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Abstract

Coronavirus disease-2019 (COVID-19), a respiratory tract infection caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a
global health emergency and a threat the entire world. The COVID-19 shows a
wide spectrum of clinical presentations, severity, and fatality rates. Although the
fatal outcomes of the COVID-19 pandemic are evident in all age groups, the most
devastating impact on the health consequences and death from COVID-19 are
associated with older adults, especially older men. COVID-19 pandemic is
affecting different countries in the world especially in the 65+ years age male
group. In fact, several genes involved into the regulation of the immune system
are strategically placed on the X-chromosome and trigger a gendered mediated
antiviral fight. The aim of this study is to explore and exploit whether a
relationship exists between male sex and COVID-19 mortality and the relationship
is age dependent. Herein we discuss the possible role of physiological and
immunological sex differences into the higher morbidity and mortality of SARS-
CoV-2 between females and males. Deciphering gender differences in COVID-19
offers a window into the principles of immunity against SARS-CoV-2 infection
and this information on ageing dependent gender disparity might contribute to
our current understanding of COVID-19 infection and disease treatment.

Key Words: COVID-19; Gender; Sex hormones; Angiotensin-converting enzyme 2;
TMPRSS2; TLR7
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Core Tip: (1) Older age, male sex and acute illness severity are associated with
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increased mortality risk; (2) Older age, underlying co-morbidities, social deprivation
and ethnicity have been associated with worse outcomes from coronavirus disease-
2019 (COVID-19); (3) Sex hormones might be implicated in the age-dependent and
sex-specific severity of COVID-19; (4) Male sex hormones usually appear as
immunosuppressants, whereas female sex hormones enhances the actions of humoral
immunity; and (5) Female sex hormones exert a protective effect of COVID-19
severity on females through direct antiviral activity or immune-mediated mechanisms.

Citation: Al-Bari MAA, Hossain S, Zahan MKE. Exploration of sex-specific and age-dependent
COVID-19 fatality rate in Bangladesh population. World J Radiol 2021; 13(1): 1-18

URL: https://www.wjgnet.com/1949-8470/full/v13/il/1.htm

DOI: https://dx.doi.org/10.4329/wjr.v13.il.1

INTRODUCTION

The world is facing a major public health crisis due to the epidemic of coronavirus
infection named coronavirus disease-2019 (COVID-19) by the World Health
Organization (WHO) caused by SARS-CoV-2 (amplified as severe acute respiratory
syndrome coronavirus 2)!'l. SARS-CoV-2 infection epidemic originated from Wuhan
city, Hubei, China, in December late 2019, has sporadically spread throughout the
world. The SARS-CoV-2 that causes COVID-19 is a zoonotic pathogen, which can
infect both human and animal. As of today, the 1 October 2020, WHO has reported
that the epidemic has blown-out to more than 213 nations and areas with more than
33722075 confirmed cases, more than 1009270 confirmed expiries and more than
25492274 total salvages in around the world (https://covid19.who.int). Several
millions of lives have been troubled due to compulsory isolations/quarantines. This
epidemic has the power to overburden nationwide healthcare delivery systems and
have main repercussions on international economy if SARS-CoV-2 proliferation and
virulency power is not contained, or current treatments are not established. The
infection is currently constituting a serious health, economic, social, and psychological
effects on the whole world as the world is under lock down as a measure to curb the
spread of the virusP. SARS-CoV-2 is primarily transmitted from person to person
through respiratory airborne droplets produced when infected persons cough, sneeze,
breathe deeply, or talk within a proximity to uninfected persons. With this emerging
combat against this life-threatening virus, the WHO has taken several strategies to
interrupt human contacts with others, segregate patients at preliminary stages,
recognize and decrease spread from the animal source for minimizing the social and
economic impact.

Coronaviruses belong to the family of Coronaviridae. SARS-CoV-2 is a beta-
coronavirus like the two other viruses that have caused fatal infections over the last
couple of decades: The SARS-CoV and the MERS-CoV (amplified as Middle East
respiratory syndrome coronavirus). The SARS-CoV-2 is a non-segmented, enveloped,
single-stranded, positive-sense RNA virus with a nucleocapsid. Analysis of the viral
full genome sequencing has shown that the SARS-CoV-2 is phylogenetically close to
the causative agent of a viral outbreak in 2002, SARS-CoV, with which it shares about
79% of its genome!”. Since SARS-CoV-2 is hereditarily and anatomically related to
SARS-CoV, it is appearing clear that it has its own exceptional properties that shared
to the quick outspread around the world. Despite its similarity to SARS-CoV, its
transmission efficiency and diagnostic methods are rather different. The coronavirus
crown-like (“corona”) morphology is created by transmembrane spike glycoproteins (S
proteins) which is essential for SARS-CoV-2 attachment and invasion into host cells via
formation of homotrimers protruding from the viral surfacel’. The distinguishing
factor of SARS-CoV-2 is probably the nucleotide changes in the S protein and its
receptor-binding domain (RBD)!". The S proteins of SARS-CoV and SARS-CoV-2 show
organizational homology and preserved ectodomains, so that previous approaches are
applied to stop binding of SARS-CoV to its host cell receptor, angiotensin-converting
enzyme 2 (ACE2) through a non-pH dependent endocytosis, since SARS-CoV-2 also
employs ACE2 for cell entry®‘l. In molecular modelling analysis, it has shown
similarities between the RBDs of SARS-CoV and SARS-CoV-2 (also called S proteins),
which are the most immunogenic part of the virus and probably bind the same ACE2
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receptors in order to gain cell entry”, thus suggesting that a similar pathogenic
mechanism is involved in both viral infections. Interestingly, ACE2 receptors are not
only expressed on alveolar epithelial type II cells, which represent 83% of all ACE2-
expressing cells, but also on heart, kidney, endothelium, and gut cells”’. Thus, ACE2
may create a therapeutical target to control the cell entry of SARS-CoV-2. For example,
the clinically used antimalarial drugs chloroquine analogues such as hydroxy-
chloroquine have been found to prevent terminal phosphorylation of ACE2 and to
raise the pH in lysosomes. Moreover, the glycosylated S protein of SARS-CoV-2 is
extremely immune-sensitive to the host, and murine polyclonal antibodies against S
protein of SARS-Co-V effectively hinder S-mediated cell entry of SARS-CoV-2,
suggesting that cross-neutralizing antibodies targeting preserved S epitopes can be
provoked upon immunization.

Although SARS symptoms appear with MERS, and COVID-19, the assessed fatality
rate of COVID-19 (2.3%) is considerably lesser than SARS (11.0%) and MERS (34.0%)
121 In comparison with SARS and MERS, COVID-19 has outspread very quickly,
possibly due to expanded globalization and modification of the virus in closely each
environment!"’l. Although SARS-CoV-2 is less lethal than SARS and MERS-CoV
insofar as most patients affected with SARS-CoV-2 may progress from the
asymptomatic state or to acute respiratory distress syndrome (ARDS) and septic shock
in severe form of the disease. In major cases, coronavirus infected patients show a mild
flu-like symptoms, in which the utmost general signs are fever and cough. However, a
major portion of the patients (15.7%) who develop severe disease have increased
difficulty in breathing because of pneumonia. However, COVID-19 may rapidly
develop into SARS characterized by interstitial pneumonia and the rapid development
of ARDS or septic shock in older people (> 60 year, up to 10%-20%), especially in those
with underlying medical comorbidities, such as hypertension, diabetes, and
pulmonary diseases!"'l. It more interesting that female adults are excluded in the
danger group, as small number cases of serious COVID-19 in female have been
testified. This takes up questions concerning the molecular mechanisms of gender
disparity linked to the COVID-19 sternness.

In some patients the SARS-CoV-2 may associated with terrible symptoms when it
infects the lungs initiating a strong inflammatory response, a cytokine storm with
extreme levels of acute-phase reactants!'>'*l. This hyperinflammatory situation is
categorized by increased levels of cytokines, including interleukin-6 (IL-6), monocyte
chemoattractant protein 1 and granulocyte-colony stimulating factor as well as
appeared with the macrophage activation syndrome like hyperferritinaemia. Here, we
report the current understanding of SARS-CoV-2 such as its sociodemographic
characteristics included age, sex, smoking, race/ethnicity and level of education as
well as its clinical features, imparting the critical information for regulating our
responses against the SARS-CoV-2 contagion. We also recapitulate the state-of-the-art
inventions on targeting SARS-CoV-2 through a cellular point of interpretation.
Understanding and elucidating of cellular and molecular mechanisms of gender
disparity associated with the severity of COVID-19 may significantly advance our
knowledge of the disease pathogenity, and thus provide to the health professionals as
to how to well treat the ageing patients.

MATERIALS AND METHODS

Objectives: The recent COVID-19 pandemic has appeared as a threat to global health.
Though current evidence on the epidemiology of the disease is emerging, very little is
known about the predictors of recovery. The current objective of the report is to
describe the epidemiology of confirmed COVID-19 patients in the United States and
Bangladesh and identify predictors of recovery. Data source: We have collected these
data by using publicly available data for confirmed cases in the Coronavirus Disease
2019 (COVID-19)-Associated Hospitalization Surveillance Network (COVID-NET)
from the Centers for Disease Control and Prevention (CDC), United States from March
07, 2020, to September 19, 2020 (https://gis.cdc.gov/grasp/COVIDNet/
COVID19_3.html), and (https://gis.cdc.gov/grasp/COVIDNet/COVID19_5.html) as
well as press release under Ministry of Health and Family Welfare (MOH&FW)),
Bangladesh (https://corona.gov.bd/press-release). Variables: We have undertaken
descriptive analyses of cases stratified by sex, age group, demographic information (
e.g., race, ethnicity) and clinical (medical) history (underlying health conditions).
Statistical methods: Correlation analysis is performed among all predictors (sex, age
group, race and ethnicity) with student’s t-test, statistical analysis accordingly.
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RESULTS

As shown in Figure 1A, the first case of COVID-19 in United States is confirmed on
March 7, 2020. There are a small number cases of new infections for about a month.
After two months, the figure abruptly has risen at May 30, 2020 (cumulative rate 5.9, 3,
51.6, 136.5 and 266.6 per 100000 population as 0 to 4 year, 5 to 17 year, 18 to 49 year, 50
to 64 year and 65+ year respectively), to reach the peak around end of June and early
July (9.1, 4.3, 66.3, 162.0 and 306.9 per 100000 population as 0 to 4 year, 5 to 17 year, 18
to 49 year, 50 to 64 year and 65+ year respectively). It reached continually its peak on
the 5 September with 16.8, 9.7, 113.8, 249.8 and 451.2 per 100000 population as 0 to 4
year, 5 to 17 year, 18 to 49 year, 50 to 64 year and 65+ year respectively confirmed
cases. Similar case is found in Bangladesh that the rate of death per total infected cases
(50.2%) is found in over 60-year-old patients (Figure 2A). The United States” data
indicate that mortality rate among younger age group patients with mildly disease is
less prominent. This result is consistent with other report that younger patients less
than 17 years have slighter COVID-19 severity, with practically no hospitalizations or
expiries stated!”). However, the mortality is higher among elderly patients particularly
65+ years old that is required for intensive care unit admission in hospital. These
results are similar to the other reports that the elderly people (aged over 60) were at a
high risk of developing into death based on a worldwide data (www.who.int)!"-’1.

