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Abstract: There is limited long‑term evidence on the effects of COVID‑19 on vascular injury between
male and female sex. An adult cohort of COVID‑19 survivors (COVID+) and confirmed SARS‑CoV‑
2 antibody‑negative participants (COVID‑) were prospectively enrolled. COVID+ participants who
have documented the presence of persistent symptoms four weeks following infection were con‑
sidered to have post‑acute sequelae of COVID‑19 (PASC). Non‑invasive, FDA‑approved EndoPAT
(Endo‑PAT2000) was used for endothelial assessment. COVID‑(n = 94) were 1:1 propensity score
matched to COVID+ (n = 151) on baseline covariates including sex. Among COVID+, 66.2% (n = 100)
had PASC. Higher levels of coagulation marker, D‑dimer (p = 0.001), and gut permeability marker,
zonulin (p = 0.001), were associated with female sex. Estimated differences in augmentation index
(AI) between COVID− (0.9± 17.2) and COVID+ (8.4± 15.7; p = 0.001) and between female andmale
sex (12.9± 1.9; p < .0001) were observed. AmongCOVID+with PASC, the averageAI (10.5± 1.6) was
9.7 units higher than COVID− (p < .0001) and 6.2 units higher compared to COVID+ with no PASC
(p = 0.03). COVID+ PASC+ female sex had the highest AI (14.3 ± 1.9). The effects of SARS‑CoV‑2
infection on vascular function varies across strata of sex and female sex in the post‑acute phase of
COVID‑19 have the worse arterial elasticity (highest AI).

Keywords: COVID‑19; long COVID; PASC; endothelial dysfunction; arterial stiffness; effect
modification; sex differences

1. Introduction
Sex differences in COVID‑19 disease susceptibility and severity have been observed,

notwithstanding similar infection rates between male and female sex [1]. Male sex have a
higher risk of SARS‑CoV‑2 infection, is a risk factor for acute COVID disease severity, and
have 1.7 times higher risk of death compared to female sex [2–4]. Long‑term outcomes
have been observed more frequently in female sex, independent of acute COVID severity,
and female sex aremore likely to suffer from ongoing fatigue, anxiety, and depression [5,6].
Despite evidence of biological differences in response to COVID morbidity and mortality
between male and female sex, sex as a potential effect modifier is rarely discussed.

COVID‑19 is characterized by hyperinflammation and dysregulated immune
response and has been associatedwith poor cardiovascular outcomes [7,8]. The high levels
of cytokines and increased angiotensin‑converting enzyme 2 (ACE‑2) expression observed
among acute COVID‑infected survivors are known to affect cardiovascular systems [9,10].
Damage to the vascular endothelium, which is prolifically evident in SARS‑CoV‑2 infec‑
tions, [11] is known to increase the risk of incident cardiovascular disease (CVD) although
the rate of vascular injury depends on sex [12,13]. CVD is the number one cause of death
for men and women, yet women experience two times higher burden of heart failure and
coronary microvascular dysfunction [14].
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Risk factors such as older age, hypertension, diabetes, obesity, and smoking that are
associated with COVID‑19 disease are known to affect arterial distensibility. The overlap‑
ping risk factors between COVID‑19 disease and endothelial dysfunction may have a bio‑
logical basis and a shared phenotype. This association suggests that the underlying mech‑
anisms are heterogenous. The purpose of our study was to assess the effect of COVID‑19
on endothelial function and arterial stiffness and determinewhether those differences vary
across strata of sex. Understanding the effects of SARS‑CoV‑2 infection between male and
female sex on vascular function will provide the opportunity to identify high risk groups
and develop sex‑specific therapies.

2. Materials and Methods
An adult cohort (age ≥ 18 years) was prospectively enrolled at University Hospitals

Cleveland Medical Center, Cleveland, Ohio, between January 2020 and January 2021. Par‑
ticipants were either SARS‑CoV‑2 antibody‑negativewith no prior history of COVID‑19 in‑
fection, suggestive symptoms, or acute respiratory illness since December 2019 (COVID‑)
or COVID‑19 survivorswith a documented history of COVID‑infection regardless of sever‑
ity of the initial illness (COVID+). Among COVID+, participants with symptoms that per‑
sisted four weeks or more following the infection were considered to have post‑acute se‑
quelae of COVID‑19 (COVID+ PASC+). Although viral genomes of COVID‑infected study
participants were not sequenced to identify which variant was prevalent, the predominant
variants during our study period included the wildtype strain (early 2020), D614G variant
(mid‑to‑late 2020), and the alpha variant (B.1.1.7) from late 2020 to early 2021.

