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Abstract

Lymphoscintigraphy is a nuclear medicine procedure that uses a small quantity of
radioactive particles for visualizing the lymphatic system. Traditionally, the
radiotracer was injected subcutaneously, but the quality of lymphatic path
imaging was scarce due to high background. Intradermal radiotracer injection is
considered the modern-day intralymphatic injection. We propose rest/stress
intradermal lymphoscintigraphy for the diagnosis, staging and surgical planning
of lymphedema. Major and minor findings were described in primary and
secondary lymphedema. Based on the in-depth information of the lymphatic
pathways, physiotherapists and microsurgeons can obtain important functional
information in patients’ selection to treat with physical treatments and/or
undergo microsurgery.

Key Words: Intradermal injection; Lymphoscintigraphy; Exercise; Rest; Stress; Lymphe-
dema; Radionuclide imaging; Lymphatic system
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Core Tip: Intradermal lymphoscintigraphy is a helpful functional nuclear imaging test
that evaluates the lymphatic flow of the superficial and deeper lymphatic pathways at
rest as well as following short and prolonged muscular activity, thus visualizing
draining lymph nodes in a single 1-hour examination. This diagnostic method may help
physiotherapists to evaluate the effects of muscular exercise and physical therapy on
lymph drainage and surgeons to plan microsurgical treatments in advanced clinical
stages of lymphedema.
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INTRODUCTION

Lymphoscintigraphy is a nuclear medicine procedure based on the injection of a little amount of radiotracer in an area of
the body to visualize lymph drainage and regional lymph nodes. In the past, the radiotracers available had an acidic pH
and physicians prefer subcutaneous, subfascial or submucosal injections to avoid the burning sensation at the injection
site due to the presence of pH receptors in the dermis. Subcutaneous injections resulted in a slow injection site clearance,
an intense liver and bladder uptake, a higher background, and a scarce quality of imaging of lymphatic pathways due to
the passage of tracer in bloodstream.

When injected intradermally, the radiotracer is quickly absorbed by lymphatic capillary networks which are in the
reticular and papillary dermis, offering a large surface for uptake and a better visualization of the superficial and deep
lymphatic system in an amount of shorter time. Both the epidermis and subcutaneous tissue lack lymphatic capillaries.
Nowadays, intradermal tracer injection is considered the modern-day intralymphatic injection for lymphatic mapping.

The ideal imaging agent should have an adequate particle size, a fast clearance, a rapid lymph node accumulation, a
favourable safety profile, and a neutral injected solution pH. Currently, 99mTc-HSA nanocolloids in Europe and 99mTc-
tilmanocept in ultrasound show these favorable characteristics and can thus be injected intradermally without causing
any pain at the injection site. In the present paper, we describe the technical aspects and advantages of rest/stress
intradermal lymphoscintigraphy in lymphedema assessment. After removing elastic sleeves or stockings, we injected
intradermally two doses of 50 MBq in 0.3 mL of 99mTc-nanocolloid fractioned in strategic points based on anatomical
distribution of main lymphatic collectors of the affected limb. The intermetatarsal space and the external and internal peri
malleolar areas were used for the lower limb, while the first and fourth intermetacarpal space for upper limb. A resting
scan is acquired at once following tracer injection. Afterward, the patient performed a two-minute muscular exercise
(light weightlifting for upper limb, stepping for lower limbs) followed by a stress scan. Subsequently, the patient
performed a limited by symptoms muscular exercise (squeezing for upper limb, walking for lower limbs) and a delayed
scan can be acquired one hour after tracer injection. According to the severity, the test may visualize several patterns: The
minor findings in lymphatic insufficiency are: (1) Delayed lymphatic drainage from injection site. When using an
intradermal injection, the normal tracer appearance time in regional lymph nodes is < 10 minutes. Tracer stagnation area.
At delayed scan, the radiotracer may remain along the course of the lymphatic pathway also following a prolonged
muscular exercise; (2) Little tracer stagnation areas at the elbow or along lymphatic vessels in proximity of the valves
might appear in clinical stage 0-1 as a subclinical sign of developing secondary lymphedema; (3) Deviation of the main
lymphatic pathway. The lymph may deviate toward collectors around small saphenous or cephalic vein, instead of great
saphenous or basilic vein; (4) Collateral lymphatic vessel development (< 3). The most frequent compensatory mechanism
in the first stages of lymphedema; (5) Crossover drainage. In secondary lymphedema, after unilateral inguinal lymph
node dissection or in breast cancer patients after axillary lymph node clearance, the lymph may cross the midline onto the
contralateral side; (6) Deep vessels. Progressive functional damage to the main superficial lymphatic vessels due to
genetic causes or lymph node dissection is common in lymphoedema patients. The deep lymphatic vessels can support
lymphatic drainage and can be visualized in a delayed scan after prolonged exercise. The deep lymphatics can be
recognized by the uptake of tracers in the popliteal or epitrochlear nodes; and (7) Tortuous course of lymph vessel.
Tortuous vessels are more often seen in early-stage lipedema and filariasis.

The major findings in lymphatic insufficiency are: (1) Lymphangiectasia is a pathologic dilation of lymph vessels with
tracer stagnation that may appear in both primary and secondary lymphedema; (2) Extravasation of tracer (or lymphatic
leaking) is more commonly observed following an interruption of the lymphatic system due to increased resistance to
lymphatic flow and partial leakage of lymph. This pattern may be an early sign of secondary lymphedema if it is located
near the elbow, groin or middle third of the legs; (3) Dermal backflow is a consequence of restricted or largely obstructed
lymphatic flow. It can be seen more often in delayed scans after prolonged muscular activity. The mechanism of dermal
backflow is that muscular exercise increases intraluminal pressure within the lymphatic vessel, pushing lymph ahead.
However, in patients with lymphedema, the increased resistance to lymph flow may determine an incompetence of anti-
reflux valves, and the lymph exits from lymphatic collectors returning into the cutaneous surface of the limb. Dermal
backflow may be proximal or distal. In advanced clinical stages after an extensive surgical lymphadenectomy and/or
radiation treatment, the entire limb may be involved. In areas affected by dermal backflow, lymphatic pathways visual-
ization may be difficult or hardly recognizable; (4) Absent number of vessels. In patients with primary lymphedema,
imaging of the main superficial pathways may be difficult due to damage or compromised functionality; (5) Absent
number of nodes. Fewer or no lymph nodes following surgical dissection and/or radiation therapy can cause an accumu-
lation of excess lymph fluid in the tissues with damaged drainage; and (6) No flow. No lymphatic flow may develop in
patients with acute lymphangitis or in severe clinical stages of lymphedema. To better define the extension of the
damage, we recommend reinjecting small doses of radiotracer in various parts of the limb.

These findings can appear or change after a prolonged muscular exercise (delayed scan). In any case, radiotracer
extravasation from lymphatic collectors is the most significant sign of lymphedema (Figure 1). Lymphoscintigraphy can
be useful for detecting lymphatic leakage as a frequent complication in vascular surgery or after kidney transplantation. It
is due to the trauma of lymphatic system. Indocyanine green lymphangiography with embolization can both be used in
diagnosis and therapy to close the leakage.

LYMPHOSCINTIGRAPHY IN LYMPHEDEMA MANAGEMENT

Lymphedema is a chronic condition caused by a damage of lymphatic system characterized by progressive swelling of
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Figure 1 Intradermal lymphoscintigraphy in lower limbs secondary lymphedema. A: Resting scan; B: Stress scan; C: Delayed scan.

the limbs or other area of the body due to impaired lymphatic drainage. Lymphedema is most often a complication of
cancer surgical or radiation treatment or parasitic infections, but it can also be a consequence of genetic disorders.
Surgical removal or injury to lymph nodes and lymph vessels and radiation treatment for cancer radiation may result in
secondary lymphedema. Lymphedema usually develops within 1-3 years after surgery, or 30 days after radiotherapy. It is
important to note that lymphedema can progress through these stages over time, so early detection and treatment are key
to managing the condition and preventing complications. Physical treatments for lymphedema may include physical
therapy, compression garments, multilayer compression bandaging, compression devices, and exercise.

The muscle movement from exercise and a progressive resistance training improve the flow of lymph, which may help
treat lymphedema. The American College of Sports Medicine recommends that a supervised exercise program is safe for
patients with or at risk for lymphedema after cancer treatments. Muscular exercise as first-line treatment is a part of a
healthy lifestyle and is essential for effective secondary lymphedema management. Before starting any exercise program,
individuals should be cleared for the program of activity. Rest/stress intradermal lymphoscintigraphy may be performed
in patients at risk to develop a secondary lymphedema to evaluate the direct effects of muscular exercise on lymph
drainage. The scan may show subclinical findings of lymphedema as little tracer stagnation areas near valves of main
lymphatic collector, at elbow or at middle third of legs. The evidence of draining lymph nodes of axilla or groins is an
essential element to consider before starting muscular exercise program safely.

Today, lymphedema treatment is a combination of conservative and operative methods. Complex physical therapy is
the first-line treatment and can be divided into two phases: A first, intensive phase composed of manual lymphatic
drainage, skin care, muscular activity and/or compression, followed by a second phase to stabilize and conserve the
results obtained through daily elastic compression garments. Surgical treatment options, in conjunction with conservative
treatments, may provide clinical improvement and limb volume reduction[1]. Surgical therapies can be divided into
reconstructive lymphatico-venous anastomosis (LVA) and vascular lymph node transfer, and ablatives (liposuction and
dermolipectomy). LVA creates a bypass though which excess interstitial fluid excess may be drained directly into the
venous system. Vascular lymph node transfer comprises the transplant of vascularized autologous lymph nodes from an
unaffected region anatomized to recipient vessels in the lymphedematous area. Although the precise mechanism is still
unknown, it is hypothesized that the transferred lymph nodes establish an effective shunting system via lymph
angiogenesis to drain interstitial fluid into the venous system[2].

Diagnosis is based on anamnesis, clinical findings, and imaging. Imaging of the lymphatic system plays a fundamental
role in diagnosing of lymphedema. Various imaging modalities may image the lymphatic system such as lymphography,
lymphoscintigraphy, magnetic resonance imaging, computed tomography (CT), and ultra-high frequency ultrasound
(UHFUS). A strict cooperation between surgeon, physiotherapist, radiologist, and nuclear physician is strongly
recommended for a better use of technologies available[3].

Usually, there is no specific preparation for a patient receiving lymphoscintigraphy. However, in advanced clinical
stage we prefer imaging patients only after an intensive decongestive treatment. Radiotracer injection sites may vary due
to discrepancies among protocols[4-8]. In our experience, we performed intradermal radiotracer injections in specific
points previously agreed with the microsurgeon, at the distal part of the affected limb. We recommend injecting in areas
of skin where the dermis is well represented, avoiding scars or areas with dermatitis. Rest/stress intradermal lympho-
scintigraphy is a method for diagnosing lymphedema, which involves injecting a radioactive tracer into the dermis and
taking images of the superficial and deep lymphatic system and draining lymph nodes at rest and after exercise. The
exercise stimulates the lymphatic flow and reveals any abnormalities in the lymphatic pathways. For the lower limbs, the
injection point used are the first intermetatarsal space and the external and internal peri malleolar areas while for the
upper limbs, the first and fourth intermetacarpal space. A reinjection at distal radial and ulnar epiphyses can be
suggested in patients with swollen back of hand. A needle is inserted at 10-15-degree angle, 1-2 mm beneath the skin
surface to perform an intradermal injection of 0.3 mL of 9mTc-nanocolloid. A resting scan is performed following tracer
injection. The patient is then asked to perform a short exercise for 2 minutes followed by a second scan (stress).
Subsequently the patient performs a prolonged muscular exercise for 30 to 40 minutes, limited by symptoms. A third and
final delayed scan is performed one hour after tracer injection. In our experience, intradermal injections around the
malleolar areas or heel most commonly provide a path of lymph drainage to the popliteal lymph nodes (deep lymphatic
collectors)[9]. Stress activity can also be performed following radiotracer injection as it has been shown to improve lymph
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drainage and increase radiotracer uptake into the lymph nodes. Lower limb stress includes walking or cycling, while
upper limb stress can vary between hand gripping and lifting light weights. This method is a functional-imaging test
which evaluates lymphatic flow of the superficial and deep lymphatic pathways at rest as well as following a short and
prolonged muscular activity, thus visualizing draining lymph nodes in a single 1-hour examination.

With a detailed knowledge of the lymphatic pathway, the visual assessment of lymphoscintigraphy provides
information regarding patent lymphatic drainage patterns, lymph nodes, collateral circulation, as well as the direction of
lymph flow and potential disruptions in the affected limb[10]. In secondary lymphedema, the uptake of draining lymph
nodes in atypical sites are indicative of rearrangement of the lymphatic flow. The transport index (TI) is a semi-
quantitative evaluation of lymphatic flow that considers five factors noted when performing lymphoscintigraphy:
Transport kinetics, distribution pattern of the radiotracer, time to visualization of lymph nodes, quality of visualization of
lymph nodes, and visualization of lymphatic vessels[11]. A score ranging from 0 to 9 indicates a normal score while a
score greater than 10 signals a pathological finding. In 2022, we described how pathological elements seen at rest/stress
intradermal lymphoscintigraphy can be subdivided into major and minor findings[12]. In patients with secondary
lymphoedema, a significantly higher percentage of serious findings such as lymph congestion, tracer extravasation and
dermal reflux were seen. While a significantly higher percentage of minor findings, such as deep lymphatic vessels and
radiotracer uptake at the epitrochlear and popliteal lymph nodes were observed in patients with primary lymphedema.
Extensive dermal backflow and the absence of a draining lymph node are signs of severe clinical stages of lymphoedema.
In our experience, we found a significantly higher incidence of dermal backflow in secondary lymphoedema as a result of
medical procedures such as radiotherapy and surgical treatments for cancer. A scarce or absent visualization of lymphatic
vessels in all phases of study, or a wide extent of dermal-backflow, and no evidence of lymph nodes (also after superficial
and deeper re-injection in other sites) are related to more severe clinical stages of lymphedema.

The information obtained from lymphoscintigraphy renders it a reference exam in the decision- making process of
selecting lymphedema patient who are microsurgical candidates and the development of personalized surgical treatment
plans. Vaqueiro et al[13] report the use of lymphoscintigraphy for diagnosis and patient selection to undergo
microvascular procedures, such as LVA, in patients with patent lymphatic channels at imaging. Campisi et al[14] describe
the use of lymphatic microsurgery in patients with early-stage lymphedema with a lymphoscintigraphy that shows a low
inguinal or axillary lymph nodal uptake and a minimal or absent passage of the tracer beyond this proximal lymph nodal
area. Maegawa et al[15] indicate a relationship between lymphoscintigraphic findings and indications for lymphatic
microsurgery in patients with secondary lower limb lymphedema. According to their observations, lymphoscintigraphic
images can be divided into five types and suggest type 3 (no inguinal lymph nodes detected, dermal backflow in the
thigh and/or leg, lymph stasis is observed) is the most suitable for LVA. A similar relationship was described by Mikami
et al[16] between lymphoscintigraphic findings and indications for lymphatic microsurgery in patients with secondary
upper limb lymphedema. Their results revealed lymphoscintigraphic images can be divided into five major types and
three subtypes and suggest LVA should be considered as a treatment option for lymphedema types II-V. Boccardo et al
[17] report a clinical and instrumental selection of 74 women with a history of axillary lymph node dissection for breast
cancer with the use of lymphoscintigraphy. Patients with a body mass index less than 30 kg/m? and a TI score greater
than 10 on lymphoscintigraphy were indications for Lymphatic Microsurgical Preventing Healing technique. Gentileschi
et al[18] underline the feasibility of single photon emission CT/CT combined with ultrasound fusion imaging for the
preoperative identification of groin efferent lymph node in patients scheduled for peripheric lymphaticovenular
anastomosis. In severe clinical stages of lymphedema[19], Visconti et al[20] suggest an integration of nuclear imaging with
UHFUS, that may help detecting the lymphatic vessels and evaluating their degeneration status, including wall and
lumen characteristics.

Lymphoscintigraphy plays a leading role in the early diagnosis, may help evaluate the effects of muscular exercise and
physical therapy on lymphedema, and plan microsurgical treatments such as lymphatic-venous anastomosis or
vascularized lymph node transfer. Thanks to a suitable energy of radioactive signal the lymphoscintigraphy is the best
modality for lymphatic imaging in obese and lipedema patients or for identification of sentinel node in unexpected site.
However, it has a few limitations. First, there is no universally standardized imaging protocol, and each lymphedema
center performs a different and personalized imaging modality. The imaging protocol can vary according to the extension
of lymphedema, the radiotracer, radioactivity dose and injected volume, number of injections, injection site and plane,
and if performed at rest or in conjunction with a stress activity. Secondly, lymphoscintigraphy is characterized by a
limited spatial resolution making it more difficult to find lymphatic pathways in the three-dimensional space. In the
lymphoscintigraphic images of lymphedema patients, pathological findings such as collateral lymphatic pathways and
dermal backflow can impede the visualization of patent lymphatic vessels. In our experience, dorsal lymphatic pathways
of the arm can overlap the lymphatic vessels that follow the cephalic vein in upper limb lymphedema. Likewise, anterior
collateral lymphatic pathways can overlap the lymphatic vessels that follow the small saphenous vein in lower limb
lymphedema. Nevertheless, the limited three-dimensional anatomic definition with lymphoscintigraphy can be overcome
by taking anterior and posterior scans of the affected limb. By seeing the lymphatic pathways from multiple points of
view, the two-dimensional lymphoscintigraphy images provide information of a three-dimensional space. Moreover,
lymphoscintigraphy does not provide direct information about the quality of the lymphatic vessels. However, a
qualitative analysis of lymphoscintigraphic findings may correlate to lymphatic vessel quality as seen intraoperatively. In
our experience, patent lymphatic channels are more commonly found in patients with a lymphoscintigraphy that
displays a linear pattern, ectasia, or radiotracer stasis. On the other hand, lymphatic channels tend to be sclerotic if dermal
backflow and radiotracer extravasation are seen with lymphoscintigraphy. Nevertheless, in a surgical perspective an
integration with UHFUS imaging may be suggested.
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CONCLUSION

Lymphoscintigraphy plays a leading role in the early diagnosis, may help evaluate the effects of muscular exercise and
physical therapy on lymphedema, and plan microsurgical treatments such as lymphatic-venous anastomosis or
vascularized lymph node transfer. Thanks to a suitable energy of radioactive signal the lymphoscintigraphy is the best
modality for lymphatic imaging in obese and lipedema patients or for identification of sentinel node in unexpected site.
However, it has a few limitations. First, there is no universally standardized imaging protocol, and each lymphedema
center performs a different and personalized imaging modality. The imaging protocol can vary according to the extension
of lymphedema, the radiotracer, radioactivity dose and injected volume, number of injections, injection site and plane,
and if performed at rest or in conjunction with a stress activity. Secondly, lymphoscintigraphy is characterized by a
limited spatial resolution making it more difficult to find lymphatic pathways in the three-dimensional space. In the
lymphoscintigraphic images of lymphedema patients, pathological findings such as collateral lymphatic pathways and
dermal backflow can impede the visualization of patent lymphatic vessels. In our experience, dorsal lymphatic pathways
of the arm can overlap the lymphatic vessels that follow the cephalic vein in upper limb lymphedema. Likewise, anterior
collateral lymphatic pathways can overlap the lymphatic vessels that follow the small saphenous vein in lower limb
lymphedema. Nevertheless, the limited three-dimensional anatomic definition with lymphoscintigraphy can be overcome
by taking anterior and posterior scans of the affected limb. By seeing the lymphatic pathways from multiple points of
view, the two-dimensional lymphoscintigraphy images provide information of a three-dimensional space. Moreover,
lymphoscintigraphy does not provide direct information about the quality of the lymphatic vessels. However, a
qualitative analysis of lymphoscintigraphic findings may correlate to lymphatic vessel quality as seen intraoperatively. In
our experience, patent lymphatic channels are more commonly found in patients with a lymphoscintigraphy that
displays a linear pattern, ectasia, or radiotracer stasis. On the other hand, lymphatic channels tend to be sclerotic if dermal
backflow and radiotracer extravasation are seen with lymphoscintigraphy. Nevertheless, in a surgical perspective an
integration with UHFUS imaging may be suggested.
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Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC)
represent the predominant histological types of primary liver cancer, comprising
over 99% of cases. Given their differing biological behaviors, prognoses, and
treatment strategies, accurately differentiating between HCC and ICC is crucial
for effective clinical management. Radiomics, an emerging image processing
technology, can automatically extract various quantitative image features that
may elude the human eye. Reports on the application of ultrasound (US)-based
radiomics methods in distinguishing HCC from ICC are limited.