As in Figure 1B shows on United States data that on May 30, 2020 the curve shows
that cumulative rate 94.8 and 83.3 per 100000 population as male and female
respectively (adjusted ratio 1.134:1) and gradually reach the peak around end of June
and early July (112.4 and 101 per 100000 population as male and female respectively
(adjusted ratio 1.11:1). It reached continually its peak on the 5 September with 171.8
and 161.1 per 100000 population as male and female respectively confirmed cases
(1.065:1). Interestingly, the prominent data is found in Bangladesh that the rate of
death per total infected cases (77.9%) is found in male patients over female patients
(22.1%) (Figure 2B). As shown in Figure 1B both adult males and females had similar
recovery rates, and their difference is not statistically significant. However, in case of
Bangladesh the rate of death in male patients is strongly statistically significant (P
value < 0.0001). Regarding the sex proportion, there is an apparently indisputable
outline that COVID-19 killed more males than females (Box 1). Unlike the fewer
statement in the research from the Asian subcontinental areas such as China, South
Korea, the data from the United States reflect the male sex is in danger for disease
severity®*1. To assess the over-all situation about the world, the country-wise data™,
have found that the case-mortality rate among men is about 35% more inflated than
women. The sex-disparity is consistent across age groups and regions.

Findings from multiple reports also show that patients who are more than 65 years
of age particularly male sex having a higher BMI value (> 35 kg/m?), co-morbidities
such as hypertension, cardiovascular disease (CVD), chronic lung disease, metabolic
disease, neurological disease, obesity, renal disease, diabetes, coronary disease,
obstructive pulmonary disease, nicotine dependence, and heart failure have vital risk
factors for developing COVID-19 complications”*! and a high mortality rate**!.
Among them, obesity is a critical risk factor which aggravates the COVID-19%!. In
consistent with these views, Figure 3 shows that adult patients are susceptible for
COVID-19 having the following serious complications such as CVD (32.6%), chronic
lung disease (18.2%), hypertension (56.5%), metabolic disease (41.5%), neurological
disease (24.2%), obesity (47.5%) and renal disease (15.2%). In the paediatric cases, the
percentages of the infection cases are quite less than the adults. However, in major
cases paediatrics are infected with COVID-19 in unknown conditions (49.7%). Delayed
hospitalization and microbial infections are also proposed greater danger factors for
disease development”]. Smoking history is also a probable danger issue for emerging
severe complicationsl’l.

Baseline patient characteristics are also provided in Figure 4. Black patients are
generally more susceptible than white patients with the age group (65+ years old. On
May 30, 2020, the cumulative rates are 49.5, 158.5 and 196 per 100000 population as
white, black and American Indian/Alaska Native respectively, to reach the peak
around end of June and early July (57, 186.2 and 238.8 per 100000 population as white,
black and American Indian/Alaska Native respectively). It reached continually its
peak on the 5 September with 84.7, 290.6 and 302.4 per 100000 population as white,
black and American Indian/Alaska Native respectively confirmed cases. In another
report, black patients have a relative risk for hospitalization™. After correcting for
gender, stage group, and comorbidities, black people have a 1.42 times higher danger
of hospitalization for COVID-19 severity in comparison with white patients. The
relative danger of death from COVID-19 infection is increased for males than for
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Figure 1 Cumulative rate of infection per 100000 population. A: In different age groups under the Coronavirus Disease-2019 (COVID-19)-Associated
Hospitalization Surveillance Network (COVID-NET) hospitalization data (by September 5, 2020; https://gis.cdc.gov/grasp/COVIDNet/COVID19_3.html); B: In gender-
based fatality rate under the COVID-19-Associated Hospitalization Surveillance Network (COVID-NET) hospitalization data (by September 5, 2020;
https://gis.cdc.gov/grasp/COVIDNet/COVID19_3.html).

females in almost all age groups in all nations.

DISCUSSION

The COVID-19 pandemic is causing millions of deaths worldwide and it has become
as an emerging threat to the public health globally. Although existing evidence on the
epidemiology of the COVID-19 is emergent, a slight is identified about the predictors
of salvage. Many countries throughout the world have experienced an unprecedented
healthcare crisis caused by the SARS-CoV-2 infection™'. Many parameters likely

Guiewidege WIR | https://www.wijgnet.com 5 January 28,2021 | Volume13 | Issuel |


https://gis.cdc.gov/grasp/COVIDNet/COVID19_3.html
https://gis.cdc.gov/grasp/COVIDNet/COVID19_3.html

Al-Bari MAA et al. COVID-19 in unequally ageing and gender disparity

100.0 7]

90.0 |

80.0 7

70.0

60.0

50.0

40.0

30.0 4

% rate of deaths/total infected cases

20.0 -

10.0 |

0.0

0-10 yr

50.2
27.2
13.0 20.0
6.0 |
0.4 0.9 2.3 = 10.0
L L ==

11-12 yr

Cases in Bangladesh Cases in Bangladesh
100.0 -

90.0

80.04 779

70.0

60.0

50.0

40.0

30.0

% rate of deaths/total infected cases

21-30 yr 31-40 yr 41-50 yr 51-60 yr 60+ yr 0.0 Male Female

Figure 2 Percentage of rate of death per total infected cases. A: In different age groups in Bangladesh; B: In gender-based disparity in Bangladesh.
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contribute to the etiology of the COVID-19 disease. The viral population and way of
infection can elucidate why healthcare workforces are at a greater danger; diversities
in the genome sequences of the viruses or the genome of the host-cells (i.e., patient’s
genetic makeup) may consider for the variables detected among different countries
and people. At the person level, personal immunity is also a vital forecaster of the
disease prognosis, which can be reshuffled by age levels, gender, race, ethnicity as well
as the presence of co-morbidities. Gender- and sex-determinants are also important for
advising the endemic in interstellar and over time. To exemplify the status of this
opinion, data on gender of the COVID-19 deaths in the United States and Bangladesh,
recorded until 5" September 2020 were used to evaluate age- and sex-standardized
figures in the United States and Bangladesh.

In comparison with disease occurrence, approximately similar distribution is
detected among males and females at different age groups according to the WHO
case-based surveillance system as of April 18, 2020"?. However, from data on today in
COVID-19, not only the progression of disease severity, but also mortality and fatality
rates necessity to be clarified by age and, in addition by sex™. Preliminary data
suggest that selective persons such as the elderly, males and people with
comorbidities, including hypertension, diabetes and obesity, have slight COVID-19
consequences™ .. As the pandemic outspread over the United States during the last 4
mo, patterns of high-danger properties explained to emerge and data of poor
consequences (specifically high case fatality) among racial and ethnic minorities™.

A gendered approach to the COVID-19

Evidences suggest that male gender and aged persons are key factors connected to
higher danger of severe events and death from COVID-19%"l. The enhancing
mortality rate from COVID-19 for males (2.4 times) than for females is overall
comparable to that originated in other coronaviruses during the past two years,
including the SARS-CoV and the MERS-CoV!” 1. The explanations for the sex
differences in COVID-19 are perhaps multifaceted including variations in immune
response, higher incidence of pre-existing disease, biological differences between the
sexes such as high levels of androgens in men, differences in lifestyle such as smoking
habits as well as differences in underlying comorbidities®*3. Male are commonly
reported to have higher serious pathological conditions, such as CVDs, whereas
females tend to have higher non-serious long-lasting disorders, such as skeletal and
autoimmune hypersensitive diseases!’l. Thus, the risk of male death from COVID-19
may explain the comparatively more occurrence of causal comorbidities such as CVD,
diabetes and chronic lung disease*.

Mechanistically the age and gender differences in COVID-19 can be explained by
the variable expression of an extracellular anchor represented by a cell-surface zinc
peptidase, ACE2 which mediates SARS-CoV-2 binding and entry into cells*>**l. Here
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Figure 3 Percentage of selected underlying medical conditions under the coronavirus disease-2019-associated hospitalization
surveillance network hospitalization data (by September 5, 2020; https://gis.cdc.gov/grasp/COVIDNet/COVID19_5.html).

the viral spike (S) protein is indeed a key determinant for transmissibility. Although
ACE2 is pivotal for the entry point of the SARS-CoV-2, CD26 receptor also interacts
with the S1 domain of the viral S protein and affects its virulence*1. Since ACE2
receptor is abundantly expressed by pneumocytes in the lungs!*l, SARS-CoV-2
infection and down-regulated ACE2 lead to higher the expression of angiotensin II
(Ang II) that directly causes unregulated inflammatory lung damage!-*.. Interestingly,
ACE2 expression does not denote a completely capable of cell entry receptor as
confirmed for SARS-CoV-2, until the cleavage at the S1/S2 and the S2' site of the S
protein operated by TMPRSS2 a 70 kDa membrane-anchored enzyme (type 2
transmembrane serine protease) in order to allow viral-cellular membrane fusion.
ACE2 is commonly accountable for altering Ang II into vasodilatory and low immune
enhancing variants of angiotensin. Ang II specifically interacts with its type 1 receptors
called angiotensin receptors (AT1Rs) in the lung to stimulate inflammation and
vasoconstriction via induction of the NF-xB (nuclear factor kappa-light-chain-enhancer
of activated B cells) pathway, which enhances cytokine synthesis®!l. Low expression
of ACE-2 levels and high Ang II expressions turn to enhance the permeability of
pulmonary vessels which then consequences in inflammatory damage to the
pulmonary tissues” .. The primary culprit of severe COVID-19 is the cytokine storm
resulting from an unchecked inflammatory response that damages the lung tissue and
causing death in a substantial percentage of cases™. In the lungs, ACE2 down-
regulation associates with the human ARDS via enhanced vascular permeability,
increased lung oedema, neutrophil accumulation and worsened lung function >,
Moreover, if SARS-CoV-2 causes sepsis, then ARDS occurrence exaggerates the edema,
swelling and can cause of death”]. Additionally, when COVID-19 infection occurs, the
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Figure 4 Cumulative rate of infection per 100000 population in baseline characteristics under the coronavirus disease-2019-associated
hospitalization surveillance network hospitalization data (by September 5, 2020; https://gis.cdc.gov/grasp/COVIDNet/COVID19_3.html).
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virus SARS-CoV-2 is internalized and stimulates TNF-a converting enzyme, ADAM17
(ADAM metallopeptidase domain 17)F1. ADAM17 slashes the ACE2 receptors
resulting them insensitive to the stimulation of renin-angiotensin-aldosterone system.
This is eventually accountable for additional making of cytokines, which worsen the
inflammation™. In the existence of pre-existing CVD, the cytokine storm can intensify
underscoring diseases by infuriating pre-existing heart failure, causing suppression of
myocardial activity, enhancing the oxygen demand/supply ratio and endothelial
disfunction™ . In this setting, ACE2 could denote the first variable to validate
different effects of the infection between sexes.

