and STATA version 17 (College Station, 
Tex).

RESULTS
Study characteristics and risk of bias assessment
Ten studies out of the 2698 retrieved records were included in the meta-analysis. The PRISMA flowchart for the inclusion 
and selection of studies is displayed in Figure 1. The baseline characteristics of the studies that were included in the meta-
analysis are summarized in Table 1[17-26]. Only one study used RTE-EUS-FNA/B[24], while the other nine used CEH-
EUS FNA/B. Five of these nine studies on CEH-EUS FNA/B used SonoVue[17,18,20,22,23], and four used Sonazoid[19,
21,25,26]. Four studies were randomized trials[19,22,23,26], three were prospective[18,21,24], and three were retrospective
[17,20,25]. The mean size of the lesion varied from 25 mm to 39.5 mm. Except for two studies[19,23], the rest all used a 22-
G size needle. ROSE was available in only two studies. The study by Lai et al[25] reported data from only malignant 
lesions[25] and, hence, was not included in the calculation of sensitivity and specificity. Concerning study quality, three 
studies had low[22,24,26], four had intermediate[18,19,21,23], and three had high risk of bias[17,20,25] (Figure 2).

Diagnostic utility of standard EUS-FNA/B
The pooled sensitivity estimates of standard EUS-FNA/B was 0.82 (95%CI: 0.79-0.85) (I2 = 89.8%), and the pooled 
specificity estimate was 1.00 (95%CI: 0.96-1.00) (I2 = 0.0%) (Figure 3A). Additionally, the pooled positive LR, negative LR, 
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Table 1 Baseline characteristics of the studies included in the meta-analysis, mean ± SD/median (range/25th-75th percentiles)

Ref. Country Study design Arm Number of 
patients Age Lesion size, in 

mm
Lesion location 
(H/U-B/T) Contrast Needle Suction Number of 

passes ROSE

CEH-EUS FNA 58 55.1 ± 11.7 38 ± 12 35/23 SonoVue 3.7 ± 0.9Hou et al[17] China Retrospective

EUS-FNA 105 56.2 ± 12.5 39 ± 8.0 65/40 -

22-G -

3.6 ± 0.8

No

CEH-EUS FNA SonoVue 2Seicean et al[18] Romania Prospective, cross-
over

EUS-FNA

51 64 (39-83) 35 31/10

-

22-G -

2

No

CEH-EUS FNA 20 69.5 ± 10.5 25.0 ± 8.0 13/7 Sonazoid 22-G 1-5Sugimoto et al[19] Japan RCT

EUS-FNA 20 67.1 ± 9.9 26.5 ± 9.2 13/7 - 22-G or 25-G

DS

1-5

Yes

CEH-EUS FNA 103 66 ± 6 32 ± 11 71/32 SonoVue 2.4 ± 0.6Facciorusso et al
[20]

Italy Retrospective

EUS-FNA 103 66 ± 8 32 ± 10 71/32 -

22-G DS

2.7 ± 0.8

No

CEH-EUS FNA SonazoidItonaga et al[21] Japan Prospective, cross-
over

EUS-FNA

93 72.5 (34–89) 25.2 (12-56) 55/38

-

22-G DS 2.6 (2-5) No

CEH-EUS FNA SonoVue 1Seicean et al[22] Romania RCT, cross-over

EUS-FNA

148 64.5 (62.6 – 
66.3)

30 (20.8- 35) 103/45

-

22-G -

1

No

CEH-EUS 
FNA/B

120 66.3 ± 11.8 30.9 ± 2.1 54/66 SonoVue 1-5Cho et al[23] South Korea RCT

EUS-FNA/B 120 68.3 ± 11.9 33.1 ± 16.4 60/60 -

19- to 25-G DS

1-5

No

RTE-EUS FNA - 1Gheorghiu et al[24] Romania Prospective, cross-
over

EUS-FNA

60 66.4 ± 10.0 30 (29.5 -35) 44/16

-

22-G No

1

No

CEH-EUS FNB 48 29.5 ± 11.5 29/11/8 Sonazoid 2.2 ± 0.7Lai et al[25] Taiwan Retrospective

EUS-FNB 85

63.6 ± 12.6

34.8 ± 18.2 39/36/10 -

22-G SSP

3.6 ± 1.2

No

CEH-EUS FNB 59 64.7 ± 11.6 37.5 (28.8-45.9) 30/29 Sonazoid 1-6Kuo et al[26] Taiwan RCT

EUS-FNB 59 64.1 ± 12.6 37.5 (30.6-46.2) 34/25 -

22-G No

1-6

Yes

EUS-FNA/B: Endoscopic ultrasound-guided fine-needle aspiration/biopsy; CEH-EUS-FNA/B: Contrast-enhanced harmonic-EUS-FNA/B; RTE-EUS-FNA/B: Real-time elastography EUS-FNA/B; Lesion location (H/U-B/T): Head or 
uncinate process-body or tail; RCT: Randomized controlled trial; ROSE: Rapid on-site evaluation; DS: Dry suction; SSP: Slow stylet pull.

and DOR were 14.42 (95%CI: 5.64-36.90), 0.19 (95%CI: 0.13-0.30), and 105.51 (95%CI: 36.38-305.99), respectively (Table 2). 
Using the Fagan nomogram, a positive result raised the pre-test likelihood of diagnosis from 50% to 99%, whereas a 
negative result lowered the pre-test probability from 50% to 13% (Figure 4A). An sROC curve was plotted, and the 
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Table 2 Summary of results of diagnostic test accuracy meta-analysis

Standard EUS-FNA/B EUS-FNA/B with auxiliary techniques
Parameters

Values with 95%CI Heterogeneity 
(I2) Values with 95%CI Heterogeneity 

(I2)

Sensitivity 0.82 (0.79-0.85) 89.8% 0.86 (0.83-0.89) 73.6%

Specificity 1.00 (0.96-1.00) 0.0% 1.00 (0.94-1.00) 2.7%

Positive LR 14.42 (5.64-36.90) 0.0% 11.11 (4.30-28.71) 21.6%

Negative LR 0.19 (0.13-0.30) 82.5% 0.17 (0.13-0.22) 40.4%

DOR 105.51 (36.38-305.99) 0.0% 126.87 (44.43-362.28) 0.0%

AUROC 0.97 (0.95-0.98) - 0.96 (0.94-0.98) -

LR: Likelihood ratio; DOR: Diagnostic odds ratio; AUROC: Area under the receiver operating characteristic curve; EUS-FNA/B: Endoscopic ultrasound-
guided fine-needle aspiration/biopsy.

Figure 1 PRISMA flowchart for study identification, selection, and inclusion process.

AUROC with 95%CI was 0.97 (95%CI: 0.95-0.98) (Figure 3C).

Diagnostic utility of EUS-FNA/B with auxiliary technique
The pooled sensitivity estimate was 0.86 (95%CI: 0.83-0.89) (I2 = 73.6%), and the pooled specificity estimate was 1.00 
(95%CI: 0.94-1.00) with evidence of statistical heterogeneity (I2 = 2.7%) (Figure 3B). The pooled positive LR, negative LR, 
and DOR for EUS-FNA/B with auxiliary techniques were 11.11 (95%CI: 4.30-28.71), 0.17 (95%CI: 0.13-0.22), and 126.87 
(95%CI: 44.43-362.28), respectively (Table 2). Using the Fagan nomogram, a positive result raised the pre-test likelihood of 
diagnosis from 50% to 100%, whereas a negative result reduced the pre-test probability from 50% to 11% (Figure 4C). An 
sROC curve was plotted, and the AUROC with 95%CI was 0.96 (95%CI: 0.94-0.98) (Figure 3D).

Comparison of standard vs auxiliary EUS-FNA/B
On comparison of standard vs auxiliary EUS-FNA/B, both sensitivity [Risk ratio (RR): 1.04, 95%CI: 0.99-1.09, P = 0.0828; τ2 
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Figure 2 Risk of bias assessment using QUADAS-2 tool. A: Methodological quality for individual studies; B: Methodological quality summary graph.

= 0.91] and specificity (RR: 1.00, 95%CI: 0.99-1.01, P = 0.8123; τ2 = 8.41) were comparable (Figure 5). The diagnostic 
accuracy between the two modalities (RR: 1.02, 95%CI: 0.98-1.07; I2 = 50%, P = 0.04) was also comparable, with evidence of 
statistical heterogeneity (Figure 6).

Publication bias, sensitivity analysis, and certainty of evidence
Assessment of Deeks’ plot did not show evidence of publication bias for standard EUS-FNA/B (Figure 4B) but for EUS-
FNA/B with auxiliary technique (P = 0.054) (Figure 4D). A sensitivity analysis was conducted using studies on CEH-
EUS-FNA/B, randomized studies, and first-pass data. Sensitivity analysis showed comparable sensitivity, specificity, and 
diagnostic accuracy between both groups (Table 3). Table 4 shows the certainty of evidence for the analyzed outcomes.

DISCUSSION
EUS-guided advanced imaging techniques, such as elastography and contrast enhancement, offer the advantage of distin-
guishing between fibrotic/inflammatory tissues and malignant pancreatic lesions. These auxiliary techniques have been 
touted to improve the diagnostic performance of EUS in solid pancreatic lesions, and a recent guideline recommends 
using contrast guidance for EUS-guided tissue acquisition from solid lesions with avascular areas[27]. However, there is a 
paucity of data to support this argument fully. The present meta-analysis reported pooled sensitivity estimates of 
standard EUS-FNA/B and EUS-FNA/B with auxiliary technique as 82% (79%-85%) and 86% (83%-89%), without any 
significant difference (1.04, 95%CI: 0.99-1.09). Similarly, the pooled specificity estimates of standard EUS-FNA/B and 
EUS-FNA/B with the auxiliary technique were 100% (96%-100%) and 100% (94%-100%) with relative specificity of 1.00 
(95%CI: 1.00-1.01). The odds of diagnostic accuracy were comparable also comparable between both groups (1.03, 95%CI: 
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Table 3 Comparative analysis of endoscopic ultrasound-guided fine-needle aspiration/biopsy with auxiliary vs standard technique with 
sensitivity analysis

Comparison of EUS-FNA/B with auxiliary vs standard 
techniques No. of studies Relative risk P value Tau2

Relative sensitivity

Overall 9 1.04 (0.99-1.09) 0.0828 0.91

Studies with CEH-EUS-FNA/B 8 1.05 (1.00-1.10) 0.0729 1.05

Randomized studies 4 1.00 (0.97-1.03) 0.9006 1.41

Relative specificity

Overall 9 1.00 (1.00-1.01) 0.8123 0.41

Studies with CEH-EUS-FNA/B 8 1.00 (1.00-1.01) 0.8096 8.42

Randomized studies 4 1.01 (0.96-1.06) 0.7840 6.31

I2

Diagnostic accuracy

Overall 10 1.02 (0.98-1.07) 0.33 50%

Studies with CEH-EUS-FNA/B 9 1.03 (0.98-1.09) 0.23 55%

After single pass 5 1.01 (0.93-1.10) 0.19 35%

Randomized studies 4 0.99 (0.95-1.02) 0.45 0%

EUS-FNA/B: Endoscopic ultrasound-guided fine-needle aspiration/biopsy; CEH-EUS-FNA/B: Contrast-enhanced harmonic-EUS-FNA/B.

Table 4 Grade of evidence table1

Anticipated absolute effects 
(95%CI) Certainty assessment

Outcomes With 
standard 
EUS-FNA/B

With EUS-
FNA/B and 
auxiliary 
techniques

Relative 
effect 
(95%CI)

No. of 
patients 
(studies)

Risk 
of 
bias

Inconsistency Indirectness Imprecision

Overall 
certainty of 
evidence

Sensitivity 0.82 (0.79-
0.85)

0.86 (0.83-0.89) RR: 1.04 
(0.99-1.09)

1471 (9 
studies)

+ + - - Low

Specificity 1.00 
(0.96-1.00)

1.00 
(0.94-1.00)

RR: 1.00 
(0.99-1.01)

1471 (9 
studies)

+ + - - Low

Diagnostic 
accuracy

846 per 1000 17 higher per 
1000 (17 lower to 
59 more)

RR: 1.02 
(0.98-1.07)

1604 (10 
studies)

+ + - - Low

1Population: Patients with a solid pancreatic lesion. Index test: Real-time elastography-endoscopic ultrasound-guided fine-needle aspiration/biopsy/B or 
Contrast-enhanced harmonic-endoscopic ultrasound-guided fine-needle aspiration/biopsy. Comparator test: Standard Endoscopic ultrasound-guided fine-
needle aspiration/biopsy.
EUS-FNA/B: Endoscopic ultrasound-guided fine-needle aspiration/biopsy.