AIM

To develop and validate an ultrasomics model to accurately differentiate between
HCC and ICC.

METHODS

In our retrospective study, we included a total of 280 patients who were
diagnosed with ICC (n = 140) and HCC (n = 140) between 1999 and 2019. These
patients were divided into training (n = 224) and testing (n = 56) groups for
analysis. US images and relevant clinical characteristics were collected. We
utilized the XGBoost method to extract and select radiomics features and further
employed a random forest algorithm to establish ultrasomics models. We
compared the diagnostic performances of these ultrasomics models with that of
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radiologists.

RESULTS

Four distinct ultrasomics models were constructed, with the number of selected features varying between models:
13 features for the US model; 15 for the contrast-enhanced ultrasound (CEUS) model; 13 for the combined US +
CEUS model; and 21 for the US + CEUS + clinical data model. The US + CEUS + clinical data model yielded the
highest area under the receiver operating characteristic curve (AUC) among all models, achieving an AUC of 0.973
in the validation cohort and 0.971 in the test cohort. This performance exceeded even the most experienced
radiologist (AUC = 0.964). The AUC for the US + CEUS model (training cohort AUC = 0.964, test cohort AUC =
0.955) was significantly higher than that of the US model alone (training cohort AUC = 0.822, test cohort AUC =
0.816). This finding underscored the significant benefit of incorporating CEUS information in accurately distin-
guishing ICC from HCC.

CONCLUSION
We developed a radiomics diagnostic model based on CEUS images capable of quickly distinguishing HCC from
ICC, which outperformed experienced radiologists.

Key Words: Cholangiocarcinoma; Hepatocellular carcinoma; Contrast-enhanced ultrasound; Radiomics; Primary liver tumor

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, we successfully established a novel radiomics model that leveraged contrast-enhanced ultrasound
(US) for accurate discrimination between intrahepatic cholangiocarcinoma and hepatocellular carcinoma. The refined
radiomics model incorporated 21 essential features, surpassing the diagnostic accuracy of seasoned radiologists. This model
excelled in diagnostic performance and ease of use, requiring only three specific time-point images and by a transparent
image-acquisition protocol. Its implementation enhanced diagnostic objectivity and diminished the operator-dependence
inherent in US examinations. This ultrasomics-based model can provide additional diagnostic insights to radiologists of
varying levels of experience, thereby elevating overall diagnostic accuracy.

Citation: Su LY, Xu M, Chen YL, Lin MX, Xie XY. Ultrasomics in liver cancer: Developing a radiomics model for differentiating
intrahepatic cholangiocarcinoma from hepatocellular carcinoma using contrast-enhanced ultrasound. World J Radiol 2024; 16(7): 247-
255

URL: https://www.wjgnet.com/1949-8470/full/v16/i7/247 htm

DOI: https://dx.doi.org/10.4329/wjr.v16.i7.247

INTRODUCTION

Primary liver cancer ranks as the sixth most common cancer globally and the third-leading cause of cancer-related
mortality, with the fifth highest incidence and fourth highest mortality rates[1]. Hepatocellular carcinoma (HCC) and
intrahepatic cholangiocarcinoma (ICC) represent the predominant histological types, comprising over 99% of cases|2].
Effective treatments such as resection, liver transplantation, and ablation are available for early-stage HCC or ICC.
However, for lesions diagnosed at an advanced, incurable stage, systematic treatment varies significantly between these
tumor types[3,4], necessitating distinct therapeutic approaches. Given their differing biological behaviors, prognoses, and
treatment strategies, accurately differentiating between HCC and ICC is crucial for effective clinical management.

Over the past decade, contrast-enhanced ultrasound (CEUS) has been extensively studied across various domains,
achieving notable success in characterizing focal liver lesions. Numerous studies have attempted to distinguish between
ICC and HCC using CEUS, yielding promising findings. For instance, Liu et al[5] reported an area under the receiver
operating characteristic (ROC) curve (AUC) of 0.808 in differentiating ICC from HCC, highlighting the high efficiency of
peripheral rim-like enhancement and rapid contrast washout in these distinctions.

Despite advancements in modern imaging techniques, standard imaging modalities and qualitative image analysis
often fall short of conclusively differentiating between ICC and HCC, especially in early-stage tumors[6]. Radiomics, an
emerging image processing technology, can automatically extract various quantitative image features that may elude the
human eye[7]. For example, Lewis et al[8] utilizing magnetic resonance imaging (MRI)-based radiomics, achieved an AUC
of 0.900 in the differential diagnosis of ICC from HCC by incorporating radiomics with patient sex and Liver Imaging
Reporting and Data Systems criteria.

Reports on the application of ultrasound (US)-based radiomics methods in distinguishing HCC from ICC are limited.
Our research aimed to develop and validate an ultrasomics model to accurately differentiate between HCC and ICC.
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MATERIALS AND METHODS

Patient characteristics

All patients diagnosed with liver cancer at our institution from 1999 to 2019 underwent CEUS. Prior to analysis, all
patient data were fully anonymized. The inclusion criteria were: (1) Availability of preoperative CEUS images; and (2)
Surgical excision or biopsy with pathological examination. Exclusion criteria included: (1) Lack of histopathological
evaluation by surgery or biopsy; (2) Incomplete clinical data (CL); and (3) Substandard CEUS image quality. Conse-
quently, 280 patients with pathological diagnoses of ICC (n = 140) and HCC (n = 140) were retrospectively included in the
study from January 1999 to December 2019.

We divided the cohort into two groups: 224 patients for the training set; and 56 patients for the testing set. The
workflow is depicted in Figure 1. Clinical characteristics of the patients, including sex, age, hepatitis B virus (HBV)
infection, alpha-fetoprotein (AFP), and carbohydrate antigen 19-9 (CA19-9), were collected from admission records, as
shown in Table 1.

US images acquisition protocol

All enrolled patients underwent preoperative CEUS via convex array scanners (Canon/Supersonic Explorer/Esaote/
Mindray) with a frequency range of 1.0 to 6.0 MHz. For patients with multiple liver lesions, the largest lesion was
targeted. The ultrasound contrast agent, Sonovue, was administered through the antecubital vein as a bolus (within 1-2 s),
followed by a 5 mL flush of 0.9% normal saline using a 20-gauge cannula. CEUS clips were recorded for 90 s following the
injection of Sonovue. Additional CEUS images were captured at 120 s and subsequently every 60 s until the contrast
washed out.

The ultrasound images (Figure 2) obtained included: (1) US. Baseline US image of the target lesion with optimal image
depth and gain (standard plane); (2) Arterial enhancement (AE). CEUS image in the arterial phase showing peak
enhancement of the target lesion in the standard plane; and (3) Portal enhancement (PE). CEUS image of the target lesion
at 120 s in the standard plane.

Establishing radiomics model in the training cohort

The whole tumor segmentation was manually delineated in Labelme by an abdominal radiologist with 6 years of
experience in liver CEUS and validated by a senior abdominal radiologist with 10 years of experience. Regions of interests
(ROIs) were manually segmented along the tumor contour on all US images. The Image preprocessing and feature
extraction were performed by Pyradiomics package.

Eight hundred and twenty-eight features were extracted from each region of interest, as listed in Table 2. The
significance of each feature was calculated using XGBoost, and the top 20 significant features were selected for further
analysis. The relationships among these features were assessed using the Spearman correlation coefficient. The less
significant feature was discarded for radiomics features with a SCC greater than 0.8. The remaining features were chosen
for subsequent analysis. A random forest algorithm was utilized to establish the radiomics model.

We developed four models and compared their performance to determine the most efficient one. These models include
the US model (using US images), the CEUS model (using AE and PE images), the US + CEUS model (combining US, AE,
and PE images), and the US + CEUS + CL model (integrating US, AE, and PE images with clinical characteristics).

Model analysis and evaluation

The ROC curves were plotted, and metrics such as the AUC, accuracy, sensitivity, specificity, and precision were
calculated to evaluate the predictive efficacy of each model in both training and test cohorts. Three radiologists with
varying levels of experience (3, 8, and 11 years in liver CEUS) reviewed the images of all cases and made diagnoses. The
diagnostic performances of the radiomic models and the radiologists were compared using the DeLong test. A decision
curve was plotted to assess the clinical utility of the model by quantifying the net benefits at different risk thresholds.

Statistical analysis

Statistical analysis was conducted with SPSS 22.0 (IBM Corp., Armonk, NY, United States). Continuous variables were
expressed as the means * standard deviation. Categorical variables were reported as numbers and percentages and were
compared by the ¥? test. Clinical features were analyzed for statistical differences in the training and test cohorts by
Student’s t-test, Mann-Whitney U test, Wilcoxon test, y” test, or Fisher’s exact test, as appropriate.

The reported statistical significance levels were all two-sided, and P values of less than 0.05 were considered statist-
ically significant. Calibration diagnostic accuracy was expressed as the AUC, and the resulting specificity, sensitivity,
positive predictive value, and negative predictive value were calculated. The DeLong test was used to compare AUC
values.

RESULTS

Patient characteristics

The final study cohort consisted of 280 patients (HCC = 140; ICC = 140) randomly divided into a training cohort (n = 224;
HCC =112; ICC = 112) and a validation cohort (n = 56; HCC = 28; ICC = 28). The primary characteristics of all patients
and lesions are shown in Table 1. There was no significant difference in age, sex, HBV infection, and tumor size (P > 0.05).
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Table 1 Basic characteristics of patients and lesions

Characteristics HCC, n=140 ICC, n=140 P value
Age in yr 53.39 +11.85 57.46 +11.39 0.58
26-79 33-86
Sex 0.311
Male 126 120
Female 14 20
HBV (+) 126 106 0.562
Lesion size in cm 66.37 + 27.38 69.04 + 32.68 0.271
AFPin pg/L 0.001
>20 91 18
<20 49 122
CA19-9in U/mL 0.001
>34 15 83
<34 125 57

AFP: Alpha-fetoprotein; CA19-9: Carbohydrate antigen 19-9; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; ICC: Intrahepatic

cholangiocarcinoma.

Table 2 Radiomic features in the radiomic analysis

Types Features

Shape (n = Elongation, MajorAxisLength, MaximumDiameter, MeshSurface, MinorAxisLength, Perimeter, PerimeterSurfaceRatio, PixelSurface,
9) Sphericity

First order 10Percentile, 90Percentile, Energy, Entropy, InterquartileRange, Kurtosis, Maximum, MeanAbsoluteDeviation, Mean, Median, Minimum,
(n=18) Range, RobustMeanAbsoluteDeviation, RootMeanSquared, Skewness, TotalEnergy, Uniformity, Variance

GLCM (1 Autocorrelation, JointAverage, ClusterProminence, ClusterShade, ClusterTendency, Contrast, Correlation, DifferenceAverage, Differ-
=22) enceEntropy, DifferenceVariance, JointEnergy, JointEntropy, Imc1, Imc2, Idm, Idmn, 1d, Idn, InverseVariance, MaximumProbability,
SumEntropy, SumSquares

GLRLM (n  GrayLevelNonUniformity, GrayLevelNonUniformityNormalized, GrayLevelVariance, HighGrayLevelRunEmphasis, LongRunEmphasis,

=16) LongRunHighGrayLevelEmphasis, LongRunLowGrayLevelEmphasis, LowGrayLevelRunEmphasis, RunEntropy, RunLengthNonUni-
formity, RunLengthNonUniformityNormalized, RunPercentage, RunVariance, ShortRunEmphasis, ShortRunHighGrayLevelEmphasis,
ShortRunLowGrayLevelEmphasis

GLSZM (n  GrayLevelNonUniformity, GrayLevelNonUniformityNormalized, GrayLevelVariance, HighGrayLevelZoneEmphasis, LargeAreaEmphasis,

=16) LargeAreaHighGrayLevelEmphasis, LargeAreaLowGrayLevelEmphasis, LowGrayLevelZoneEmphasis, SizeZoneNonUniformity, SizeZon-
eNonUniformityNormalized, SmallAreaEmphasis, Small AreaHighGrayLevelEmphasis, SmallArealowGrayLevelEmphasis, ZoneEntropy,
ZonePercentage, ZoneVariance

GLDM (n  DependenceEntropy, DependenceNonUniformity, DependenceNonUniformityNormalized, DependenceVariance, GrayLevelNonUniformity,

=14) GrayLevelVariance, HighGrayLevelEmphasis, LargeDependenceEmphasis, LargeDependenceHighGrayLevelEmphasis, LargeDepend-
enceLowGrayLevelEmphasis, LowGrayLevelEmphasis, SmallDependenceEmphasis, SmallDependenceHighGrayLevelEmphasis, SmallDe-
pendenceLowGrayLevelEmphasis

NGTDM ( Busyness, Coarseness, Complexity, Contrast, Strength
n=>5)

Imagetype: Original, Log-sigma-2-0-mm-3D, Log-sigma-3-0-mm-3D, Log-sigma-4-0-mm-3D, Wavelet-H, wavelet-L, Ibp-2D, square, squareroot, logarithm,
exponential. GLCM: Gray Level Concurrence Matrix; GLDM: Gray Level Dependence Matrix; GLRLM: Gray Level Run-Length Matrix; GLSZM: Gray
Level Size-one Matrix; NGTDM: Neighborhood Gray-Tone Difference Matrix.

However, the levels of AFP and CA19-9 demonstrated significant differences between HCC and ICC (P < 0.05). Five
clinical characteristics, age, sex, HBV infection, AFP, and CA19-9, were subsequently included in the radiomics model.

Radiomics analysis
Independent significant features were identified for each model using XGBoost and Spearman correlation coefficient. The
number of features selected was 13 for the US model, 15 for the CEUS model, 13 for the US + CEUS model, and 21 for the
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All patients with histologically conformed
diagnosis of ICC and available CEUS
examination, from 1999-2019 (7 = 161)

Poor image quality (n= 12)
Incomplete clinical data (7= 9)

Patients with ICC enrolled in this
retrospective study (77 = 140)

]

Patients with histologically conformed
diagnosis of HCC and available CEUS
examination, from 1999-2019 (7 = 140)

!

All patients enrolled this
study (n = 280)

|

Test (7 = 56)

Training (n = 224) five-
cross validation

Figure 1 Workflow of necessary steps in current study. CEUS: Contrast-enhanced ultrasound; HCC: Hepatocellular carcinoma; ICC: Intrahepatic
cholangiocarcinoma.

Figure 2 Image acquisition illustration. A and D: Baseline ultrasound (US) images of two target lesions; B and E: Contrast-enhanced ultrasound (CEUS)
images of the target lesions at peak enhancement of arterial phase; C and F: CEUS images of the target lesions at 120 s after injection of contrast agent.

US + CEUS + CL. Four radiomic models were constructed using the random forest algorithm.

Model establishment and validation

ROC analysis results are depicted in Figure 3, and a summary of the model outcomes is provided in Table 3. Our study’s
radiomics model based on a single US image achieved an AUC of 0.822 in the validation cohort and 0.816 in the test
cohort.

The CEUS model demonstrated a significant increase in AUC compared to the US model in both cohorts. In the
validation cohort, the AUC for the CEUS model was 0.956, and in the test cohort the AUC was 0.919. The AUC for the US
+ CEUS model was higher (training cohort = 0.964, test cohort = 0.955) than that for the US model alone, indicating a
significant benefit from adding CEUS information in distinguishing ICC from HCC. The AUC for the US + CEUS + CL
was the highest among all models, with 0.973 in the validation cohort and 0.971 in the test cohort.

AUC:s for three radiologists with different experience levels (3, 8, and 11 years in liver CEUS) were 0.786, 0.964, and
0.839, respectively. These results show that the AUC of the US + CEUS + CL was slightly higher than that of the most
experienced radiologist.

The decision curve analysis is shown in Figure 3. CEUS provided a significantly increased benefit compared to US
alone. Moreover, the models that included more information, such as US, CEUS, and clinical characteristics,
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Table 3 Area under the receiver operating characteristic curve, sensitivity, specificity, accuracy, positive predict value, and negative predict value of radiomics models in different cohorts

Training Validation Test
Parameter s AE + PE Us+AE+pE USHAEFPE* o AE + PE Us+AE+pE USHAEFPE* o AE + PE US+AE+pE USHAE*PE*
cL cL cL

AUC 0.885 (0.825, 0.955 (0.919, 0.966 (0.934, 0.975 (0.941, 0.822 (0.738, 0.956 (0.856, 0.964 (0.907, 0.973 (0.933, 0.816 (0.690, 0.919 (0.876, 0.955 (0.907, 0.971 (0.916,
(95%CI) 0.889) 0.962) 0.972) 0.975) 0.863) 0.962) 0.977) 0.983) 0.825) 0.959) 0.967) 0.980)
Sensitivity 0.766 0.933 0.900 0.911 0.727 0.909 0.818 0.863 0.607 0.714 0.928 0.892

Specificity 0.853 0.842 0.876 0.921 0.681 0.818 0.909 0.954 0.857 0.857 0.857 0.928

Accuracy 0.810 0.888 0.888 0.916 0.704 0.863 0.863 0.909 0.732 0.785 0.892 0.910

PPV 0.841 0.857 0.880 0.921 0.695 0.833 0.900 0.950 0.809 0.833 0.866 0.925

NPV 0.783 0.925 0.896 0.911 0.714 0.900 0.833 0.875 0.685 0.750 0.923 0.896

AE: Arterial enhancement; AUC: Area under the receiver operating characteristic curve; CI: Confidence interval; CL: Clinical data; NPV: Negative predict value; PE: Portal enhancement; PPV: Positive predict value; US: Ultrasound.

demonstrated greater benefits.

DISCUSSION

In this study, we constructed a new radiomics model to differentiate between ICC and HCC using CEUS, achieving good
diagnostic performance. The final radiomics model incorporated 21 features and demonstrated higher efficacy than
experienced radiologists.

ICC is the second most common primary hepatic malignancy, following HCC. The incidence of these two malignant
hepatic tumors, in parallel with their mortality, has markedly increased worldwide in recent years[9,10]. Given their
distinct pathogenesis, pathological features, prognostic outcomes, and responses to adjuvant therapies, accurate discrim-
ination between HCC and ICC is paramount for effective clinical management[11].

While pathology remains the gold standard diagnostic test for liver cancer, often requiring paracentesis or surgery, its
invasive nature and associated risks, such as bleeding and tumor cell seeding, render it a less favorable option. Hence,
image diagnosis occupies a pivotal role in this realm, with US serving as the primary modality for liver disease
surveillance.

In recent years, CEUS has played a significant role in characterizing focal liver lesions, including the differentiation of
ICC from HCC. Compared to computed tomography (CT) and MRI, CEUS is a real-time dynamic imaging modality that
provides enhanced information on the blood supply of lesions, which is crucial for liver tumor discrimination. CEUS is
completely radiation-free for patients. Several studies have reported that CEUS has an excellent diagnostic performance
in distinguishing between ICC and HCC. However, the scanning technique and visual interpretation of US images are
both operator dependent, and diagnostic accuracy varies significantly across different radiologists and CEUS centers.
Therefore, developing a more reliable, efficient, and user-friendly method for differentiation is imperative.
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Figure 3 Receiver operating characteristic curves and the decision curve analysis for radiomics models. A: Receiver operating characteristic
curve; B: Decision curve analysis. AE: Arterial enhancement; AUC: Area under the receiver operating characteristic curve; CL: Clinical data; PE: Portal enhancement;
US: Ultrasound.

Radiomics is a process that enables the extraction and analysis of quantitative data from medical images. It is an
evolving field with numerous potential applications in medical imaging[12]. Several studies have demonstrated that
textural features from CT, MRI, and US images can accurately differentiate ICC from HCC, mixed HCC-ICC, and inflam-
matory masses, with an AUC greater than 0.800. However, CEUS-based radiomics studies on this issue have been limited.

In our study, the AUC for the US + CEUS + CL reached 0.971 in the test cohort. This result was comparable to those
obtained using CT/MRI, underscoring the capacity and reliability of CEUS in differentiating HCC from ICC.
Additionally, the result was slightly higher than the diagnostic accuracy of experienced radiologists (AUC = 0.964) and
significantly higher than that of less-experienced radiologists (AUC = 0.786). It is promising that the model exceeds the
accuracy of experienced radiologists.

The model is highly effective in diagnostic performance and is user-friendly, requiring only three specific-time-point
US + CEUS images, complemented by a clear image acquisition protocol. It enhances objectivity and mitigates the
operator dependence of US examinations. A stable, radiomics-based model could be particularly valuable in regional
hospitals lacking experienced radiologists and could provide additional diagnostic suggestions to less-experienced
radiologists, thereby enhancing diagnostic accuracy.