ACE2 gene is located on the X chromosome (Xp22.2), in the Barr zone. The X
chromosome in females (XX genotype) bring twofold as many X-linked genes (> 1000
genes) related to males (XY genotype). The X-linked gene expressions are equivalent
between two sexes via X chromosome inactivation (XCI) process which
transcriptionally deactivates one copy of the X chromosome. XCI is recognized during
embryonic development and regularly preserved throughout the lifel**’l. However, a
part of X-codified genes (almost 15%-23%) can discharge, fully or partly, from XCI and
this privilege is suitable for those genes located in the pseudoautosomal regions (PAR)
1 and 2. The ACE2 gene is located within PAR1 and the influence may not
inevitably be an increased expression of ACE2 in women. Male susceptibility to
COVID-19 infection may be additional boosted by X-linked inheritance of genetic
pleomorphisms as loci of both androgen receptors (ARs) and ACE2 genes are
positioned on the X chromosome!™. Since ACE2 expression is originated in the testes
(specially in Leydig cells)®*! serum luteinizing hormone (LH) level is significantly
increased. As a result, the proportions of testosterone to LH and follicle stimulating
hormone (FSH) to LH are pointedly diminished in males with COVID-19F. Thus, it is
inevitability to evaluate gonadal role among patients who have improved from the
SARS-CoV-2 infection, particularly in reproductive-aged men.

Another exciting finding related to coronaviruses resides on the co-expression of
TMPRSS2 together with ACE2. TMPRSS2 is a critical factor in enabling cellular
infection by SARS-CoV-2 for priming the viral S protein S1 domain and employing the
S2 domain for viral infectivity©*l. Several speculations may strengthen the role of
sex into the expression of TMPRSS2. TMPRSS2 is located on chromosome 21q22.3 and
several AR elements are positioned upstream of the transcriptional promoter
region*"l. Notably, AR activity seems to be required for the transcription of the
TMPRSS2P). 1t is hypothesized that genetic variation of AR is associated with prostate
cancer and androgenetic alopecia is also related to ethnic disparities in COVID-19
death. Androgens powerfully upregulate the TMPRSS2 expression in prostate cancer
cells¥ "I and they can also regulate the oncogenic ERG transcription factor (or, more
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rarely, other members of the ETS family) when the TMPRSS2:ERG fusion gene is
formed due to somatic gene reshulffles in prostate cancers™.

Sex hormones and hormone therapy during COVID-19 pandemic

Sex hormones might be implicated in the age-dependent and sex-specific severity of
COVID-19. Sex hormones, e.g., testosterone and oestrogen significantly affect immune
responses in both sexest’>”, a part of which are in straight connections between sex
hormones and immune cells. Increasing evidence proposes that both sex hormones
and hormone therapy could be beneficial in COVID-19 treatment through direct
modulation of antiviral activity or immune regulation”. Several studies suggest that
both high and low testosterone levels can favour severe COVID-19">". For example,
high testosterone levels upregulate TMPRSS2, facilitating the entry of SARS-CoV-2
into host cells via ACE2 (Figure 5). A recent analysis supports the hypothesis that
androgen-deprivation therapy (ADT) might protect men from SARS-CoV-2
infection™”’l. An epidemiological data also provision that ADT provide a defensive
role in COVID-19 patients with prostate cancer. A mode of clarification for this
concept is connected to the viral entry facilitated by TMPRSS27l. Furthermore,
upregulated testosterone expressions can also impart to the progress of microthrombi
and venous thromboembolism, which are signs of severe COVID-19 patients. In
addition, the 5a-reductase (a well-known converting enzyme to testosterone)
inhibitors (dutasteride) can be applicable in COVID-19, by suppressing the ACE2
expressions and the internalization of the spike receptor™. Contrarywise, other studies
propose that the immune modifying properties of androgens can defend from the non-
satisfactory cytokine storm of COVID-19. Preclinical data also recommend that
camostat mesylate, which hinders the protease action of TMPRSS2, is able to hinder
the entry of SARS-CoV-2 in lung epithelial cells®™. Preclinical data showed that
inhibitors of TMPRSS2 (such as camostat, nafamostat and bromhexine) and of 5a-
reductase might be active against SARS-CoV-2I*. Although the androgen-driven
concept is fascinating, it remains obscure why younger males with COVID-19, who
have greater testosterone levels in comparison to adult males, display diminished
sternness and fatality rates””. Likewise, it would be unpredicted that aged males who
have lesser testosterone levels display amplified sternness and fatality rates to COVID-
19. Obesity is a well-known risk factor for CVDs and testosterone levels of obese males
are reported to be distinctly lesser than in the non-obese people. Remarkably, the
amount of dropping testosterone levels is interrelated to blood glucose levels and lipid
profiles”. By inclining to obesity, lowered levels of male sex hormones, specifically
testosterone, can possibly be involved in the advance of CVDs and COVID-19.
Additional experimental and clinical studies are vital to categorize the underlying
associations among testosterone levels, obesity and CVDs, and the basic mechanisms.
Thus, it is vital to evaluate why-among males with COVID-19-younger age is
powerfully defensive against adverse consequences. It is probable that testosterone has
a defensive anti-inflammatory action in younger males.

Testosterone is reported to have anti-inflammatory functions via suppression of
both the cellular and humoral immune systemst>l. Testosterone is reported to
decrease IL-6 and tumor necrosis factor a (TNF-a) levels via suppression of the NF-xB
pathway. Down-regulated testosterone expression, as can happen in aging males, has
also been correlated with upregulated inflammatory cytokines including IL-6 and may
trigger to high risk of pulmonary injury after pneumonia™. Androgens usually inhibit
the inflammatory signals by reducing the action of the peripheral blood mononuclear
cells, and the secretion of inflammatory factors and cytokines, such as IL-1, IL-2,
TNF-a***1. Androgens may also endorse the release of inflammatory cytokines such as
IL-10 and TGFp (transforming growth factor-f) via AR signaling pathway!”’. These
immune- oppressive actions of androgens could induce COVID-19 infection, but might
also suppress the cytokine storm that exemplifies with the most COVID-19 severity.

For the most severe infections, females have been constantly found to stand a
greater immune reply than do males. Generally, the women show more immune
responses effectively to microorganisms by making greater quantities of interferons
(IFN) and antibodies; though this defensive action mediated mainly by estrogen, is
reduced in postmenopausal females™. In cases of coronaviruses, females have verified
a steady survival benefit over males. A large amount of authentication suggests that
female sex hormones, particularly estrogens and progesterone might apply a
protecting role on women via direct antiviral action or immune-protective effects, thus
elucidating the greater COVID-19 sternness in post-menopausal females. For instance,
expressions of estrogen receptors (abbreviated as ERa and ERP) occur in a wide
variety of immune cells (T, B, NK cells, DCs, macrophages, neutrophils). Additionally,
sex hormones are proposed to provide dose-dependent action on immune cells!*"*l.

WJR | https://www.wjgnet.com 9 January 28,2021 | Volume13 | Issuel |



Al-Bari MAA et al. COVID-19 in unequally ageing and gender disparity

Viral entry

SARS-CoV-2

Androgens \

Endosome formation O
Q\"’ Vlral uncoatlng N
5a-reductase Camostat,
inhibitors Nafamostlat
Viral DNA A genome Estrogens —l Bromhexine

on
Autophagic fusion pores®

Endocytosis

ucleus ‘ unos o\
T L e
Y S ©
Expressions of ERa and ERB in &
: Q
Postiransiational En doplasmlc immune cells (T, B, NK cell._s, ¥
modification reticulum macrophages, DCs, neutrophils).
Lysosome )
Y “(\ﬁ\““

Uncoating virus

Figure 5 The role of sex hormones and hormone therapies in modulating severe acute respiratory syndrome coronavirus 2 entry in host
cells and immune response. The replication cycle of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) begins when the virion binds to the host
cell receptor, angiotensin-converting enzyme 2 (ACE2) via its spike protein S1 subunit. After receptor binding, the virus gains access to the cytosol by acid-dependent
proteolytic cleavage of the S protein into S1 and S2 subunits by a furin, cathepsin, transmembrane serine protease 2 (TMPRSS2), or another protease, followed by S2-
assisted fusion of the viral and cellular membranes. In this proposed model, androgens can upregulate the activity of TMPRSS2 which is necessary for the SARS-CoV-
2 spike protein priming. Female sex hormones, estrogens might downregulate the ACE2 expression, which is used by SARS-CoV-2 for host cell entry. Androgens
suppress the inflammatory responses by decreasing the activity of the peripheral blood mononuclear cells, as well as the release of inflammatory factors and cytokines,
such as IL-1B, IL-2, TNF-a. Female sex hormones, estrogens and progesterone exert a protective effect on females, through direct antiviral activity or immune-
mediated mechanisms. Estrogen receptors (ERa and ERB) are expressed in a diverse array of immune cells (T, B, natural killer cells, macrophages, DCs, neutrophils)
and modulates immune responses. SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; ACE2: Angiotensin-converting enzyme 2; TMPRSS2:
Transmembrane serine protease 2; ERs: Estrogen receptors.

Hereafter, age-related changes or menstrual-cycle dependent variations in the female
sex hormone levels can affect the collaboration between sex hormones and immune
cells. Unexpectedly, it is found that immune responses between both sexes deviate as
age upsurges, although the hormonal levels lower with ages™l. Estrogens can
downregulate the expression of ACE2 mRNA in bronchial epithelial cells in vitro.
Beyond this mechanism, estrogens have also a potential favorable role related to their
immune-modulating properties. Notably, testosterone can be transformed to estrogen
in peripheral tissues via aromatase enzyme, which may provide an anti-inflammatory
action. This observation suggests that estrogens can protect females from severe
COVID-19 compared to men and that post-menopausal women!*l. Although estrogen
has a multifaceted role in modifying the immune system, it is stated to have an anti-
inflammatory action at regular biological levels in premenopausal females™. In
general, inflammatory cytokines, such as IL-6, IL-8 and TNF-a are suppressed by
periovulatory doses of estrogen, although minimal estradiol levels can enhance
inflammatory factors, which can clarify the proinflammatory states suffered by
postmenopausal women. Although postmenopausal women are described to have
greater expressions of proinflammatory cytokines including IL-6; these cytokine
expressions are suppressed by the application of hormone replacement therapy
(HRT)®™.. Therefore, the NF-xB pathway activated by Ang II enhances cytokine
production after SARS infection while the NF-xB pathway can be shut down by
estrogen and this strategy might be relevant for COVID-19 treatment in female
patients.