0.98-1.09). These findings suggest that the auxiliary techniques may not improve the diagnostic outcome of EUS-FNA/B.
Other factors that may affect diagnostic outcomes of EUS-FNA/B include the size and location of the lesion. Itonaga et 

al[21] reported higher adequacy and sensitivity with CEH-EUS-FNA in lesion size > 15 mm and lesions located in the 
body/tail[21]. Kuo et al[26] reported reduced cytologic and histologic accuracy in lesions larger than 40 mm[26]. This may 
be due to the increased proportion of necrotic material in larger lesions. CEH-EUS may help target viable tissue in such 
lesions. However, Facciorusso et al[20] and Seicean et al[22] reported no difference with respect to size[20,22], and Cho et 
al[23] reported no difference with respect to the location of the lesion[23]. Hence, further studies are required to 
demonstrate the benefit of CEH-EUS-FNA/B in larger lesions.

Another benefit of the auxiliary technique, which has been reported in some studies, is the higher diagnostic yield in a 
single pass. Sugimoto et al[19] reported that a sufficient biopsy sample after a single needle pass was obtained in 60% of 
the CEH-EUS-FNA group compared with 25% of the standard EUS-FNA group[19]. Similarly, the rate of adequate 
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Figure 3 Sensitivity and specificity for diagnosis of malignancy from pancreatic solid lesion with endoscopic ultrasound-guided fine 
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needle aspiration/biopsy using. A and C: Standard; B: Auxiliary technique. The summary receiver operating characteristic curves for sensitivity and specificity 
of endoscopic ultrasound-guided fine needle aspiration/biopsy using; D: Auxiliary technique with their 95%CI and 95% prediction interval.

Figure 4 Fagan plot for endoscopic ultrasound-guided fine needle aspiration/biopsy using. A and B: Standard; C: Auxiliary technique. Deeks’ plot 
for endoscopic ultrasound-guided fine needle aspiration/biopsy using; D: Auxiliary technique.

sampling and sensitivity of one pass with EUS-FNA-CHI was higher in the study by Itonaga et al[21]. However, the 
studies by Cho et al[23] and Kuo et al[26] reported no difference in the diagnostic sensitivity after the first needle pass 
between the two techniques[23,25]. One reason for this difference between the studies may be that Sugimoto et al[19] and 
Itonaga et al[21] used FNA needles, while Cho et al[23] and Kuo et al[26] used FNB needles predominantly. However, a 
recent RCT using an FNA needle reported no significant difference between conventional and CEH-EUS-FNA in terms of 
diagnostic accuracy, sensitivity, specificity and positive and negative predictive values[28]. Also, a meta-analysis using 
the data on first-pass from four studies showed no difference in the diagnostic accuracy. Thus, with the increasing use of 
newer-generation FNB needles, auxiliary techniques may not be useful as a routine procedure.

Despite some studies highlighting the utility of CH-EUS-FNA, only one study has shown that CH-EUS-FNA enhances 
diagnostic sensitivity[21]. With the advent of precision medicine, particularly in the realm of oncogene panel testing on 
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Figure 5 Relative sensitivity and specificity of endoscopic ultrasound-guided fine needle aspiration/biopsy using auxiliary technique, 
compared to standard technique.

EUS-FNA specimens, it will be crucial to obtain cancer tissues from sites with a high cellular yield[29]. In this context, 
CH-EUS-FNA could be a valuable technique, especially for collecting tissue samples from solid pancreatic neoplasms. 
The ability of CH-EUS-FNA to provide high-quality, cell-rich samples can make it an indispensable tool in the 
advancement of personalized treatment strategies for pancreatic cancer patients, underscoring its significance in the 
diagnostic and therapeutic landscape of pancreatic cancer[30].

EUS elastography is being promoted because it offers important information complementary to B-mode imaging. 
However, elastography cannot be considered a required addition to EUS because most endosonographers achieve 
excellent EUS outcomes without it. No evidence indicates that elastography enhances clinical outcomes compared to 
traditional EUS, whether or not EUS-guided tissue acquisition is used. Specifically, no studies demonstrate that 
elastography is superior in targeting cancer within suspicious lesions. Despite its high sensitivity for diagnosing 
malignancy, the clinical utility of EUS elastography is limited by its low specificity. In one large prospective study, the 
specificity for characterizing solid pancreatic lesions was as low as 22%, undermining its overall effectiveness in clinical 
practice[31]. In addition, it has been observed that the accuracy of EUS-FNA largely depends on the expertise of the 
endosonographers and similarly, the evaluation of pancreatic lesions using CH-EUS or elastography is also reliant on 
their examination skills[32].

The other disadvantage of the contrast agent is that it is expensive, costing approximately $250 per bottle, and requires 
an additional 3 to 5 minutes to prepare the contrast injection and observe the enhancement pattern[26]. This information 
is valuable for healthcare providers and policy-makers aiming to optimize resource allocation. However, none of the 
studies compared the overall difference in cost between the two modalities.

There are a few limitations to the present analysis warranting discussion. First, not all studies were randomized, 
increasing the risk of selection and reporting bias. However, a subgroup analysis of randomized studies did not report 
any difference between both modalities. Second, an assessment of publication bias, using the Deeks plot, revealed the 
presence of publication bias for the auxiliary techniques. This suggests that the studies included in the analysis may not 
fully represent the entire spectrum of clinical scenarios, and the results should be interpreted cautiously. Third, we could 
not perform a meta-analysis to assess the impact of size on diagnostic outcomes due to limited data from the included 
studies. Fourth, there was heterogeneity concerning the type of needle, type of suction method, and use of ROSE. Fifth, 
we did not compare the occurrence of adverse effects between the two modalities. However, the existing literature does 
not suggest any increase in adverse events using auxiliary techniques. The reported adverse effects related to the use of 
ultrasound contrast medium do not pose any clinical problems[33].
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Figure 6 Forest plot for comparison of diagnostic accuracy between endoscopic ultrasound-guided fine needle aspiration/biopsy using 
auxiliary technique and standard technique. A: All studies; B: Studies reporting data after the first pass.

CONCLUSION
In conclusion, EUS-FNA/B, both standard and with auxiliary techniques, demonstrates high diagnostic utility with 
excellent specificity. Comparable sensitivity, specificity, and diagnostic accuracy were reported in the current meta-
analysis comparing EUS-FNA/B with and without auxiliary techniques. Subgroup analysis of studies exclusively using 
CEH-EUS-FNA/B, randomized studies, and studies reporting diagnostic outcomes after the first pass reported no 
difference between both modalities. Thus, the currently available literature for pancreatic solid lesions does not show any 
additional benefit from utilizing auxiliary techniques in conjunction with standard EUS-FNA/B. Further randomized 
studies are required before auxiliary techniques can be recommended for routine practice.
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Abstract
BACKGROUND 
Historically intraoperative drains were employed after pancreatic surgery but 
over the last decade, there has been debate over the routine usage of drains.

AIM 
To assess the necessity of intra-abdominal drain placement, identify the most 
effective drain type, and determine the optimal timing for drain removal.

METHODS 
A systematic review of electronic databases, including PubMed, MEDLINE, 
PubMed Central, and Google Scholar, was conducted using Medical Subject Hea-
dings and keywords until December 2023. From an initial pool of 1910 articles, 48 
were included after exclusion and screening. The primary outcomes analyzed 
were clinically relevant postoperative pancreatic fistula (CR-POPF), delayed 
gastric emptying (DGE), overall morbidity, and mortality. Subgroup analyses 
were performed for pancreaticoduodenectomy and distal pancreatectomy.

RESULTS 
Routine use of drains is associated with a statistically significant increase in the 
risk of CR-POPF and DGE. Conversely, patients who did not have drains placed 
experienced a significant reduction in morbidity, readmission rates, and reoper-
ations. No significant differences were observed between active and passive drain 
types. Early drain removal (< 3 days) yielded favorable outcomes compared to 
delayed removal.
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CONCLUSION 
Analysis of randomized controlled trials and cohort studies did not demonstrate an advantage of routine drain 
placement following pancreatic resection, potentially contributing to increased morbidity and mortality. The 
decision to use drains should be left to the discretion of the operating surgeon. However, early drain removal can 
substantially reduce morbidity.

Key Words: Intraabdominal drain; Pancreatic resection; Post-operative pancreatic fistula; Delayed gastric emptying; Early drain 
removal; Drainage duration; Post pancreatectomy drainage

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Routine intraoperative drain placement after pancreatic surgery increases the risk of clinically relevant 
postoperative pancreatic fistula (CR-POPF) and delayed gastric emptying. Patients without drains had lower morbidity, 
readmission rates, and reoperations. The necessity of routine drain placement is questionable. No clear recommendation can 
be made between active suction and passive gravity drainage methods. Early drain removal is supported to reduce the 
occurrence of CR-POPF and associated morbidity and mortality.

Citation: Kodali R, Parasar K, Anand U, Singh BN, Kant K, Arora A, Karthikeyan V, Anwar S, Saha B, Wadaskar S. Evidence-based 
approach for intraabdominal drainage in pancreatic surgery: A systematic review and meta-analysis. World J Methodol 2025; 15(3): 
99080
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/99080.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.99080

INTRODUCTION
Pancreatic resection, encompassing procedures like pancreaticoduodenectomy (PD) and distal pancreatectomy (DP), has 
evolved to become safer especially with advancements in surgical techniques and perioperative care[1,2]. Despite a 
mortality rate of less than 5%, pancreatic surgery still presents a considerable challenge due to high morbidity rates 
ranging from 30% to 60%, primarily attributed to complications such as postoperative pancreatic fistula (POPF)[3]. Given 
the significant impact on patient’s quality of life and healthcare costs, there is a need to focus on strategies to mitigate 
POPF occurrence and improve postoperative outcomes[4,5].

The routine placement and management of intra-abdominal drains after pancreatic resection have garnered significant 
attention and discussion in recent years[6-10]. The practice of inserting prophylactic intra-abdominal drains has roots 
dating back to the 19th century, driven by the belief that these drains could evacuate fluids such as blood, bile, and 
pancreatic juice that might accumulate post-surgery[11]. In modern pancreatic surgery, the management of intra-
abdominal drains has become a vital consideration, as indicated by earlier research highlighting its substantial impact on 
the frequency of postoperative complications[12]. Additionally, drains play a role in mitigating complications related to 
POPF and aid in the detection of other intra-abdominal hemorrhage. However, the contrarian view of routine use of 
abdominal drains can lead to retrograde infection, discomfort, foreign body reactions, and prolonged hospital stays[13]. 
Furthermore drains, which generate substantial negative pressure may contribute to the development of POPFs.

One of the pivotal questions concerning the necessity of placing drains after pancreatic resection was addressed by 
Conlon et al[7] which marked the initial evidence-based approach, reinforcing the idea that intra-abdominal drains 
should not be deemed mandatory. However, subsequent randomized controlled trials (RCTs) yielded conflicting results 
on the efficacy of drains[6,10]. Several systematic reviews and meta-analyses have since been conducted on the role of 
routine drainage after pancreatic resection. Unfortunately, the available evidence remains limited, underscoring the need 
for establishing evidence-based guidelines for prophylactic intraabdominal drainage in pancreatic surgery[13,14]. Thus, 
this systematic review and meta-analysis were aimed to analyse the most recent evidence based data and to answer the 
following questions: (1) Is the drainage at the operative site more beneficial after pancreatectomy compared to no drain; 
and (2) If drainage is used, how long should it remain, and what type of drainage should be preferred.

MATERIALS AND METHODS
Search strategy
A comprehensive literature search was performed in accordance with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses guidelines[15]. PubMed, MEDLINE, PubMed Central, and Google Scholar databases were 
systematically reviewed using Medical Subject Headings terms and keywords up to December 2023. The search strategy 
outlined in (Table 1) aimed to identify the relevant studies. After applying inclusion criteria and removing duplicates, 
abstracts of shortlisted articles were screened, followed by independent full-text review by two authors.

https://www.wjgnet.com/2222-0682/full/v15/i3/99080.htm
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Table 1 Search strategy for electronic databases

Search strategy Database

(("Drainage" [Mesh] OR "Drainage, Surgical" [Mesh] OR "Suction" [Mesh] OR "Drainage, Closed" [Mesh]) AND ("Pancreatectomy" 
[Mesh] OR "Pancreatic resection" [Mesh] OR "Distal pancreatectomy" [Mesh] OR "Pancreatic tail resection" [Mesh] OR "Pancre-
aticoduodenectomy" [Mesh] OR "Whipple procedure" [Mesh] OR "Duodenopancreatectomy" [Mesh])

PubMed, PubMed 
Central, and 
MEDLINE

“Intraabdominal drainage”, “Pancreatic resection”, “Distal pancreatectomy”, “Pancreaticoduodenectomy” separately and in 
combination

Google Scholar 

Mesh: Medical Subject Headings.