Following consent, a detailed review of participant’s medical history was obtained by
a trained clinician that included co‑morbidities, clinical diagnoses, andCOVID‑19 infection
date. Body mass index (BMI) was derived from measured height and weight and fasting
(12 h fast) blood samples were obtained for measurements of lipids and biomarkers us‑
ing enzyme‑linked immunosorbent assay (ELISA). Biomarkers included the inflammation
marker, high‑sensitivity C‑reactive protein (hs‑CRP) and oxidized low‑density lipoprotein
(oxLDL) using the relevant kits (Upsala, Mercodia, Sweden), the coagulation marker D‑
dimer (Diagnostica Stago, Parsippany, NJ, USA), and a knownmarker of gut permeability,
zonulin‑1 (Promocell, Germany).

Non‑invasive, FDA‑approved EndoPAT (Endo‑PAT2000) was used for endothelial as‑
sessment by post‑occlusive reactive hyperemia arterial tonometry (RH‑PAT). Arterial elas‑
ticity was measured by Augmentation Index (higher AI = worse arterial stiffness) and stan‑
dardized to 75 heart beats per minute (AI@75). Endothelial function was measured by
Reactive Hyperemia Index (RHI) where RHI ≥ 1.67 was considered normal. Prior to en‑
dothelial assessment, participants were asked to fast from food and vitamin intake (in‑
cluding caffeine), aerobic activity, and tobacco use 12 h prior to assessment with no use of
vasodilatormedications 4 h prior to assessment. Additional details on EndoPat assessment
are described in Appendix A.

Statistical Methods
A 1:1 propensity score matched (PSM) sample from the observed data of uninfected

controls were matched to cases of confirmed COVID‑survivors on observed baseline co‑
variates that included age, sex, race, BMI, smoking status, hypertension, anddiabetes using
matching with replacement. Each COVID+ participant’s propensity score was randomly
matched to the same sex among COVID− if the difference in the logits of the propen‑
sity score were ≤0.2. Covariate balance and bias reduction was assessed using the stan‑
dardized difference ((100*(µ(COVID) − (µ(controls))))⁄

√
(((〖SD〗^2 (COVID)+〖SD〗^2

(controls))/2)). Baseline characteristics of study participants were summarized as mean ±
standard deviation (SD), median and interquartile range (IQR), or frequency (n) and per‑
centage (%). Differences between groups were computed using Wilcoxon rank sum for
continuous measures and Chi‑squared or Fisher’s test for categorical variables.
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Logistic regression was used to assess risk factors associated with female sex and gen‑
eralized linearmixedmodelswere used to estimate the stratum‑specific effect of COVIDon
endothelial function (RHI) and arterial elasticity (AI) across strata of sex. Adjustedmodels
included age, sex, race, systolic blood pressure, lipids, body mass index (BMI), smoking
status, and having either pre‑existing hypertension or diabetes. All analyses were con‑
ducted using SAS 9.4 (SAS Inc., Cary, NC, USA) and p‑values less than alpha < 0.05 were
considered statistically significant.

3. Results
3.1. Characteristics

In our sample (Table 1), 151 (n = 61.6%) participants were COVID+ and 94 (38.4%)
were COVID−. The average age among COVID+ was 5 years older compared to COVID−
(45.9 vs. 40.9 years; p = 0.01) and both groups had similar BMIs (29 kg/m2; p = 0.6). The pro‑
portion of female sex, non‑white race, and participants with hypertension or diabetes at
baseline, taking angiotensin converting enzyme inhibitors or angiotensin receptor block‑
ers, or statins were similar (p > 0.05) between the groups. Among COVID‑19 survivors,
the median number of days since COVID diagnosis was 249 (IQR: 139.0, 510.0) and 66.2%
(n = 100) had PASC. More than half (n = 53) of COVID+ PASC+ experienced at least seven
persistent symptoms attributable to long COVID. Fatigue (being very tired; n = 65), prob‑
lems thinking or concentrating (brain fog; n = 64), pain in any part of your body (n = 54),
problems with anxiety, depression, stress, or trauma‑related symptoms like nightmares or
grief (n = 52), and post‑exertional malaise (symptoms worse after even minor physical or
mental effort; n = 49) were the most commonly reported symptoms.

Table 1. Characteristics of Participants by COVID‑19 Status *.