Progesterone and 17f3-estradiol (E2) have distinct roles in modulating innate and
adaptive immunity? based on concentration™]. Low concentrations of E2 promote
pro-inflammatory cytokine production and stimulate TH1 (T helper type 1) cells,
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whereas highly concentrated E2 suppresses cytokine secretion and enhances TH2-cell
mediated humoral immunity (Figure 5). In general, progesterone stimulates anti-
inflammatory effects and can indulge the CD4* T skewness from TH1-cells to TH2-cell
actions™. It has been suggested that a triggered TH2-cell mediated immune response
to such as in patients with asthma, might protect against severe COVID-191. Finally,
current data propose that progesterone provides a straight antiviral action on SARS-
CoV-2 via the modification of the Sigma receptorst“!. Moreover, MERS-CoV and SARS-
CoV in vivo data also support that SERMs (selective estrogen receptor modulators)
such tamoxifen and toremifene, may be applicable against COVID-19¥, although
emphasizing the necessity of more investigations in patient treatment.

The complex variability of immune responses based on age and sex may also
elucidate the age-dependent and sex-selective sternness of COVID-19"**1. Our
immune system is composed of two distinct arms with different functions: Adaptive
and innate immunity. The first line of defence, innate immunity acts against
dangerous invaders like SARS-CoV-2 via capturing and deactivating pathogenic
organisms and initiating inflammation. Classically, acute inflammatory responses lead
to a quick accumulation of immune cells and macromolecules at the injurious sites for
eliminating the aggressor. However, chronic inflammatory responses can lengthen to
affect abundant cellular machineries. Aging phenomena have been correlated with
such chronic stimulation of inborn immunity, linked to systemic strengthen in
inflammation (called as “inflamm-aging”) that might be harmful for the body!®l. The
cellular senescence modulates the pathogen clearance during infections, and this mode
of action might impart to clarify the age-dependent COVID-19 severity!’.
Additionally, discrete immune responses are confirmed between the sexes, and can
consequence in disparity occurrence and vulnerability of males and females to
autoimmune diseases, tumours and infections’?. Acquired immune cells are
militarized when the inborn immunity is inadequate to defeat a hazard. Cell mediated
immunity specifically B and T cells can eradicate a danger precisely by selectively
binding with a certain threat (for example, a small fragment of protein or a part of
antigen to SARS-CoV-2). In addition to chronic activation of innate immunity,
adaptive immune functions decline with age!™l.

Sex differences in immune responses underlying COVID-19 disease

The X chromosome of Drosophila melanogaster docks many genes encoding for innate
signalling proteins. This can provide a probable clarification for the sex-specific
differences into immunity against viral infections. However, Y chromosome encoded
Sry expression decrease the immune response. It is supported that X chromosome is
partly accountable for the over-active respondents of the female immunity. Hence the
high incidences of auto-immune diseases may occur in women by contributing to the
collapse of self-tolerancel”’. Moreover, the giant X chromosome comprises the greatest
number of immune-correlated genes in the full genome™, including genes that are
involved in innate [e.g., PRRs (pattern recognition receptors), TLR7 and TLR8 and
acquired immune responses (e.g., chemokine receptor CXCR3). Although inactivation
of X chromosome has may preserve correspondent gene expression into the two sexes,
a lower number of genes located in the intron regions can escape this mode. Therefore,
the products of these genes are exposed in females and the PRRs, TLR7 and TLRS are
escaped from XCI region”. Upon ligand interaction, TLR7 dimerizes and activates
MyD88 (myeloid differentiation primary response gene 88), MAPK (mitogen-activated
protein kinase) cascades, NF-xB pathway as well as IRF (IFN regulatory factor) -7 and
IRF-5 activation™. In humans, mRNA levels for IRF-5 associate with oestrogen
receptor 1 (ER1) levels proposing a possible IRF-5 regulation by transcriptional ER1
level®. Besides, IL-6 has been claimed to be critically involved into the down-
regulated host immune response of COVID-19 patients!™. Finally, TLR7 may stimulate
B cells to enhanced antibody production.

A current study supports that females with severe COVID-19 cases have a greater
amount of serum SARS-CoV-2 IgG in comparison with males, and the production of
IgG in the initial phases of contagion looks like to be vigorous in women than in
men™. It is also discovered distinct sex variances in how the B cell change with agel®.
B cells (numbers and percentages) are lower in older men (> 65+ years)' supporting
that some of these sex-variances are preserved transversely people. Reduction number
of B cells in aged men might consequence in reduction of antibody supply that might
weaken the ability of an individual to fight against infectious pathogens. A pilot study
suggests that injection of plasma therapy from recovered patients that comprises
antibodies are capable to counteract SARS-CoV-2 virus pointedly and upgraded the
critically ill COVID-19 patients™. But, a biosafety issue is a spectacle called antibody-
dependent enhancement (ADE), when non-counteracting antiviral antibodies initiate
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the entry into host cells thereby cumulative the SARS-CoV-2 infectivity!”l.

It is also found accelerated age-related T cell function declines in men compared to
women!®l. For example, incidences of naive T cells reduced with age, principally in
CD8" T cells in both sexes, although females had greater naive T cells in comparison
with men in both young and aged persons!”. Females have been observed to have
higher thymic action in comparison with males in all ages!""”, which may likely clarify
sex-variances in naive T cells. Lymphocytopenia has been reported in severe cases of
COVID-19"" including severe decays in CD4" and CD8* T cells. Collected these data
support that SARS-CoV-2 may weaken antiviral immunity pointedly and this
weakening may have drastic outcomes for aged persons.

Association of frailty with mortality in COVID-19

Irreparable process, human aging causes decrease in cognitive ability with the increase
in age. There are many factors accelerating a person’s biological age such as diet,
exercise, lifestyle and co-morbidities (hypertension, diabetes, obesity). With aging,
changes in hematopoietic stem cell (HSC) pool contribute to the functional decline in
both innate and adaptive immune systems. Somatic mutations in HSCs is more
commonly found in aged persons, where consequence of a mutated HSC and its
immune cell offspring is denoted as “clonal hematopoiesis”!'"”! and associated with
COVID-19 morbidity. Mounting evidence support that cardiac comorbidities are
common in COVID-19 patients and such patients are in greater risk of mortality. The
danger of CVD is two times greater in persons with clonal hematopoiesis!'*.
Abnormal clonal hematopoiesis can provoke pro-inflammatory cytokines such as IL-6,
IL-1f and IL-8, and inflammatory signals in macrophages and mast cells!'”. Higher
levels of cytokines cause a sustained confluency of innate immune cells and a decrease
production of acquired immune cells, so that the outcome of clonal hematopoiesis may
participate to deprived COVID-19 consequences in aged persons. It is also found that
SARS-CoV-2 directly activates mast cells with the subsequent release of
proinflammatory cytokines such as IL-1.

The association COVID-19 with age is long-established with aged patients being
additional susceptible to die. Principally ACE2 receptors and CD26 are responsible for
the increased age-related susceptibility of COVID-19 and both the receptors are highly
expressed in senescent cells. Coronaviruses target both ACE2 receptors and CD26 and
the overexpression of these receptors in older patients cause augmented fatality rate in
COVID-19 patients®'*l. Ageing, a progressive decline in tissue homeostasis is
correlated with chronic inflammatory symptoms. Several factors such as abnormal
immune function, cytokines production by senescent cells, NF-kB signaling pathway
activation or a defective autophagy response may enhance the activation of
inflammatory pathways (i.e., the NOD-like receptor 3 inflammasome). Mounting
reports support that cytokines storm is aroused in patients with COVID-19 which is
chiefly revealed by enhancing IL-2, IL-7, G-CSF (granulocyte colony stimulating
factor), and TNF-a. Of all the cytokines, IL-6 has been observed to be interlinked to
extremely severe SARS-CoV-2 infection owing due to amplified viral replication!*. It
is observed that the CD8" counts in frail COVID-19 patients are dramatically decrease
than that in normal patients. CD4" and CD8* T cells are also necessary for clearance of
viruses during principal infection in the mucosal'™\. Cytotoxic CD8" T cells can destroy
virus mediated infected cells. Thus, frailty-associated decay in immune action may
clarify the interlinked between ageing and higher adverse consequences.

CONCLUSION

The emerging COVID-19 pandemic as a global threat and public health challenges
throughout the world. This report highlights the importance of multiple risk factors of
disease severity and mortality such as old age, male sex, smoking, and comorbidities
for the pathobiology and clinical landscape of COVID-19. Mounting evidence suggests
that COVID-19 is a sex specific and aged influenced disease and it affects by a wide
variety of variables fluctuating from genetic to socioeconomic factors. Therefore, in our
considerations, we covered the emerging COVID-19 pandemic infection in the
comprehensive and many-sided context of connections. Although it is endeavored to
draw hypotheses about gender and ageing specific disparities of SARS-CoV-2
infection, gender equality and frailty should be given the first priority for further
investigation to treat COVID-19 infection.
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Abstract

Coronavirus disease 2019 (COVID-19) is caused by the novel coronavirus severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Systemic complications
include cardiovascular, neurological, hepatic, renal and altered coagulation.
Derangements in haemostasis with SARS-CoV-2 infection have been termed
COVID-19 associated coagulopathy (CAC). CAC is postulated to be one of the
significant causes for sudden deaths in this pandemic, with infection of
endothelial cells and subsequent endotheliitis through angiotensin-converting
enzyme-2 receptors playing a key role in the pathogenesis. In this pictorial review,
we describe the imaging findings in a multitude of extrapulmonary arterial (aorta,
cerebral, mesenteric, renal and peripheral arterial system) and venous thrombotic
phenomena detected on contrast-enhanced computed tomography and magnetic
resonance imaging of COVID-19 patients which could not be attributed to any
other causes. Knowledge of incidence of these complications, lowering the
threshold for diagnostic imaging in symptomatic patients and timely radiological
detection can play a vital role in subsequent management of these critically ill
patients.

Key Words: COVID-19; Coronavirus; Thrombus; Arterial; Aorta; Tomography

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Coronavirus disease 2019 (COVID-19) disease is a systemic illness with
multi-organ system manifestations. Coagulopathy in the setting of COVID-19 has a
unique pathophysiology with a propensity for both arterial and venous thrombosis.
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These phenomena may be clinically occult with imaging playing a vital role in
detection and management. A high degree of clinical suspicion with a low threshold for
cross sectional imaging can positively alter outcomes during this ongoing pandemic.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by the novel severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) began as no more than a cluster of pneumonia
cases first reported in the Hubei province of China in December 2019. From its origin
till date however, it has swept across the globe; emerging as one of the most far-
reaching pandemics in human history. The most common presentation of COVID-19 is
related to infection of the respiratory epithelial cells by the virus and ranges from mild
upper or lower respiratory tract symptoms to hypoxic respiratory failure requiring
oxygen therapy and in some instances, mechanical ventilation. Systemic complications
include cardiovascular, neurological, hepatic and renal dysfunction, as well as altered
coagulation!!. Derangements in haemostasis occurring in patients with SARS-CoV-2
infection have been termed COVID-19 associated coagulopathy (CAC). CAC is
postulated to be one of the significant causes for sudden deaths in this pandemic
especially those occurring out of hospitals®”. Literature is still emerging regarding the
epidemiology and pathophysiology behind CAC with reported incidence of venous
and arterial thromboembolism between 10%-25% among the COVID-19 admitted
patients, with increase in incidence up to 31%-59% amongst those in intensive carel..
The pro-coagulant state has been attributed to macrophage and endothelial cell
mediated processes culminating in the acceleration of fibrin synthesis and suppression
of its degradation. Infection of endothelial cells through angiotensin-converting
enzyme-2 (ACE-2) receptors is believed to be a characteristic unique to corona viruses
and this plays a key role in pathogenesis®*‘l. Although CAC shares some common
underlying mechanisms causing widespread micro/macro thrombi with conditions
like sepsis induced coagulopathy, disseminated intravascular coagulation,
hemophagocytic and hemolytic uremic syndromes; it has a few distinctive features not
previously described in these conditions; and has emerged as a new category of
coagulopathy®. The most common alterations in coagulation parameters in CAC
include markedly elevated D-dimer levels; mild to moderate thrombocytopenia and
prolonged prothrombin time”..