Inclusion criteria
Studies comparing the following parameters were included: (1) Intrabdominal drainage vs no drainage; (2) Active 
(suction) vs passive (gravity) drainage; (3) Early vs late (traditional) drain removal; and (4) Selective drain usage. Studies 
in which the full text is available in English, and studies that were conducted on humans.

Exclusion criteria
Review articles, letters to the editor, case reports, case series, systematic reviews, meta-analyses, and animal studies were 
excluded.

Data extraction and quality assessment
Data extraction was carried out by two researchers independently using standardized forms. The quality of the RCTs was 
evaluated using the Cochrane risk of bias tool while the quality of the non-RCTs was evaluated using the Newcastle-
Ottawa scale.

Outcome of interest
The main outcomes considered were the clinically relevant POPF (CR-POPF), delayed gastric emptying (DGE), and 
overall morbidity rate. The outcome was measured in terms of the reoperation, readmission, length of hospital stay, and 
overall mortality rate.

Statistical analysis
For continuous variables, we utilized the inverse variance method to determine the standardized mean differences and 
95%CI. Dichotomous outcomes were assessed using risk ratios and 95%CI were calculated through the Mantel-Haenszel 
model. The results were visually displayed in forest plots, and a random effects model was applied to estimate pooled 
odds ratios (OR) for postoperative complications. Heterogeneity was assessed using the χ2 test and I2 statistic, while 
publication bias was examined through Egger’s test and funnel plots. The analysis was conducted using R programming 
version 4.2.

RESULTS
Study selection
Initially, 1910 studies were identified from major databases (Figure 1). After removing 40 duplicates and excluding 1749 
studies not meeting inclusion criteria, full texts of 121 remaining studies were retrieved. Following further screening, 73 
studies were eliminated for inconsistency with inclusion criteria, and two inaccessible full-text studies were removed. 
Ultimately, 48 articles were included, focusing on comparisons between presence or absence of drainage, active (closed 
suction) vs passive (gravity) drainage, and early vs traditional removal of drainage.

Intra-abdominal drain and without drain
In the current systematic review and meta-analysis, we meticulously examined a total of 22 studies, comprising five 
RCTs, and the remaining were retrospective, or cohort studies as shown in Supplementary Table 1[4,6-10,16-31]. These 
studies collectively encompassed a broad population, involving a total of 30029 participants.

CR-POPF
Twelve studies, comprising 16754 patients in the drain group and 3402 patients in the no-drain group, examined CR-
POPF outcomes in PD[4,6,8-10,18-27,29-31]. Substantial heterogeneity was observed (I2 = 90%, P < 0.01) (Figure 2A)[4,8,10,
18,20-22,24-27,30]. The pooled analysis revealed a significantly higher CR-POPF rate in the drain group (OR = 1.58, 
95%CI: 1.04-2.38), supported by a symmetrical funnel plot and non-significant Egger test (P = 0.7613) (Figure 3A). 
Additionally, seven studies involving 2329 patients in the drain group and 899 in the no-drain group examined CR-POPF 
outcomes in DP[6,8,9,19,29-31]. Significant heterogeneity was noted (I2 = 55%, P = 0.04), with the drain group exhibiting a 
significantly higher CR-POPF rate (OR = 2.71, 95%CI: 1.73-4.24), supported by a symmetrical funnel plot (Figure 2B, 

https://f6publishing.blob.core.windows.net/889d5ce3-7f98-4cc0-ab1c-c3734d2cad5a/99080-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/889d5ce3-7f98-4cc0-ab1c-c3734d2cad5a/99080-supplementary-material.pdf
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Figure 1  Preferred Reporting Items for Systematic Reviews and Meta-Analyses Flowchart.

Figure 3B).

DGE
In the pooled analysis of eight studies focusing on DGE post-PD, the drain group (n = 13276) exhibited a significantly 
higher incidence compared to the no-drain group (n = 2365), with OR of 1.36 (95%CI: 1.18-1.55)[4,10,20,21,23,26,27,30]. 
Moderate heterogeneity was observed (I2 = 33%, P = 0.16), and the funnel plot was symmetrical (Figure 2C, Figure 3C). 
Conversely, pooled analysis of two studies on DGE post-DP showed no significant correlation between the drain (n = 861) 
and no-drain (n = 214) groups, with a pooled OR of 3.79 (95%CI: 0.6–23.8). No heterogeneity was present among the 
included studies (I2 = 0%, P = 0.44) (Figure 2D)[30,31].

Morbidity
Pooled analysis of nine studies reporting the outcome of overall morbidity in PD showed no significant difference 
between the drain group (n = 16167) and the no-drain group (n = 2847) with OR of 1.18 (95%CI: 0.82-1.7) (Figure 2E)[4,10,
20-22,24-27]. There was considerable heterogeneity present among the included studies (I2 = 90%, P < 0.01). The funnel 
plot was symmetrical (Figure 3D).

Pooled analysis of four studies reporting the outcome of overall morbidity in DP showed no significant difference 
between the drain group (n = 1314) and the no-drain group (n = 489) with OR of 0.95 (95%CI: 0.45-2.02) (Figure 2H)[6,9,
19,29]. There was substantial heterogeneity present among the included studies (I2 = 83%, P < 0.01) (Figure 2F).

Mortality
Pooled analysis with seven studies reporting mortality post-PD showed a significantly lower incidence of mortality 
among the drain group (n = 13623) than in the no-drain group (n = 2904), with an OR of 0.59 (95%CI: 0.44–0.79) 
(Figure 2G)[8,19-21,25-27]. No heterogeneity was present among the included studies (I2 = 0%, P = 0.63). The funnel plot 
was symmetrical (Figure 3E).

Pooled analysis of four studies reporting the outcome of mortality in DP showed no significant difference between the 
drain group (n = 2118) and the no-drain group (n = 697) with OR of 1.99 (95%CI: 0.51-7.87) (Figure 2H)[8,19,29,31]. No 
heterogeneity was present among the included studies (I2 = 0%, P = 0.62).

Active closed suction and passive gravity drainage
A comprehensive analysis of ten studies, including three RCTs and seven retrospective or cohort studies, involving 24475 
patients as shown in Supplementary Table 2[32–41]. While four studies reported a higher incidence of CR-POPF with 
closed suction drainage[35,37,39,41], others employing gravity drainage showed no significant difference in complication 
rates. Secondary outcomes indicated slightly more adverse events with active closed suction drainage but no notable 
impact on 30-day postoperative mortality, overall morbidity, or re-intervention rates. These findings suggest that the 
choice of drainage method has limited effect on specific outcomes in pancreatic surgery.

https://f6publishing.blob.core.windows.net/889d5ce3-7f98-4cc0-ab1c-c3734d2cad5a/99080-supplementary-material.pdf
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Figure 2 Forest plot. A: Forest plot showing the association of clinically relevant postoperative pancreatic fistula (CR-POPF) incidence between the drain and no 
drain groups among patients who underwent pancreaticoduodenectomy (PD); B: Forest plot showing the association of CR-POPF between the drain and no drain 
groups among patients who underwent DP; C: Forest plot showing the association of delayed gastric emptying (DGE) between the drain and no drain groups among 
patients who underwent PD; D: Forest plot showing the association of DGE between the drain and no drain groups among patients who underwent DP; E: Forest plot 
showing the association of overall morbidity between the drain and no drain groups among patients who underwent PD; F: Forest plot showing the association of 
overall morbidity between the drain and no drain groups among patients who underwent DP; G: Forest plot shows the association of mortality between the drain and 
no drain groups among patients who underwent PD; H: Forest plot shows the association of mortality between the drain and no drain groups among patients who 
underwent DP. POPF: Postoperative pancreatic fistula; DGE: Delayed gastric emptying.

Early and late drain removal
A review of sixteen studies, including five RCTs and eleven retrospective cohort studies, focused on the timing of drain 
removal following pancreatic surgery as shown in Supplementary Table 3[13,42–56]. Definitions of "early removal" 
varied, with most studies considering removal within 3 days. Late removal (> 5 days) was associated with higher surgical 
complication rates, though not statistically significant. Delayed removal correlated with increased rates of CR-POPF, bile 
leak, Clavien Dindo grade ≥ 3 complications, reoperations, readmissions, and 30-day mortality. These findings highlight 
the importance of timely drain removal for better postoperative outcomes in pancreatic surgery.

DISCUSSION
The historical tradition of employing prophylactic peritoneal drainage following gastrointestinal surgery, epitomized by 
the adage "when in doubt, drain", lacks compelling contemporary data validating its efficacy[57]. While drains placed 
near anastomoses serve to remove pancreatic juice or bile and can indicate complications, they come with associated risks 
such as infections, abdominal pain, and prolonged hospital stays. Despite their routine use for preventing POPFs, the 
clinical impact can still be significant, and timely identification is crucial for mitigating severe complications[33]. Thus, 
the ongoing debate within the surgical community questions the necessity of prophylactic drain placement and 
emphasizes the need for evidence-based practices in this regard.

https://f6publishing.blob.core.windows.net/889d5ce3-7f98-4cc0-ab1c-c3734d2cad5a/99080-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/889d5ce3-7f98-4cc0-ab1c-c3734d2cad5a/99080-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/889d5ce3-7f98-4cc0-ab1c-c3734d2cad5a/99080-supplementary-material.pdf
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Figure 3 Funnel plot. A: Funnel plot of clinically relevant postoperative pancreatic fistula (CR-POPF) between the drain and no-drain groups among patients who 
underwent pancreaticoduodenectomy (PD). Egger test result: T = 0.31, df = 10, P value = 0.7657; B: Funnel plot of CR-POPF between the drain and no-drain groups 
among patients who underwent DP; C: Funnel plot of delayed gastric emptying between the drain and no drain groups among patients who underwent PD; D: Funnel 
plot of overall morbidity between the drain and no drain groups among patients who underwent PD; E: Funnel plot of mortality between the drain and no-drain groups 
among those who have undergone PD.

Intra-abdominal drain and without drain
In our comprehensive review, comparing outcomes between patients with and without drainage after pancreatic 
resection revealed significant differences. The drainage cohort exhibited higher rates of CR-POPFs and DGE, along with 
prolonged hospital stays and increased intervention requirements. Despite higher rates of CR-POPFs and DGE in the 
drainage cohort, this group exhibited a lower mortality rate. The presence of a drain allows for early detection and 
effective management of complications, preventing severe outcomes like sepsis and organ failure. Consequently, the 
benefits of early intervention in the drainage group have likely contributed to the observed reduction in mortality. 
Subgroup analysis of PD and DP revealed consistent findings indicating increased risks of CR-POPFs in both PD and DP 
groups, and increased DGE specifically in the PD group. These findings underscore the potential disadvantages of 
routine drainage in pancreatic surgery.

A meta-analysis of 15290 patients from ten studies found a higher incidence of CR-POPF in the drainage group 
compared to the no-drainage group[58]. However, there was no substantial correlation between drainage and DGE. 
Subgroup analyses for PD and DP showed comparable outcomes. Additionally, comprehensive analysis of eleven studies 
on postoperative complications, including PPH, intra-abdominal abscess, wound infection, and reoperation, revealed no 
notable differences between the groups[4,7,8,16,19,20,24,27,29,31,32]. However, the group with drains exhibited a 
significantly higher rate of readmission compared to the group without drain[58].

Conflicting findings from recent studies suggest varied impacts of drainage in pancreatic surgery. Brubaker et al[22] 
found higher rates of POPF, reoperation, and serious morbidity in patients without drainage, while Fisher et al[16] 
reported increased incidences of POPF, DGE, and readmission with drain usage. Other studies, such as those by Paulus et 
al[9] and Van Buren et al[10], found no significant differences in outcomes with or without drainage. Behrman et al[6] and 
Mangieri et al[29] observed increased morbidity and readmission rates associated with drain placement, and Liu et al[58] 
suggested a potential elevation in POPF incidence with use of drainage. These findings suggest caution in routine 
drainage employment during pancreatic resection.