COVID+ (n = 151) COVID− (n = 94)
p‑Value

n (%) or Median (IQR)/Mean ± Std

Demographics
Age (years) 45.9 ± 13.4 40.9 ± 14.2 0.01
Sex (Female) 86 (56.9) 47 (50.0) 0.3
Non‑white Race * 46 (30.5) 36 (38.3) 0.2
BMI (kg/m2) 29.9 ± 6.4 29.3 ± 5.6 0.6
Current Smoker (Yes) 26 (17.2) 28 (29.8) 0.02
Hypertension at Baseline (Yes) 33 (21.9) 13 (13.8) 0.1
Diabetes at Baseline (yes) 8 (5.3) 4 (4.3) 0.7
Number of days since COVID‑19
Diagnosis 249.0 (139.0, 510.0) ‑‑ ‑‑

Total Number of self‑reported PASC
Symptoms **

1 to 6 47 (31.1) ‑‑ ‑‑
≥7 53 (35.1) ‑‑ ‑‑

Current Medications
ACE or ARB (Yes) *** 13 (8.6) 7 (2.9) 0.7
Beta Blocker (Yes) 6 (3.9) 0 0.08
Statin (Yes) 8 (5.3) 9 (9.6) 0.2

Laboratory Data
Cholesterol (mg/dL) 180.8 ± 33.9 176.2 ± 33.8 0.3
non‑HDL (mg/dL) **** 127.8 ± 36.2 126.5 ± 39.5 0.5
Triglycerides (mg/dL) 119.3 ± 70.8 126.3 ± 129.9 0.7

Biomarkers
Coagulation; D‑dimer (ng/mL) 415.6 (257.3, 617.1) 358.3 (204.0, 584.5) 0.2
OxLDL ***** 76.6 ± 32.1 53.9 ± 24.9 <.0001
Inflammation; hs‑CRP (ng/mL) 2792.9 (1193.2, 7241.8) 2595.6 (818.5, 7525.1) 0.3
Gut permeability; Zonulin (mg/mL) 4282.9 (2462.8, 6506.5) 3053.9 (1947.9, 5165.0) 0.01

* Includes African American, Asian, Hispanic, and Other, ** COVID+ PASC+ (only), *** Angiotensin converting
enzyme inhibitors or angiotensin receptor blockers, **** non‑high‑density lipoprotein cholesterol, ***** Oxidized
Low‑density lipoprotein (per 1000).
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3.1.1. Associations with Female Sex
As outlined in Table 2, for every one‑unit increase in AI was 81% [uOR: 1.8 (95% CI:

1.3, 2.6); p = 0.002)] more likely associated with female sex compared to male sex. Every
unit increase in D‑dimer was 57% [uOR: 1.6 (95% CI: 1.1, 2.2); p = 0.001] more likely associ‑
ated with female sex compared to male sex and every unit increase in zonulin was nearly
two times [uOR: 1.9 (95% CI: 1.3, 2.7); p = 0.001] more likely to be associated with female
sex compared to male sex. After adjusting for COVID status, age, race, BMI, non‑HDL
cholesterol, systolic blood pressure, smoking status, and baseline comorbidities (hyperten‑
sion and diabetes), the effects of AI, BMI, D‑dimer, and zonulin remained independently
associated (p < 0.05) with female sex. There was insufficient evidence to suggest that RHI,
age, race, current smoker, preexisting hypertension or diabetes, IL‑6, or hs‑CRP were asso‑
ciated with sex.

Table 2. Risk Factors Associated with Female Sex *.

uOR (95% CI);
p‑Value **

aOR (95% CI);
p‑Value ***

COVID‑19 Status (+ vs. −) 1.32 (0.79, 2.22);
p = 0.3

1.2 (0.68, 2.12);
p = 0.5

BMI (kg/m2) 1.05 (1.01, 1.11);
p = 0.03

1.06 (1.01, 1.11);
p = 0.04

non‑HDL (mg/dL) 3.18 (1.29, 7.81);
p = 0.01

2.49 (0.91, 6.83);
p = 0.08

OX‑LDL 2.01 (1.1, 3.67);
p = 0.02

1.7 (0.85, 3.55);
p = 0.1

Ddimer (ng/mL) 1.57 (1.1, 2.24);
p = 0.01

1.93 (1.23, 3.05);
p = 0.01

Zonulin (mg/mL) 1.86 (1.27, 2.73);
p = 0.001

1.89 (1.25, 2.84);
p = 0.002

* Table displays estimates for COVID‑19 status and characteristics that were associated (p < 0.05) with female
sex in unadjusted models. ** uOR = unadjusted odds ratio; CI = confidence interval. *** aOR = adjusted odds
ratio; adjusted models included COVID‑19 status, race, baseline BMI, non‑HDL, systolic BP, smoking status,
comorbidities (hypertension, diabetes), and oxLDL, D‑dimer, and zonulin were modeled separately.