Initially, a possible association between SARS-CoV-2 viral infection and pulmonary
vascular thromboembolism was proposed in multiple case reports emerging from
global hotspots when patients who developed sudden onset cardiac or respiratory
deterioration or both at any time during the course of the disease, also had elevated D-
dimer levels and a positive pulmonary angiography™'?. Subsequently, in a research
article by Kaminetzky ef all""l, a higher incidence of pulmonary embolism was recorded
amongst the COVID-19 positive cohort. The study concluded that pulmonary
embolism could indeed be a cause for acute deterioration in these patients. In addition,
it suggested that D-dimer levels could be used for risk categorization.

In this pictorial review, we describe the imaging findings in a multitude of
extrapulmonary arterial and venous thrombotic phenomena detected in cross sectional
imaging (computed tomography/magnetic resonance imaging, CT/MRI) of COVID-
19 patients which could not be attributed to other causes. Knowledge of incidence of
these complications and early radiological detection can play a key role in subsequent
management of these critically ill patients, often determining the outcomes.
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CEREBRAL VASCULATURE

Arterial system
Stroke is characterised by neuronal injury with a manifest clinical deficit secondary to
a vascular cause. It encompasses parenchymal infarction, intracerebral and
subarachnoid haemorrhagel'’l. Stroke is an important cause of morbidity and mortality
world over. The causal relationship between infections and stroke has been researched
in the past and has been deemed probable. Bacteria, viruses, fungi and a few parasites
have been recognised as primary etiological or contributory factors of strokel”l. The
most important mechanism of stroke in infections is the stimulation of a systemic
inflammatory response and consequent generalised procoagulant state or a localised
effect on atherosclerotic plaques making them prone to rupturel’’l. Other means of
pathogenesis include effects on vasculature — vessel wall inflammation (e.g.,
Varicella- Zoster, Epstein-Barr, Cytomegalovirus) and/or vessel wall remodelling (
e.., human immunodeficiency virus), emboli from cardiac causes including valves (
e.g., infectious endocarditis due to staphylococcus, streptococcus, HACEK group of
bacteria) and from dilated chambers (dilated cardiomyopathy in Chagas disease)!l.
Stroke is one of the neurological complications associated with SARS-CoV-2
attributed to CAC (Figure 1A-D). One of the interesting mechanisms includes binding
with and depletion of ACE-2 receptors reducing its vasodilatory and anti-
inflammatory effects!"’l. Literature regarding epidemiology of stroke in COVID-19 is
still emerging and the exact incidence is yet to be established. Some interesting
imaging observations include large vessel involvement in a relatively younger
population even in the absence of established risk factors, concordant multiple vessel
(both cerebral and systemic) thrombosis, unusual sites of thrombi, greater thrombus
load and poorer functional outcomes due to contributory effects of hypoxia from lung
and myocardial involvement!"l.

Venous system
Cerebral venous thrombosis (CVT) is less common when compared to other types of
stroke and affects a different patient demographic, those of a comparatively younger
age group with a notable female preponderance. The most important risk factors for
CVT are genetic and acquired causes of thrombophilia including pregnancy,
puerperium, intake of contraceptive pills, infections and neoplasms (CNS, systemic).
Most common infections associated with CVT include oto-mastoiditis, sinusitis and
facial infections with an overall declining trend in the modern antibiotic eral'. CVT
seldom presents with focal neurological deficit like typical stroke. The symptoms vary
depending on the site of thrombosis, chronicity and patient age. Headache is the most
common initial and in many instances, the only presenting symptom®!. MRI with
venography is the investigation of choice to confirm the diagnosis (Figure 2A-D).
Cases of CVT are being increasingly reported during this pandemic, CAC most
likely being the underlying mechanism. Clinicians need to maintain a high index of
suspicion while treating COVID-19 patients with persistent headache irrespective of
presence of other neurological symptomsl. A low threshold for ordering radiological
investigations in these patients can potentially alter therapeutic decision making.
Imaging in CVT includes demonstration of the thrombus as a loss of flow void in
baseline images and absence of flow related signal in venography!’l. Associated
complications including venous infarcts, intra and extra-axial haemorrhages.

THORACIC AORTA

Aortic mural thrombus (AMT) is a rare entity defined by an intraluminal filling defect
with an attachment to the intima. Two types have been described namely sessile and
pedunculated with the latter having a higher incidence of peripheral embolization and
related complications. AMT is usually associated with regional vessel wall
abnormalities like atherosclerosis, aneurysm, vasculitis and dissection. Primary AMT
without underlying wall pathology is extremely rare and one multicentre study
including more than 10000 autopsies reported its incidence at approxiately 0.45% and
that of major vessel occlusion contributive to mortality up to 6%1. CAC is one cause
of such aortic thrombosis likely due to endothelial inflammation®. It is usually the
radiologist who first comes across this finding and alerts the clinicians, aiding in
subsequent management depending on the site, size of thrombus and patients'
hemodynamic and respiratory status (Figure 3A and B).
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Figure 1 A 35-year-old male with posterior circulation stroke. A and B: Axial sections of magnetic resonance imaging brain (T2W, diffusion sequences)
show areas of high signal in both cerebellar hemispheres, vermis and brainstem suggestive of acute infarcts; C and D: Magnetic resonance artery coronal and axial
sections show complete non visualization of right vertebral artery (arrow) suggestive of thrombosis.
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ABDOMINAL VASCULATURE

Mesenteric vessels

Mesenteric ischemia is an uncommon, potentially fatal abdominal emergency. It is
characterised by interrupted blood supply to the gastrointestinal tract with resulting
mural ischemia progressing from a reversible mucosal stage to irreversible transmural
necrosis and subsequently more adverse outcomes. Hence, a very important
prognostic factor is the temporal relation between symptom onset and initiation of
revascularization with mortality rate increasing from 12% in the initial 12 h to nearly a
100% when there is a delay of more than 48 h**’l. Contrast-enhanced CT (CECT) is the
investigation of choice for diagnosis and exclusion of other causes of acute abdomen.
The presentation can be nonspecific with abdominal pain being the most frequent and
consistent symptom®.

Causes of ischemia are most commonly arterial, either embolic (approxiately 40%-
50% cases) or in situ thrombosis of a vessel with pre-existing luminal narrowing
(approxiately 25%-30%), the latter being more common in the elderly (> 70 years).
Mesenteric venous occlusion as a cause of ischemia is less common (approxiately 5%-
10%), and usually occurs in a much younger population with hypercoagulable states.
Non-occlusive mesenteric ischemia is a condition with diffuse small and large bowel
involvement without identifiable focal stenotic or occlusive vascular pathology usually
occurring in generalised low flow states like cardiogenic or hypovolemic shock™*1.

The role of imaging in mesenteric ischemia is two-fold and includes diagnosis and
prognostication. A systematic approach should be followed including evaluation of
vasculature (assessment of presence and extent of occlusive/partial filling defects,
mural atherosclerotic changes), bowel (for presence of dilation, mural enhancement,
thickening/thinning, pneumatosis), mesentery and additionally signs of perforation
(wall discontinuity, pneumoperitoneum)®-*!.

Mesenteric ischemia has been reported in patients with severe COVID-19 disease
with underlying causative mechanisms including CAC, direct enterocyte infection,
microvascular thrombosis in the gut wall and non-occlusive ischemia™!. Concomitant
arterial and venous mesenteric thrombosis has been reported with COVID-19
diseasel”! (Figure 4A-D). Knowledge of this complication and timely investigation
followed by intervention can help reduce associated mortality from this condition.
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Figure 2 A 61-year-old male with Dural venous thrombosis. A and B: Axial and coronal sections of magnetic resonance imaging brain (T2WI sequence)
show acute hemorrhage (arrow) in right frontal lobe with left sided midline shift; C and D: Magnetic resonance venography sagittal oblique and axial sections show
absent flow related signal in anterior third of superior sagittal sinus suggestive of thrombosis.

Figure 3 A 64-year-old male with aortic mural thrombosis. A and B: Coronal and sagittal sections of arterial phase of contrast-enhanced computed
tomography thorax show pedunculated thrombus in aortic arch suggestive of aortic mural thrombus.

Renal artery

Renal artery thrombosis may be secondary to embolic phenomena or in situ
thrombosis. The most common source of emboli are cardiac, usually secondary to
either structural (valvular abnormalities, cardiomyopathy) or functional abnormalities
(arrhythmias, myocardial infarction) or from the aorta (aneurysms, atherosclerosis). In
situ thrombosis could be secondary to vasculitis, trauma or dissection”. Absence of
these predisposing factors raises the possibility of de-novo thrombosis secondary to
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Figure 4 A 65-year-old female with acute mesenteric ischemia. A: Coronal reformatted image of contrast-enhanced computed tomography (CECT)
abdomen shows filling defects (orange arrow) in ileal branches of superior mesenteric artery suggestive of thrombosis; B: Coronal reformatted image of CECT
abdomen shows occlusion of accompanying tributaries of superior mesenteric vein (SMV) with superior extension of thrombus into the main stem of SMV; C: Axial
CECT image showing dilated small bowel with paper thin wall (long orange arrow), circumferential pneumatosis (dotted orange arrow) and foci of free extraluminal air
(small orange arrow) indicating transmural bowel necrosis with perforation; D: Coronal CECT image showing a bowel segment with absent mural enhancement (solid

orange arrow), and ascites (dotted arrow).
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CAC (Figure 5A and B). The importance of identification of renal artery thrombosis
lies in the fact that it is a treatable cause of renal dysfunction. Indeed because of its
non-specific clinical presentation (most commonly unilateral flank pain) radiologists
play a key role in detection and management which entails anticoagulation measures
and endovascular intervention as indicated.

PERIPHERAL VASCULATURE

Arteries
Peripheral arterial disease (PAD) is characterised by reduced or absent forward flow in
major systemic vessels excluding the cerebrovascular and coronary circulations. It
affects the lower limb arteries more frequently with the most common cause being
atherosclerosis. Other less common causes include thromboembolism, vasculitis,
degenerative and dysplastic conditions of vessel wall. Risk factors for PAD include
diabetes, obesity, hypertension, hyperlipidemia, smoking (strongest association) and a
positive family history. Clinically PAD is classified based on patient presentation into
four categories: Asymptomatic, intermittent claudication, acute and chronic limb
ischemia on the basis of American Heart Association/ American College of Cardiology
guidelines™. Amongst this acute limb ischemia due to any cause is an emergency
since the rapidity of developing occlusion precludes collateral pathway formation,
thereby threatening limb viability. The most common mechanism of acute limb
ischemia is rupture of pre-existing atheromatous plaque with thrombus formation and
vessel occlusion.