Active and passive drainage
Patients undergoing surgical drain placement commonly experience two main drainage methods: (1) Closed-suction 
drains (CSDs); and (2) Passive gravity drains. CSDs function by generating a negative pressure gradient, ensuring 
continuous suction within the abdominal cavity irrespective of the patient's position. In contrast, gravity drainage devices 
establish a route for fluid extraction by leveraging the pressure difference between intra-abdominal and atmospheric 
pressure. In our review, we found significant differences between CSDs, and passive gravity drains for patients 
undergoing pancreatic resection. CSDs were associated with higher rates of CR-POPF and DGE, while passive gravity 
drains led to longer hospital stays and a greater need for intervention but lower mortality. Čečka et al[34] found no 
significant differences in rates of CR-POPF or overall morbidity between groups using different drainage methods after 
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PD. Additionally, there were no notable variations in reoperation rate, readmission rate, length of hospital stay, or 
incidence of post-pancreatectomy hemorrhage. Lee et al[32] demonstrated that utilizing a closed-suction drainage system 
with an external pancreatic duct stent led to a significant reduction in CR-POPF following PD. The system's negative 
pressure effectively diverted pancreatic juice away from the anastomotic site, potentially enhancing healing and long-
term patency of the pancreatic duct.

Veziant et al[3] found no significant differences in outcomes between active and passive drainage methods, including 
rates of CR-POPF, overall morbidity, and length of hospital stay. Similarly, Aumont et al[35] reported that gravity 
drainage was independently associated with lower rates of CR-POPF, DGE , and readmission following PD. Overall, the 
literature suggests that the choice of drainage method does not significantly impact postoperative outcomes, particularly 
after PD, and may be left to surgeon preference.

Early and late drain removal
The absence of a universally agreed-upon definition for early removal of abdominal drainage following pancreatic 
surgery has led to a typical interval ranging from 3 days to 5 days. Late removal is generally considered when drains are 
in place for at least five days. In our systematic review, we found significant differences between early and late removal 
of abdominal drainage following pancreatic surgery. Late removal (≥ 5 days) was associated with higher rates of complic-
ations such as CR-POPF, DGE, severe morbidity, prolonged hospital stays, and increased need for intervention and 
readmission. However, mortality rates did not differ notably. Therefore, if drainage is necessary, early removal within 
three days seems to offer more benefits.

Xourafas et al[50] found that early drain removal in patients undergoing PD, especially those with POD1 amylase levels 
of 5000, was associated with improved perioperative outcomes regardless of the Fistula Risk Score (FRS). Both high-risk 
and low-risk modified FRS patients showed reduced rates of CR-POPF, shorter hospital stays, and overall morbidity with 
early drain removal. In the RCT by Bassi et al[42] which included both PD and DP, the results posed some interpretative 
challenges, despite the notable reduction in POPF and overall morbidity associated with early drain removal. Conversely, 
Dembinski et al[44] focusing on PD patients did not show statistically significant differences between groups, although 
there was a trend toward reduced rates of complications and shorter hospital stays with early drain removal, potentially 
limited by statistical power of the study. Overall, while the definitive benefits of early drain removal remain uncertain, 
evidence suggests it may facilitate earlier recovery without increasing complications.

The meta-analysis faced limitations due to predominantly nonrandomized studies, potentially biasing results. Several 
studies lacked comprehensive data on secondary outcomes. High heterogeneity, indicated by I² statistic and low P-value, 
urges cautious interpretation. Further well-designed randomized trials with robust data collection are crucial to enhance 
understanding of intra-abdominal drains in pancreatic surgery.

CONCLUSION
After a comprehensive review of 48 articles encompassing patients with PD and DP, our study refrained from making 
specific recommendations regarding the routine use of drainage. However, an increasing body of evidence suggests that 
the routine placement of primary drains is not mandatory. Our systematic review does not yield a definitive 
recommendation concerning the choice between active suction or passive gravity drainage following pancreatic resection. 
The choice of the drainage method can be at the discretion of the surgeon. Furthermore, our findings support the safe 
practice of early drain removal for patients undergoing pancreatic surgery which may decrease the occurrence of post 
operative pancreatic fistula and mitigate the associated morbidity and mortality. Recognizing the potential contribution 
of intra-abdominal drainage to increased morbidity, further research should be done in this area. This approach will aid 
in refining the guidelines to optimize drainage practices, balancing the benefits and risks, and promoting evidence-based 
decision-making in pancreatic surgery.
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Abstract
BACKGROUND 
Artificial intelligence (AI) has become significantly integrated into healthcare, 
particularly in the diag-nosing of neurological disorders. This advancement has 
enabled neurologists and physicians to diagnose conditions more quickly and 
effectively, ultimately benefiting patients.

AIM 
To explore the current status and key highlights of AI-related articles in dia-
gnosing of neurological disorders.

METHODS 
A systematic literature review was conducted in the Web of Science Core 
Collection database using the following strategy: TS = ("Artificial Intelligence" OR 
"Computational Intelligence" OR "Machine Learning" OR "AI") AND TS = 
("Neurological disorders" OR "CNS disorder" AND "diagnosis"). The search was 
limited to articles and reviews. Microsoft Excel 2019 and VOSviewer were utilized 
to identify major contributors, including authors, institutions, countries, and 
journals. Additionally, VOSviewer was employed to analyze and visualize current 
trends and hot topics through network visualization maps.

RESULTS 
A total of 276 publications from 2000 to 2024 were retrieved. The United States, 
India, and China emerged as the top contributors in this field. Major institutions 
included Johns Hopkins University, King's College London, and Harvard Medical 
School. The most prolific author was U. Rajendra Acharya from the University of 
Southern Queensland (Australia). Among journals, IEEE Access, Scientific Reports, 
and Sensors were the most productive, while Frontiers in Neuroscience led in total 
citations. Central topics in AI-related articles on neurological disorders diagnosis 
included Alzheimer's disease, Parkinson's disease, dementia, epilepsy, autism, 
attention deficit hyperactivity disorder, and their intersections with deep learning 
and AI.
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CONCLUSION 
Research on AI's role in diagnosing neurological disorders is becoming widely recognized for its growing 
importance. AI shows promise in diagnosing various neurological disorders, yet requires further improvement and 
extensive future research.

Key Words: Artificial intelligence; Machine learning; Neurological disorders; Diagnosis; Bibliometric analysis
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Core Tip: Artificial intelligence's (AI) role in diagnosing neurological disorders has been increasingly recognized. We 
conducted a scientometric analysis to explore the current status of articles in this field and identify the most prolific 
contributors from various perspectives. Johns Hopkins University in the United States emerged as the leading institution, 
with the United States also leading overall productivity in this field. IEEE Access was noted as the top journal. Research 
highlights AI's effectiveness in diagnosing diverse neurological disorders, offering significant benefits for patients and 
healthcare providers. Continued advancements are expected in AI's role in neurological disorder diagnosis.

Citation: Tarazi A, Aburrub A, Hijah M. Use of artificial intelligence in neurological disorders diagnosis: A scientometric study. 
World J Methodol 2025; 15(3): 99403
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/99403.htm
DOI: https://dx.doi.org/10.5662/wjm.v15.i3.99403

INTRODUCTION
Artificial intelligence (AI) is the capability of computers to perform tasks typically requiring human intelligence[1]. AI 
and its various branches are being increasingly integrated into many aspects of business and society, including healthcare 
settings[2]. In healthcare, AI has generated a large amount of enthusiasm, especially through the development of precise 
machine-learning models[3]. Common applications of AI in healthcare include diagnosis, drug discovery, treatment, and 
enhancing doctor-patient communication[4]. Since AI is a relatively new technology, it is a vibrant area of research across 
all domains including medicine.

There is a growing interest in using AI to improve disease diagnosis[5]. Improvement in AI and computer vision show 
a good potential to significantly contribute to diagnostic specialties including radiology and pathology[6]. One of the 
most compelling applications of AI in healthcare is its ability to improve the accuracy of diagnosis and treatment. It can 
help healthcare providers in detecting symptoms earlier and more swiftly than many healthcare experts[7]. By using 
advanced branches of AI like machine learning and deep learning, AI can provide a more accurate understanding and 
predictions of disease behavior patterns; this would support clinical decision-making, enhance diagnostic accuracy, and 
reduce the physician’s workload[8].

AI has earned significant interest over the past decade, leading to increased research in the field. The AI application in 
diagnosis has proven to be an impressive novel factor in the diagnosis of critical illnesses and the prediction of disease 
prognosis[9]. For instance, AI can assist physicians in distinguishing between common and rare neurological disorders
[10], such as Pompe disease, which is treatable if diagnosed early despite its bad progressive nature[11]. This deve-
lopment has been driven by an extensive collaboration between neuroscientists and AI experts, aiming to push the 
boundaries of neurological diagnosis to achieve early detection, a critical factor for successful treatment or disease 
progression prevention. Targeted treatments resulting from early diagnosis contribute to improving the quality of life for 
individuals affected by various neurological conditions.

Furthermore, AI is also capable of continuous analysis of diverse information coming promptly from various data 
sources like wearable devices, facilitating early diagnosis and treatment recommendations based on real-time information 
and current guidelines[12]. Most studies use machine learning for prognosis or diagnosis, although its application in 
treatment improvement remains limited[13]. Notably, some neurological machine learning algorithms have achieved 
impressive accuracy and precision rates, such as the VGG-19 model achieving 99.48% accuracy in magnetic resonance 
imaging (MRI) image classification, which offers a great classification of raw images without the need for manual 
extraction[14]. Another remarkable achievement includes the support vector machine (SVM), accurately predicting the 
progression of Alzheimer’s disease over a 4-year period with F1 scores of 88% for binary tasks and 72.8% for multitask 
scenarios[15]. These advancements underscore AI's potential to revolutionize neurological diagnosis and treatment, 
offering promising avenues for enhancing patient care and outcomes.

The main objective of this study is to conduct a comprehensive bibliometric analysis of AI applications in diagnosing 
neurological diseases, aiming to benefit both patients and healthcare providers. This review aims to serve as a founda-
tional resource for anyone interested in the use of AI in neurological disease diagnosis, identifying key trends, top 
researchers, leading institutions, prominent countries, and frequently used keywords in this domain. By addressing these 
aspects, the study seeks to alleviate the challenges researchers face in navigating the literature on this topic. Ultimately, 
the insights gathered can advance the understanding, development, and dissemination of innovative diagnostic 
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approaches, thereby improving patient outcomes. Furthermore, this study intends to highlight areas requiring further 
attention and research efforts within the field.

MATERIALS AND METHODS
Data collection
Data were retrieved from the Web of Science Core Collection (WoSCC) database on June 12, 2024, using the search criteria 
"full record and cited references" and "plain text". This database was selected due to its curation of high-quality, peer-
reviewed literature from around the world[16]. The search strategy used the formula TS = ("Artificial Intelligence" OR 
"Computational Intelligence" OR "Machine Learning" OR "AI”) AND TS = ("Neurological disorders" OR "CNS disorders" 
AND "diagnosis"). Papers considered were limited to articles and reviews. To ensure the accurate inclusion of papers on 
the use of AI in diagnosing neurological disorders, all retrieved literature underwent screening based on their titles and 
abstracts. Any discrepancies were resolved through discussion until a consensus was reached.

The initial search yielded 471 articles, and after excluding entries outside the articles and reviews category, 381 articles 
remained. Subsequently, 276 articles were analyzed after excluding non-English articles and those unrelated to AI use in 
the diagnosis of neurological disorders. Detailed information about the screening process is illustrated in Figure 1.

Statistical analysis
Microsoft Excel 2019 and VOSviewer (Centre for Science and Technology Studies, Leiden University, The Netherlands) 
were used to analyze all 276 publications. Full records for all publications were systematically extracted from WoSCC, 
including bibliometric parameters such as title, keywords, authors, countries, institutions, journals, citations, and 
publication year.

VOSviewer (1.6.20) was used to identify the primary contributors such as prolific authors, countries, and institutions. 
Furthermore, it was utilized to conduct keyword co-occurrence analysis, offering a comprehensive exploration of the 
scholarly landscape in the field. VOSviewer is a bibliometric software known for creating visualization maps, which 
display clusters and density colors[17]. Its algorithm ensures that frequently occurring terms are represented by larger 
bubbles, while terms with high similarity are positioned close to each other[18]. After extracting the data from the 
database, it was saved in .txt format and imported into VOSviewer. Next, we selected the type of analysis (co-authorship, 
co-occurrence, citation, or bibliographic coupling) and determined the unit of analysis, which varies depending on the 
chosen method (such as authors, countries, institutions, keywords, or sources). Finally, the data was visualized and 
further processed.