3.1.2. Endothelial Assessment by COVID‑19 Status and Sex
Among COVID−, the average RHI was 1.89%, and 42.6% (n = 40) had RHI ≤ 1.67

(Table 3). The mean RHI among COVID+ was 1.87%, and 43.7% (n = 66) had RHI ≤ 1.67.
The estimated difference in AI between COVID− (0.9± 17.2) and COVID+ (8.4± 15.7) was
7.5 (p = 0.001) and between female and male sex was 12.9 ± 1.9 (p <.0001). There were no
observed differences (p > 0.05) in RHI (Figure 1) or RHI ≤ 1.67 between COVID status or
across strata of sex.

Table 3. Endothelial Function and Arterial Elasticity by Sex *.

COVID+ COVID−
p‑Value **

Mean ± Std/n(%)

Augmentation Index @75 bpm
Overall 8.44 ± 15.73 0.88 ± 17.15

0.001Female 13.83 ± 16.27 7.64 ± 16.38
Male 1.31 ± 11.73 −5.87 ± 15.27

Reactive Hyperemia Index (%)
Overall 1.87 ± 0.63 1.89 ± 0.59

0.9Female 1.86 ± 0.56 1.87 ± 0.5
Male 1.88 ± 0.69 1.9 ± 0.67

Reactive Hyperemia Index (≤1.67)
Overall 66 (43.7) 40 (42.6)

0.8Female 41 (47.67) 19 (40.43)
Male 25 (38.46) 21 (44.68)

* Outcomes are measures of endothelial function, COVID‑19 status is the exposure, and sex is the effect modifier.
** p‑value is assessing the difference in each outcome between COVID+ and COVID− by sex.
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Figure 1. Figure shows the distribution of reactive hyperemia index between sex, COVID, and PASC
status. The various shapeswithin the box represent themean (value depicted at bottomof figure) and
the horizontal bar is the median. The lower (Q1 or 25th percentile) and upper (Q3 or 75th percentile)
parts of the box make up the interquartile range (IQR) and the error bars represent the minimum
and maximum observed values. p‑value (p = 0.7) from Type III Fixed Effects is testing the difference
in means between groups from linear mixed‑effects model.

3.1.3. Associations with Arterial Elasticity as Outcome
Looking at the distribution of AI across strata of sex (Figure 2), COVID+ PASC+ fe‑

male sex had the highest AI (14.3 ± 1.9), followed by COVID+ with no PASC female sex
(12.4 ± 3.2) and COVID− female sex (7.7 ± 2.2). The difference in AI between COVID+
PASC+ male sex (3.8 ± 2.5) and COVID+ PASC+ female sex was 10.5 (p <.001). In Table 4,
the estimated AI was highest among COVID+ PASC+ (9.1 ± 2) and lowest among COVID‑
participants (−1.2 ± 1.6). Compared to male sex, female sex was associated with higher
AI (9.3 ± 2.2; p <.0001). D‑dimer (p = 0.0002) and zonulin (p = 0.01) were positively asso‑
ciated with AI; however, the effects of these markers on AI was attenuated (p > 0.05) in
adjusted models.

Table 4. Associations with Augmentation Index *.

Unadjusted
p‑Value

Adjusted **
p‑Value ***

Estimate ± s.e. Estimate ± s.e.

COVID‑19 and PASC STATUS 0.001 0.002
COVID+ PASC+ 9.06 ± 1.99 11.84 ± 2.4
COVID+ No PASC 0.92 ± 2.64 5.53 ± 2.72
COVID− −0.17 ± 1.59 5.47 ± 2.25

SEX (F vs. M) 9.26 ± 2.23 <0.0001 14.86 ± 1.81 <0.0001
OxLDL 0.07 ± 0.04 0.1 0.03 ± 0.04 0.4
D‑dimer 5.22 ± 1.39 0.0002 −1.85 ± 1.12 0.1
Zonulin 3.52 ± 1.45 0.02 −0.8 ± 1.21 0.4

* Estimates of Augmentation Index were computed using linear mixed models. ** Adjusted models included age,
race, BMI, smoking status, lipids, and pre‑existing comorbidities. *** p‑value = Type III Tests of Fixed Effects.



Viruses 2024, 16, 1089 6 of 11

Viruses 2024, 16, x FOR PEER REVIEW 6 of 11 
 

 

with AI; however, the effects of these markers on AI was attenuated (p > 0.05) in adjusted 
models. 