CT angiography plays an important role in management by classification of PAD
based on location, lesion length [short (< 5 cm) vs long], degree of luminal narrowing
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Figure 5 A 74-year-old male with renal artery thrombosis. A and B: Axial baseline and oblique coronal reformatted maximum intensity projection images of
arterial phase contrast-enhanced computed tomography images showing hypodense filling defect involving left renal artery from ostium to hilum and its segmental
branches with non-enhancement of left kidney suggestive of left renal artery thrombosis with infarct.
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and status of distal vessels (most important consideration in revascularisation
procedures)t™ (Figure 6A-C). Functional classification (Fontaine/Rutherford) along
with radiological investigations help guide the course of treatment planning between
conservative, endovascular and surgical™!. A retrospective study by Goldman et alt*.
during the pandemic situation (January to April 2020) witnessed an elevated positivity
rate amongst CT angiographic studies performed for claudication symptoms in
COVID-19 patients with a higher clot burden and worse prognosis (higher incidence
of amputation and/or death) in test population when compared with control group.

Deep venous system

A recently published meta-analysis of literature with reference to the prevalence of
deep vein thrombosis and venous thromboembolism in COVID-19 patients estimated
these at approxiately 20% and 30% respectively. Prevalence was higher amongst
patients with a higher BMI, those belonging to an older age group and with a more
severe illness. The prothrombotic state induced by SARS-CoV-2 has led to the question
of whether pulmonary thrombi in this disease originate from peripheral veins or
develop in situ, the significance being the difference in composition and subsequently
choice of anticoagulation. This article brings attention to the requirement of
appropriate screening protocols in all COVID-19 patients. Therapeutic strategies
including choice of anticoagulant, dosage and duration are beyond the scope of this
review.

CONCLUSION

Although SARS-CoV-2 is primarily a respiratory virus, COVID-19 is more of a
systemic illness with multiorgan involvement. Coagulopathy associated with this
condition can affect both arterial and venous systems with catastrophic effects
depending on the site and severity of thrombosis. Many of these phenomena can be
clinically silent or obscure in presentation. Imaging therefore remains the cornerstone
in arriving at the appropriate diagnosis with a potential to alter the course of disease
progression by advocating timely management.
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Figure 6 A 51-year-old male with peripheral arterial disease. A: Coronal oblique reformatted image of contrast-enhanced computed tomography abdomen
shows mall mural thrombus in abdominal aorta (long arrow); and another partially occluding thrombus at right common iliac artery (short arrow) bifurcation extending
into external iliac branch and synchronous complete thrombosis of right internal iliac artery (broad orange arrow); B: Three-dimensional reconstructed image shows
defect in right common iliac artery and complete non visualization of right internal iliac artery; C: Coronal maximum intensity projection image of computed
tomography angiography of bilateral lower limbs shows filling defect in right tibio-peroneal trunk just beyond origin with poor distal reformation (thin arrow), and non-
opacification of mid and distal third of right anterior tibial artery (broad orange arrow).
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Abstract

BACKGROUND

Redundant nerve roots (RNRs) of the cauda equina are often a natural
evolutionary part of lumbar spinal canal stenosis secondary to degenerative
processes characterized by elongated, enlarged, and tortuous nerve roots in the
superior and/or inferior of the stenotic segment. Although magnetic resonance
imaging (MRI) findings have been defined more frequently in recent years, this
condition has been relatively under-recognized in radiological practice. In this
study, lumbar MRI findings of RNRs of the cauda equina were evaluated in spinal
stenosis patients.

AIM
To evaluate RNRs of the cauda equina in spinal stenosis patients.

METHODS

One-hundred and thirty-one patients who underwent lumbar MRI and were
found to have spinal stenosis between March 2010 and February 2019 were
included in the study. On axial T2-weighted images (T2WI), the cross-sectional
area (CSA) of the dural sac was measured at L2-3, L3-4, L4-5, and L5-S1 levels in
the axial plane. CSA levels below 100 mm? were considered stenosis. Elongation,
expansion, and tortuosity in cauda equina fibers in the superior and/ or inferior of
the stenotic segment were evaluated as RNRs. The patients were divided into two
groups: Those with RNRs and those without RNRs. The CSA cut-off value
resulting in RNRs of cauda equina was calculated. Relative length (RL) of RNRs
was calculated by dividing the length of RNRs at mid-sagittal T2ZWI by the height
of the vertebral body superior to the stenosis level. The associations of CSA
leading to RNRs with RL, disc herniation type, and spondylolisthesis were
evaluated.

RESULTS
Fifty-five patients (42%) with spinal stenosis had RNRs of the cauda equina. The
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average CSA was 40.99 £ 12.76 mm? in patients with RNRs of the cauda equina
and 66.83 + 19.32 mm? in patients without RNRs. A significant difference was
found between the two groups for CSA values (P < 0.001). Using a cut-off value of
55.22 mm?* for RNRs of the cauda equina, sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) values of 96.4%,
96.1%, 89.4%, and 98.7% were obtained, respectively. RL was 3.39 £ 1.31 (range:
0.93-6.01). When the extension of RNRs into the superior and/or inferior of the
spinal canal stenosis level was evaluated, it was superior in 54.5%, both superior
and inferior in 32.8%, and inferior in 12.7%. At stenosis levels leading to RNRs of
the cauda equina, 29 disc herniations with soft margins and 26 with sharp
margins were detected. Disc herniation type and spondylolisthesis had no
significant relationship with RL or CSA of the dural sac with stenotic levels (P >
0.05). As the CSA of the dural sac decreased, the incidence of RNRs observed at
the superior of the stenosis level increased (P < 0.001).

CONCLUSION

RNRs of the cauda equina are frequently observed in patients with spinal stenosis.
When the CSA of the dural sac is < 55 mm? lumbar MRIs should be carefully
examined for this condition.

Key Words: Cauda equina; Dural sac; Lumbar spine; Magnetic resonance imaging;
Redundant nerve roots; Spinal stenosis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, magnetic resonance imaging findings of redundant nerve roots
(RNRs) of the cauda equina were evaluated in patients with lumbar stenosis. The
stenotic segment cross-sectional area (CSA) cut-off value that could lead to RNRs of
the cauda equina was detected as 55.22 mm?®. In patients with RNRs of the cauda
equina, the average CSA was significantly lower than in patients who did not have
RNRs. Disc herniation type and spondylolisthesis were not significantly associated
with the relative length or CSA of the dural sac. It was found that the incidence of
RNRs observed at the superior of the stenosis level increased as the CSA decreased.

Citation: Gokce E, Beyhan M. Magnetic resonance imaging findings of redundant nerve roots of
the cauda equina. World J Radiol 2021; 13(1): 29-39

URL: https://www.wjgnet.com/1949-8470/full/v13/i1/29.htm

DOI: https://dx.doi.org/10.4329/wjr.v13.i1.29

INTRODUCTION

The term redundant nerve roots (RNRs) of the cauda equina was first used by
Cresmann and Pawl'. It is a condition in which nerve roots of the cauda equina have
accompanying tortuosity and elongation and it develops secondary to spinal stenosis.
It is not a new or separate disease but often a natural evolutionary part of lumbar
spinal canal stenosis secondary to degenerative processes!’. The developmental
mechanism of this non-congenital elongated nerve root is probably the trapping of the
nerve root at the level of stenosis. The most common symptoms in RNRs of the cauda
equina are pain in the lower back and legl. It has been reported that in patients with
RNRs of the cauda equina, leg pain, paresthesia, and difficulty in walking are more
pronounced than in patients with lumbar stenosis without RNRs and that they derive
limited benefit from decompression surgery!*. Radiologically, RNRs of the cauda
equina were initially defined as serpiginous filling defects due to partial or total
stenosis that prevents the passage of contrast material on myelography. Along with
the increasing use of magnetic resonance imaging (MRI) for imaging the spinal canal,
it is now predominantly considered as an MRI finding?**"'“l. However, this condition
has been relatively underrecognized in radiological practice®. The aim of the present
study was to evaluate the imaging findings of RNRs of the cauda equina detected on
the lumbar MRI of spinal stenosis patients.
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MATERIALS AND METHODS

The reports of 7424 patients in the picture archive and communication system (PACS)
(SECTRA IDS7 PACS, Sweden) who underwent lumbar MRI in our hospital for
various reasons between March 2010 and February 2019 were retrospectively
examined for the expression “spinal stenosis”. One hundred and sixty-seven patients
who were found to have the term "spinal stenosis" in lumbar MRI reports in PACS
were examined for the presence of RNRs. One hundred and thirteen (67.7%) of these
patients were female and 54 (32.3%) were male. The mean age was 60.7 + 11.3 years
(range 28-90). Sixty (35.9%) patients had low back pain, 54 (32.3%) had back and leg
pain, 21 (12.6%) had leg pain, 13 (7.8%) had both low back and leg pain and
claudication, nine (5.4%) had low back pain and claudication, eight (4.8%) had
claudication and two (1.2%) had leg pain and claudication. Until 2017, MRI
examinations were carried out using an 8-channel 1.5 T MRI machine (GE Signa Excite
HD; GE Healthcare, Milwaukee, United States). A 16-channel 1.5 T MRI machine (GE
Signa Explorer SV 25; GE Healthcare, Milwaukee, United States,) was used after 2017.
A phased array spine coil was used on the lumbar MRI. Sequences and parameters
obtained on lumbar MRI examinations were, respectively: sagittal plane T2-weighted
(T2W) fast spin echo (FSE) sequences (TR: 3008 ms, TE: 91.9 ms, NEX: 2, slice
thickness: 4 mm, gap distance: 1 mm, FOV: 29 cm, matrix: 320 x 224); sagittal plane
T1W FSE sequences (TR: 602 ms, TE: 8.7 ms, NEX: 1.5, slice thickness: 4 mm, gap
distance: 1 mm, FOV: 29 cm, matrix: 320 x 224); axial plane T2W (TR: 4647 ms, TE: 91.8
ms, NEX: 2, slice thickness: 4 mm, gap distance: 1 mm, FOV: 18 cm, matrix: 320 x 192).
In those patients with spinal stenosis on lumbar MRI, the presence of RNRs was
evaluated with consensus by two radiologists with 14 (E.G.) and eight (M.B.) years of
work experience. Thirty-six patients with a history of craniospinal operations or
spondylodiscitis and whose lumbar MRI examination was not of optimal image
quality were excluded from the study. The number of patients not included in this
study and the reasons for exclusion are shown in Table 1.