Microsoft Excel was used to organize the articles, prepare tables, and create a trend chart showing annual publications 
using its charting tools. It was also employed for data screening after extracting the data from the WoSCC database. 
Additionally, Excel helped present information about countries, institutions, authors, and journals in an organized 
manner. The data analysis results from VOSviewer were exported to Excel, where they were organized and structured to 
create the final tables.

RESULTS
Publications among years
Over the past few years, there has been an increase in the number of studies investigating the role of AI in diagnosing 
neurological disorders. This upward trend was particularly noticeable between 2021 and 2024 (Figure 2), reaching its 
peak in 2023 with 65 publications.

Distribution of authors
A total of 1611 authors contributed to articles exploring AI's role in diagnosing neurological disorders. The most prolific 
author, U Rajendra Acharya, has published 5 documents and is affiliated with the University of Southern Queensland, 
Australia, boasting the highest H-index among the top ten most productive authors. Following closely, the next eight 
authors each have three publications related to AI in neurological disorder diagnosis, representing diverse affiliations. 
Norlinah Mohamed Ibrahim and Khairiyah Mohamad are affiliated with the University Kebangsaan Malaysia, while the 
remaining authors hail from various institutions across Malaysia, Kuwait, the United Kingdom, and the United States, as 
detailed in Table 1. Figure 3A, generated using VOSviewer, illustrates a map where authors are depicted as nodes; larger 
nodes indicate higher publication counts. It also visualizes collaboration networks among authors studying AI's role in 
diagnosing neurological disorders. For instance, Mohammad Iqbal Omar is prominently connected to other authors such 
as Khairiyah Mohamad and Norlinah Mohamed Ibrahim, reflecting active collaboration in this field.

Distribution of institutions
Table 2 presents the top ten institutions contributing to AI articles on diagnosing neurological disorders. Johns Hopkins 
University (United States) and King's College London (United Kingdom) led with 7 articles each (2.54%), achieving the 
highest citations: 244 and 419 respectively. Following closely is Harvard Medical School (United States) with 6 articles 
(2.17%). Among these top ten institutions, four are in the United States: Johns Hopkins University, Harvard Medical 
School, University of Pennsylvania, and Boston Children's Hospital. Figure 3B illustrates the network of collaborations 
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Table 1 Top ten authors of artificial intelligence articles in neurology disorders diagnosis

Rank Authors Documents Country H-index Institute

1 U Rajendra Acharya 5 Australia 146 University of Southern Queensland

2 Norlinah Mohamed Ibrahim 3 Malaysia 39 University Kebangsaan Malaysia

3 Khairiyah Mohamad 3 Malaysia - University Kebangsaan Malaysia

4 M Murugappan 3 Kuwait 43 Kuwait College of Science and Technology

5 Mohammad Iqbal Omar 3 Malaysia 19 MERCY Malaysia

6 Ramaswamy Palaniappan 3 United Kingdom 39 University of Kent

7 Kenneth Sundaraj 3 Malaysia 30 Technical University of Malaysia, Malacca

8 Rjamanickam Yuvaraj 3 Malaysia 23 University Malaysia Perlis

9 Islem Rekik 3 United Kingdom 30 Imperial College London

10 Hojjat Adeli 2 United States 136 The Ohio State University

Table 2 Top ten institutions of artificial intelligence articles in neurology disorders diagnosis

Rank Institute Country Documents Percentage (n = 276) Citations

1 Johns Hopkins University United States 7 2.54% 244

2 King's College London United Kingdom 7 2.54% 419

3 Harvard Medical School United States 6 2.17% 34

4 Chinese Academy of Sciences China 5 1.81% 131

5 University of Oxford United Kingdom 5 1.81% 73

6 King Saudi University Saudi Arabia 4 1.45% 40

7 University of Pennsylvania United States 4 1.45% 132

8 University of Sao Paulo Brazil 4 1.45% 37

9 Zhejiang University China 4 1.45% 23

10 Boston Children's Hospital United States 3 1.09% 4

between institutions. Collaborations occur more frequently between geographically closer institutions, such as Harvard 
Medical School and Boston Children's Hospital, or between Johns Hopkins University and the University of California 
San Francisco.

Distribution of countries
Researchers from 62 countries participated in studies within this field, as detailed in Table 3. The United States ranked 
first as the most contributing country with 77 documents (27.9% of the total), followed by India with 42 documents 
(15.22%), and China with 36 documents (13%). Figure 3C displays the top 10 contributing countries. Many collaborations 
are evident between countries such as the United States, England, India, and Germany.

Analysis of journals
Table 4 lists the top 10 active journals publishing articles on AI in the diagnosis of neurological disorders. The top 10 
journals contributed 23.9% of the articles in the field. The three most prolific journals are IEEE Access with 12 articles, 
Scientific Reports with 10 articles, and Sensors with 8 articles. Regarding impact, Frontiers in Neuroscience ranks first with a 
total of 151 citations, followed by Plos One with 137 citations, and Sensors with 100 citations. Most journals are classified as 
Q1 or Q2, except for two journals-Frontiers in Computational Neuroscience and Frontiers in Neurology-which are classified as 
Q3 journals.

Analysis of hotspots
The keyword map is derived from the frequency of keyword occurrences in the literature. Table 5 displays the top 20 
keywords with high occurrence frequencies in AI-related articles on neurological disorders diagnosis. The most 
frequently occurring keyword is “machine learning” with 91 occurrences, followed by “classification” with 63 
occurrences, and 'EEG' with 47 occurrences, highlighting the significant role of AI in diagnosing neurological disorders. 
Figure 3D illustrates the keyword occurrence network map, with each cluster representing a distinct research hotspot. In 
this study, six clusters were identified. Keywords such as “Alzheimer’s disease”, “Machine learning”, and “Artificial 
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Table 3 Top ten countries of artificial intelligence articles in neurology disorders diagnosis

Rank Country Documents Percentages (n= 276)

1 United States 77 27.90%

2 India 42 15.22%

3 China 36 13.00%

4 United Kingdom 31 11.23%

5 Germany 22 7.97%

6 Italy 22 7.97%

7 Canada 15 5.43%

8 Australia 13 4.71%

9 Brazil 12 4.35%

10 Saudi Arabia 11 3.99%

Table 4 Top ten journals of artificial intelligence articles in neurology disorders diagnosis

Rank Journal Documents Total citations IF (JCR, 2024) Quartile in category (JCR, 2024)

1 IEEE Access 12 78 3.4 Q2

2 Scientific Reports 10 96 3.8 Q1

3 Sensors 8 100 3.4 Q2

4 Applied Sciences-Basel 7 64 2.5 Q2

5 Frontiers in Neuroscience 7 151 3.2 Q2

6 Biomedical Signal Processing and Control 5 62 4.9 Q1

7 Plos One 5 137 2.9 Q1

8 Diagnostics 4 20 3.0 Q1

9 Frontiers in Computational Neuroscience 4 14 2.1 Q3

10 Frontiers in Neurology 4 13 2.7 Q3

IF: Impact factor; JCR: Journal Citation Reports.

intelligence” formed one cluster (red). Another cluster (green) included “Parkinson's disease”, “Classification”, and 
“Speech”. Additionally, “EEG”, “Epilepsy”, and “Seizure detection” keywords were grouped in the blue cluster.

DISCUSSION
General
With the rapid evolution of AI and its use in healthcare, its application has significantly increased in recent years, partic-
ularly in diagnosing neurological disorders. Our study reveals that the number of published articles on this topic was 
relatively low between 2000 and 2019, but there has been a substantial increase in recent years. Articles published after 
2019 constitute 81.2% of the total publications, indicating a surge in research during this period to explore advanced AI 
methods for supporting the diagnosis of neurological disorders[19]. AI has become increasingly crucial for neurologists 
as it enables the prediction of disease progression, facilitates adjustment of treatment plans, and ensures more accurate 
prognoses for patients[20].

Analysis on authors
The top three authors in this field were from Australia and Malaysia. Half of the top ten leading authors were from 
Malaysia, which can be attributed to the country's increased investment in education and research[21]. Malaysia's 
government and academic institutions have significantly bolstered research infrastructure and funding[22,23]. However, 
Malaysia was not among the top ten countries listed, and none of its institutions were among the top ten productive 
institutions. Regarding the H-index-a metric that assesses the quantity and quality of an author's publications-the most 
prolific author, U Rajendra Acharya (from Australia), had the highest H-index. Following him, Hojjat Adeli from the 
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Table 5 Top 20 keywords of artificial intelligence articles in neurology disorders diagnosis

Rank Keyword Occurrence

1 Machine learning 91

2 Classification 63

3 EEG 47

4 Alzheimer’s-disease 46

5 Deep learning 44

6 Parkinsons-disease 33

7 Diagnosis 32

8 Artificial intelligence 27

9 Epilepsy 26

10 Neurological disorders 23

11 Brain 16

12 Disease 16

13 Children 15

14 Features 15

15 Functional connectivity 15

16 MRI 15

17 Prediction 14

18 Dementia 12

19 Feature extraction 12

20 Performance 11

MRI: Magnetic resonance imaging; EEG: Electroencephalogram.

Figure 1 Flowchart of data screening. AI: Artificial Intelligence; CNS: Central nervous system.
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Figure 2 Number of publications among the years (2000-2024).

United States, despite being the least prolific among the top ten authors, had an H-index of 136, indicating his potentially 
higher impact and productivity compared to other authors.

Analysis of institutions & countries
Among the top ten productive institutions, four are located in the United States: Johns Hopkins University, Harvard 
Medical School, University of Pennsylvania, and Boston Children's Hospital. Together, these institutions contributed 7.2% 
of the total published literature. The United States has been identified as the most prolific country in articles on the role of 
AI in diagnosing neurological disorders. This observation is consistent with numerous bibliometric studies in healthcare 
and diagnostics, which consistently highlight the United States as a leading contributor in the field[7,9,24]. One of these 
studies also noted a significant presence of top institutions from the United States, corroborating our findings. This trend 
can be attributed to the United States's status as one of the wealthiest nations, with substantial investments and initiatives 
in advancing AI technologies[25]. Most of the top ten institutions and countries involved in such AI research in 
neurological disorders diagnosis are classified as high-income countries, which likely explains their extensive contri-
butions, except for Brazil, classified as an upper-middle-income country, and India, classified as a lower-middle-income 
country according to the latest World Bank report (2024). The United States and the United Kingdom, which rank among 
the top five most productive countries in AI neurological research, have the most productive institutions in this field. This 
can largely be attributed to their substantial investments in research funding, their robust policy support for scientific 
innovation, and their commitment to fostering academic excellence. Both countries allocate significant budgets to support 
AI research, which enables them to attract top-tier researchers and facilitate high-impact collaborations. Moreover, their 
policies incentivize the growth of cutting-edge research in AI, creating a dynamic environment for innovation. 
Additionally, the ability of these countries to attract researchers from around the world for collaborative projects further 
enhances their research output. The research strength of the United States and United Kingdom in AI healthcare applic-
ations, in particular, is likely a result of these factors, which provide valuable insights for other countries seeking to 
develop their own research capacities and infrastructure[26].

Analysis on journals
IEEE Access and Scientific Reports journals were ranked as the top two most prolific journals listed as Q2 and Q1, 
respectively, by the Journal Citation Reports. This finding is consistent with another bibliometric study focused on AI in 
medicine, which identified IEEE Access as the most productive journal in the field[27]. This underscores the journal's 
significant impact and influence on AI within medical and neurological domains, as indicated by our study. Regarding 
impact, Frontiers in Neuroscience had the highest number of citations, highlighting its substantial contributions to the field. 
Researchers are encouraged to explore articles on AI in neurological diagnosis from these leading journals to establish a 
foundational knowledge base and stay abreast of the latest developments.

Research trends and frontiers
This study presented the key developments and roles of AI in diagnosing neurological disorders by analyzing a list of 
keywords that highlight current hotspots in the field.