The images in this study were selected based on previous research. Image acquisition is a well-known challenge in
radiomics. The selection of CEUS images was crucial. In the largest CEUS study involving 819 participants, Liu ef al[5]
found that peripheral rim-like enhancement and rapid contrast washout were highly effective in differentiating HCC
from ICC. ICCs generally exhibited lower peak intensities and tumor/tissue ratios, with earlier washout (often within 60
s) compared to HCCs, which typically showed washout after 60 s[13]. Consequently, two classic CEUS images (one in the
arterial phase with peak enhancement of the target lesion and another at 120 s) were selected for feature extraction.

Four radiomics models were constructed: US; CEUS; US + CEUS; and US + CEUS + CL. The data indicated that adding
CEUS information to the US model significantly enhanced the diagnostic accuracy of the radiomics model. CEUS has
been omitted from the diagnostic techniques in the latest American Association for the Study of Liver Diseases guidelines
due to concerns that it might lead to false-positive HCC diagnoses in patients with ICC[14-16]. Every model (training,
validation, and testing) in our study demonstrated AUC values above 0.900 for the CEUS model, underscoring its
substantial value in characterizing focal liver lesions.

CEUS-based artificial intelligence holds promise, particularly for liver tumors. Looking forward, developing artificial
intelligence models that can predict responses to systemic treatments for liver tumors is a valuable and significant area of
research, though it presents challenges that will aid clinicians in decision-making.

There were limitations to our study. First, our data originated from a single center, necessitating validation and
replication of results across multiple centers to confirm their reproducibility. Second, the selection of the CEUS image in
the arterial phase was made by the naked eye of an experienced doctor, introducing potential selection bias. In future
studies, employing a time intensity curve could aid in image selection and enhance the robustness of the results.

CONCLUSION

We developed a radiomics diagnostic model based on CEUS images capable of quickly distinguishing HCC from ICC,
which outperformed experienced radiologists. This model may serve as a diagnostic assistance tool in regional hospitals
lacking CEUS expertise and provide additional diagnostic suggestions for less-experienced radiologists.
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Abstract

BACKGROUND

Carbon ion radiotherapy (CIRT) is currently used to treat prostate cancer. Rectal
bleeding is a major cause of toxicity even with CIRT. However, to date, a
correlation between the dose and volume parameters of the 12 fractions of CIRT
for prostate cancer and rectal bleeding has not been shown. Similarly, the clinical
risk factors for rectal bleeding were absent after 12 fractions of CIRT.

AIM

To identify the risk factors for rectal bleeding in 12 fractions of CIRT for prostate
cancer.

METHODS

Among 259 patients who received 51.6 Gy [relative biological effectiveness (RBE)],
in 12 fractions of CIRT, 15 had grade 1 (5.8%) and nine had grade 2 rectal bleeding
(3.5%). The dose-volume parameters included the volume (cc) of the rectum
irradiated with at least x Gy (RBE) (Vx) and the minimum dose in the most
irradiated x cc normal rectal volume (Dx).

RESULTS

The mean values of Décc, D2cc, V10 Gy (RBE), V20 Gy (RBE), V30 Gy (RBE), and
V40 Gy (RBE) were significantly higher in the patients with rectal bleeding than in
those without. The cutoff values were Décc = 34.34 Gy (RBE), D2cc = 46.46 Gy
(RBE), V10 Gy (RBE) = 9.85 cc, V20 Gy (RBE) = 7.00 cc, V30 Gy (RBE) = 6.91 cc,
and V40 Gy (RBE) = 4.26 cc. The D2cc, V10 Gy (RBE), and V20 Gy (RBE) cutoff
values were significant predictors of grade 2 rectal bleeding.
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CONCLUSION
The above dose-volume parameters may serve as guidelines for preventing rectal bleeding after 12 fractions of
CIRT for prostate cancer.
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Core Tip: This study identified the risk factors for rectal bleeding, including dose—volume parameters of 51.6 Gy [relative
biological effectiveness (RBE)] in 12 fractions of carbon ion radiotherapy (CIRT) for prostate cancer. The cutoff values of
D2cc =46.46 Gy (RBE), V10 Gy (RBE) = 9.85 cc, and V20 Gy (RBE) = 7.00 cc were significant factors for the occurrence
rate of grade 2 rectal bleeding. When planning CIRT for prostate cancer, the rate of rectal bleeding may decrease if these
values are used.

Citation: Ono T, Sato H, Miyasaka Y, Hagiwara Y, Yano N, Akamatsu H, Harada M, Ichikawa M. Correlation between dose-volume
parameters and rectal bleeding after 12 fractions of carbon ion radiotherapy for prostate cancer. World J Radiol 2024; 16(7): 256-264
URL: https://www.wjgnet.com/1949-8470/full/v16/i7/256.htm

DOI: https://dx.doi.org/10.4329/wjr.v16.i7.256

INTRODUCTION

Prostate cancer is the second most frequent cancer, with an estimated 1.4 million new cases, and is the most frequent
cancer in 112 of 185 countries, including Japan. Although mortality rates have decreased in most high-income countries
since the 1990s, they are expected to remain the fifth-leading cause of cancer-related deaths among men worldwide by
2020[1]. One well-established risk factor is older age[1,2]; therefore, the incidence of prostate cancer is expected to
increase owing to Japan’'s aging society. Some patients with low-risk prostate cancer are allowed active surveillance to
reduce overtreatment, and watchful waiting may be an option for frail patients. However, radical treatment should be
considered for patients with medium- or high-risk prostate cancer and physicians should not refuse treatment based
solely on age[2,3].

There are two radical treatments for prostate cancer: Radical prostatectomy and radiotherapy with or without
androgen deprivation therapy (ADT)[2,3]. Retrospective studies have reported conflicting results regarding the
superiority of radical prostatectomy or high-dose external X-ray radiotherapy, including biochemical failure[4-7].
Moreover, few randomized controlled trials have directly compared these two radical treatments[3]. Therefore, patients
with good performance status can choose each treatment, considering their toxicities and advantages. However, many
patients living in aging societies are unsuitable for surgery because of factors such as older age and comorbidities.
Radiotherapy may be indicated in these cases. Moreover, radiotherapy avoids the substantial stress caused by urinary
incontinence resulting from radical prostatectomy[3].

Rectal bleeding is one of the most troublesome toxicities in high-dose radiotherapy, and previous studies have shown a
1.8%-13% occurrence rate of grade 2 or higher rectal bleeding[8-11]. Previous studies have also shown a correlation
between rectal dose-volume parameters and occurrence rate[10,12-17]. Therefore, intensity-modulated radiotherapy,
which can reduce the exposure dose for at-risk organs, including the rectum, has been reported to reduce the risk of
gastrointestinal toxicities, including rectal bleeding, compared with three-dimensional radiotherapy[11]. As an
alternative, hydrogel spacers have been used in some trials to reduce rectal bleeding by escalating prescription doses[18,
19]. However, some reports have suggested clinical risk factors for grade 2 or higher rectal bleeding, such as diabetes
mellitus (DM), anticoagulation therapy, ADT, and previous surgery[9,15,20-22].

Carbon ion radiotherapy (CIRT) is currently used to treat prostate cancer. In 2018, CIRT was approved by the national
insurance as a curative treatment option for localized prostate cancer in Japan[23]. Multiple clinical trials have led to the
development of novel therapies. The first clinical trial was a dose-escalation trial from 54 Gy [relative biological effect-
iveness (RBE)] in 20 fractions to 72 Gy (RBE) in 20 fractions conducted in December 1997 using the Heavy Ion Medical
Accelerator in Chiba at the National Institute of Radiological Sciences[24]. Thereafter, treatment fractionations were
gradually decreased from 20-16 to 12 fractions, and 51.6 Gy (RBE) in 12 fractions was used for curative CIRT for prostate
cancer in Japan[25,26]. Favorable long-term results have been obtained using this schedule, including data for elderly
patients[26,27].

Rectal bleeding is a major cause of toxicity even with CIRT. The incidence rates of grade 1 and 2 rectal bleeding are
1.8%-13% and 0%-2%, respectively[26-29]. There have been reports on the correlation between dose-volume parameters of
20 fractions of CIRT for prostate cancer and rectal bleeding[28]. Other reports have presented estimation data using
normal tissue complication probability parameters[30,31]. However, to date, no correlation has been shown between the
dose and volume parameters of the 12 fractions of CIRT for prostate cancer and rectal bleeding. Similarly, the clinical risk
factors for rectal bleeding were absent after 12 fractions of CIRT. This study aimed to determine the correlation between
the dose and volume parameters of 12 fractions of CIRT for prostate cancer and rectal bleeding.
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MATERIALS AND METHODS

Ethics statement
This study was approved by the Institutional Ethics Committee of the Faculty of Medicine of Yamagata University
(approval number: 2023-51). The study was conducted in accordance with the principles of the Declaration of Helsinki.

Patients

Patients who underwent CIRT for prostate cancer between February 2021 and December 2021 at Yamagata University
Hospital were retrospectively identified and analyzed. The prostate cancer stage was determined according to the Union
for International Cancer Control (8" edition) using rectal examination, magnetic resonance imaging, computed
tomography (CT), and bone scintigraphy. The inclusion criteria were as follows: Received 51.6 Gy (RBE) in 12 fractions at
the East Japan Heavy Ion Center; no rectal invasion; no lymph node metastasis; and no distant metastasis to other organs
or sites of uncontrolled cancer.

CIRT

For planning, CT images of the patients were acquired using an Aquilion One (Canon Medical Systems, Otawara, Japan)
with a slice thickness of 2 mm. All patients were immobilized in the supine position using a HipFix thermoplastic solid
and HipFix Baseplate (CIVCO, IA, United States). In cases where there was large air/fecal content, we performed gas
removal or enemas and adjusted the laxatives. For cases that were considered hopeless, retreatment planning CT was
performed after adjusting the prescription. Therefore, no patients were excluded from this study because of excessive air/
fecal content. The clinical target volume (CTV) included the prostate volume, with reference to magnetic resonance
imaging. In addition to the prostate, a part of the seminal vesicle was added for T3a or lower, excluding low-risk cases (<
T2a, Gleason score was 3 + 3, and initial prostate-specific antigen < 10 ng/mL), and the entire seminal vesicle was
included in the CTV for T3b. The CIRT dose calculation algorithm uses a pencil beam. The planning target volume (PTV)
was defined as the CTV plus 5-mm margins in the cranial, caudal, and posterior directions and 10-mm margins in the
lateral and anterior directions. The CIRT plan was created using RayStation10A (RaySearch Laboratories, Stockholm,
Sweden). A microdosimetric kinetic model was used to calculate the RBE dose[32,33]. The CIRT plan was created with the
goal of > 51.55 Gy (RBE) for 95% of the PTV, accounting for the condition of each case and the rectal dose by each
physician. CIRT was performed using a CI-1000 (Toshiba Energy Systems & Solutions Corporation, Kanagawa, Japan).
The CIRT schedule was 51.6 Gy (RBE) in 12 fractions. Generally, CIRT is performed for 4 days in a week (generally
Tuesday to Friday) and 6 days in 2 weeks if there are consecutive holidays, such as national holidays. The treatment plan
was performed using 90- and 270-degree beams in six fractions each. Daily X-ray imaging and digitally reconstructed
radiographs were used for positioning.

Evaluation and follow-up
Patients were followed-up every 2-6 months in the first year and every 6-12 months thereafter. Rectal bleeding was
evaluated using the rectal hemorrhage item within the Common Terminology Criteria for Adverse Events version 5.0.

Statistical analysis

Statistical analyses were performed using the IBM SPSS Statistics software (version 24; SPSS Inc., Chicago, IL, United
States). The Kaplan-Meier algorithm was used to estimate the cumulative incidence of rectal bleeding from the start of
CIRT to the occurrence of rectal bleeding or last follow-up. The mean values of the dose-volume parameters were
compared using the Mann-Whitney U test. Pretreatment clinical factors included DM, anticoagulation therapy, and ADT.
Previous surgeries were not included in this study because not all patients had a sufficient surgical history. The entire
rectal area was evaluated. The dose-volume parameters included the volume (cc) of the rectum irradiated with at least x
Gy (RBE) (Vx) (V10-50 Gy [RBE]) and the minimum dose in the most irradiated x cc normal rectal volume (Dx) (Décc,
D2cc, and DO0.2cc). The relationship between the occurrence of rectal bleeding and pretreatment factors was compared
using the y? test. Receiver operating characteristic (ROC) curves and sensitivity and specificity calculations were
performed to determine the cutoff value of the significant dose-volume parameter with the highest sum of sensitivity and
specificity. The y* test was used for evaluation. All P-values were two-sided, and P-values < 0.05 were considered statist-
ically significant.

RESULTS

Patients

In total, 259 patients received 51.6 Gy (RBE) in 12 fractions of CIRT for prostate cancer, including two patients with
bladder invasion (Table 1). All patients completed the planned treatment. The median follow-up time was 31 months
(range, 14-40 months), and > 94% of living patients were followed up for at least 24 months. Five patients died of
unrelated illnesses between 14 and 24 months after CIRT (two with heart disease, one with bacterial pneumonia, and two
with pancreatic cancer).
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Table 1 Patient characteristics, n (%

Characteristics (n = 259)

Age (years)
Median (range)
Karnofsky performance status
100
90
80
60
Follow-up time (months)
Median (range)
Initial prostate-specific antigen (ng/mL)
Median (range)
T category
1b
1c
2a
2b
2c
3a
3b
4
Gleason score
6
7
8
9
10
Diabetes mellitus
Yes
No
Anticoagulation therapy
Yes
No
Androgen deprivation therapy
Yes
No
Planning target volume (cc)

Median (range)

71 (54-87)

232 (89.5)
24 (9.3)
1(0.4)

2(0.8)

31 (14-40)

8.23 (0.62-1354)

1(0.4)
39 (15.1)
99 (38.2)
34 (13.0)
57 (22.0)
19 (7.3)
8(3.1)

2(0.8)

39 (15.1)
119 (45.9)
65 (25.1)
35 (13.5)

1(0.4)

29 (11.2)

230 (88.8)

38 (14.7)

221 (85.3)

234 (90.3)

25 (9.7)

80.71 (43.24-202.60)

Rectal bleeding

Fifteen patients had grade 1 rectal bleeding (5.8%), and nine patients had grade 2 rectal bleeding (3.5%). Figure 1 shows
the cumulative incidence. The median time between CIRT and rectal bleeding was 8 months (1-19 months). Approx-
imately three-quarters of the patients developed rectal bleeding within 12 months, excluding six of the 24 patients. Only
two patients had grade 1 rectal bleeding after 18 months. Eight of the nine patients experienced grade 2 rectal bleeding,
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Figure 1 The cumulative incidence of rectal bleeding after carbon ion radiotherapy.

all eight of whom experienced bleeding within 8 months post-CIRT.

Correlation between pretreatment clinical factors and rectal bleeding

Grade 1 or 2 rectal bleeding occurred in four of 29 patients (14%) with DM, five of 38 patients (13%) using anticoagulation
therapy, and four of 25 patients (16%) who received concomitant ADT. There were no significant differences in rectal
bleeding in any of the pretreatment clinical factors.

Correlation between dose-volume parameter and rectal bleeding

Regarding dose-volume parameters, the mean values of Décc, D2cc, V10 Gy (RBE), V20 Gy (RBE), V30 Gy (RBE), and V40
Gy (RBE) in patients with grade 1 or 2 rectal bleeding were significantly higher than in those without (Table 2). The data
were used for the ROC curves. The cutoff values of parameters were Décc = 34.34 Gy (RBE) (sensitivity 50.0%, specificity
85.5%), D2cc = 46.46 Gy (RBE) (sensitivity 54.2%, specificity 77.9%), V10 Gy (RBE) = 9.85 cc (sensitivity 79.2%, specificity
50.2%), V20 Gy (RBE) = 7.00 cc (sensitivity 83.3%, specificity 49.4%), V30 Gy (RBE) = 6.91 cc (sensitivity 50.0%, specificity
84.7%), and V40 Gy (RBE) = 4.26 cc (sensitivity 58.3%, specificity 80.9%), respectively, by using ROC curves. Analysis of
the correlations between these cutoff values and the occurrence rates of grade 2 rectal bleeding showed that parameters

below the cutoff values of D2cc, V10 Gy (RBE), and V20 Gy (RBE) were significant factors for lower occurrence rates
(Table 3).

DISCUSSION

To the best of our knowledge, this is the first report showing a correlation between dose-volume parameters and rectal
bleeding after 51.6 Gy (RBE) in 12 fractions of CIRT for prostate cancer.

The cutoff value of rectal bleeding after CIRT for prostate cancer should be defined using clinical data, completely
separate from reports on X-ray therapy, although dose-volume parameters appear to be related to rectal bleeding in
CIRT, as with X-ray therapy. This is because carbon ions do not have the characteristics of photons. Carbon ions have a
higher RBE and a lower oxygen enhancement ratio[34]. Owing to this advancement, CIRT is expected to achieve
eradication of radioresistant tumors and a smaller variation in radiation sensitivity with the position of the cells in the
replication cycle, unlike X-ray therapy. Although this property may have positive therapeutic effects, it may also affect
toxicity. Moreover, the physical dose (Gy) decreases as the RBE increases to achieve a uniform dose [Gy (RBE)] across the
irradiated field in CIRT[35]. As mentioned above, CIRT often has different properties from those of X-ray therapy, which
has been widely used until now, and it is unclear whether the common sense that physicians use for X-ray therapy still
applies. In addition, the areas of the rectum irradiated with low and medium doses of X-ray radiotherapy are much wider
than those irradiated with CIRT[36]. This is because CIRT is applied mainly in the left and right directions, including the
plan of the present study[26,28,36]. These differences may result in different outcomes for each treatment method.
Therefore, a concrete discussion is needed using actual clinical results, as in the present study.

Methods using absolute and relative values have been reported for evaluating rectal doses. Most studies have
discussed the proportion of the rectum or rectal wall irradiated with doses of V40-70 Gy[10,12-16]. However, this
evaluation method varies greatly depending on the rectal area and degree of rectal dilatation. In contrast, Kotabe et al[17]
reported that the absolute rectal volume irradiated at 60 Gy was the only significant factor for rectal bleeding, although
relative rectal volume was not. The present study also analyzed the absolute volume owing to rectal volume uncertainty,
as reported by Kotabe et al[17]. Indeed, the present study found a significant difference between the absolute rectal
volume and occurrence rate of rectal bleeding, and it seems appropriate to evaluate it using absolute values, even for
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Table 2 The correlation between dose-volume parameter of rectum and rectal bleeding, mean + SD

Ono T et al. Rectal bleeding after 12 fraction CIRT

Grade 0 Grade 1/2 P value

D 6cc 25.40 +7.56 Gy (RBE) 30.93 + 6.75 Gy (RBE) 0.001°
D 2ce 4454 +2.88 Gy (RBE) 45.93 +1.71 Gy (RBE) 0.005°
D 0.2cc 49.73 + 0.98 Gy (RBE) 49.80 + 0.34 Gy (RBE) 0.592

V 10 Gy (RBE) 10.45 +2.72 cc 11.89 +2.79 cc 0.010°

V 20 Gy (RBE) 7.46 +2.05 cc 8.90 +2.29 cc 0.002°

V 30 Gy (RBE) 532 +1.57 cc 6.56 +1.78 cc 0.001°

V 40 Gy (RBE) 3.34+1.05 cc 415 +1.12 cc 0.001°

V 50 Gy (RBE) 0.18 +0.10 cc 0.17 +0.12 cc 0.590

ap < 0.05.

RBE: Relative biological effectiveness.

Table 3 The comparison of ratio of rectal bleeding before and after cutoff values of dose-volume parameters calculated by using

receiver operating characteristic curves

Comparison Number of patients Ratio of grade 2 rectal bleeding (%) P value

D 6cc >34.34 Gy (RBE) 54 53 0.42
<34.34 Gy (RBE) 202 3.0

D 2cc > 46.46 Gy (RBE) 65 7.7 0.047°
< 46.46 Gy (RBE) 194 2.1

V 10 Gy (RBE) >9.85 cc 136 59 0.038°
<9.85cc 123 08

V 20 Gy (RBE) 27.00 cc 139 58 0.040"
<7.00 cc 120 08

V 30 Gy (RBE) 26.91 cc 48 6.0 0.374
<691 cc 211 63

V 40 Gy (RBE) 24.26 cc 59 17 0.689
<4.26cc 200 4.0

4P <0.05.
RBE: Relative biological effectiveness.