Radiological evaluation

Elongation, expansion, and tortuosity in the stenotic segment superior and/or inferior
of the cauda equina fibers on lumbar MRI were evaluated as RNRs of the cauda equina
(Figure TA). On T2W axial images in the PACS system, cross-sectional area (CSA) of
the dural sac was manually drawn and measured at the narrowest section at L2-3, L3-
4, 1L4-5, and L5-S1 intervertebral disc space levels in each patient (Figure 1B). Patients
with CSAs under 100 mm? at any of these spinal levels were considered to have spinal
stenosis. Patients were divided into two groups: Those with stenosis and RNRs of the
cauda equina and those with stenosis but without RNRs. In patients with spinal
stenosis and RNRs at multiple levels, the narrowest CSA of the dural sac level was
considered to be the level leading to RNRs of the cauda equina. Stenosis levels
resulting in RNRs of the cauda equina and whether the RNRs were inferior or superior
to the stenosis level were evaluated (Figures 1-3). On the T2W mid-sagittal MR image,
relative length (RL) of RNRs was calculated by dividing the distance from the
maximum stenosis level to the farthest level where redundant roots could be observed
by the height of the vertebrae body superior to the stenosis level (Figure 3B). The
association between the localization of RL and RNRs according to the stenotic segment
and CSA of the dural sac was examined. On sagittal plane MR images of the patients
with RNRs of the cauda equina, the disc herniation type was classified based on
Poureisa et al'l study’s as soft margin when the disc causing stenosis in the
intervertebral disc space on the midsagittal image was indented into the dural sac with
a wide angle, while it was classified as sharp margin when it was indented with an
acute angle (Figure 4). In patients with RNRs of the cauda equina, the presence of
spondylolisthesis and its association with the CSA of the dural sac were investigated.

Ethical considerations

The study was approved by the Ethics Committee of the Tokat Gaziosmanpasa
University Medical School (No: 19-KAEK-099).

Statistical analyses

Data for continuous variables are shown as mean and standard deviation, whereas
data for categorical variables are expressed as frequency and percentage. Independent
samples t-test or one-way ANOVA test were used to compare the variable means
between/among the groups. Receiver operating characteristic (ROC) analysis was
employed to determine the power of CSA of the dural sac of stenotic segments in
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Table 1 Number of patients and reasons for their exclusion from the study

The reason for exclusion n
Spinal or cranial surgery history 29
Poor image quality 3
Spondylodiscitis 2
Spinal metastasis 1
Stenosis due to synovial cyst 1
Total 36

Figure 1 Seventy-one-year-old female patient with lumbar spondylosis. A: Redundant nerve roots (arrows) secondary to the stenosis at both the
superior and inferior of the stenosis at the L2-L3 level, which are more prominent at the superior, are shown; B: On the axial T2-weighted image, the cross-sectional
area of the dural sac was 41.60 mm?at the stenosis level (L2-L3).

Figure 2 Seventy-one-year-old male patient with lumbar spondylosis. A: On the sagittal T2-weighted image, redundant nerve roots (arrows) secondary
to the stenosis at L2-L3 level are shown at the inferior of stenosis level; B: On the axial T2-weighted image passing through L2-L3 intervertebral disc space level,
marked stenosis due to ligamentum flavum and facet joint hypertrophy and disc herniation (cross-sectional area was 41.33 mm?) are shown.

predicting RNRs of the cauda equina. P values < 0.05 were considered significant.

Analyses were performed using SPSS 22.0 (Chicago, IL, United States).
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Figure 3 Forty-seven-year-old female patient with lumbar spondylosis. A: On the sagittal T2-weighted image, redundant nerve roots at the superior of
the stenosis level secondary to the stenosis at the L3-L4 intervertebral disc space (arrows) are shown; B: Relative length was calculated by dividing the length of
redundant nerve roots (thick arrow) by the vertebra height at the superior of stenosis level (thin arrow).

Figure 4 Soft and sharp margin types of disc herniation into the dural sac. A: On the sagittal T2-weighted image, soft margin disc herniation at the
level of L3-L4 intervertebral disc space and redundant nerve roots at the inferior of the stenosis are shown; B: The axial T2-weighted images of soft margin disc
herniation are shown; C: On the sagittal T2-weighted image, sharp margin disc herniation at the L3-L4 intervertebral disc space and redundant nerve roots at its
superior are shown; D: Axial T2-weighted image of sharp disc herniation is shown.

RESULTS

On lumbar MRI examination of the 131 patients (90 females and 41 males) included in
the study, central spinal canal stenosis was detected at one or more levels. In 76 of
these patients (58.0%), cauda equina fibers were found with normal appearance, while
55 (42.0%) were found to have RNRs of the cauda equina. The mean age of patients
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with RNRs of the cauda equina was 62.38 + 10.37 years (range: 37-80), while patients
without RNRs had an average age of 59.26 + 10.97 years (range: 40-90). There was no
significant difference in average age between the patients with RNRs of the cauda
equina and the spinal stenosis patients without RNRs (P = 0.103). CSA ranged from
14.94 to 77.83 mm? (mean 40.99 + 12.76) in patients with RNRs of the cauda equina and
from 17.57 to 99.22 mm? (mean 66.83 + 19.32) in the stenosis group without RNRs. The
difference in CSA values between the two groups was significant (P < 0.001). CSAs of
dural sacs according to disc space levels in the stenotic patients without RNRs and
stenotic patients with RNRs of the cauda equina are shown in Table 2. Using a cut-off
value of < 55.22 mm? based on ROC analysis for CSA of the dural sac that could lead to
RNRs of the cauda equina in stenotic segments, the area under the curve (AUC) was
0.96, sensitivity was 0.92, and specificity was 0.91, while the positive predictive value
was 0.88 and the negative predictive value was 0.94 (P < 0.001) (Figure 5).

RL of RNRs varied from 0.93 to 6.01 (mean: 3.39 £ 1.31). In terms of the extension of
RNRs to superior and/or inferior spinal canal stenosis levels, 30 patients (54.5%) had
superior, 18 patients (32.8%) had both superior and inferior, and seven patients (12.7%)
had inferior extension only. As CSA decreased at the level of stenosis in the spinal
canal (i.e., as stenosis became apparent), the RNRs were more prevalently observed at
the superior of the stenosis level (P < 0.001). RL of RNRs increased significantly in
redundant roots extending to both superior and inferior compared to those extending
only to superior or inferior (P < 0.001). However, there was no significant relationship
between CSA values and RL that led to the cauda equina (P = 0.305). Table 3 shows the
statistical relationship of the localization level (superior, inferior, and both superior
and inferior) of RNRs with RL and CSA measurements of the dural sac at extension
levels of RNRs.

There were 29 disc herniations of soft margins and 26 disc herniations of sharp
margins to the dural sac at the RNRs of the cauda equina levels. Disc herniation types
were not significantly associated with CSAs or RL of RNRs of the cauda equina. The
relationships of the disc herniation type at the stenosis levels causing RNRs with the
CSAs and RL of the RNRs of the cauda equina are shown in Table 4. Spondylolisthesis
was detected in 12 patients with RNRs of the cauda equina. However, these
spondylolistheses were not significantly associated with CSA of the dural sac in
patients with RNRs of the cauda equina (P = 0.280).

DISCUSSION

RNRs of the cauda equina are characterized by the presence of enlarged, elongated,
and tortuous nerve roots at the subarachnoid distance adjacent to the stenosis area of
the spinal canall-'l. Redundancy of nerve roots is probably a pathological consequence
of chronic pressure force at the spinal canal stenosis zone level®’. Basic pathological
findings in patients with RNRs of the cauda equina are demyelination, damage to and
reduction in the number of nerve fibers, and the proliferation of Schwann cells and
endoneural fibrosis*”'"). In the study by Savarese ef al'*}, the CSA cut-off value that led
to RNRs of the cauda equina was found to be 55 mm?. In our study, the cut-off value
for the CSA of the dural sac leading to RNRs of the cauda equina (55.22 mm?) was very
close to the reported value in that study. RNRs could also be observed as inferior or
superior to the stenosis level but were usually superior to the spinal canal stenosis
level. Kawasaki et all' found that RNRs were superior to the stenosis level in all cases.
Poureisa et all"'], on the other hand, reported that in 84% of cases RNRs were superior
to the stenosis level, while in 16% they were inferior to the stenosis. In the present
study, 54.5% of RNRs were superior to the stenosis level, while in 12.7% of cases RNRs
were inferior to the stenosis level and 32.8% of the cases had both configurations. The
different results in previous studies in terms of the localizations of the RNRs could be
due to the differences in study populations. Similar to the study by Poureisa et al'"'!, we
observed a significant relationship between the stenosis level in the spinal canal and
the frequency of RNRs superior to the level of stenosis. In addition, similar to Poureisa
et al"!l, the degree of stenosis in the spinal canal was not associated with the RL of
RNRs. The data in the literature and the findings of our study indicate that the
frequency of RNRs superior to the stenosis was associated with the degree of stenosis.
This suggested that RNRs develop more easily with the fixation of nerve roots
between the narrow segment and conus medullaris due to limitation of the nerve roots
by conus medullaris in the superior direction.

Poureisa et al"'! investigated the relationship between the RNRs of the cauda equina
and the disc herniation with soft or sharp configuration into the dural sac and found
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Table 2 Cross-sectional areas of the dural sac at lumbar intervertebral disc levels in patients with spinal stenosis without redundant

nerve roots and with redundant nerve roots of the cauda equina on lumbar magnetic resonance imaging

Intervertebral discal Cross-sectional area without redundant nerve roots of  Cross-sectional area with redundant nerve roots of
space levels the cauda equina, mean % SD dev (range) mm? the cauda equina, mean % SD dev (range) mm?
L2-L3 130.85 + 38.56 (48.68-240.56) 93.84 + 34.63 (39.40-194.50)

L3-L4 100.90 + 31.50 (38.86-176.00) 68.87 + 31.23 (25.42-164.59)

L4-L5 78.92 + 22.69 (21.03-126.02) 61.05 + 35.76 (14.94-163.92)

L5-51 102.56 + 43.27 (17.57-251.53) 97.11 +41.90 (15.05-211.13)

SD: Standard deviation.

Table 3 Association of localization level of redundant nerve roots with relative length of redundant nerve roots and cross-sectional area

Localization level of redundant nerve roots

Inferior (1=7), mean%  Superior (n=30), mean% Inferior + Superior (n=18), mean P value

SD SD SD
Relative length of redundant nerve 2,07 £ 0.67 (a)" 2.95+1.09 (a) 4.66 +0.73 (b) <0.001
roots
Cross sectional area (mm?) 49.27 £8.06 (a) 35.61 £9.78 (b) 46.77 £14.73 (a) 0.001

1One-way ANOVA test was used for statistical comparisons. The means with the same letters (a or b) in the same line are not significantly different. SD:

Standard deviation.

Table 4 The relationships between the disc herniation type at the stenosis levels causing redundant nerve roots, the relative length of

redundant nerve roots, and the cross-sectional area of the dural sac of redundant nerve roots of the cauda equina

Type of disc herniation

P value
Soft margin (n = 29), mean £ SD Sharp margin (n = 26), mean * SD
Relative length of RNRs 33+1.42 35+1.2 0.562
CSA of RNRs of the cauda equina (mm?)  39.62 + 12.02 42.54 +13.62 0.401

RNRs: Redundant nerve roots; CSA: Cross-sectional area of dural sac; SD: Standard deviation.