The first cluster of keywords (red): Includes Alzheimer’s disease, artificial intelligence, machine learning, and stroke. AI, 
particularly machine learning, has significantly contributed to Alzheimer's imaging, aiding early diagnosis and guiding 
treatment efficacy assessments and strategies[28,29]. Such contribution includes: Utilizing fundamental machine learning 
architectures such as SVM, decision trees, and ensemble models[30]. Additionally, AI has been involved in stroke 
diagnosis, rehabilitation, and recommending optimal therapies[31].
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Figure 3 Visualization map of artificial intelligence articles in neurology disorders diagnosis. A: Visualization map of productive authors of artificial 
intelligence (AI) articles in neurology disorders diagnosis; B: Visualization map of productive institutions of AI articles in neurology disorders diagnosis; C: Visualization 
map of productive countries of AI articles in neurology disorders diagnosis; D: Network Visualization analysis of the keywords of AI articles in neurology disorders 
diagnosis.

The second cluster (green): Includes the following keywords: Parkinson's disease, computer-aided diagnosis, and 
dementia. Computer-aided diagnosis systems are recognized as AI tools that have witnessed growing use in recent years. 
They have made significant contributions, particularly in the detection and classification of Parkinson's disease[32,33]. 
One example includes a study that used biomedical sound measurements obtained from continuous phonation samples 
which were used as attributes in the diagnosis of Parkinson disease[34]. Various AI methods have also shown promise in 
early screening and detection of dementia, which can improve diagnosis and management of the disease's complications
[35].

The third cluster (blue): Encompasses the following keywords: Electroencephalogram (EEG), epilepsy, seizure detection, 
and neural network. A neural network is a type of machine learning model. Several studies have employed neural 
networks to extract spatial characteristics from EEG data, leading to increased accuracy in epilepsy and seizure detection
[36-38]. These studies consistently demonstrate improved epilepsy detection using this approach, which holds promise 
for enhancing the future management of seizures by neurologists. Another study utilized neural network systems, 
including 2D-CNN and LSTM, to detect and classify epilepsy seizures, and found high accuracy in both seizure detection 
and classification[39].

The fourth cluster (yellow): Encompasses the keywords: Autism, deep learning, and children. AI, particularly deep 
learning, has been utilized to assist in screening and diagnosing autism in children. Two studies examined the application 
of these AI models for early autism diagnosis using facial expressions of children[40,41]. One study employed five 
models to evaluate the accuracy of autism detection[40], while another utilized three models for diagnosis[41]. Both 
studies demonstrated more effective autism diagnosis, offering potential benefits to neurologists for early detection and 
management of the condition.

The fifth cluster (violet): Includes the keywords: Feature extraction, algorithm, and neurological diseases. Feature 
extraction is recognized as a method utilized in machine learning and AI tools. It has been increasingly employed 
alongside algorithms in neural network devices to aid in the diagnosis and treatment of brain and neurological diseases 
such as dementia, epilepsy, migraine, and autism[42].
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The last cluster (light blue): Includes the keywords: Attention deficit hyperactivity disorder (ADHD), MRI, network, and 
depression. Adults with ADHD are three times more likely to develop depression than those without ADHD[43]. A study 
investigated the relationship between hippocampal function and levels of depressive symptoms in ADHD using MRI to 
assess resting-state functional connectivity of the hippocampus. The findings revealed that hippocampal abnormalities 
are linked to depressive symptoms, highlighting the need for further research in this area[44].

CONCLUSION
To our knowledge, this is the first scientometric paper focusing on the role of AI in diagnosing neurological disorders. 
This study offers valuable insights into research trends, potential collaborations, and cutting-edge topics in AI-related 
research on neurological disorders diagnosis. Over the past decade, interest in this field has significantly increased. 
According to our findings, U Rajendra Acharya, affiliated with an institution in Australia, emerged as the most 
productive author. Johns Hopkins University in the United States was identified as the most prolific institution. The 
United States also led in terms of overall productivity in this field. Among journals, IEEE Access stood out as the most 
productive journal. As AI technology continues to evolve, its applications are likely to expand to include more person-
alized diagnostic tools and predictive models for disease progression. The integration of AI with emerging technologies, 
such as personalized medicine and computer-aided diagnosis for movement disorders like Parkinson’s disease and 
dementia, will likely open new frontiers in neurological healthcare. Future research should focus on exploring these 
opportunities, as they have the potential to revolutionize how we diagnose, treat, and manage neurological diseases.
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Abstract
BACKGROUND 
Duchenne muscular dystrophy (DMD) is a severe lethal X-linked monogenic 
recessive congenital muscular dystrophy caused by various types of mutations in 
the dystrophin gene (DG). It is one of the most common human genetic diseases 
and the most common type of muscular dystrophy, in part because DG is one of 
the largest protein-coding genes in the human genome with a relatively high risk 
of being affected by a large palette of mutations. Long-term corticosteroid therapy 
(LTCT) with deflazacort started at age 4 is the most accessible and used pharmaco-
logical therapy for DMD in Romania. "Asea® redox supplement" (ARS) is an 
approved dietary supplement in the European Union. Several studies have shown 
that it is a very potent selective NRF2 activator, and thus a very potent, albeit 
indirect, antioxidant, with no toxicity up to high doses, in contrast to LTCT.

CASE SUMMARY 
This paper presents a 3-case series on the effects of ARS in a 4-year-old, 5-year-old 
and 3-year-old boy all with DMD from Bucharest or Slobozia (Romania). This is 
the first report of this type worldwide. The parents of these boys had refused 
LTCT. They were treated with relatively high doses of ARS (3-7 mL/kg/day). For 
two patients, ARS was administered in combination with medium doses of L-
carnitine and omega-3 fatty acids for various intellectual disabilities. Periodic 
consults and assessments for rhabdomyolysis, medullar and liver toxicity markers 
(blood count, gamma-glutamyl transferase, aspartate aminotransferase, alanine 
transaminase, lactate dehydrogenase, creatine kinase, creatine kinase-MB and 
serum myoglobin) were performed. In vitro studies showed that ARS is a very 
potent and selective NRF2 activator, and thus a very potent indirect antioxidant. 
The in vivo studies also support this main pharmacological mechanism of ARS, 
with no toxicity at high doses, in contrast with much more toxic corticosteroids 
which are often refused by parents for their children with DMD. Although they 
were three distinct ages and carried three distinct DG mutations, from the first 
months of ARS-based treatment, the children responded similarly to ARS. The 
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rhabdomyolysis markers, which were initially very high, significantly dropped, and there was no evidence for 
medullar and/or hepatic toxicity in any of the 3 patients.

CONCLUSIONS 
ARS has significant indirect antioxidant effects via NRF2 and deserves extensive trials in children with DMD, as an 
adjuvant to corticoids or as a substitute in DMD patients who refuse corticoids. Future trials should also focus on 
ARS as an adjuvant in many types of acute/chronic infectious/non-infectious diseases where cellular oxidative 
stress is involved.

Key Words: Asea redox supplement oral solution; Duchenne muscular dystrophy; Corticosteroids; NRF2 and NF-kB nuclear 
transcription factors; NRF2 selective activation; Case report

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Asea redox supplement has significant indirect antioxidant effects via NRF2. Based on the case studies here, 
extensive trials should be initiated in children with Duchenne muscular dystrophy (DMD) as an adjuvant to corticoids or as a 
substitute in DMD patients who refuse corticoids. Because of its antioxidant effects, it should also be studied as an adjuvant 
in many types of acute/chronic infectious/non-infectious diseases in which cellular oxidative stress is involved.
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Three case reports. World J Methodol 2025; 15(3): 100840
URL: https://www.wjgnet.com/2222-0682/full/v15/i3/100840.htm
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked monogenic muscular dystrophy primarily affecting boys. It is 
caused by various types of mutations in the dystrophin (DG) gene, one of the longest human genes. It is the most 
common type of muscular dystrophy, affecting approximately 1/5000 males at birth. Approximately 1/3 of the DMD 
cases are caused by spontaneous mutations in DG after fertilization, with no family history of DMD. DMD is usually 
clinically asymptomatic in the first 1-3 years of life. However, routine rhabdomyolysis screening at birth may show 
increased transaminases [aspartate aminotransferase (AST) or alanine aminotransferase (ALT)] and creatine kinase (CK) 
serum levels, as in the case of one of the patients presented in this paper. He presented with increased serum CK levels at 
birth, though the neonatologist did not refer the parents for additional investigations in a pediatric or neurological 
service. Therefore, DMD was detected and diagnosed much later for this patient, at age 2.

Various muscular deficits may appear in DMD patients between 3-4 years of age. They typically first occur in the 
femoral and pelvic muscular groups, and then in the axial muscular groups and may significantly worsen in the next 
years, progressively affecting the capacity of standing and walking. Most patients with DMD lose ambulation at around 
12 years of age. The average life span of DMD patients is approximately 26 years. Some DMD patients are also mentally 
affected, demonstrating language development delay, an intelligence quotient below average, etc. The exact mechanism 
by which DG mutations affect neurons is unknown.

Long-term corticosteroid therapy (LTCT) with deflazacort is the first line treatment for DMD. LTCT is started at age 4, as 
it was clearly demonstrated to decrease chronic muscular inflammation (CMI) and slow the progressive muscular fibrosis 
in DMD patients. In addition, LTCT induces the expression of utrophin, a cytoskeletal protein homologous to dystrophin 
that can partially compensate for the lack of normal dystrophin in the affected muscular fibers of DMD patients. There 
have been calls to start LTCT earlier. However, many Romanian parents refuse LTCT for their DMD children because of 
the large spectrum of adverse effects of LTCT. The genetic therapies of DMD attempt to sidestep the DG mutation by 
exon skipping or to correct the DG mutation by CRISPR: While they have shown some promise, they are still under 
investigations and inaccessible in Romania.

Nuclear factor (Erythroid-derived 2)-like 2 (NFE2 L2 or NRF2) is a transcription factor that governs phase II of the 
cellular stress response by activating over 150 genes coding various proteins, especially endogenous antioxidant enzymes 
(EAEs) like glutathione synthase, glutathione peroxidases, superoxide dismutase, and catalase. EAEs are mainly activated 
by reactive oxygen species (ROS) and neutralize those ROS. Physical effort constantly generates ROS, primarily 
superoxides, which then stimulate the production of EAEs via NRF2 activation. This is a well-known essential process for 
cell survival and viability called “oxidative eustress”, which also explains why physical therapy significantly helps DMD 
patients. By also activating tissular lipases, NRF2 partially switches glucose metabolism to lipid metabolism, increasing 
cellular energy production. NRF2 has higher cellular cytoplasmatic concentrations in the kidneys, muscles and lungs, 
compared to lower cytoplasmatic concentrations in the heart, liver and brain.

https://www.wjgnet.com/2222-0682/full/v15/i3/100840.htm
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There are many known NRF2 activators, both allopathic (monomethyl and dimethyl fumarate, hyperbaric oxygen, 
some NSAIDs)[1] and natural (sulforaphane, alpha-lipoic acid, curcumin, polyphenols like quercetin and resveratrol, 
ginseng plant extract, ginkgo biloba tree extract, oxidative eustress via physical effort, caloric restriction, sleep, etc).

Asea redox supplement (ARS) is a superoxide-based ionized medical water. Very low non-toxic concentrations of 
superoxides are the main ingredient of ARS and the most potent NRF2 activator from its composition, with sufficient oral 
bioavailability to produce notable biological effects measured both in vitro[2] and in vivo[3,4]. Studies on ARS so far, 
including studies on “MDI-P”, the former name for ARS[2], are very encouraging and motivate in-depth future research 
on the biological and therapeutic effects of ARS in both healthy or ill adults and children with various pathologies. There 
was also a clinical trial on ARS organized in 2013 and called “Effect of ASEA on Energy Expenditure and Fat Oxidation in 
Humans”, but the results of this trial have not yet been published online for unknown reasons[3].

ARS is at the bridge between allopathic and natural NRF2 activators because it contains many types of ROS (mainly 
superoxides) and reductive species artificially produced by patented multi-stage electrolysis and stabilized by a special 
method, which are also naturally produced by all animal cells, including human.

In vitro studies demonstrated that ARS is a dietary supplement (approved in both the United States and European 
Union) with strong selective NRF2-activating properties. It is significantly “stronger” than sulforaphane, which is the 
most potent natural NRF2-activator known until present. Therefore, it also acts as a very potent indirect antioxidant by 
increasing the cellular concentrations of EAEs. In vivo studies also support the non-toxic NRF2-activating properties of 
ARS.

An initial double-blind randomized trial of metabolomics from 2010 on the effects of ARS consumption in athletes [4] 
demonstrated a spectacular increase in the serum levels of many fatty acids compared to a placebo group. The fatty acids 
are mobilized from the body's own adipose tissue, most likely by activating tissular lipases via NRF2, leading to a higher 
lipidic catabolic rate, increasing the capacity for physical effort. ARS also induced a remarkable increase in serum vitamin 
C levels by mobilizing it from hepatic reserves and thus increasing the blood antioxidant capacity of those tested.