CIRT. Moreover, there is a report on CIRT for cervical cancer rather than prostate cancer, which was evaluated based on
the absolute values of Vx and Dxcc. In this study, these were identified as significant factors for rectal bleeding[37], which
is consistent with the results of the present study.

There have been some reports of rectal bleeding with CIRT using clinical data from a certain number of patients. Using
clinical data from 172 patients, Ishikawa et al[28] reported that the V50% of the prescribed dose (33 Gy [RBE]) was a
significant factor for rectal bleeding. In contrast, factors other than a high rectal dose were identified as significant in the
present study. The reason may be the difference in the evaluation methods, such as the absolute value in the present
study, unlike the relative value in the previous study, and the difference in the dose per fraction. However, Okonogi et al
[37] reported that D5cc and D2cc for the rectum were significantly higher in patients with > grade 1 rectal bleeding,
although the V10-50 were not, using 139 patients’ clinical data. In the present study, Dé6cc and D2cc were significant risk
factors for rectal bleeding, as in their study. The different results of the Vx data may be due to differences in the
irradiation method, as CIRT was applied only from the left and right directions in the present study; however, CIRT may
also be applied in other directions for cervical cancer, as well as differences in total dose and dose per fraction. Beams
from other sides likely worsen the absolute exposure to radiation of the rectal wall compared with a more dispersed
beam, given an equal rectal volume, including its contents (gas and feces). Previous evaluations of X-ray therapy have
shown that an area irradiated with a slightly higher dose affects rectal bleeding, unlike the present results, for example,
V50-70[10,12-16]. In this study, the area of the rectum irradiated with low-dose radiation was identified as a significant
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factor in the incidence of rectal bleeding. Moreover, no significant difference was observed in the pinpoint high-dose
areas as D0.2cc in the present study. The tendency of the significant factor to be the area of the rectum irradiated with a
low dose was more clearly observed in patients with grade 2 rectal bleeding. This may be because a small dose must be
delivered to a certain area of the rectum for rectal bleeding, especially problematic bleeding.

DM, anticoagulation therapy, and ADT, the clinical factors examined in the present study, have been suggested as risk
factors for rectal bleeding after X-ray therapy for prostate cancer[9,15,20,21,28]. Herold et al[20] reported that DM is a
significant risk factor for grade 2 gastrointestinal toxicity. However, Feigenberg et al[21] reported that ADT was an
independent predictor of > grade 2 gastrointestinal toxicity, adding to the total dose. Ishikawa et al[28] reported that
anticoagulation therapy was a significant risk factor for grade 1-2 rectal bleeding after 20 fractions of CIRT. However,
these factors were not significant predictors of rectal bleeding in the present study. This may be because only a small
number of patients received DM or anticoagulation therapy, whereas most patients in the present study received ADT.
Other reasons may include cases in which the attending physician adjusted the dose to the rectum, taking into account
risk factors; however, this could not be evaluated in this retrospective study.

This study had two limitations. First, the follow-up period was relatively short. However, more than 94% of patients
were followed for at least 2 years. Moreover, Ishikawa et al[28] reported that > 80% of rectal bleeding cases occurred
within 2 years, and most patients with rectal bleeding in the present study experienced it within 1.5 years. Second, this
study was based on retrospective data from a single institution. However, the number of patients in the present study
was larger than those in previous clinical studies that examined dose-volume parameters[28,36]. Therefore, despite its
limitations, the present study is meaningful.

CONCLUSION

In conclusion, D2cc = 46.46 Gy (RBE), V10 Gy (RBE) = 9.85 cc, and V20 Gy (RBE) = 7.00 cc may be indicators for
preventing both all-grade and grade 2 rectal bleeding after 51.6 Gy (RBE) in 12 fractions of CIRT for prostate cancer.
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Abstract

BACKGROUND

Bone is one of the common sites of metastasis from prostate carcinoma. Bone
scintigraphy (BS) is one of the most sensitive imaging modalities currently used
for bone metastatic work-up. Skeletal metastasis in prostate carcinoma commonly
involves pelvic bones but rarely involves extrapelvic-extraspinal sites.

AIM

To retrospectively analyze the BS data to determine the pattern of skeletal
metastases in the prostate carcinoma.

METHODS

This retrospective observational study involves patients with biopsy-proven
prostate carcinoma referred for BS for staging assessment. Patients with abnormal
BS were evaluated for the pattern of skeletal involvement and data were pre-
sented in descriptive format in the form of percentages.

RESULTS

A total of 150 patients with biopsy-proven prostate cancer who were referred for
staging were included in the study. Thirteen of 150 patients (8.67%) had no
abnormal uptake on planar images, ruling out metastatic disease. Twenty-four
patients (16%) had heterogeneous uptake in the spine with distribution charac-
teristic of degenerative disease and no scan pattern of metastatic disease. Thirty
patients (20%) had multifocal uptake involving both pelvic and extra pelvic bones
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on planar images typical for skeletal metastasis and were considered metastatic. Eighty-three out of 150 patients
(55.3%) had increased tracer uptake, which was indeterminate, thus, single photon emission computed
tomography-computed tomography (SPECT-CT) was acquired, which showed 51 with metastatic disease, 31
benign lesions, and one indeterminate finding. Seven of 150 patients had exclusive pelvic bone uptake, which was
found to be metastatic in 4/7 patients in SPECT-CT. Fifty six out of 150 patients showed exclusive extrapelvic
tracer uptake, of which only 3 had vertebral metastatic disease. None of the patients with increased uptake
exclusively in the extrapelvic-extraspinal location was metastatic.

CONCLUSION

The incidence of exclusive extrapelvic skeletal metastatic disease in prostate carcinoma is 2% (excluding one patient
with indeterminate findings). Further, none of the patients in the current study had exclusive extrapelvic-
extraspinal metastasis. Thus, exclusive extrapelvic-extraspinal focal abnormality on planar BS carries a very low
probability of metastatic disease and hence, further imaging or SPECT-CT can be safely avoided in such cases.

Key Words: Pelvic; Prostate cancer; Bone scan; Single photon emission computed tomography-computed tomography; Skeletal
metastasis

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The current study analyzed bone scintigraphy (BS) data from 150 patients with biopsy-proven prostate carcinoma
to determine skeletal metastasis patterns. The most common site of skeletal metastasis was pelvis. The incidence of
exclusive extrapelvic skeletal metastatic disease was 2%, excluding one indeterminate case. Additionally, no patients in the
study had exclusive extrapelvic-extraspinal metastasis. Therefore, exclusive extrapelvic-extraspinal focal abnormalities on
planar BS have a very low likelihood of being metastatic, making further imaging or single photon emission computed
tomography-computed tomography often unnecessary.

Citation: Singh P, Agrawal K, Rahman A, Singhal T, Parida GK, Gnanasegaran G. Incidence of exclusive extrapelvic skeletal
metastasis in prostate carcinoma on bone scintigraphy. World J Radiol 2024; 16(7): 265-273

URL: https://www.wjgnet.com/1949-8470/full/v16/i7/265.htm

DOI: https://dx.doi.org/10.4329/wjr.v16.i7.265

INTRODUCTION

Prostate carcinoma (PCa) is one of the most common cancers worldwide and stands as the second most commonly
diagnosed cancer in men. It constitutes the 5™ most common cause of cancer-related death[1]. The prevalence of PCa
increases with age. About less than 5% of individuals under the age of 30 years harbor PCa, while this rises to greater
than 59% in those with age above 80 years[2-4]. Skeleton is the most common site for metastatic disease involvement in
PCa. Radionuclide bone scintigraphy (BS) is one of the most sensitive investigations for screening of skeletal metastases in
PCa with the added advantage of low cost and the ability to screen the entire skeleton in a single study/[5,6].

In PCa, pelvic bones, followed by the spine, represent the most common site of metastatic bone disease. This can be
attributed to the low resistance venous connection between the periprostatic venous plexus and valveless vertebral
venous plexus of Batson and the presence of a highly conducive microenvironment due to abundant red marrow, partic-
ularly in the pelvic bones providing the ideal “soil” for metastatic disease development[7-9]. Involvement of other bones
without involvement of pelvic bones and spine is rarely encountered. We retrospectively analyzed the BS data to
determine the pattern of bone metastases in PCa[5,10,11].

MATERIALS AND METHODS

The study involved a retrospective analysis of BS data of prostate cancer patients referred to the Department of Nuclear
Medicine who underwent whole-body skeletal scintigraphy between August 2016 to June 2023. All patients with
histopathologically proven PCa referred for whole-body BS for metastatic work-up were reviewed. Patients” details,
clinical history, result of other imaging modalities and follow-up of the patients were recorded. The study was performed
in accordance with the Declaration of Helsinki and after receiving approval from the institutional ethical committee (No.
T/IM-NF/Nucl.Med/23/187).

Inclusion criteria
(1) Histopathologically proven PCa; (2) Patient referred for initial staging work-up; and (3) No history of prior hormonal
therapy, radiotherapy, chemotherapy, or any other form of systemic therapy.
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Exclusion criteria
(1) Histopathological diagnosis not available; or (2) History of prior systemic therapy.

Image acquisition

BS imaging protocol: Whole body BS was performed after intravenous administration of 20-25 mCi (740-925 MBq) of Tec-
99m methylene diphosphonate (MDP) following SNMMI Procedure Standard for BS 4.0. Images were acquired on a dual-
head gamma camera (Discovery NM/CT 670, GE Healthcare) using a low energy high-resolution parallel hole collimator
with an energy window width of 20% centered at 140 KeV. Whole body planar images were acquired 3 hours after tracer
injection in anterior and posterior views with a matrix size of 1024 x 256[12].

Regional single-photon emission computed tomography (SPECT)-computed tomography (CT) was acquired in patients
with indeterminate and suspicious lesions on planar images. The SPECT was acquired in a step-and-shoot manner with
60 stops, 25 seconds/stop, and angular movement of 3 degrees/head/stop using a matrix size of 128 x 128 and co-
registered with CT (low-dose non-contrast 16 slice CT acquired keeping 120 KVp, 50 mAs tube energy setting). The
images were analyzed using the Xeleris 4.0 workstation. SPECT-CT images were processed with 8 iterations and sub-sets
and co-registration with CT was done on Volumetric MI software to form fused 3D images[12].

Image interpretation

The scans were interpreted individually by two experienced nuclear medicine physicians. The scans were categorized as
positive, negative, or suspicious/indeterminate for skeletal metastases on planar studies. The tracer uptake on planar BS
was reported positive for metastasis when there is a classical pattern for metastatic disease involvement, like multiple foci
of uptake. The scan was reported as negative when it conforms to the physiological distribution of the tracer or to the
typical pattern of benign disease viz degenerative changes, arthritis, etc. In suspicious/indeterminate uptake, SPECT/CT
of the corresponding region was available in all cases. SPECT/CT was interpreted as positive, negative or indeterminate
for metastasis. In case of discordancy of results, the help of a third nuclear medicine physician was sought, and the final
result was made on the basis of consensus.

Statistical analysis

The data were analysed on a per-patient basis, and the incidence of multiple metastases, including pelvic and extrapelvic,
exclusive extrapelvic, and exclusive extrapelvic/extraspinal metastasis, was recorded. The data are presented in
descriptive format in the form of percentages.

RESULTS

A total of 150 patients with biopsy-proven prostate cancer for staging were included in the study. The median age of
included patients was 68.7 years (range: 42-86 years). A total of 81/150 patients showed metastatic disease.

Thirteen of 150 patients (8.67%) had no abnormal uptake on planar images ruling out metastatic disease. Twenty-four
patients (16%) had heterogenous uptake in the spine with distribution characteristic of degenerative disease and no scan
pattern of metastatic disease. Thirty patients (20%) had multifocal uptake involving both pelvic and extra pelvic bones on
planar images typical for skeletal metastasis and were considered metastatic (Table 1).

Eighty-three out of 150 patients (55.3%) had increased tracer uptake on whole-body planar images, which were
indeterminate or suspicious for metastatic disease. Thus, SPECT-CT was acquired to characterize the uptake further
(Table 2). Forty-four of 83 patients (53%) had more than five foci of abnormally increased osteoblastic activity involving
all pelvic, spinal, and extraspinal sites, and SPECT-CT was performed to confirm the metastatic disease. All of these
patients were found to be metastatic on SPECT-CT. Focal osteoblastic activity localizing exclusively to the pelvis was seen
in 7 patients, with 4 patients proven to be metastatic, and 3 patients having benign uptake on SPECT-CT. Thus, pondering
a very high relative risk of isolated pelvic focal osteoblastic activity being malignant. The remaining 32 out of 83 patients
showed abnormal exclusive extra pelvic tracer uptake. These included 20 patients with vertebral (17 benign and 3
metastatic) as shown in Figure 1, and 12 patients with exclusive extrapelvic extraspinal uptake (11 benign and 1
indeterminate) as shown in Figures 2-4. None of the patients with osteoblastic abnormality exclusively in the extrapelvic-
extraspinal regions on planar BS was metastatic. One patient had focal uptake in the skull and was deemed indeterminate
on SPECT-CT.

Exclusive extrapelvic

Thus, in total, of all patients showing exclusive extrapelvic uptake (56 patients), only three were metastatic (all vertebral
metastatic disease) (Table 3). Exclusive extrapelvic/extraspinal uptake was found in a total of 12 patients, of which
locations of uptake were ribs (7/12), sternum and manubriosternal joint (2/12), and skull (3/12). None of these exclusive
extra pelvic-extraspinal sites of abnormal tracer uptake was malignant on SPECT-CT. Thus, pondering a negligible risk of
metastatic skeletal disease in absence of pelvic and spinal bones involvement. Table 4 elaborates the SPECT-CT findings
in solitary extra pelvic uptake. Most common site for metastatic disease involvement were pelvic bones followed by
vertebrae and ribs (Table 5).
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Table 1 Planar bone scintigraphy findings

Pattern of uptake on bone scan Number of patients among, n = 150
No abnormal increased osteoblastic activity 13
Increased uptake with pattern typical of degenerative changes/benign uptake 24
Multifocal increased uptake typical for metastatic disease 30
Indeterminate or suspicious for metastatic uptake where SPECT-CT was performed 83

SPECT-CT: Single photon emission computed tomography-computed tomography.

Table 2 Single photon emission computed tomography-computed tomography findings

Lesion Number of patients among, n = 83
Benign 31

Metastatic 51

Indeterminate 1

Table 3 Location of uptake and characterization in patients with exclusive extrapelvic uptake

Site of uptake Benign Metastatic Indeterminate
Vertebra 41 3 0
Ribs 7 0 0
Sternum and manubriosternal region 2 0 0
Skull 2 0 1

Table 4 Single photon emission computed tomography-computed tomography characterization of isolated extrapelvic uptake

Serial No. Age in years Site of uptake SPECT-CT findings Final diagnosis
1 67 Left 1% rib Arthritis Benign

2 83 Right 5% rib Fibrous dysplasia Benign

8 66 Right 6! rib Fracture line likely post traumatic Benign

4 63 Right 11" rib Fracture line likely post traumatic Benign

5 72 Right 6'" rib Fracture line likely post traumatic Benign

6 60 Sternum Manubriosternal joint Benign

7 76 Right parietal bone Subtle sclerosis not typical for metastatic disease Indeterminate

SPECT-CT: Single photon emission computed tomography-computed tomography.

DISCUSSION

In this study, we found pelvic bones and vertebrae to be the most common sites of metastatic disease in PCa. Further, this
study demonstrates that the risk of a metastatic disease of an extra-pelvic/extraspinal uptake in PCa is negligible.
Exclusive extrapelvic osteoblastic activity localizing to the spine has a less but significant risk of metastatic disease (15%).

PCa is relatively indolent and has slow growth. Thus, PCa has a favorable prognosis. The 5-year survival rates
approach nearly 100% for localized as well as locoregional disease. However, this reduces to almost 34% once the patient
has metastatic disease. Thus, marking the importance of early diagnosis of metastatic disease in PCa. With the
implementation of early detection strategies like prostate-specific antigen screening programs, the majority of the cases
are diagnosed in the early stages[2,6,13-15]. At diagnosis, about 78% of the patients have localized disease, while 16% of
patients have locoregional lymph nodal involvement, and only 6% of cases have metastatic disease.
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Table 5 Site of metastatic disease on bone scintigraphy

Site Number of patients
Super-scan 10

Pelvic bones 68

Vertebrae 63

Ribs 55

Sternum 42

Femur 41

Scapula 41

Skull 32

Clavicle 29

Humerus 23

Others 7 (4 tibia, 2 forearm bones, 1 maxilla)

ol 8

Figure 1 A 74-year-old male, with a newly diagnosed case of carcinoma of the prostate [Gleason’s Score 7 (4 + 3)] with serum prostate-
specific antigen level 491 ng/mL and underwent whole body bone scintigraphy. A: *™Tc methylene diphosphonate Whole body planar images show
focal increased tracer uptake involving the cervical and lumbar vertebrae (arrow) raising the suspicion of metastatic disease; B: Axial computed tomography (CT) and
fused single photon emission computed tomography (SPECT)-CT images show tracer localization to sclerotic lesion involving L3 vertebrae suggestive of metastatic
disease. No metastatic disease was seen in pelvic bones on SPECT-CT.

Bone and bone marrow, providing the ideal site for metastatic disease development, constitute the most common site
for metastatic disease involvement of PCa. Lymph nodes, lung and liver follow this. Approximately 60% of patients
progress to metastatic disease throughout management, and approximately 80% of patients with fatal progressive PCa
harbor bone metastasis[16,17]. Bone metastasis commonly localizes to pelvic bones. This is hypothesized to be secondary
to the retrograde spread of the tumor via the venous communication between the low resistance periprostatic venous
plexus and Batson’s plexus. BS is the most commonly used imaging modality for the assessment of bone metastasis in
PCa staging. BS can be performed using 99m-Tc MDP and 99m-Tc HDP (hydroxymethylene diphosphonate). These
radiopharmaceuticals, when injected intravenously, get rapidly chemisorbed onto the hydroxyapatite crystals and more
so at the sites of increased osteoblastic activity, thus highlighting the skeletal involvement with high sensitivity[8,18-20].

However, not all areas of increased osteoblastic activity are metastatic, and they may represent some benign pathology.
Thus, emanating its limited specificity. The use of targeted SPECT/CT offers more specific diagnostic options in this
subgroup of patients. It adds anatomical information of CT with functional information of SPECT and can help rule out
benign causes of increased tracer uptake and confirm the metastatic disease. SPECT/CT, however, is associated with
increased patient radiation burden by its CT component and adds to the total scan time. It adds approximately 0.5 to 2.6
mSv of radiation dose to the patient and approximately = 12 mins to the acquisition time, depending on the area imaged.
Thus, employing the need for caution while performing SPECT/CT[21-23]. Further, it is not always available in all
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Figure 2 A 66-year-old male with carcinoma of the prostate and serum prostate-specific antigen of 23.3 ng/mL. A: Staging with whole body
bone scintigraphy show focal areas of increased tracer uptake involving the right 6" rib; B: Axial computed tomography (CT) and fused single photon emission
computed tomography-CT images show tracer localization to the right 6" rib anteriorly with a fracture line (arrow). The uptake was thus secondary to rib fracture post
traumatic. There was no other abnormal uptake anywhere in the bones on whole body study.

Figure 3 A 77-year-old male with carcinoma of the prostate and a Gleason’s Score 8 (4 + 4) and serum prostate-specific antigen level of
100 ng/mL. A: Staging whole body bone scintigraphy show heterogeneously increased tracer uptake involving the left hemipelvis and focal areas of increased
tracer uptake involving the right 8" rib raising the suspicion of metastatic disease; B and C: Axial computed tomography (CT) and fused single photon emission
computed tomography-CT images localizes the tracer to the left iliac bone with cortical thickening and bony expansion consistent with Paget's disease (arrow in B)
and to the right 8" rib anteriorly with a fracture line (arrow in C).

Nuclear Medicine departments.

Skeletal metastasis from PCa commonly localizes to pelvic bones followed by vertebrae. Isolated focal areas of uptake,
apart from these regions, are rarely due to skeletal metastasis[13,14,17]. Wang et al[24] studied the distribution of skeletal
metastasis in PCa and found vertebrae and pelvis to be the most frequent sites to harbor metastasis. Only 1% of patients
had exclusive extrapelvic-extraspinal metastasis. The present study revealed metastatic disease involvement only in 3
patients (2%) with extra-pelvic skeletal disease in the absence of pelvic bone involvement. All three patients had
involvement of vertebrae. None of the 150 patients had exclusive extrapelvic-extraspinal skeletal metastasis.