JBaishideng®

that 85.3% of the cases with RNRs of the cauda equina had sharp margin type disc
herniation, and this association was significant. However, only 47.3% of patients with
RNRs of the cauda equina in the present study had sharp margin type herniation and
the type of disc herniation was not significantly associated with CSAs and RL of RNRs
of the cauda equina. Due to these contradictory results, it would be beneficial to carry
out further studies with broader series.

In recent years, MRI findings of RNRs of the cauda equina have been identified and
the frequency of RNRs of the cauda equina in patients with lumbar canal stenosis was
reported to be in the range of 33.8%-69.3%, while a frequency of 8.2% was reported in
elderly Japanese cadavers®*>'*""’I In our study, the frequency of RNRs of the cauda
equina was 42.0% in 131 patients with lumbar spinal stenosis, and this rate was within
the limits specified in the literature.

In an anatomical study carried out by Suzuki et all'”}, RNRs were observed in fibers
passing through the spinal canal stenosis area but no redundancy was found in roots
not passing through that area. Demyelination and axonal loss are thought to be the
results of constant mechanical compression of nerve roots trapped in the spinal
stenosis areal'’l. Suzuki et al'"’! examined the topographic distribution of levels where
RNRs of the cauda equina were observed and found that 33.3% were at S1 level, 33.3%
at S2 level, 16% at L5, and 17.3% were inferior to S2 roots. Min et al'¥, on the other
hand, reported that RNRs of the cauda equina were most commonly observed at L4-L5
(78.2%) followed by L3-L4 levels (17.4%). In contrast, Poureisa et al' reported L3-L4
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level as the most common localization for RNRs of the cauda equina (38.7%) followed
by L2-L3 level (30.7%). Similar to Min ef al}, RNRs of the cauda equina were most
common at the L4-L5 level with 45.4% and at the L3-L4 level with 32.7% in the present
study. Different frequencies of RNRs of the cauda equina at different levels of
intervertebral disc spaces in the literature could reflect the ethnic structural differences
in the study populations.

In a study based on the RL of RNRs measurements on the midsagittal image on
sagittal lumbar MR images, a statistically significant relationship was reported
between the length of the affected nerve roots and clinical findings”. RL of RNRs was
also calculated in the present study, but its relationship with clinical findings could not
be evaluated as our study was based solely on radiological findings.

There is also a study in the literature that assessed the relationship between
spondylolisthesis and RNRs of the cauda equina”l. In that study, Savarese et all'! found
that spondylolisthesis increases the risk of cauda equina and is an independent risk
factor for RNRs of the cauda equina. Nevertheless, no significant relationship was
determined between spondylolisthesis and RNRs of the cauda equina in the present
study. Therefore, it might be useful to perform large series studies that explore the
relationship between spondylolisthesis and RINRs.

Suzuki et al'"! found that patients with RNRs of the cauda equina are more likely to
be older, have longer symptom duration, and have more intense neurological findings
and symptoms compared to patients with spinal canal stenosis without RNRs.
Similarly, Min ef al'! and Poureisa et all'! reported that patients with RNRs of the
cauda equina were significantly older. Min ef al” found no difference between the
patients with and without RNRs of the cauda equina in terms of the duration of
symptoms. However, they noted that better postoperative results were achieved in the
patient group without RNRs!’.. Similarly, the average age of patients with RNRs of the
cauda equina was higher than the patients without RNRs, but the difference was not
significant.

In patients with RNRs of the cauda equina, serpentine-shaped lesions and/or loop-
shaped lesions that cause filling defects are observed on conventional myelography. In
their studies, Ono et all’! found that in 97.6% of loop-shaped lesions detected on
conventional myelography, positive findings were found on MRI examination, while
only 23.5% of the serpentine-shaped lesions turned out to have positive findings on
MRI. Serpiginous filling defects on myelography have been defined in dural or
intradural arteriovenous malformations (AVM), and they constitute one of the
important differential diagnoses!>'!. Although less frequently, plexiform neurofibroma
or neurinoma can also lead to thickening and redundancy in nerve roots. Diseases
such as arachnoiditis, chronic inflammatory demyelinating polyneuropathy, and some
hereditary neuropathies can lead to hypertrophic neuropathy, but no relationship was
reported between such entities and the serpiginous nerve roots of the cauda equina.

RNRs of the cauda equina should be considered first in the presence of enlarged,
elongated, and tortuous or serpiginous nerve roots, which do not contain prominent
pathological signals on MRI in the area adjacent to lumbar spinal canal stenosis in
patients with spondyloarthrosis*‘l. However, it is essential to distinguish between
AVM and arteriovenous fistula (AVF) on MRL In AVM or AVF, intradural serpiginous

January 28,2021 | Volume13 | Issuel |



Jaishideng®

Gokge E et al. MRI of RNS of cauda equina

veins and coronal venous plexus ectasia are generally observed on MRI. AVMs may
appear with signs of subarachnoid hemorrhage or medullary ischemia on
imaging”*'. On MRI of dural AVFs, abnormal signals are usually observed in the
spinal cord on the T2W series. Another important MRI finding in most patients with
AVF is excessive contrast-enhancement of coronal venous plexus on contrast-
enhanced series!>'.

RNRs of the cauda equina are typically associated with spinal canal stenosis, and
clinically neurological claudication is observed in the patient”. However, the literature
has controversial findings on the association of RNRs of the cauda equina with the
clinic and its treatment®”'**?l. Some authors noted that since the damage to affected
nerve roots is irreversible, neurological healing cannot be achieved and decompressive
surgery will not contribute to recovery®”’'l. It was reported that the decline of stenosis
symptoms after surgical decompression was rare in patients with typical RNRs of the
cauda equina and that complaints of dysesthesia and paresthesia often persisted™".
However, a recent study reported that intermittent claudication disappeared in all
patients after decompression surgery!?. Ono et all’! mentioned that the severity of the
disease was greater in patients for whom RNRs of the cauda equine were diagnosed
with MRI compared to those for whom the diagnosis was made clinically only and
that this difference negatively affected surgical outcomes. Kawasaki ef al'”, on the
other hand, reported that in 84% of patients undergoing surgical decompression, MRI
findings of RNRs of the cauda equina disappeared two weeks later.

The present study has some limitations. The first is that the radiological and clinical
findings of the patients cannot be correlated due to the retrospective and radiological
basis of the study. As the examination of the patient during MRI is performed in a
neutral position, it was reported that spinal stenosis patients could get over the disease
in cases of mild intensity*”l. The second limitation was that lumbar MRI examinations
performed in the supine (neutral) position rather than standing or axial loading might
have led to lower stenosis measurements than the actual degree of stenosis. A third
limitation was that since the narrowest level of CSA of the dural sac level was
considered the level that caused RNRs of the cauda equina in patients with multiple
levels of spinal stenosis, the effects of the narrow segments at other levels had to be

ignored.

CONCLUSION

In conclusion, the present study showed that RNRs of the cauda equina are not
uncommon in patients with lumbar spinal canal stenosis. RNRs of the cauda equina
are frequently observed in the superior of the stenosis level but can also be observed in
both inferior and superior, and less frequently in inferior localizations only. Patients
who undergo lumbar MRI and are found to have dural sac CSA of 55 mm? or lower
should be carefully evaluated for RNRs of the cauda equina, and when present, the
findings of the RNRs of the cauda equina should definitely be reported.

ARTICLE HIGHLIGHTS

Research background

Redundant nerve roots (RNRs) of the cauda equina are often defined as the
development of elongated, enlarged, and tortuous nerve roots at the superior and/or
inferior of the lumbar canal stenosis and as secondary to it due to degenerative
processes. Clinically, they can lead to lower back and leg pain, paresthesia, and
neurogenic claudication in patients.

Research motivation

The radiological diagnosis of RNRs of the cauda equina was previously made with
conventional myelography, while magnetic resonance imaging (MRI) findings have
been more commonly defined in recent years. Nevertheless, this condition has been
relatively under-recognized in radiological practice. Therefore, there is a need to keep
this issue on the agenda by discussing it in light of the literature.

Research objectives
In this study, lumbar MRI findings of RNRs of the cauda equina were evaluated in
spinal stenosis patients. Cross-sectional area (CSA) of the dural sac at the stenosis level
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that could lead to RNRs of the cauda equina and how the cauda equina nerve roots are
affected by this stenosis (redundant segment length and extensions, efc.) were
investigated.

Research methods

On lumbar MRI of patients with stenosis, dural sac CSA levels of less than 100 mm? at
the intervertebral disc space were considered stenosis, and levels leading to lumbar
stenosis were determined. Statistical differences between the CSA levels that led to
RNRs of the cauda equina and those that did not lead to RNRs were investigated.
Relative length (RL) was calculated by dividing the length of RNRs on sagittal T2-
weighted images by the vertebrae corpus height adjacent to the stenotic segment
superior. The relationships of herniation type into the dural sac (soft or sharp margins)
and spondylolisthesis with CSA and RL were investigated.

Research results

RNRs of the cauda equina were observed in 42% of patients with spinal stenosis. Mean
CSA was 40.99 £ 12.76 mm? in patients with RNRs of the cauda equina and 66.83 +
19.32 mm? in patients without RNRs (P < 0.001). Using a cut-off value of 55.22 mm? for
CSA leading to RNRs of the cauda equina, the sensitivity was 96.4%, specificity 96.1%,
positive predictive value (PPV) 89.4%, and negative predictive value (NPV) 98.7%. RL
varied from 0.93 to 6.01 (mean: 3.39 + 1.31). Of all RNRs, 54.5% were at the superior of
stenosis level, 32.8% at both superior and inferior of stenosis level, and 7% at inferior
of stenosis. Soft margin disc type was observed in 29 and sharp margin type was
found in 26 of the disc herniations at the stenosis levels that led to RNRs of the cauda
equina. Disc herniation type and spondylolisthesis were not significantly associated
with RL or CSA of the dural sac with stenotic levels (P > 0.05). As the CSA of the dural
sac decreased, the frequency of RNRs at the superior of the stenosis level increased (P
<0.001).

Research conclusions

RNRs of the cauda equina are not uncommon in patients with lumbar spinal canal
stenosis. Although RNRs of the cauda equina are frequently observed at the superior
of stenosis level, a considerable percentage of them can also be found at both superior
and inferior, and at a lower rate at the inferior localization. The possibility of RNRs of
the cauda equina is high in patients with dural sac CSA of 55 mm? or less.

Research perspectives

Although clinical and treatment outcomes are controversial, lumbar stenosis patients
with marked reductions in CSA of the dural sac on MRI should be carefully evaluated
for RNRs of the cauda equina. In these patients, tortuosity, elongation, and extension
findings indicating redundancy in nerve roots should be reported as this could
contribute to efficient treatment of the patients.
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