Another very interesting study demonstrated that ARS can activate several genes, most likely via NRF2. The target 
genes are involved in activation of some important physiological mechanisms, including: (1) Innate immune mechanisms; 
(2) Some vascular regeneration systems (also involved in maintaining vascular elasticity); (3) Digestive enzymatic systems 
(which increase digestion efficiency); (4) Hormonal pathways; and (5) Anti-inflammatory and immunomodulatory 
mechanisms, which are also involved in immune tolerance[5].

CASE PRESENTATION
Chief complaints
This paper presents a series of 3 pediatric clinical DMD cases treated by using a combination of ARS, L-carnitine and 
omega-3 fatty acids (eicosapentaenoic and docosahexaenoic acids) as an adjunctive treatment, mainly because the parents 
of these boys firmly refused LTCT for various reasons, although it was proposed to them by the attending neurologists, 
including the pediatrician author. The main clinical and paraclinical data of patients are summarized below.

Case 1: This 2-year-and-8-month-old boy (initial age when he entered this study) was diagnosed with DMD at 1-year-
and-4-months. His parent refused kinesiotherapy, rejected LTCT in advance and requested for an adjuvant/LTCT 
replacement long before he reached 4 years of age.

Case 2: This 4-year-and-8-month-old boy (initial age when he entered this study) was diagnosed with DMD at 2-years-
and-11-months, but his parents rejected LTCT and requested an adjuvant/LTCT replacement.

Case 3: This 3-year-old boy (initial age when he entered this study) was diagnosed with DMD at 2-years-and-9-months, 
but his parents rejected LTCT in advance and requested for an adjuvant/LTCT-replacement long before he reached 4 
years of age.

History of present illness
The 3 boys reported here were diagnosed with DMD at relatively young ages between 1 and 3 years-old. All 3 cases were 
confirmed to have DMD by genetic tests.

Case 1: This patient had a duplication of the 7547th nucleotide in the 52nd exon of DG.

Case 2: This patient had a hemizygous duplication of a block of exons (from the 8th to the 43rd) of DG. This is a rare DG 
mutation present in only about 5% of all known DMD cases.

Case 3: This patient had a heterozygous complete deletion of the 49th and 50th exons of DG, which is the most frequent 
type of exon-deletion in DMD.

History of past illness
There were no significant past illness besides DMD, except one urinary tract infection (UTI) episode (case 1) and 
respiratory failure with marked cyanosis at birth associated with anemia and unrecognized rhabdomyolysis (case 3).

Case 1: The patient had an UTI episode at the age of 1-year with a slightly enlarged left kidney according to the renal 
ultrasound, which resulted in hospitalization. Suspicion of DMD was first raised due to his increased rhabdomyolysis 
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biomarkers.

Case 2: The patient had no significant history.

Case 3: The patient had a history of prematurity (33 weeks of gestation) caused by a severe episode of pyelonephritis of 
his mother, who had a history of unilateral kidney stones. His body mass (BM) at birth was 2.15 kg. His Apgar score was 
6 due to marked respiratory insufficiency and secondary marked cyanosis and altered state, requiring oxygen therapy at 
birth. He had a systolic heart murmur (grade III-IV/VI) and anemia at birth (Hgb = 10.5 g/dL), for which he needed a 
blood transfusion with two units of blood. After transfusion, his hemoglobin increased to Hgb = 12.8 g/dL. He remained 
in the hospital for about 3 weeks after birth; CK = 2600 U/L (normal range, 0-370 U/L) and AST = 780 U/L at birth 
(normal range, 0-40 U/L). Despite these increased AST and CK serum levels, the patient was not referred to any 
neurological and/or infectious diseases consult, nor were CK-MB levels measured. On January 22, 2019, at the age of 2 
years and 5 months, a dermatologist performed routine screening on the patient for allergy concerns. Blood tests were 
run by a private lab in Slobozia and indicated AST = 970 U/L, ALT = 844.5 U/L. He was redirected to the “Victor Babes” 
Infectious Diseases Hospital in Bucharest. Common hepatic infectious diseases were excluded, and the patient was 
transferred to the “Victor Gomoiu” Pediatric Hospital on February 27th, 2019 for muscular dystrophy genetic screening.

Personal and family history
The most significant data from the family history are two maternal uncles (case 1 and case 3) who were described by the 
mothers to have typical DMD phenotypes, although they were undiagnosed at that time. They both lost ambulation 
around age 7 and died around age 20.

Case 1: The patient had a maternal uncle “immobilized in bed” from the age of 7 and who died at the age of 18. This is a 
classical DMD phenotype, although the boy’s mother said that “her uncle was not diagnosed with Duchenne”.

Case 2: The patient had no significant family history.

Case 3: According to his mother, the patient had a maternal uncle who “walked on his toes until the age of 6-7 years old 
and lost his capacity to walk at the age of approximately 7 years old and died at the age of 20 years old”, which is a 
classical DMD phenotype. The boy’s mother had unilateral kidney stone disease complicated with acute pyelonephritis 
with high fever and severe renal pain in the 33rd week of gestation, which caused premature labor and birth.

Physical examination
All 3 boys from this case series had typical DMD phenotypes when examined physically, mainly with symmetric bilateral 
pseudohypertrophy of both calves and slight axial hypotonia.

Case 1: The patient had a normal BM of 14 kg (55th percentile), a normal body size of 91cm (30th percentile), a normal 
cranial circumference of 47cm (10th percentile), an incomplete extension of the right calf especially when walking and 
running, a symmetric bilateral pseudohypertrophy of both calves (maximum diameter of calves= 23/23 cm), a slight axial 
muscular tone deficit but absent Gowers’s sign, a tendency for constipation, and a slight delay in language development. 
He used approximately 20 words, rarely combined into two-word sentences, and rarely used a verb.

Case 2: The patient had a normal BM of 15 kg (25th percentile), a loss of muscular strength predominantly in axial muscles 
and lower limbs with Gowers’s sign present, pseudohypertrophy of both calves, a North Star Ambulatory Assessment 
score (January 2018) of 17/34 (half of the maximum score), a 6-minute walk test result (January 2018): 292 m, without any 
stops or falls and no need for any external physical support during testing, normal cranial nerves, and normal intellect.

Case 3: The patient had a low development quotient = 62% of the normal for age and sex according to the psychologist 
who evaluated the child at “Victor Gomoiu” Children’s Hospital in Bucharest, a normal BM of 12.5 kg (10th percentile), 
walked and ran independently but with a slightly enlarged sustaining base, had a slight axial muscular hypotonia with 
mild kyphosis and lumbar hyperlordosis. He also had slight pseudohypertrophy of the calf muscles (both with 19.5 cm in 
circumference). The boy did not cooperate during assessment for the Gower’s sign due to marked agitation. He did not 
have urethral or anal sphincter control, as he did not announce his imminent micturitions and defecations. He had 
normal cranial nerves and tight phimosis. His mental examination indicated the following. Language: Language 
development delay with predominant expressive language delay. He used only about five Romanian words; he only used 
two verbs “give me” (distorted) and “bye”, both correctly used. He did not build simple sentences; he could not combine 
two or more words. He demonstrated inconsistent visual contact with the examiner and his parents when he was called 
by name. He could follow simple instructions (to stand on his potty or to take out his pampers by himself alone; he 
brought and offered various objects at request). He pointed to various objects with his index finger or hand at request; 
Social skills: He did not get closer to smaller children but he sometimes wanted to socialize with children older than his 
age; Play skills: He used toys in normal ways. He did not prefer atypical toys (like bottles or laces/cords/strings, leaf, etc); 
he preferred to play with balls, and also with water.

Laboratory examinations
All 3 DMD patients had significant rhabdomyolysis, which is part of a typical DMD phenotype and its main paraclinical 
feature.
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Case 1: At the age of 2-years-and-8-months (January 16, 2018) he had the following labs before starting ARS (N = 
Normal/upper limit of the normal range): AST: 473 U/L (about 10 × N); ALT: 558 U/L (about 17 × N); gamma-glutamyl 
transferase (GGT): 10 U/mL (N); CK: 34453 U/L (about 201 × N); CK-MB: 1241 U/L (about 52 × N); myoglobin (MG): 
2006 ng/mL (about 28 × N); C-reactive protein: 0.6 mg/L (N); erythrocyte sedimentation rate: 9 mm/h (N); complete 
blood count (CBC): N.

Case 2: At the age of 6-months-and-3-weeks (October 11, 2014), the patient had the following labs long before starting 
ARS: AST: 279 U/L (about 6 × N); ALT: 285 U/L (about 9 × N); GGT: 8 U/mL (N); CBC: N. At the age of 2-years-and-8-
months (November 2, 2016) he had the following labs long before starting ARS: CK: 27609 U/L (about 161 × N); CK-MB: 
704 U/L (about 29 × N); lactate dehydrogenase (LDH): 4572 U/L; GGT: 10 U/mL (N).

Case 3: At the age of 2-years-and-6-months (January 22, 2019), the patient had the following labs long before starting 
ARS: AST: 970.9 U/L (> 20 × N); ALT: 844.5 U/L (> 20 × N). On January 30, 2019, at his routine hepatitis screening 
conducted by an infectious disease specialist from the “Victor Babes” Infectious Diseases Hospital from Bucharest), his 
tests were as follows: Negative B and C hepatitis serologies; negative Toxocara serology; AST: 685 U/L (> 15 × N); ALT: 
770 U/L (> 15 × N); GGT: 10 U/L (N); CK: 27 713 U/L (> 200 × N); LDH: 5317 U/L (a non-specific marker for tissular 
damage, including rhabdomyolysis, especially myocardium damage). On February 27, 2019, during routine DMD 
screening by a neurologist from the “Victor Gomoiu” Pediatric Hospital, before starting any therapy, his tests were as 
follows: AST: 860 U/L (> 20 × N); ALT: 770 U/L (> 15 × N); CK: 24000 U/L (> 200 × N); LDH: 3026 U/L. During a routine 
check with the same neurologist from the “Victor Gomoiu” Pediatric Hospital after the first 3 months of L-carnitine 1 g/
day, his test results were as follows: AST: 311 U/L (> 7 × N); ALT: 356 U/L (> 8 × N); CK: 18350 U/L (> 200 × N); LDH: 
2670 U/L.

Imaging examinations
Imaging studies of these 3 DMD-patients, primarily abdominal and cardiac ultrasound, did not provide additional 
significant insights.

Case 1: Abdominal ultrasound indicated slight hepatomegaly with otherwise normal ultrasound.

Case 2: Heart ultrasound at the age of 3 months indicated a large stenosis of the right pulmonary artery with no 
hemodynamic significance, and thus no clinical signs.

Case 3: Heart ultrasound (September 28, 2016; at the age of 7 months) indicated the following: Ventricular septal defect 
with diameters 3/3.6mm (with secondary left-to-right cardiac shunt). The defect spontaneously healed according to the 
next heart ultrasound performed at the age of 2 years and 7 months. His abdominal ultrasound from the age of 2 years 
and 5 months was normal.

MULTIDISCIPLINARY EXPERT CONSULTATION
All the 3 patients were already diagnosed with DMD before the pediatric consult performed by the author of this paper 
and long before starting the ARS treatment. The various multidisciplinary consults offered to the DMD-patients before 
starting ARS per oris (/by mouth) were accomplished by general practitioners, neurologists, geneticists, infectious 
disease specialists, nephrologists and kineto-therapists.

Case 1
None.

Case 2
None.

Case 3
On January 30, 2019, during routine hepatitis screening conducted by an infectious disease specialist from the “Victor 
Babes” Infectious Diseases Hospital from Bucharest, his test results were as follows: Negative B and C hepatitis 
serologies; negative Toxocara serology; AST: 685 U/L (> 15 × N); ALT: 770 U/L (> 15 × N); GGT: 10 U/L (N); CK: 27 713 
U/L (> 200 × N); LDH: 5317 U/L (a non-specific marker for tissular damage, including rhabdomyolysis, especially 
myocardium damage). On February 27, 2019 during routine DMD screening conducted by a neurologist from the “Victor 
Gomoiu” Pediatric Hospital before starting any therapy, his levels were as follows: AST: 860 U/L (> 20 × N); ALT: 770 U/
L (> 15 × N); CK: 24 000 U/L (> 200 × N); LDH: 3026 U/L. On a routine check after the first 3 months of treatment with L-
carnitine 1 g/day for DMD, conducted by the same neurologist from the “Victor Gomoiu” Pediatric Hospital, his levels 
were as follows: AST: 311 U/L (> 7 × N); ALT: 356 U/L (> 8 × N); CK: 18 350 U/L (> 200 × N); LDH: 2670 U/L.
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FINAL DIAGNOSIS
All the 3 patients were already diagnosed with DMD long before the pediatric consult by the author of this paper and 
before starting the ARS treatment.