In an autopsy study by Mintz and Smith[25], including 100 patients of PCa, 21 patients had bone metastasis, and all the
cases had involvement of the axial skeleton, with no incidence of isolated appendicular skeleton involvement. The pelvis
was the most common site for metastatic disease and was involved in 13/21 cases. Similar results were observed by Roth
et al[14] where axial skeleton involvement was found in all the patients (n = 54), while pelvic involvement was observed
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Figure 4 A 76-year-old male, with a newly diagnosed case of carcinoma of the prostate underwent whole body bone scintigraphy. A: *™Tc
methylene diphosphonate Whole body planar images show solitary focal area of increased tracer uptake involving skull bone on the right side; B: Axial computed
tomography (CT) and fused single photon emission computed tomography-CT images show tracer localization to the right parietal bone (arrow) with no significant CT
abnormality to suggest of metastatic disease involvement. The lesion was thus considered indeterminate.

in 92.5% (n = 50) of patients. Also, in another autopsy study by Bubendorf ef al[6], the axial skeleton was the predominant
site of skeletal metastasis, with exclusively extrapelvic-extraspinal metastasis skeleton being rarely involved. Thus,
fortifying the hypothesis of the current study.

The current study's limitations include a retrospective design, limited sample size, lack of survival data, and lack of
histopathology confirmation of the BS findings.

CONCLUSION

The incidence of exclusive extrapelvic skeletal metastatic disease in PCa is 2% (excluding one patient with indeterminate
findings). None of the patients in the current study had exclusive extrapelvic-extraspinal metastasis. Thus, exclusive
extrapelvic-extraspinal focal abnormality on planar BS carries a very low probability of metastatic disease, and hence,
further imaging or SPECT/CT can be safely avoided in such cases.
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Abstract

BACKGROUND

After approval for clinical use in 2017, early investigations of ultra-high-field
abdominal magnetic resonance imaging (MRI) have demonstrated its feasibility as
well as diagnostic capabilities in neuroimaging. However, there are no to few
systematic reviews covering the entirety of its neurosurgical applications as well
as the trends in the literature with regard to the aforementioned application.

AIM

To assess the impact of 7-Tesla MRI (7T MRI) on neurosurgery, focusing on its
applications in diagnosis, treatment planning, and postoperative assessment, and
to systematically analyze and identify patterns and trends in the existing literature
related to the utilization of 7T MRI in neurosurgical contexts.

METHODS

A systematic search of PubMed was conducted for studies published between
January 1, 2017, and December 31, 2023, using MeSH terms related to 7T MRI and
neurosurgery. The inclusion criteria were: Studies involving patients of all ages,
meta-analyses, systematic reviews, and original research. The exclusion criteria
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were: Pre-prints, studies with insufficient data (e.g., case reports and letters), non-English publications, and studies
involving animal subjects. Data synthesis involved standardized extraction forms, and a narrative synthesis was
performed.

RESULTS

We identified 219 records from PubMed within our defined period, with no duplicates or exclusions before
screening. After screening, 125 articles were excluded for not meeting inclusion criteria, leaving 94 reports. Of
these, 2 were irrelevant to neurosurgery and 7 were animal studies, resulting in 85 studies included in our
systematic review. Data were categorized by neurosurgical procedures and diseases treated using 7T MRI. We also
analyzed publications by country and the number of 7T MRI facilities per country was also presented. Experi-
mental studies were classified into comparison and non-comparison studies based on whether 7T MRI was
compared to lower field strengths.

CONCLUSION

7T MRI holds great potential in improving the characterization and understanding of various neurological and
psychiatric conditions that may be neurosurgically treated. These include epilepsy, pituitary adenoma, Parkinson's
disease, cerebrovascular diseases, trigeminal neuralgia, traumatic head injury, multiple sclerosis, glioma, and
psychiatric disorders. Superiority of 7T MRI over lower field strengths was demonstrated in terms of image
quality, lesion detection, and tissue characterization. Findings suggest the need for accelerated global distribution
of 7T magnetic resonance systems and increased training for radiologists to ensure safe and effective integration
into routine clinical practice.

Key Words: 7-Tesla; Magnetic resonance imaging; Neuroimaging; Neurosurgery; Pathologies; Procedures; Trends

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Frequent neurosurgical procedures using 7-Tesla magnetic resonance imaging (7T MRI) include endoscopic
neurosurgery, resective epilepsy surgery, and deep brain stimulation, addressing conditions like cerebrovascular diseases,
epilepsy, pituitary adenoma, and gliomas. Leading in publications are the United States, Netherlands, South Korea, and
Japan. 7T MRI enhances the understanding of neurological and psychiatric disorders, showing superiority in image quality,
lesion detection, and tissue characterization, underscoring the need for global deployment and improved radiologist training.
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INTRODUCTION

In the realm of modern medicine, the field of neurosurgery stands as a testament to the remarkable progress achieved
through advancements in technology and imaging. The delicate and intricate nature of the human brain necessitates tools
and techniques that allow for precise diagnosis, treatment planning, and surgical intervention. Among the many
innovations that have revolutionized the field, one technology has emerged as a promising game-changer: The 7-Tesla
magnetic resonance imaging (7T MRI) scanner which received United States FDA approval for clinical use in 2017[1-3].
The introduction of 7T MRI represents a pivotal moment in the history of neurosurgery. This remarkable imaging
technology harnesses the power of ultra-high magnetic fields to produce images with unprecedented detail and
resolution, far surpassing the capabilities of conventional magnetic resonance imaging (MRI) scanners[4]. By capitalizing
on the inherent magnetic properties of hydrogen nuclei within the human body, 7T MRI offers both neurosurgeons and
neurologists an invaluable tool to investigate deeper into the intricate structures of the brain, enabling them to make more
precise assessments of pathologies and formulate optimized treatment strategies[5,6]. Traditionally, neurosurgery has
relied upon lower field strength MRI machines, typically operating at 1.5 or 3 T. While these systems have been instru-
mental in guiding surgical interventions and aiding in preoperative planning, they often fall short in providing the level
of detail required for complex neurosurgical cases[2,3]. The limitations of lower field strength MRI, such as reduced
spatial resolution and limited contrast, have posed challenges in accurately delineating critical structures, identifying
subtle abnormalities, and characterizing lesions, ultimately affecting the quality and safety of neurosurgical procedures|5,
6]. The emergence of 7T MRI, with its higher magnetic field strength, has raised the bar for neuroimaging capabilities. It
promises to unveil new dimensions of information that were previously concealed, shedding light on intricate anatomical
details and subtle pathologies that were once elusive[5,6]. This newfound precision has the potential to redefine the
landscape of neurosurgery by offering enhanced preoperative assessment and surgical guidance, ultimately leading to
improved patient outcomes and reduced surgical risks. This systematic review aims to systematically analyze and
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identify patterns and trends within the existing literature on the utilization of 7T MRI in neurosurgical contexts, focusing
on its applications in the diagnosis, treatment planning, and postoperative assessment of various neurosurgically treated
pathologies.

MATERIALS AND METHODS

A systematic search of the PubMed database was conducted to identify relevant studies published between January 1,
2017 and December 31, 2021, using the following MeSH search terms: ((7T MRI) AND (neurosurgery)). Two independent
reviewers performed the initial search and screening, with the inclusion criteria encompassing studies involving patients
of all ages (both pediatric and adults) where 7-T MRI imaging was performed and/or compared with conventional MRI
imaging in the context of neurosurgery. Eligible study types included meta-analyses, systematic reviews, and original
research. The exclusion criteria involved studies with insufficient data such as case reports, publications not in English,
and studies of animal subjects. Data synthesis involved standardized extraction forms. Our objective was to analyze
trends in the literature as well as to provide a comprehensive and descriptive overview of research conducted within the
specified time frame. Given the nature of our research question and the scope of our analysis, we chose not to perform a
formal risk of bias assessment for individual studies using QUADAS or Rob2[7-9]. Our decision was based on the
recognition that our aim was to capture and summarize the breadth of research in this field rather than to make
judgments about the quality or internal validity of the included studies, nor the determination of diagnostic accuracy.
Despite not having assessed study bias, we do acknowledge that it is a potential issue. Nonetheless, we have reported key
characteristics and methodological details of the studies in our analysis, including any notable limitations or methodo-
logical considerations, to provide readers with a transparent understanding of the included literature. Note that no
complex statistical methods were employed in this study as the research was descriptive in nature and focused on
summarizing the usage patterns and clinical applications of 7T MRI in neurosurgery. Table 1 summarizes the studies
falling under each pathology discussed, their primary endpoints, and 7T MRI sequences used.

RESULTS

We initially identified a total of 219 records from the PubMed database within our defined period. We found no duplicate
publications or any other reason to remove any manuscript before screening. All 219 articles were screened and out of
them 125 were excluded as they did not meet our inclusion criteria. Finally, 94 reports were retrieved and 2 out of them
were irrelevant to neurosurgery, and 7 were animal studies. This yielded a total of 85 studies that were included in our
systematic review (Figure 1). We manually categorized the data in our database to obtain the number of publications
available on PubMed for each of the neurosurgical procedures discussed in them as well as for each neurosurgically
treated disease. According to our data, the most common neurosurgical procedures utilizing 7-T MRI were endoscopic
neurosurgery, resective epilepsy surgery, and deep brain stimulation (DBS) surgery. Figure 2 illustrates publications (p)
per each procedure. The most treated pathologies were cerebrovascular diseases (10p), followed by epilepsy (8p),
pituitary adenoma (7p), and gliomas (12p). However, it should be noted that under cerebrovascular diseases, a series of
diseases were considered, such as amyloid angiopathy (1p), arteriovenous malformations (1p), stroke (2p), atherosclerosis
(1p), intracranial aneurysms (4p), and intracerebral hemorrhage (ICH) (1p) (Figure 3). We also sorted the number of
publications produced by each country. For this, only the institutional affiliation of the first author was considered. The
countries with the highest absolute number of publications were the United States (27p) followed by the Netherlands
(16p), South Korea (15p), Japan (13p), and Germany (7p) (Figure 4). In addition, we also present the number of 7T MRI
facilities in each country (Figure 5). We also noticed that there has been a decline in the research output in the year 2018
and in 2022 (Figure 6). The experimental studies included were classified into comparison studies if 7T MRI was
compared with lower field strengths, typically 1.5T and 3T, and into non-comparison studies (Figure 7).

DISCUSSION

Through the analysis of the included articles, several important observations and implications have emerged. The use of
7T MRI has demonstrated great potential in improving the characterization and understanding of various neurological
and psychiatric conditions such as temporal lobe epilepsy (TLE), pituitary adenoma, unruptured intracranial aneurysms
(UIAs), and movement disorders and has reported valuable insights into disease mechanisms, anatomical abnormalities,
and functional alterations.

Epilepsy

7T MRI was proven to be a valuable non-invasive tool for evaluating subtle structural changes in the hippocampus of
patients with TLE[10]. Specifically, the enhanced visualization of hippocampal internal architecture (HIA) can be
achieved with 7T MRI. Notably, HIA asymmetry serves as a substantial predictor of the laterality of seizure onset in TLE
patients, demonstrating comparable predictive efficacy to hippocampal volume asymmetry[11]. Similarly, significant
advantages of using 7T MRI with post-processing techniques for identifying subtle focal cortical dysplasia lesions have
been demonstrated (including increased detection rates) in patients with pharmaco-resistant epilepsy with non-lesional
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Table 1 Summary of studies included in the review falling under each neurosurgically treated pathology

Pathology Ref. Aim of the study Applied 7T MRI protocol
Epilepsy Stefanits etal ~ To correlate noninvasive, high- T2-weighted (T2w) 2D fast spin echo (FSE) sequence, obtained in
[10] resolution, morphological 7T MRI of paracoronal, hippocampal plane perpendicular to the central sulcus (matrix,
the hippocampus in temporal lobe 688 x 688; field of view (FOV), 230 x 172.5; image resolution, 0.33 mm x 0.33
epilepsy (TLE) patients with histopath- mm x 1.5 mm; slices, 25; parallel imaging, 2; repetition time (TR), 4500
ological findings milliseconds (ms); echo time (TE), 81 ms) with an acquisition time of 8 min
48s
Wang et al[12] To assess the clinical value of in vivo A standard epilepsy protocol was used with the following sequences on a 7T
structural 7T MRI and its post- MRI scanner (Magnetom, Siemens, Erlangen, Germany) with a head-only
processing in patients with pharma- circularly polarized transmit and 32-channel phased array receive coil (Nova
coresistant epilepsy who underwent Medical, Wilminutesgton, MA): 3D T1-MP2RAGE: Sagittal acquisition,
presurgical evaluation and had a TR/TE = 6000/3 ms, TI1/TI2 = 700/2700 ms, flip angle (FA) 1/FA 2 =4°/5°,
nonlesional 3T MRI scan 0.75 mm isotropic-voxel resolution, 208 slices, total acquisition time (TA) =9
min 32 s; 2D T2-GRE (spoiled-gradient echo): Axial and oblique coronal
acquisition, TR/TE = 2290/17.8 ms, FA = 23°, in-plane resolution = 0.38 mm X
0.38 mm, slice thickness = 1.5 mm, 60 slices, no gap, TA =9 min 50 s; 2D
FLAIR: Axial and oblique coronal acquisition, TR/ TE = 9000/124 ms, TI =
2600 ms, in-plane resolution = 0.75 mm x 0.75 mm, slice thickness = 2 mm, 45
slices, 30% gap, TA =3 min 2 s; 3D susceptibility weighted imaging (SWI)
(included only for selected cases such as vascular malformation): TR/ TE =
23/15 ms, FA = 20°, voxel size = 0.49 mm x 0.49 mm % 0.8 mm, 144 slices, TA
=8 min 16 s. Two dielectric calcium titanate pads with passive Bl shimming
were used to improve the signal loss in the temporal lobes
Rutland etal ~ To perform hippocampal subfield- Participants were scanned under an Institutional Review Board-approved
[15] specific tractography and quantify protocol using a 7T whole body scanner. A SC72CD gradient coil was used
connectivity of the subfields in MRI- (Gmax =70 mT/m, max slew rate = 200 T/m/s), with a single channel
negative patients. Abnormal transmit and 32 channel receive head coil. The MRI scan included a T1-
connectivity of the hippocampal weighted MP2RAGE sequence: TR = 6000 ms, TE = 3.62 ms, FA = 5°, FOV =
subfields may help inform seizure 240 mm * 320 mm, slices = 240, 0.7 mm° isotropic resolution, scan time =7
focus hypothesis and provide min 26 s. A coronal-oblique T2w turbo spin echo sequence was included: TR
information to guide surgical = 6900 ms, TE = 69 ms, FA = 150°, FOV = 202 mm x 202 mm, in-plane
intervention resolution 0.4 mm x 0.4 mm, slice thickness = 2 mm, slices = 40, time = 6 min
14 s. A high-angular-resolved diffusion-weighted imaging (HARDI) dMRI
sequence was also performed with whole-brain coverage: b = 1200 s/mm?, TR
=7200 ms, TE = 67.6 ms, 1.05 mm isotropic resolution, in-plane acceleration R
=3 (GRAPPA), reversed phase encoding in the AP and PA direction for
paired acquisition in 68 directions, with a TA of 20 min
Veersema et al To determine whether the use of 7T 7T MRI parameters are as follows: 3D Tlw TFE: TE = 2.9 ms, TI = 1200 ms, TR
[13] MRI in clinical practice leads to higher =9 ms, FA = 6°, resolution = 0.81 mm % 0.81 mm x 0.80 mm, matrix = 248 x
detection rates of focal cortical 312 x 475, acquisition time = 9 min 34 s. 3D T2w turbo spin echo (TSE): TE =
dysplasias in possible candidates for 302 ms, TR = 3200 ms, FA = 90°, resolution = 0.70 mm x 0.70 mm % 0.70 mm,
epilepsy surgery matrix = 356 x 357 x 543, acquisition time = 10 min 24 s. 3D T2*w: TE = 27 ms,
TR =88 ms, FA = 24°, resolution = 0.50 mm x 0.50 mm x 0.50 mm, matrix =
480 x 381 x 600, acquisition time = 7 min 23 s; 3D MP-FLAIR: TE = 300 ms, TI
= 2200 ms, TR = 8000 ms, FA = 90°, resolution = 0.80 mm x 0.82 mm x 1.00
mm, matrix = 312 x 304 x 380, acquisition time = 8 min 40 s. 3D WMS: TE =
2.0 ms, TT = 600 ms, TR = 6.73 ms, FA = 4.5°, resolution = 0.80 mm x 0.80 mm
% 0.80 mm, matrix = 320 x 320 x 474, acquisition time = 8 min 42 s
Zhang et al[11] To compare the hippocampal internal ~ All patients underwent MRI scans with a 7 T scanner. Thirty-two channel
architecture (HIA) between 3 and 7T head coils were used with both scanners. For the assessment of HIA, T2w
MRI in patients with TLE images (T2WI) in the coronal plane located perpendicular to the long axis of
the hippocampus were collected (7T T2WI-TSE): TR = 9640 ms, TE = 72 ms,
resolution 0.3 mm % 0.3 mm % 2.0 mm, FA = 60°, TA =11 min 26 s. 7T TIWI
3D-magnetization prepared rapid acquisition gradient echo (3D-MPRAGE):
TR = 2200 ms, TE = 2.98 ms, resolution = 0.7 mm % 0.7 mm x 0.7 mm, FA = 8°,
TA=10mi16s
Sharma et al To quantitatively assess surgical Unspecified
[14] outcomes in epilepsy patients who
underwent scanning at 7T whose
lesions were undetectable at conven-
tional field strengths (1.5T/3T)
van Lanenet  To assess whether 7T MRI increases N/ A (systematic review)
al[16] the sensitivity to detect epileptogenic
lesions
Pituitary Yao et al[18] To examine the utility of 7T MRI in High-resolution 7T TSE (0.4 mm x 0.4 mm X 2 mm), MP2-RAGE (0.75 mm
adenoma predicting the tumor consistency of isotropic), and TOF (0.26 mm x 0.26 mm x 0.4 mm) acquisitions on all
pituitary adenomas patients
Rutland etal ~ To investigate microstructural damage Participants were scanned under an Institutional Review Board-approved

[20]

caused by pituitary macroadenomas
by performing probabilistic tracto-
graphy of the optic tracts and

Beienideng> VIR | https://www.wjgnet.com

protocol using a 7T whole body scanner. A SC72CD gradient coil was used
(Gmax =70 mT/m, max slew rate = 200 T/m/s), with a single channel
transmit and 32-channel receive head coil. Scanning included a T1-weighted
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Parkinson’s
disease

Jaishideng®

Rutland et al
[21]

Patel et al[22]

Rutland et al
[23]

Rutland et al
[24]

Rutland et al
[17]

Shamir et al
[30]

Lau et al[27]

radiations using 7T diffusion-weighted
MRI (DWI). These imaging findings
were correlated with neuro-ophthal-
mological results to assess the utility of
ultra-high-field MRI for objective
evaluation of damage to the anterior
and posterior visual pathways

To leverage ultra-high-field 7T MRI to
study the retinotopic organization of
the primary visual cortex (V1) and
correlate visual defects with cortical
thinning in V1 to characterize
consequences of pituitary adenomas
on the posterior visual system

To describe the initial experience using
ultra-high-field 7T MRI in patients
with suspected Cushing’s disease and
negative or equivocal imaging at
conventional field strengths

To examine 7T DWI as a novel method
of measuring the consistency of
pituitary adenomas

To determine the efficacy of 7T MRI in
identifying radiological markers for
endocrine function

The study quantifies visualization of
tumor features and adjacent skull base
anatomy in a homogeneous cohort of
pituitary adenoma patients comparing
7T MRI vs standard lower field MRI

To validate the clinical application
accuracy of the 7T-ML method by
comparing it with identification of the
subthalamic nucleus (STN) based on
intraoperative microelectrode
recordings

To integrate ultra-high-field template

WIR | https://www.wjgnet.com

MP2RAGE sequence with the following parameters: TE (ms) = 5.1, TR (ms) =
6000, TI (ms) = 1050 (3000), FA = 5° (4°), FOV = 240 mm x 320 mm, slices =
240, resolution = 0.7 mm isotropic, scan time = 7 min 26 s. Quantitative T1-
maps were derived from the MP2RAGE sequence. A coronal-oblique T2-TSE
(TE = 69, TR = 6900, FA = 150°, FOV = 202 mm x 202 mm, in-plane resolution
0.4 mm x 0.4 mm, slice thickness = 2 mm, slices = 40, time = 6 min 14 s) and
HARDI dMRI (b = 1200 mm?/sec, TE = 67.6, TR = 7200, resolution = 1.05 mm
isotropic, in-plane acceleration R = 3 (GRAPPA), reversed phase encoding in
AP and PA directions for paired acquisition in 68 directions, TA = 20)
sequences were acquired

Participants were scanned using a 7T whole-body scanner (Magnetom,
Siemens Healthineers). A SC72CD gradient coil was used (Gmax =70 mT/m,
maximum slew rate = 200 T/m/sec), with a single-channel transmit and 32-
channel receive head coil (Nova Medical). Scanning included a T1-weighted
MP2RAGE sequence with the following parameters: TE = 3.62 ms, TR 6000
ms, TI = 1050 ms (2°¢ pulse 3000 ms), FA = 5° (2" pulse 4°), FOV = 224 mm x
168 mm, number of slices = 240, voxel size = 0.7 mm isotropic, and scan time
=8 min 8 s. Coronal oblique T2w turbo spin echo (TE = 59 ms, TR = 6000 ms,
FA =180° FOV =200 mm x 168 mm, in-plane voxel size = 0.4 mm % 0.4 mm,
slice thickness = 2 mm, number of slices = 60, time = 6 min 50 s) and high-
angular-resolved DWI (b = 1200 mmz/ s, TE = 67.6 ms, TR = 7200 ms, voxel
size = 1.05 mm isotropic, FA = 180°, number of slices = 66, in-plane
acceleration R = 3, reversed-phase encoding in anteroposterior and
posteroanterior directions for paired acquisition in 64 directions, TA = 18 min
38 s) sequences were prescribed. Dielectric pads and localized shimming
methods were employed to reduce signal artifact at the skull base

Patients were scanned on a Siemens Terra 7T system using a Nova Medical
1Tx/32Rx head coil. Pre- and post- contrast (0.2 mL/kg gadoterate
megluminutese) T1-weighted pituitary sequences included coronal and
sagittal 2D TSE (TR = 960 ms, TE = 10 ms, voxel size = 0.2 mm X 0.2 mm x 2.0
mm), 3D SPACE (TR = 1200 ms, TE = 12 ms, variable FA, voxel size = 0.5 mm
% 0.5 mm x 0.5 mm), and 3D MPRAGE (TR = 2300 ms, TE = 2.95 ms, FA =7°,
voxel size = 0.7 mm x 0.7 mm % 0.7 mm). Not all patients were scanned with
all sequences due to changes in clinical protocol during the study period

Participants were scanned using a 7T whole-body scanner. A SC72CD
gradient coil was used (Gmax = 70 mT/m, maximum slew rate = 200 T/m/s),
with a single-channel transmit and 32-channel receive head coil. Scanning
included a T1-weighted MP2RAGE sequence with the following parameters:
TE = 3.62 ms, TR = 6000 ms, TI = 1050 ms (2™ pulse 3000 ms), FA = 5° (2"
pulse 4°), FOV = 224 mm x 168 mm, number of slices = 240, voxel size = 0.7
mm isotropic, and scan time = 8 min 8 s. Coronal oblique T2w turbo spin
echo (TE = 59 ms, TR = 6000 ms, FA = 180°, FOV =200 mm % 168 mm, in-
plane voxel size = 0.4 mm x 0.4 mm, slice thickness = 2 mm, number of slices
= 60, time = 6 min 50 s) and high-angular-resolved DWI (b = 1200 mm?/s, TE
= 67.6 ms, TR = 7200 ms, voxel size = 1.05 mm isotropic, FA = 180°, number of
slices = 66, in-plane acceleration R = 3, reversed-phase encoding in anteropos-
terior and posteroanterior directions for paired acquisition in 64 directions,
TA =18 min 38 s) sequences were prescribed. Dielectric pads and localized
shimming methods were employed to reduce signal artifact at the skull base

The Institutional Review Board-approved protocol employed a 7T whole-
body MRI scanner (Magnetom, Siemens Healthcare, Erlangen, Germany)
with a SC72CD gradient coil (Gmax = 70 mT/m, max slew rate = 200 T/m/s),
and used a single channel transmit and 32-channel receive head coil (Nova
Medical, Wilminutesgton, MA, United States). Sequences included a T1-
weighted MP2RAGE[14] sequence: TE (ms) = 3.62, TR (ms) = 6000, TI (ms) =
1050/3000, FA = 5°/4°, FOV = 224 mm % 168 mm, slices = 240, resolution =
0.7 mm isotropic, scan time = 8 min 8 s. Quantitative T1-maps were derived
from the MP2RAGE sequence. Coronal-oblique and axial T2-TSE (TE = 60 ms,
TR = 6000 ms, FA = 180°, FOV =200 mm x 168 mm, in-plane resolution 0.4
mm X 0.4 mm, slice thickness = 2 mm, slices = 60, time = 6 min 50 s)
sequences were acquired. A T1-weighted MPRAGE sequence was also
obtained (TE = 4.1 ms, TR = 3000 ms, TI = 1050 ms, FA = 7°, resolution = 0.7
mm isotropic, scan time = 7 min 40 s)

Unspecified

Unspecified

Patients were scanned on a 7T scanner (Agilent, Santa Clara, California,
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data into the clinical workflow to assist
with target selection in deep brain
stimulation (DBS) surgical planning

La et al[26] To measure hippocampal subfields in
vivo using ultra-high-field 7T MRI and
determine if these measures predict
episodic memory impairment in PD

during life

Lau et al[27] To integrate ultra-high-field template
data into the clinical workflow to assist
with target selection in DBS surgical
planning

La et al[26] To measure hippocampal subfields in
vivo using ultra-high field 7T MRI and
determine if these measures predict
episodic memory impairment in PD
during life

Oh et al[25] To investigate patterns in gray matter
changes in patients with Parkinson's
disease by using an automated
segmentation method with 7T MRI

Mathiopoulou To explore whether combining 7T T2w

et al[29] and DWI sequences allows for
selective segmenting of the motor part
of the STN and, thus, for possible
optimization of DBS

Isaacs et al[28] The study aimed to test whether
optimized 7T imaging protocols result
in less variable targeting of the STN for
DBS compared to clinically utilized 3T
images
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United States/Siemens, Erlangen, Germany) via a 24-channel transmit-receive
head coil array constructed in-house with a receiver bandwidth of 50 kHz. A
T1lw MPRAGE sequence was acquired (TR = 8.1 ms, TE = 2.8 ms, inversion
time (TT) = 650 ms, FA = 11°, matrix: 256 x 512, 230 slices, resolution = 0.59
mm X 0.43 mm X 0.75 mm). Then, a T2w turbo spin-echo 3D (TR = 3D sagittal,
matrix: 260 x 366, 266 slices, resolution = 0.6 mm?>, 4 averages) was acquired.
High- resolution in vivo templates were created by performing group-wise
linear and nonlinear registration of 12 normal subjects scanned on a human
7T imager with both T1w and T2w contrasts (available for download at http:/
/www.nitrc.org/ projects/deepbrain7t/) resulting in an unbiased group
nonlinear T1w average and T2w averages at submillimeter resolution

Participants were scanned with a 7T GE Healthcare Discovery MR950 MRI
whole-body scanner (GE Healthcare, Waukesha, WI) using a 32-channel
radiofrequency (RF) receive head coil contained within a quadrature transmit
coil (Nova Medical, Inc., Wilminutesgton, MA). Sixteen oblique coronal
images oriented perpendicular to the longitudinal axis of the hippocampus
were acquired with a T2w FSE sequence: TE = 47 ms; TR = 5-8 s (cardiac
gated); acquired voxel size was 0.22 mm x 0.22 mm x 1.5 mm with a slice gap
of 0.5 mm, interpolated by zero filling to 0.166 mm X 0.166 mm x 1.5 mm

Patients were scanned on a 7T imager (Agilent, Santa Clara, California,
United States/Siemens, Erlangen, Germany) via a 24-channel transmit-receive
head coil array constructed in-house with a receiver bandwidth of 50 kHz. A
T1w MPRAGE sequence was acquired (TR = 8.1 ms, TE = 2.8 ms, TI = 650 ms,
FA =11°, matrix = 256 x 512, 230 slices, resolution = 0.59 mm x 0.43 mm X
0.75 mm). Then, a T2w turbo spin-echo 3D (TR 3D sagittal, matrix: 260 x 366,
266 slices, resolution = 0.6 mm®, 4 averages) was acquired. High-resolution in
vivo templates were created by performing group-wise linear and nonlinear
registration of 12 normal subjects scanned on a human 7T imager with both
Tlw and T2w contrasts (available for download at http://www nitrc.org/
projects/deepbrain7t/) resulting in an unbiased group nonlinear T1w
average and T2w averages at submillimeter resolution

Participants were scanned with a 7T GE Healthcare Discovery MR950 MRI
whole-body scanner (GE Healthcare, Waukesha, WI) using a 32-channel RF
receive head coil contained within a quadrature transmit coil (Nova Medical,
Inc., Wilminutesgton, MA). Sixteen oblique coronal images oriented perpen-
dicular to the longitudinal axis of the hippocampus were acquired with a T2w
FSE sequence: TE = 47 ms; TR = 5-8 s (cardiac gated); acquired voxel size was
0.22 mm % 0.22 mm % 1.5 mm with a slice gap of 0.5 mm, interpolated by zero
filling to 0.166 mm x 0.166 mm * 1.5 mm

High-resolution T1-weighted 7T MRI volumes of 24 hemispheres were
acquired from 12 Parkinson's disease patients. Magnetic resonance images
from all subjects were acquired using a 7T MRI system (Philips Healthcare,
Cleveland, OH, United States) with a 32-channel head coil (Nova Medical,
Wilminutesgton, MA, United States). Three-dimensional anatomical brain
scans were acquired using a magnetization-prepared rapid-acquisition
gradient-echo sequence-induced T1-weighted imaging system with the
following settings: TR = 4.4 ms, TE = 2.2 ms, slice thickness = 0.5 mm, in-
plane resolution = 0.5 mm x 0.5 mm, matrix size = 432 x 432, number of axial
slices =432, and TA =5 min 57 s

7T T2w and DWI sequences were obtained, and probabilistic segmentation of
motor, associative, and limbic STN segments was performed. The MR-
sequences were acquired before surgery on a 3T Philips Ingenia scanner
(Philips Healthcare, Best, The Netherlands): (1) 3D sagittal T1-weighted,
gadolinium-enhanced (TR = 8.81 ms, TE = 4.03 ms, echo train length (ETL) =
242, FOV = 256 mm, slice thickness = 0.9 mm, scan time = 8 min); (2) 3D axial
T2w (TR = 2500 ms, TE = 230 ms, ETL = 133, FOV = 250 mm, slice thickness =
1.1 mm, scan time = 3 min); and (3) DWI (TR = 8234 ms, TE = 96 ms, b = 1200
s/mm? 32 gradient directions, phase encoding anterior-posterior, no reverse
encoding, FOV = 256 mm, slice thickness = 2.0 mm, scan time = 14 min). The
following MR sequences were acquired on a 7T Achieva system (Philips
Healthcare) using a 32 channel receive coil (Nova Medical, Wilminutesgton,
MA): (1) 3D sagittal T2w with Turbo spin echo imaging (TR = 3000 ms, TE =
324 ms, ETL =182, FOV = 250 x 250 x 190, FA = 100°, voxel size = 0.7 mm
isotropic, scan duration = 7 min); and (2) DWI (TR = 6084 ms, TE = 70 ms,
ETL =59, b = 1000 s/mmz, 32 directions, FOV = 140 x 177 x 110, voxel size =
1.4 mm x 1.4 mm in-plane, slice thickness = 1.5 mm, scan duration = 13 min)

The 7T scan was acquired with a Siemens Magnetom scanner using a 32-
channel head coil at the Scannexus Centre for Neuroimaging in Maastricht.
Whole brain T1w 3D images were obtained with an adapted version of the
multi echo MP2RAGE (magnetization-prepared rapid gradient echo multi-
echo) sequence with 0.8 mm isotropic voxel sizes and the following
parameters: 208 slices, TR = 6000 ms, TE1/2 =(2.74 ms/8.71 ms), TI1/2 =
(750 ms /29000 ms), FA 1/2 =(4°/6°), BW 1/2 =(350 Hz/Px/150 Hz/Px), ES
=13.6 ms, interleaved and single shot multi slice mode and interleaved,
sagittal orientation acquisition in the anterior-posterior direction, phase
partial Fourier 6/8, parallel acquisition with GRAPPA and acceleration factor
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Cerebrovascular
diseases

Van Tuijl et al
[34]

To gain insight into hemodynamic
imaging markers of the CoW for
unruptured intracranial aneurysm
(UIA) development by comparing
these outcomes to the corresponding
contralateral artery without an UIA
using 4D flow MRI

Wrede et al
[32]

To prospectively evaluate non-
contrast-enhanced 7T magnetic
resonance angiography (MRA) for
delineation of UIAs

Uwano et al
[3(7]

To investigate whether OEF maps
generated by magnetic resonance
quantitative susceptibility mapping
(QSM) at 7 T enabled detection of OEF
changes when compared with those
obtained with PET

To examine whether whole-brain MRA
at7 T could non-invasively detect
impaired CVR in patients with chronic
cerebral ischemia by demonstrating the
leptomeningeal collaterals

Uwano et al
[37]

Noureddine et
al[35]

To evaluate RF-induced tissue heating
around aneurysm clips during a 7T
head MR examination and determine
the decoupling distance between
multiple implanted clips

Millesi et al
[33]

To delineate the wall of intracranial
aneurysms to identify weak areas
prone to rupture

Koemans et al
[38]

To investigate whether a striped
occipital cortex and intragyral
hemorrhage, two markers recently
detected on ultra-high-field 7T MRI in
hereditary cerebral amyloid
angiopathy (CAA), also occur in
sporadic CAA (sCAA) or non-sCAA

Fishidengs VIR | https://www.wjgnet.com

of 3 and TA of 10 min 56 s. Where possible, dielectric pads were placed
between the side of the participants head and the receiver coil to reduce Bl
inhomogeneity artefacts. The T2w 3D scan was acquired with a partial
volume gradient echo ASPIRE (multi-channel phase data from multi-echo
acquisitions) sequence covering the subcortex with 0.5 mm isotropic voxel
sizes and the following parameters: 90 slices, 16.7% slice oversampling, TR =
33 ms, TE 1-4 =(2.49 ms, 6.75 ms, 13.50 ms, 20.75 ms), FA =12°, BW 1-4 = (300
Hz/px, 300 Hz/px, 200 Hz/px, 100 Hz/ px), interleaved multi slice mode,
sagittal orientation acquisition in the anterior-posterior direction, slice partial
Fourier 7/8, parallel acquisition with GRAPPA and acceleration factor of 2
and TA 7 min42s

Participants underwent 7T MRI (Philips Healthcare, Best, The Netherlands)
using a volume transmit and 32-channel receive coil (Nova Medical, Houston,
United States). For this study, the Amsterdam Medical Center “PROspective
Undersampling in multiple Dimensions” software patch was used, which
enables a pseudospiral ky/kz-plane acquisition scheme designed for
incoherent undersampling with a variable sampling density. Time-resolved
3D phase-contrast velocity maps (4D flow scan) over the cardiac cycle were
acquired with the following parameters: Angulated coronal FOV 250
(feet-head) x 190 (right-left) x 20 (anterior-posterior) mm®, acquired
resolution of 0.7 mm x 0.7 mm x 0.7 mm, repetition time/TE = 6.4/2.2,
velocity encoding sensitivity 100 cm/s, FA = 15° nominal acceleration factor
7, and 12 reconstructed cardiac phases (i.e., reconstructed temporal resolution
83 ms for a heart rate of 60 bpm). Retrospective gating used a peripheral
pulse unit for heartbeat detection. Acquisition duration was 10 min

Both TOF MRA (time-of-flight magnetic resonance angiography) and non-
contrast-enhanced MPRAGE were used at 7 T. 32-channel Tx/Rx RF head
coil, maximum amplitude of 45 mT/m, slew rate of 200 mT/m/ms. Prior to
acquisition of diagnostic sequences, BO-shimming was performed using a
vendor provided gradient echo sequence and algorithm. For B1-field
mapping and local FA optimization, a vendor-provided spin-echo type
sequence was used; after a slice selective excitation, two refocusing pulses
generate a spin-echo and a stimulated echo

A 7T MRI scanner with quadrature transmission and 32-channel receive head
coils was used. Source data of QSM were obtained using a 3-dimensional
spoiled gradient recalled acquisition technique with the following scanning
parameters: TR, 30 ms; TE, 15 ms; FA, 20°; FOV, 256 mm; acquisition matrix
size, 512 x 256; slice thickness, 2 mm; number of slices, 160; reconstruction
voxel size after zero-fill interpolation, 0.5 mm?; and scan time, 3 min 25 s. The
sections were set in the orthogonal axial plane from the level of the superior
cerebellar peduncle to high convexity. Magnitude as well as real/imaginary
phase images were regenerated from this acquisition. Structural images
including T2WI and magnetic resonance angiography were also obtained

MRI examinations were performed with a 7T MRI scanner with a quadrature
transmission and 32-channel receive head coil system. Whole-brain single-
slab 3D time-of-flight MRA was performed using the following scanning
parameters: TR, 12 ms; TE, 2.8 ms; FA, 12°; FOV, 22 cm; matrix size, 512 x 384;
slice thickness, 0.5 mm (zero-fill interpolation); partition, 332; tilted optimized
non-saturated excitation; number of excitations, 1; and acquisition time, 10
min 32 s. Subsequently, axial and coronal maximum intensity projection
images were generated after skull stripping with SPM8 software. SPECT
studies were performed using two scanners and iodine 123 N-isopropyl-p-
iodoamphetaminutese (' ’I-IMP) at a resting state with the ACZ challenge, as
described previously. The voxel size was 2.0 mmx 2.0 mm x 5.0 mm in
scanner 1 and 1.72 mm % 1.72 mm X 1.72 mm in scanner 2. The cerebral blood
flow was quantified using the 'I-IMP autoradiography method.
Angiography and SPECT studies were performed within 10 d before/after
the MRI examination

Unspecified

Patients underwent ultra-high-field MRI that was performed in a whole-
body 7T MRI unit (Siemens Healthcare) with a gradient strength of 40 mT/m
using a 32-channel transmit/receive coil. The MRI sequence performed for
this study was a nonenhanced MPRAGE sequence (TR/TE 3850/3.84 ms,
isotropic voxel size 0.5 mm)

T2-weighted images were obtained. MRI markers associated with small
vessel disease were scored according to the Standards for Reporting Vascular
changes on neuroimaging criteria
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intracerebral hemorrhage (ICH)

Dammann et
al[40]

To compare cerebral cavernous
malformations -associated cerebral
venous angioarchitecture between
sporadic and familial cases using 7T
MRI

Harteveld et al
[31]

To compare 3T and 7T MRI in
visualizing both the intracranial
arterial vessel wall and vessel wall
lesions

Jolink et al[39]  To assess presence and extent of
contrast agent leakage distant from the
hematoma as a marker of BBB
disruption in patients with

spontaneous ICH

N Moon et al[42] To determine the central causal
mechanisms of TN and the
surrounding brain structure in healthy
controls (HCs) and patients with TN

using 7T MRI

Moon et al[41]  To investigate DTI parameters and the
feasibility of DTI criteria for

diagnosing TN

Traumatic head Hiitter et al
injury [43]

To evaluate the possible prognostic
benefits of 7T SWI of traumatic
cerebral microbleeds over 3T SWI to
predict the acute clinical state and
subjective impairments, including
health-related quality of life, after
closed head injury

MS Chou et al[44]  To evaluate the sensitivity of 7T
magnetization-transfer-weighted
(MTw) images in the detection of white
matter lesions compared with 3T
FLAIR

Choksi et al
[45]

The study aimed to identify white
matter tracts associated with the
severity of neurogenic lower urinary
tract dysfunction in women with MS

Beck et al[46]  The study aimed to characterize
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In all patients, SWI was performed at 7 T (Magnetom 7T; Siemens
Healthcare). Susceptibility-weighted imaging sequences were established in
previous work. The whole-body ultra-high-field MR system was equipped
with a single-channel transmitter/32-channel receiver head coil (Nova
Medical), and a gradient system capable of 45 mT/m maximum amplitude
and a slew rate of 220 mT/m/ms. The SWI parameters were as follows: TE 15
ms, TR 27 ms, FA 14°, in-plane resolution (R) 250 mm x 250 mm, slice
thickness 1.5 mm, and bandwidth 140 Hz/ pixel. The SWI data were
processed to phase, magnitude, susceptibility, and minimum intensity
projection images. In addition, anatomical T1w (TR 2500 ms, TE 1.4 ms, FA
6°, 0.7 mm isotropic), T2w (TR 6000 ms, TE 99 ms, FA 29°, ST 3 mm, R 0.5
mm?), and time-of-flight angiography (TR 20 ms, TE 4.3 ms, FA 20°, ST 0.4
mm, R 0.2 mm?) sequences were acquired