Case 1
DMD with typical phenotype.

Case 2
DMD with typical phenotype.

Case 3
DMD with typical phenotype.

TREATMENT
All 3 DMD patients were prescribed a mix of ARS, L-carnitine and omega-3 fatty acids. Progressively higher doses of ARS 
were administered, and labs were performed after each increase of the ARS dose.

Case 1
The initial dose of ARS was 4 mL/kg/day and was progressively increased up to 7.3 mL/kg/day.

Case 2
The initial dose of ARS was 4 mL/kg/day and was maintained as such throughout the study.

Case 3
The initial dose of ARS was 2.3 mL/kg/day and was then progressively increased up to 4.6 mL/kg/day.

OUTCOME AND FOLLOW-UP
In the next graphs, we present the significant decrease in rhabdomyolysis markers after the introduction of ARS 
(associated with L-carnitine and omega-3 fatty acids) as an adjuvant treatment of these 3 patients with DMD.

Case 1
After 6 months of ARS treatment with dose 4-6.5 mL/kg/day, the patient’s results were as follows: Normal BM of 14.2 kg 
(50th percentile), normal body size of 96.5 cm (50th percentile), a relatively N axial muscular tonus (absent Gowers’s sign), 
no deficit of right calf extension, no tendency of constipation, clear improvements in language development (he uses 
approx. 30-40 words; he could imitate over 100 words; he used simple propositions and even short phrases). Notably, the 
boy’s parents were not compliant in starting physiotherapy for the child. After 11 months of ARS treatment with doses of 
4-6.5 mL/kg/day, his results were as follows: A relatively normal-but-under-average BM of 14.2 kg (30th percentile), 
normal body size of 98 cm (40th percentile), N axial muscular tonus (absent Gowers’s sign), no deficit of right calf 
extension, a North Star score of 34 (maximum), no tendency for constipation, clear improvements in language 
development (he used approx. 50-100 words; he could imitate over 150 words; he used propositions and phrases). He also 
had two successive UTI episodes (empirically treated by the family doctor of the boy, without renal ultrasound, without 
urine exam nor urinalysis before and/or after antibiotic therapy). Notably, the parents refused referral to nephrological 
consult for a voiding cystography to exclude vesicoureteral  reflux. After 16 months of ARS treatment with doses of 4-6.5 
mL/kg/day, his results were as follows: No UTI episodes from the previous consult; normal and above average BM of 
15.5 kg (70th percentile), normal body size of 101 cm (50th percentile), N axial muscular tonus (absent Gowers’s sign), no 
deficit of right calf extension, a North Star score of 34 (maximum), no tendency for constipation, clear improvement in 
language development (he uses approx. 150-200 words; he can imitate any word; he uses relatively complex propositions 
and phrases). After 19 months of ARS treatment with doses of 4-7.3 mL/kg/day, he had a 6-minute walking test result of 
240 m in 4 minutes (> 50 m/min) because the boy did not cooperate for the full 6 min duration of this test. After 3 months 
of ARS treatment with doses of 4 mL/kg/day, his lab results were as follows: AST: 453 U/L (about 9 × N); ALT: 712 U/L 
(about 22 × N); CK: 25 426 U/L (about 149 × N); CK-MB: 632 U/L (about 26 × N). After 6 months of ARS treatment with 
doses of 6.5 mL/kg/day, his lab results were as follows: AST: 205 U/L (about 5 × N); ALT: 492 U/L (about 12 × N); CK: 
13900 U/L (about 70 × N); CK-MB: 365 U/L (about 14 × N); MG: 886 ng/mL (about 12 × N). After 11 months of ARS 
treatment with doses of 4-6.5 mL/kg/day: AST: 262 U/L (about 6 × N); ALT: 461 U/L (about 12 × N); CK: 16271 U/L 
(about 81 × N); CK-MB: 437 U/L (about 17 × N); MG: 885 ng/mL (about 12 × N). After 16 months of ARS treatment with 
doses of 4-6.5 mL/kg/day he had: CK: 18537 U/L (about 92 × N); CK-MB: 486 U/L (about 19 × N); MG: 275 ng/mL 
(about 4 × N). After 30 months of ARS treatment with doses of 4-5 mL/kg/day he had: CK: 26330 U/L (about 153 × N); 
CK-MB: 626 U/L (about 26 × N); MG: 1980 ng/mL (about 28 × N). After 41 months of ARS treatment with doses of 4-5 
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mL/kg/day: CK: 15937 U/L (about 93 × N); CK-MB: 389 U/L (about 16 × N); MG: 1455 ng/mL (about 20 × N) 
(Figure 1A).

Case 2
After 7 months of ARS treatment with a dose of 4 mL/kg/day, his test results were as follows: A slight clinical 
improvement in muscle strength as primarily demonstrated by the 6-minute walk test; the boy had also followed other 
types of therapy partially initiated by his mother: Physical therapy, hydrotherapy, multivitamins and minerals, 
acupuncture, homeopathic remedies. The 6-minutes walking test result (July 27, 2019) (under the surveillance of his 
mother only) was: 359 m in 4 min (> 50 m/min) because the boy would not cooperate for the full 6 min duration of this 
test. The 6-minutes walking test result (July 29, 2019, under the surveillance of the pediatrician) was 320 m in 6 minutes 
and 20 seconds (given a fall and a short pause of 20 sec between min 4:18 and 4:38). After 3.5 months of 4 mL/kg/day of 
ARS treatment, he had: AST: 213 U/L (about 4 × N); ALT: 264 U/L (about 8 × N); CK: 8979 U/L (about 53 × N); CK-MB: 
295 U/L (about 7 × N); LDH: 806 U/L; GGT: 10 U/mL (N); anti-streptolysin O: 317 IU/mL; Ferritin: 87 ng/mL. After 3 
years and 3 months of 4 mL/kg/day of ARS treatment, he had: AST: 142 U/L (about 3 × N); ALT: 180 U/L (about 6 × N); 
CK: 5337 U/L (about 31 × N); Ferritin: 47.6 ng/mL (Figure 1B).

Case 3
After 4 months of ARS treatment at a dose of 2.3 mL/kg/day, he had an improved axial muscular tonus and strength. 
The boy had become more attentive and was more cooperative with his parents. However, he showed no significant 
language improvements. After 3 weeks of 2.3 mL/kg/day ARS treatment, he had: AST: 303 U/L (7 × N), ALT: 175 U/L (4 
× N), CK: 21000 U/L (4 × N), LDH: 3448 U/L (10 × N). After 4 months of ARS treatment with dose 2.3 mL/kg/day, he 
had: AST: 241.98 U/L (5 × N), CK: 7885.7 U/L (46 × N), LDH: 1 318.65 U/L (3.8 × N) (Figure 1C).

DISCUSSION
In vitro studies[6] have clearly demonstrated that ARS is a strong selective NRF2 activator and consequently increases (up 
to 8-fold) the cellular concentrations of EAEs (like glutathione synthase, SOD etc). In vivo studies also support the NRF2-
activating properties of ARS. Therefore, we hypothesize that the significant decrease in measured rhabdomyolysis 
markers (CK, CK-MB, LDH, AST, ALT) after ARS treatment is due to its potent NRF2-activating mechanism and 
subsequent activation of EAEs that neutralize a large quantity of ROS from muscle cells, including cardiomyocytes, to 
decrease the CMI and rhabdomyolysis rate.

Given that the rhabdomyolysis lab tests were all paid by the patients’ parents, and also given the low average monthly 
income of Romanians, it would have been too expensive to cover the additional labs needed to clearly demonstrate the 
NRF2-activating effect of ARS in vivo: These tests would have included SOD plasma levels, the total antioxidant capacity 
of serum, malondialdehyde plasma levels, the intracellular level of the reduced glutathione, among others. The 
preliminary results on these 3 DMD cases deserve a future grant to extensively study more DMD patients and use an 
extensive panel of labs that includes antioxidant markers, as also discussed below.

Some rhabdomyolysis markers are missing from the monitoring of these 3 boys with DMD, because the parents did not 
always collaborate for a complete set of rhabdomyolysis markers, often for objective reasons related to familial financial 
resources. The previously described positive effects of ARS are plausibly determined via NRF2, by acting on the 
oxidative-stress link of the DMD pathogenic chain.

It would have been ideal to check both serum and urinary MG levels to exclude the possibility that increased MG 
excretion caused the observed decreased MG serum levels, rather than an actual decrease in MG production rate by 
decreased rhabdomyolysis. ARS may activate the cellular excretion pumps via NRF2, allowing for renal excretion of some 
cellular toxins, as NRF2 expression and activity are increased in kidneys. The concomitant determination of both serum 
and urinary MG is relatively expensive and inaccessible for the average Romanian patient.

The main explanation of the low number of DMD patients reported here (with no control group) is that DMD is 
relatively rare and DMD child-patients whose parents refuse corticosteroids but accept ARS as a compensatory adjuvant 
are very rare in Romania. Furthermore, very few Romanian medical doctors know about ARS and much fewer have 
experience in prescribing ARS as an adjuvant dietary supplement.

We have given many details and explanations of the adjuvant medication and other non-pharmacological therapies 
used in all 3 DMD cases. However, we had to synthesize a large quantity of data as not to overwhelm the potential 
readers with a very large article. Unfortunately, the cited papers on ARS were very difficult to find because many 
references did not have DOIs, as they were not published in peer-review journals.

Although this report contains only 3 cases, it is invaluable in that we followed these 3 patients for several years (4 years 
in average). This relatively long time-scale provides an additional argument for the long-term safety of ARS, which is 
very important for children in general. Furthermore, all 3 cases showed significant decreases in rhabdomyolysis markers, 
despite the patients having distinct genetic mutations in the DMD gene, indicating that chronic oxidative stress (from the 
muscular cells of patients with DMD phenotype) is a common physiopathogenic link on which ARS predominantly acts.

These promising preliminary results should be ideally followed by a rigorous randomized double-blind study in which 
a much larger number of DMD boys are divided into at least four or five groups: (1) A placebo group; (2) A group treated 
with ARS only; (3) A group treated with L-carnitine only; (4) A group treated with both ARS and L-carnitine simultan-
eously (given their plausible synergy, as shown in this case series); and (5) A group treated with ARS, L-carnitine and 
omega-3 fatty acids simultaneously. The initiation of such a large clinical trial would be very costly for Romanian patients 
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Figure 1 Changes in rhabdomyolysis markers after starting Asea redox supplement as adjuvant therapy. A: Case 1; B: Case 2; C: Case 3. ALT: 
Alanine aminotransferase; ARS: Asea redox supplement; AST: Aspartate aminotransferase; CK-MB: Creatine kinase-MB; DMD: Duchenne muscular dystrophy; LDH: 
Lactate dehydrogenase; MG: Myoglobin.

without a public or private grant.
Because ARS increases the rate of glutathione-synthesis via NRF2, it is possible that an additional association between 

ARS and N-acetylcysteine (NAC) would be synergistic, given that NAC is a glutathione precursor.
By reporting and discussing this case series, we re-emphasize the importance of physiopathological reasoning in 

medical research, as also implemented in the “Electronic pediatrician” software developed by the main author of this 
paper[7]. An important part of DMD physiopathogenesis is the chronic oxidative stress within skeletal and cardiac 
muscle fibers that leads to significant CMI and consequent progressive muscular fibrosis. Physiopathological reasoning 
centered around this chronic oxidative stress inspired the use of NRF2-activating ARS as an adjuvant treatment for these 
3 boys with DMD, with encouraging results to date.

CONCLUSION
ARS has significant indirect antioxidant effects via NRF2 and deserves extensive trials in children with DMD, alone or in 
combination with L-carnitine and/or omega-3 fatty acids and/or NAC, as an adjuvant to corticoids or as a substitute in 
DMD patients who refuse corticoids. ARS also deserves future trials as an adjuvant in many types of acute/chronic 
infectious/non-infectious diseases in which cellular oxidative stress is involved.
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