For 7T MRI, a whole-body system (Philips Healthcare, Cleveland, OH, United
States) was used with a 32-channel receive coil and volume transmit/receive
coil for transmission (Nova Medical, Wilminutesgton, MA, United States).
The imaging protocol included a 3D whole-brain T1-weighted magnetisation-
prepared inversion recovery turbo spin echo intracranial vessel wall sequence

7T MRI (Philips, Best, The Netherlands) scans were acquired with a
standardized protocol; 3D T2w TR/ equivalent TE = 3158/60 ms; voxel size
acquired: 0.70 mm x 0.70 mm x 0.70 mm , reconstructed: 0.35 x mm x 0.35
mm X 0.35 mm), 3D T1-weighted (TR/TE 4.8/2.2 ms; voxel size acquired: 1.00
mm X 1.01 mm X 1.00 mm, reconstructed: 0.66 mm x 0.66 mm x 0.50 mm),
dual echo 3D T2w (TR/first TE/ second TE 20/6.9/15.8 ms; voxel size
acquired: 0.50 mm x 0.50 mm x 0.70 mm, reconstructed: 0.39 mm % 0.39 mm %
0.35 mm), and 3D FLAIR images were acquired (TR/TE/TI 8000/300/2325
ms; voxel size acquired: 0.80 mm % 0.82 mm % 0.80 mm , reconstructed: 0.49
mm % 0.49 mm x 0.40 mm). A gadolinium-containing contrast agent was
administered in a single intravenous injection of 0.1 mL Gadovist/kg body
weight with a maximum of 10 mL Gadovist or 0.2 mL Dotarem/kg body
weight with a maximum of 30 mL Dotarem. Postgadolinium FLAIR images
were acquired at least 10 min after contrast injection

Subjects underwent MRI scans using a 7T MR system (Philips Healthcare,
Cleveland, OH, United States) with a 32-channel phased-array head coil
(Nova Medical, Wilminutesgton, MA, United States). 3D anatomical brain
scans were acquired using magnetization prepared rapid acquisition gradient
echo (MP-RAGE) sequence-induced T1w imaging with the following settings:
TR = 4.6 ms, TE = 2.3 ms, FA = 110°, slice thickness = 0.5 mm, in-plane
resolution = 0.5 mm % 0.5 mm, matrix size = 488 x 396, number of axial slices
=320, and TA =5min 53 s

Imaging scans were acquired with a whole-body 7T MR system (Philips
Healthcare, Cleveland, OH, United States) with a 16-channel receive head coil
(Nova Medical, Wilminutesgton, MA, United States) and volume transmit.
Standard scanning protocols included T1, 3D T2-VISTA, and DTI were used
to assess microstructure and pathology changes. MRI sequences were: 7T T1
anatomical images (TR = 4.6 ms, TE = 2.3 ms, FA = 110°, thickness = 0.5 mm,
voxel size 0.5 x 0.5, matrix size 488 x 396); three-dimensional T2-VISTA
images to confirm offending vessels (TR = 2031 ms, TE = 303 ms, FA = 90°,
voxel size 0.5 x 0.5, matrix size 360 x 360); and DTI (TR = 5606 ms, TE = 63
ms, FA = 90°, thickness = 1.5 mm, voxel size 1.5 x 1.8, matrix size 140 x 107,
and b = 700 s/ mm?)

The MRI examinations and their methods have been described in detail in an
earlier publication. The 7T SWI acquisition time was about 13 min. UHF MR
examinations were performed on a 7 T whole-body research system
(Magnetom 7T, Siemens Healthcare, Germany) used in combination with 32-
channel radiofrequency head coils

Participants underwent MRI in the Sir Peter Mansfield Imaging Centre using
a 7T Philips Achieva scanner (Philips Medical Systems, Best, the
Netherlands). The scanning protocols included 3D T1-weighted MP-RAGE
imaging to assist with coregistering 3T 2D-FLAIR and 7T 3D-MTw images.
Acquisition parameters at 7 T were TE = 3.2 ms; TR = 6.9 ms; T = 800 ms; FA
of the TFE readout pulse = 80°; TFE factor = 240; shot-to-shot interval = 8 s;
spatial resolution = 1.25 mm % 1.25 mm % 1.25 mm; FOV =200 mm % 200 mm
x 72.5 mm; reconstruction matrix = 160 x 160 x 58 mm?>; and TA = 2 min

7T DTI images were acquired (matrix 158 x 158, slick thickness 1.4 mm, FOV
220 cm * 220 ¢?, 64 directions, b = 1000 s/ mm?, total scan time 12 min and 14

s) on a 7T Siemens MAGNETOM Terra MRI scanner with a 32-channel single
transmit head coil (3T Siemens MAGNETOM Vida MRI scanner was used in
two subjects with contraindications for 7T scanner)

The 7T brain scans included axial 3D MP2RAGE (0.5 mm isometric, acquired
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Glioma

Psychiatric
disease

Prener et al
[48]

Yuan et al[49]

Prener et al
[55]

Weng et al[56]

Yuan et al[50]

Voormolen et
al[47]

Van den
Boom et al[51]

Morris et al

[52]

cortical lesions by 7T T2-/T1-weighted
MRI, and to determine relationship
with other MS pathology and contri-
bution to disability

To evaluate the potential clinical
implication of the use of single-voxel
magnetic resonance spectroscopy
(MRS) at 7 T to assess metabolic
information on lesions in a pilot cohort
of patients with grades II and III
gliomas

The goal of the study was to explore
the capability on preoperatively
identifying IDH status of combining a
convolutional neural network and a
novel imaging modality, ultra-high-
field 7T chemical exchange saturation
transfer (CEST) imaging

The aim of this study was to explore
the difference in gross tumor volume
of DLGGs delineated from 7T and 3T
MRI scans

The underlying prospective study
aimed to compare SLOW-EPSI to
established techniques at7 T and 3 T
for IDH-mutation status determination

The study aimed to evaluate the
diagnostic accuracy of combining
CEST imaging and MRS for predicting
glioma infiltration

To investigate intra- and extracranial
distortions in 7T MRI scans of skull-
base menigioma

To investigate whether people can
learn to dynamically control activity of
the DLPFC, a region that has been
shown to be important for working
memory function and has been
associated with various psychiatric
disorders

To use ultra-high-field 7T MT MRI to
localize the LC in humans with and
without pathological anxiety, with 0.4
mm X 0.4 mm x 0.5 mm resolution in a
feasible scan time. In addition, to apply
a computational, data-driven LC
localization and segmentation
algorithm to delineate LC for all
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four times per scan session), sagittal 3D segmented T2w echo-planar imaging
(EPL; 0.5 mm isometric, acquired in two partially overlapping volumes for full
brain coverage), and axial 2D T2w multi-echo GRE (0.5 mm isometric,
acquired in three partially overlapping volumes for near full supratentorial
brain coverage). MP2RAGE data were processed into uniform denoised
images (hereafter, Tlw MP2RAGE) and T1 maps using manufacturer-
provided software

Seven patients and seven HCs were scanned using the semi-localization by
adiabatic-selective refocusing sequence on a Philips Achieva 7T system
equipped with a two-channel volume transmit head coil with a 32-channel
receiver array. A 3D FLAIR sampled in the sagittal direction was acquired
with the following parameters: TR = 7342 ms; TE = 348 ms; TI = 2200 ms;
acquisition voxel size = 0.7 mm x 0.7 mm x 1.4 mm; FA = 75°; refocusing
acquisition voxel size = 0.7 mm % 0.7 mm x 1.4 mm; refocusing angle = 30°;
scan duration = 6 min 44 s. In this study, the scan was used for MRS voxel
placement, although it was also acquired as part of an additional structural
imaging research protocol

All patients underwent MRI scans within a week prior to surgery. CEST MRI
was performed on a 7T MRI scanner (MAGNETOM Terra; Siemens Health-
ineers, Erlangen, Germany) with a prototype-developed snapshot-CEST
sequence based on a 3D gradient spoiled GRE readout with a single-channel
transmit/32-channel receive head coil (Nova Medical, Wilminutesgton, MA,
United States). The snapshot-CEST sequence parameters were TR = 3.4 ms,
TE = 1.59 ms, FA = 6°, resolution = 1.6 mm x 1.6 mm x 5 mm, and GRAPPA
acceleration factor = 3 with amplitudes B1 = 0.6, 0.75, and 0.9 mT. Z-spectra
were sampled unevenly by 56 frequency offsets between -300 ppm and +300
ppm. The Z-spectrum data were corrected for both BO and B1 inhomogen-
eities using the WASABI method and were fit pixelwise by a five-pool
Lorentzian model (water, amide, aminutese, NOE, and MT) using the
Levenberg-Marquardt algorithm. For CEST data co-registration, high-
resolution T1 MP2RAGE (TR = 3800 ms, TI1 = 800 ms, TI2 = 2700 ms, TE =
2.29 ms, FA =7°, and resolution = 0.7 mm isotropic) and 3D T2-SPACE (TR =
4000 ms, TE = 118 ms, and resolution = 0.67 mm isotropic) were acquired at 7
T. Routine-clinical-sequence, contrast-enhanced T1-weighted images (TR =
6.49 ms, TE = 2.9ms, FA = 8°, spatial resolution = 0.833 mm x 0.833 mm x 1
mm), were acquired at 3 T on an Ingenia MRI scanner (Koninklijke Philips
N.V., Netherlands)

The 7T MR system was an actively shielded Philips Achieva 7T MR system
(Philips Healthcare, Best, The Netherlands). Scanning protocol settings for 7T
were as follows: 3D TSE-T2 (0.7 mm % 0.7 mm x 0.7 mm) (TE = 60) and 3D
FLAIR (0.7 mm x 0.7 mm % 0.7 mm) (TE = 347). Scan time for 7T was as
follows: 3D TSE-T2 was 10 min 30 s and 3DFLAIR was 7 min 30 s

The applied sequences were MEGA-SVS, MEGA-CSI, SLOW-EPSI, MRSI, 3D-
T1-MPRAGE, 3D-T2-SPACE, and TOF-angiography. Measurements were
performed on a MAGNETOM-Terra 7T MR scanner in clinical mode using a
Nova 1Tx32Rx head coil. At 7 T, MEGA-SVS: TE = 75 ms, TR = 2500 ms, VOI
=30 x 30 x 30 mm3, averages = 64, and TA = 5 min 42 s. MEGA-CSI: TE = 75
ms, TR = 2900 ms, VOI = 70 mm x 70 mm x 20 mm, FOV = 200 x 200 x 20
mm® (12 x 12 matrix), averages =1, and TA =8 min 10 s

CEST acquisitions were performed at 7 T on an MRI scanner (MAGNETOM
Terra, Siemens Healthineers, Erlangen, Germany). A prototype snapshot-
CEST (optimized single-shot GRE sequence with rectangular spiral
reordering) was applied (TR = 3.4 ms, TE = 1.59 ms, FA = 6°, bandwidth = 660
Hz/ pixel, grappa = 3, resolution = 1.6 mm x 1.6 mm * 5 mm)

The 7T scan parameters of the 3-dimensional sagittal magnetization-prepared
turbo field echo sequence are as follows: FOV 256 mm x 256 mm x 200 mm
(matrix 256 x 256 x 200), TI 1200 ms, ETL 256 mm?, readout 9 ms, TE 2.0 ms,
bandwidth 506.3 Hz/ pixel, and FA 8°. Total imaging time: 9 min and 36 s.
Prior to the acquisition at 7 T, a B0 field map was acquired

fMRI performed using a 7T Philips Achieva system, with a 32-channel
headcoil. Functional data recorded using an EPI sequence (TR/TE: 2.0 s/25
ms, FA: 70°, 39 axial slices, acquisition matrix 112 x 112, slice thickness 2.2
mm no gap, 2.19 mm in plane resolution). A T1-weighted image was acquired
for anatomy (TR/TE: 7/2.76 ms; FA: 8°; resolution 0.98 mm % 0.98 mm x 1.0
mm)

Participants were scanned using a 7T MRI scanner (Magnetom, Siemens,
Erlangen, Germany) with a 32-channel head coil at the Leon and Norma Hess
Center for Science and Medicine, ISMMS. Most subjects tolerated the MRI
environment well. On entering the scanner, several subjects reported
dizziness lasting 1-2 min, which they found tolerable. Structural T1-weighted
dual-inversion magnetization prepared gradient echo (MP2RAGE)
anatomical images were acquired first (TR = 4500 ms, TE = 3.37 ms, TI1 =
1000s and 3200 ms, FA = 4° and 5°, iPAT acceleration factor = 3, bandwidth =
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participants. The relationships between 130 Hz/pixel, 0.7 mm isotropic resolution, whole brain coverage). Second,
LC volume and trans-diagnostic MT-MRI data were acquired with a 3-D segmented GRE readout (turbo-
measures of pathological anxiety and ~ FLASH; TFL) preceded by a train of 20 MT pulses of amplitude with 190 V
attentional control were subsequently  transmit, and 7-min run time

examined in a dimensional approach

based on the RDoC initiative, reflecting

evidence that pathological anxiety is a

trans-diagnostic construct

Zoon et al[53]  The study aimed to explore the 22 PD patients that underwent STN DBS between January 2019 and February
connection between the location of 2020 were divided in an apathy and non-apathy group using the change in
active DBS contact points within STN  the Starkstein Apathy Scale after 6 mo of DBS. For both groups the location of
subdivisions and the development of ~ DBS electrodes was determined based on 7T MRI subthalamic network
apathy in Parkinson's disease patients  analysis, enabling visualization of the subdivisions and their projections

undergoing DBS relative to the active contact point. MDS-UPDRS III scores were included to
evaluate DBS effect
Alper et al[54]  The objective of this study was to Thirty-five MDD patients and 28 HCs underwent imaging using 7T MRI. A
assess volumetric differences in 32-channel Nova Medical head coil was used to acquire brain images for

hippocampal subfields between MDD  segmentation. The 90-min imaging protocol included MP2RAGE (TR 6000
patients globally and HCs as well as ms, TI1 1050 ms, TI2 3000 ms, TE 5.06 ms, voxel 0.70 mm x 0.70 mm x 0.70
between a subset of treatment-resistant mm) and T2 TSE (TR 9000 ms, TE 69 ms, voxel 0.45 mm x 0.45 mm X 2 mm)
depression patients and HCs using scans acquired at a coronal oblique oriented perpendicular to the long axis of
automatic segmentation of the hippocampus

hippocampal subfields software and

ultra-high-field MRI

Essential tremor Purrer ef al[57] The aim of the study was to analyze MRI images were acquired using a 7T scanner (Siemens Magnetom, Erlangen,
the localization of individual lesions Germany) with a 32-channel head coil. A fast MP-RAGE sequence was
with respect to the VIM and the utilized to acquire the WMn contrast with a high isotropic resolution of 0.7
cerebello-thalamic tract mm. The sequence parameters were TR/TI = 4000/670 ms, matrix = 364 mm

% 310 mm x 240 mm, parallel imaging acceleration factor = 3, and acquisition
time =10 min 24 s. In addition, a T1-weighted MP-RAGE was acquired with

the same coverage and resolution, but TR/TI = 2500/1100 ms, FA = 7°, PA =

2, TA=5min33s

TOF: Time-of-flight; CoW: Circle of Willis; CVR: Cerebrovascular reactivity; FLAIR: Fluid-attenuated inversion recovery; dMRI: Diffusion Magnetic
Resonance Imaging; OEF: Oxygen extraction fraction; ACZ: Acetazolamide; DTI: Diffusion tensor imaging; TN: Trigeminal neuralgia; MS: Multiple
sclerosis; GRE: Gradient-recalled echo; MRI: Magnetic resonance imaging.

3T MRI scans[12]. This improved detection rate may play a role in identifying suitable candidates for surgery and
facilitating the complete resection of epileptogenic lesions, potentially leading to postoperative freedom from seizures
[13]. Nevertheless, studies based on larger cohorts are needed to confirm its predictive value in preoperative evaluation.
A quantitative assessment of surgical outcomes in patients scanned at 7 T, whose lesions were undetectable at conven-
tional field strengths, further emphasizes the clinical impact of 7T imaging, elucidating the practical implications of
employing 7T MRI in improving surgical outcomes for patients with initial elusive lesions[14]. Among 16 patients
studied, 7 exhibited clear epileptogenic potential on 7T imaging, while 9 had findings of a less definite nature.
Remarkably, 15 out of 16 patients achieved Engel I, II, or III outcomes, denoting substantial improvement. Notably, those
with definite lesions on 7T imaging had a higher rate of achieving Engel I surgical outcomes (57.1%) compared to those
with less definite lesion status (33.3%). This suggests that patients initially diagnosed as MRI-negative on lower field
strength scans but with clear radiological findings on 7T, corresponding to the suspected seizure onset zone, may benefit
significantly from surgical intervention[14]. A recent study suggested that employing high-resolution diffusion MRI-
based tractography of hippocampal subfields enabled the quantification of connectivity within the subfields in MRI-
negative patients and identified abnormal connectivity patterns. This information holds promise in refining the
understanding of the seizure focus hypothesis, thereby aiding in the formulation of more informed surgical strategies
[15]. These findings indicate that distinct connectivity patterns exist among hippocampal subfields in different types of
epilepsy, holding potential significance for informing hypotheses regarding seizure focus and guiding surgical
interventions, particularly in patients with MRI-negative findings[15]. Prospective studies involving larger cohorts of
epilepsy patients, consistent scan and sequence protocols, and advancements in post-processing technology are crucial
for further exploration. Beyond technical enhancements, establishing a better correlation between imaging features and
clinical semiology, histopathology, and overall clinical outcomes is equally important for the continued refinement of
ultra-high-field MRI in epilepsy diagnosis and treatment[16].

Pituitary adenoma

When compared to standard-of-care clinical imaging at 3 T or 1.5 T, no significant difference in the visualization of
pituitary adenoma features has been observed at 7 T. However, cranial nerves III, IV, and VI, ophthalmic arteries, and
posterior communicating arteries were more effectively detected with 7T MRI than with lower field strength scans, and
this superiority extended to comparisons with both 1.5 T and 3 T[17]. Furthermore, employing a granular, voxel-based
analysis has been shown to maximize the potential of 7T imaging resolution and along with high-resolution apparent
diffusion coefficient maps in 7T diffusion-weighted imaging (DWI), it represents a sensitive measure of pituitary
adenoma consistency contributing to a more accurate characterization of their internal composition, providing valuable
information for preoperative planning and predicting surgical outcomes[18,19]. In addition, 7T DWI has been succe-
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Figure 1 PRISMA flowchart depicting selection of studies for our systematic review.

ssfully applied for probabilistic tractography of the optic tracts and radiations in patients with pituitary macroadenomas.
The correlation between imaging findings and neuro-ophthalmological results offers an objective evaluation of damage to
the anterior and posterior visual pathways, enhancing our ability to assess the impact of pituitary adenomas on visual
function[20]. Quantifying secondary neuronal damage from adenomas through diffusion characteristics seen in 7T DWI
enables preoperative characterization of visual pathway damage and facilitates prediction regarding recoverability of
vision for patients experiencing chiasmatic compression[20,21]. The initial experience with ultra-high-field 7T MRI in
patients with suspected Cushing’s disease and negative or equivocal imaging at conventional field strengths represents a
critical aspect in detecting subtle abnormalities and may offer a valuable diagnostic tool in cases where conventional
imaging falls short, contributing to improved diagnostic accuracy and patient management[22]. A recent study showed
that 7T MRI facilitated the identification of previously unnoticed focal pituitary hypoenhancement in 90% (9/10) of
patients. Remarkably, 7 out of these 9 cases corresponded histologically to corticotroph adenomas, indicating a significant
adjunctive role for ultra-high-field MRI in the non-invasive clinical assessment of suspected Cushing's disease[22]. The
use of 7T MRI proves valuable in identifying markers of endocrine function in patients with pituitary adenomas. The
corrected T2 signal intensity (SI) of the tumor emerges as a sensitive predictor of hormonal secretion, offering utility in
the diagnostic workup for pituitary adenoma. A study showed that hormone-secreting tumors exhibit higher T2-
weighted SI and tumors associated with preoperative hypopituitarism display greater stalk curvature angles[23,24].

Parkinson's disease

Recently, Oh et al[25] employed high-resolution T1-weighted 7T MRI to investigate gray matter changes in Parkinson's
disease (PD). The examination involved 12 patients and age- and sex-matched controls, with subgroup analysis based on
the presence of axial motor symptoms. Utilizing an automated segmentation method, the study revealed distinctive
patterns in cortical and subcortical volume alterations. PD patients exhibited global cortical atrophy, notably in the
prefrontal area, including the rostral middle frontal, superior frontal, inferior parietal lobule, medial orbitofrontal, and
rostral anterior cingulate regions while subcortical volume atrophy was observed in limbic/paralimbic areas such as the
fusiform, hippocampus, and amygdala[25]. A recent study delved into the in vivo measurement of hippocampal subfields
using ultra-high-field 7T MRI to understand whether these measures predict episodic memory impairment in PD. The
findings provided insights into how structural changes within the hippocampus, such as the thickness of hippocampal
CA1-SP subfield estimated by 7T MRI, could offer potential markers for early diagnosis and intervention of episodic
memory impairment[26]. In the realm of advanced PD treatment, DBS targeting the subthalamic nucleus (STN) has
proven highly effective. By assisting with target selection, 7T MRI has been shown to be capable of providing a more
detailed and accurate representation of the brain anatomy, potentially improving the precision and efficacy of DBS
procedures in PD patients[27]. Isaacs et al[28] conducted a study where three DBS-experienced neurosurgeons assessed
optimal STN DBS target sites in three repetitions of 3T-T2, 7T-T2%, 7T-R2*, and 7T quantitative susceptibility mapping
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(QSM) images for five PD patients. The analysis showed that neurosurgeons were consistent in selecting the DBS target
site across MRI field strengths, MRI contrast, and repetitions. However, when examining the coordinates in MNI space, it
was observed that the chosen electrode location appeared to be more ventral with the 3T scan compared to the 7T scans.
This suggests that while neurosurgeons maintain stability in their target selection, the higher anatomical information
provided by 7T imaging might influence the actual location of the electrode during DBS placement[28]. A recent work
outlined a workflow for integrating high-resolution in vivo ultra-high-field templates into the surgical navigation system
to aid in DBS planning. Importantly, this method does not impose any additional cost or time on the patient. Future
efforts will focus on prospectively evaluating various templates and assessing their impact on target selection[27]. A
recent study based on 25 patients delved into the potential optimization of DBS through the combination of 7T T2-
weighted and DWI sequences, enabling the selective segmentation of motor, associative, and limbic segments within the
STN[17]. While the dorsolateral STN consistently housed the highest density of motor connections, the specific
partitioning of segments varied among patients[29]. Notably, active electrode contacts within the predominantly motor-
connected segment exhibited an average hemi-body unified PD rating scale motor improvement of 80%, contrasting with
52% outside this segment (P < 0.01). The study concluded that implementing 7T T2 and DWI segmentation offers insights
into the location of the motor segment in DBS for PD[29]. Guided electrode placement based on segmentation is
anticipated to enhance motor response, yet widespread implementation would benefit from the availability of
commercial DBS software for postprocessing imaging[29]. In addition, a recent study aimed to validate the clinical
application accuracy of the 7T-machine learning (ML) method by comparing it with the identification of the STN based
on intraoperative microelectrode recordings and demonstrated that the 7T-ML method demonstrates high consistency
with microelectrode-recordings data, offering a reliable and accurate patient-specific prediction for targeting the STN[30].
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Kingdom (6), United States (35).

Cerebrovascular diseases

Comparison of 3T and 7T MRI in visualizing intracranial arterial vessel wall and vessel wall lesions has demonstrated the
potential superiority of 7T MRI in providing enhanced resolution and detailed characterization of vessel wall
abnormalities in cerebrovascular diseases[31]. Despite considerable variability in detected lesions at both field strengths,
7T MRI has the highest potential for identifying the overall burden of intracranial vessel wall lesions[31]. For example, a
prospective evaluation of the utility of non-contrast-enhanced 7T magnetic resonance (MR) angiography (MRA) for
delineating UIAs within a clinical setting showed comparability to the gold standard, digital subtraction angiography.
The combined use of 7T non-enhanced magnetization-prepared rapid gradient echo and time-of-flight MRA for
evaluating untreated UIAs emerges as a promising clinical application of ultra-high-field MRA[32]. Delineation of regions
of wall weak in intracranial aneurysms has been performed using 7T MRI to identify areas prone to rupture, providing
valuable insights into the structural characteristics of aneurysm walls and potentially contributing to risk stratification
and personalized treatment strategies[33]. In most cases, there was an observed hyperintense rim effect along the vessel
wall where there were demonstrated elevated values of mean wall shear stress (WSS) and vorticity, as analyzed by
computational fluid dynamics[33]. In a retrospective, cross-sectional study utilizing 4D flow MRI at 7 T, the hemo-
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dynamic characteristics along the circle of Willis have been investigated to gain insights into the development of UIAs
[34]. Thirty-eight patients with UIAs, primarily women with a mean age of 62 years, were assessed for hemodynamic
parameters in the parent artery of the UIA compared to the corresponding contralateral artery without a UIA. Results
indicated significant differences in blood flow, mean velocity, WSS maxima and mean values, and velocity pulsatility
index between the two arteries. Importantly, WSSmax increases linearly, while WSSmean decreases linearly with
increasing UIA size. The findings suggested distinct hemodynamic variations between vessels with and without UIAs
and highlighted the potential role of WSS in the pathology of aneurysm development[34]. The radiofrequency (RF)-
induced tissue heating around aneurysm clips during a 7T head MR examination was also evaluated and aimed to
determine the decoupling distance between multiple implanted clips to ensure the safety and feasibility of 7T MRI in
these patients[35]. In a 7T ultra-high field MRI setting, safe scanning conditions regarding RF-induced heating can be
implemented for single or decoupled aneurysm clips; however, more research is required for cases involving multiple
aneurysm clips separated by less than 35 mm to ensure safety in this specific configuration[35]. The potential of oxygen
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extraction fraction (OEF) maps generated by MR QSM at 7 T in detecting OEF changes was also investigated. The
comparison with positron emission tomography (PET) results establishes the capability of 7T MRI to non-invasively
monitor OEF alterations, offering a valuable alternative to traditional imaging modalities, ultimately helping avoid
unnecessary radiation exposure[36]. In patients with unilateral steno-occlusive internal carotid artery/middle cerebral
artery lesions, OEF ratios on 7T QSM images demonstrated a strong correlation with those on PET images, suggesting
that OEF measurement by MRI has the potential to serve as a substitute for PET[36]. A study also explored the use of
whole-brain MRA at 7 T for the non-invasive detection of impaired cerebrovascular reactivity in patients in an attempt to
assess cerebrovascular function in patients with chronic cerebral ischemia[37]. The occurrence of a striped occipital cortex
and intragyral hemorrhage, previously detected on ultra-high-field 7T MRI in hereditary cerebral amyloid angiopathy
(CAA), was recently investigated. Researchers aimed to determine whether these markers are also present in sporadic
CAA (sCAA) or non-sCAA ICH, contributing to the understanding of imaging markers in different forms of CAA[38].
While a striped occipital cortex was uncommon in superficial cortical siderosis (sCAA), approximately 12% of patients
with sCAA exhibited intragyral hemorrhages which were also found to be associated with advanced disease, and their
absence in patients with non-superficial cortical siderosis ICHs may suggest a level of specificity for CAA[38]. The
presence and extent of contrast agent leakage distant from the hematoma were found as a marker of blood-brain barrier
(BBB) disruption in patients with spontaneous ICH occurring in the previous days or weeks. The use of 7T MRI allows for
a detailed examination of BBB integrity, providing valuable information on the extent of vascular damage in the
surrounding brain tissue[39]. Next, a study compared cerebral cavernous malformations (CCMs)-associated cerebral
venous angioarchitecture between sporadic and familial cases using 7T MRI. This investigation provided insights into the
vascular alterations associated with CCMs, potentially aiding in the differentiation and characterization of familial and
sporadic cases[40]. The susceptibility-weighted imaging (SWI) results of the venous angioarchitecture of multiple CCMs
were consistent with the theory that venous anomalies are causative for the sporadic form of multiple CCMs[40].

Trigeminal neuralgia

7T MRI has been explored for investigating diffusion tensor imaging (DTI) parameters and assessing the feasibility of DTI
criteria for diagnosing trigeminal neuralgia (TN). By examining the microstructural integrity of the trigeminal nerve,
researchers aimed to identify specific DTI parameters that may serve as diagnostic indicators for TN[41]. 7T MRI was
employed to investigate the central causal mechanisms of TN and the surrounding brain structure. By comparing healthy
controls (HCs) with patients suffering from TN, researchers aimed to identify structural and functional alterations in the
trigeminal nerve and associated brain regions. The high resolution and sensitivity of 7T MRI enable a detailed
examination, shedding light on potential biomarkers and contributing to our understanding of the underlying
mechanisms of TN[42]. Results suggest that the central anterior cingulate cortex and posterior cingulate cortex, but not
the rostral anterior cingulate cortex, are associated with central pain mechanisms in TN[42].

Traumatic head injury

A study examined the potential prognostic advantages of utilizing 7T SWI for traumatic cerebral microbleeds (TMBs) in
comparison to 3T SWI. The aim was to forecast the immediate clinical condition and subjective impairments,
encompassing health-related quality of life, following a closed head injury (CHI). The number of TMBs showed a
substantial association with indicators of the acute clinical state and chronic neurobehavioral parameters after a CHI, but
there was no additional advantage of 7T MRI. These preliminary findings warrant a larger prospective study for the
future[43].

Multiple sclerosis

Fluid-attenuated inversion recovery (FLAIR) imaging at 3 T is recognized as the most sensitive method for identifying
white matter lesions in multiple sclerosis (MS). Although 7T FLAIR effectively detects cortical lesions, it has not been
fully optimized for visualizing white matter lesions, thus limiting its use in delineating lesions in quantitative MRI
studies of normal-appearing white matter in MS. As a result, a team assessed the sensitivity of 7T magnetization-transfer-
weighted (MTw) images in detecting white matter lesions in comparison to 3T FLAIR. The findings indicate that 7T MTw
sequences successfully identified the majority of white matter lesions detected by FLAIR at 3 T, thus implying that 7T
MTw imaging can serve as a robust alternative alongside 3T FLAIR. Subsequent studies should explore and compare the
roles of optimized 7T-FLAIR and 7T-MTw imaging[44]. A recent study aimed to pinpoint white matter tracts (WMTs)
associated with the severity of neurogenic lower urinary tract dysfunction (NLUTD) in women with MS[45]. The primary
cohort included 28 women with MS and NLUTD, and a validation cohort comprised 10 women with similar conditions.
Both cohorts underwent clinical assessments and functional MRI protocols, with the validation cohort additionally
undergoing a 7T fMRI scan[45]. The study identified a robust correlation between fractional anisotropy and mean
diffusivity of specific WMTs and clinical parameters related to NLUTD symptoms in women with MS, notably the right
inferior cerebellar peduncle, left posterior limb of the internal capsule, and left superior cerebellar peduncle[45]. Another
study aimed to characterize cortical lesions in MS using 7T T2/T1-weighted MRI and assess their relationship with other
MS pathology and impact on disability[46]. In 64 adults with MS (45 relapsing-remitting/19 progressive), cortical lesions
were identified in 94%, with a higher burden in progressive MS compared to relapsing-remitting MS. The distribution of
lesions across 50 cortical regions was nonuniform, with the highest lesion burden in the supplementary motor cortex and
the highest prevalence in the superior frontal gyrus. Leukocortical lesions were strongly correlated with white matter
lesions and paramagnetic rim lesions, while subpial lesions showed a moderate correlation; however, both were
correlated with spinal cord lesions. Cortical lesion volumes, including subtypes, were correlated with disability measures,
suggesting their significant role in the clinical course of MS[46].
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Glioma

Ultra-high-field MRI of the brain is an appealing option for image guidance during neurosurgery due to its superior
tissue contrast and detailed vessel visualization. However, the susceptibility of high-field MRI to distortion artifacts poses
a potential challenge to image guidance accuracy. In a study, researchers specifically examined intra- and extracranial
distortions in 7T MRI scans. Upon inspection of magnetization-prepared T1-weighted 7T MRI cranial images, no
discernible intracranial distortions were observed. However, noteworthy extracranial shifts were identified, introducing a
level of unreliability in 7T images when used for patient-to-image registration. To address this issue, researchers
recommend conducting patient-to-image registration on a standard imaging modality, such as a routine computed
tomography scan or a 3T MR image. Subsequently, the 7T MRI image can be fused with the routine image on the image
guidance machine. This proposed approach is advised until a resolution is achieved for the observed extracranial shifts in
7T MRI scans[47]. An exploratory study aimed to assess the potential clinical implications of single-voxel 7T MR
spectroscopy (MRS) in patients with grades II and III gliomas[48]. Seven patients and seven HCs were scanned, and
metabolic ratios were calculated relative to water and total creatine. The results revealed significant increases in choline/
creatine and myoinositol/creatine ratios, along with decreases in N-acetyl aspartate/creatine and glutamate/creatine
ratios when comparing tumor data to control regions[48]. The N-acetyl aspartate/ water and glutamate/water ratios also
showed significant decreases. Lactate/water and lactate/creatine ratios displayed increases, albeit not significant.
GABA /water ratio was significantly decreased, and MRS spectra confirmed the presence of 2-hydroxyglutarate in three
out of four patients studied. Overall, the study, conducted at 7 T, yielded results consistent with existing literature on
both 3T and 7T MRS in glioma research[48]. In a retrospective study of 84 glioma patients, the potential for preoperative
identification of isocitrate dehydrogenase (IDH) mutation status in glioma was explored using a combination of convolu-
tional neural network (CNN) and ultra-high-field 7T chemical exchange saturation transfer (CEST) imaging[49]. The
study demonstrated the potential of ultra-high-field CEST and CNN for improving sensitivity and specificity in
predicting IDH mutation status, surpassing radionics-based predictions in various metrics. The authors emphasized the
promising role of this approach in clinical decision-making while acknowledging the need for further improvement in
accuracy through expanded datasets and addressing B1 inhomogeneities[49]. Using high fluoro-ethyl-L-tyrosine uptake
as the standard, the combination of CEST and MRS was shown to outperform individual modalities in predicting tumor
infiltration, presenting a promising alternative for delineating glioma extent without the use of radioactive tracers. The
study's preliminary verification through multi-region biopsies supports the potential clinical relevance of the 7T CEST/
MRS combination in guiding tumor resection and irradiation[50].

Psychiatric disorders

A team explored the potential for individuals to acquire the skill of dynamically controlling the activity of the
dorsolateral prefrontal cortex (DLPFC). The DLPFC is recognized for its significance in working memory function and its
association with various psychiatric disorders. This study also sought to delve into the learnability of such dynamic
control, which may have implications for our understanding of cognitive processes and mental health conditions[51].
These findings offer an initial indication that individuals may have the capacity to learn to dynamically down-regulate
physiological activity in the DLPFC. This has potential implications for psychiatric disorders in which the DLPFC plays a
significant role[51]. Another study utilized a combination of high-resolution and quantitative MRI, employing both
supervised and unsupervised computational techniques. This approach enabled the acquisition of robust sub-millimeter
measurements of the locus coeruleus (LC) in vivo. Additionally, the study investigated the correlation of these measure-
ments with prevalent psychopathological conditions. The implications of this work extend broadly, as it holds the
potential to impact various neurological and psychiatric disorders known for their association with anticipated LC
dysfunction[52]. This study combined high-resolution and quantitative MR with a mixture of supervised and unsuper-
vised computational techniques to provide robust, sub-millimeter measurements of the LC in vivo, which were
additionally related to common psychopathology. This work has wide-reaching applications for a range of neurological
and psychiatric disorders characterized by expected LC dysfunction[52]. In a recent study, 22 PD patients who underwent
STN DBS were categorized into apathy and non-apathy groups based on changes in the Starkstein Apathy Scale score 6
mo post-DBS[53]. Using 7T MRI subthalamic network analysis, the location of active DBS contacts relative to STN
subdivisions (motor, associative, and limbic) was visualized. The analysis revealed that active contacts in apathy patients
were more often positioned within or close to the area within the STN with a high density of surrounding projections to
associative cortex areas compared to non-apathy patients (63% vs 42%, P = 0.02). Conversely, the density of surrounding
motor projections was lower in the apathy group (18%) than in the non-apathy group (38%, P = 0.01). The study suggests
an anatomical connectivity substrate for apathy in DBS, emphasizing the importance of considering the location of active
contacts within the STN in relation to its subdivisions for understanding and potentially mitigating apathy in PD patients
undergoing DBS[53]. A study aimed to explore volumetric differences in hippocampal subfields between patients with
major depressive disorder (MDD), specifically treatment-resistant depression (TRD), and HCs using automatic segmen-
tation of hippocampal subfields software with ultra-high-field 7T MRI[54]. The results revealed reduced right-hemisphere
CA2/3 subfield volume in both MDD and TRD patients compared to HCs. Moreover, negative associations were found
between subfield volumes and life-stressor checklist scores. The study highlights the potential of high-resolution MRI
data and automated segmentation techniques to identify biomarkers for MDD and TRD, providing insights into the
pathophysiology of depression and potential implications for treatment selection. However, the authors acknowledge the
need for caution in interpreting these results due to the small sample size and low power, emphasizing the importance of
further research in this area[54].
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Limitations of our analysis

It is essential to highlight the limitations of our study. Initially, it is worth noting that our examination of records might
have overlooked certain publications cataloged in alternative databases such as EMBASE, Scopus, Google Scholar, among
others. Nevertheless, PubMed is renowned for its accurate and top-tier content sourced from peer-reviewed medical
journals, underscoring its suitability for conducting systematic reviews in the medical field. Systematic reviews inherently
involve a balance between comprehensiveness and practicality, and the inclusion of an excessive number of databases can
lead to cumbersome processing times. In addition, we would like to highlight that a manual exploration of EMBASE
using identical search criteria revealed minimal oversight of studies, indicating that the decision to abstain from its
utilization incurred relatively minor drawbacks. Study selection bias could have occurred due to restriction to English
language records, and search strategy constraints such as the non-inclusion of terms such as 7 T and 7-T potentially
leading to skewed conclusions by systematically excluding certain studies. Excluding grey literature further compounds
this issue, as valuable data from unpublished sources may be overlooked, resulting in an incomplete representation of
evidence. Publication bias exacerbates these concerns, favoring the publication of studies with positive or significant
results and potentially distorting the overall evidence base. Another limitation of our study was that if an author
affiliated to the Neurosurgery Department was involved in the manuscript, the study was included even though a
neurosurgical procedure was not discussed in the article. Lastly, although we retrieved a total of 85 studies into our
database, only 49 out of those have been referenced in this review in Table 1 since their findings were relevant to a
specific pathology while the remaining have only been denoted in the figures (were used only for analysis and generation
of the data)[55-57].

CONCLUSION

The findings open avenues for further exploration and integration of 7T imaging into routine clinical practice, promising
improved patient outcomes and refined surgical interventions. However, this will be possible only if the distribution of
7T MR systems is accelerated worldwide and radiologists receive enough training regarding safety measures, feasibility,
and other challenges. The adoption of 7T MRI faces significant barriers, primarily revolving around its substantial cost
and potential side effects. With the machine alone costing approximately 6.5 million dollars, considerations extend to the
energy consumption and space requirements. Moreover, concerns regarding side effects such as vertigo further impede
its acceptance. Safety issues arise due to the stronger magnetic field, posing risks to patients with metallic implants or
devices, alongside challenges in achieving consistent image quality and contrast uniformity. Regulatory hurdles for
clinical application also loom large. To surmount these obstacles, concerted efforts are essential. Ongoing research is
crucial to address safety concerns and establish clear guidelines for safe usage. Advancements in imaging techniques and
software are necessary to enhance image quality. Collaborative endeavors among researchers, clinicians, and regulators
are pivotal for setting standards and protocols, defining gold standards for clinical use. Additionally, increasing
awareness and providing education on the manifold benefits of 7T MRI are imperative to foster its wider adoption in
clinical practice. A continuously updated list of 7T MRI facilities and their relevant locations globally can be accessed at
https:/ /www.google.com/maps/d/u/0/viewer?11=1.941826124046989 %2C0&z=2&mid=1dXG840OZIAOxjsq-
h3x2tGzWL1bNU.
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