 
Figure 2. Figure shows the distribution of AI between sex, COVID, and PASC status. The various 
shapes within the box represent the mean (value depicted at bottom of figure) and the horizontal 
bar is the median. The lower (Q1 or 25th percentile) and upper (Q3 or 75th percentile) parts of the 
box make up the interquartile range (IQR) and the error bars represent the minimum and maximum 
observed values. p-value (<.0001) from Type III Fixed Effects is testing the difference in means be-
tween groups from linear mixed-effects model. 

Table 4. Associations with Augmentation Index *. 

    Unadjusted 
p-value 

Adjusted ** 
p-Value *** 

    Estimate ± s.e. Estimate ± s.e. 
COVID-19 and PASC STATUS   0.001   0.002 
  COVID+ PASC+ 9.06 ± 1.99   11.84 ± 2.4   
  COVID+ No PASC 0.92 ± 2.64   5.53 ± 2.72   
  COVID- −0.17 ± 1.59   5.47 ± 2.25   
SEX (F vs. M) 9.26 ± 2.23 <0.0001 14.86 ± 1.81 <0.0001 
OxLDL 0.07 ± 0.04 0.1 0.03 ± 0.04 0.4 
D-dimer 5.22 ± 1.39 0.0002 −1.85 ± 1.12 0.1 
Zonulin 3.52 ± 1.45 0.02 −0.8 ± 1.21 0.4 

* Estimates of Augmentation Index were computed using linear mixed models. ** Adjusted models 
included age, race, BMI, smoking status, lipids, and pre-existing comorbidities. *** p-value = Type 
III Tests of Fixed Effects. 

4. Discussion 
In our study, we demonstrated that the effects of SARS-CoV-2 infection on augmen-

tation index vary across strata of sex and that female sex in the post-acute phase of 
COVID-19 have the worse arterial elasticity (highest AI). Additionally, we provided evi-
dence that SARS-CoV-2 infection, PASC, and sex were independently associated with AI 
and that higher levels of AI, as well as coagulation marker D-dimer, and gut permeability 
marker zonulin were associated with female sex. This extends our previous findings that 
showed the association of arterial elasticity, inflammation [15], and gut permeability [16] 
with PASC. 

Figure 2. Figure shows the distribution of AI between sex, COVID, and PASC status. The various
shapes within the box represent the mean (value depicted at bottom of figure) and the horizontal bar
is the median. The lower (Q1 or 25th percentile) and upper (Q3 or 75th percentile) parts of the box
make up the interquartile range (IQR) and the error bars represent the minimum and maximum ob‑
served values. p‑value (<.0001) from Type III Fixed Effects is testing the difference in means between
groups from linear mixed‑effects model.

4. Discussion
In our study, we demonstrated that the effects of SARS‑CoV‑2 infection on augmenta‑

tion index vary across strata of sex and that female sex in the post‑acute phase of COVID‑
19 have the worse arterial elasticity (highest AI). Additionally, we provided evidence that
SARS‑CoV‑2 infection, PASC, and sex were independently associated with AI and that
higher levels of AI, as well as coagulation marker D‑dimer, and gut permeability marker
zonulin were associated with female sex. This extends our previous findings that showed
the association of arterial elasticity, inflammation [15], and gut permeability [16]
with PASC.

Effect modification occurs when the effect of one variable on another differs across
strata of a third variable [17] with the goal of identifying sub‑groups to target for treat‑
ment. In our sample, both the proportion of male and female sex within and between
COVID groups were similar and sex, as well as COVID and PASC status, was found to
be independently associated with AI. The overall crude estimate of AI—an average of the
stratum‑specific estimates among COVID+ (our exposure)—was nearly 39% lower than
the stratum‑specific estimate for COVID‑infected female sex. Without stratification by sex,
the effect of COVID on AI would either be underestimated for female sex or overestimated
for male sex.

Since COVID‑infection, PASC, and sex were independently associated with AI
and—as we already know—the effect of COVID‑infection on AI is neither the result of sex
nor depends on sex, then this suggests that the effect of COVID on AI is not a result of an
interaction between COVID and sex. Overall, the stratified‑specific estimates of AI by sex,
combined with the evidence that the effect of COVID‑infection on AI does not depend on
sex, suggests that sex is an effect modifier of COVID‑infection on arterial elasticity. To our
knowledge, this is the first study to establish that sex is an effect modifier of SARS‑CoV‑2
infection on arterial elasticity among COVID‑survivors with PASC.
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The mechanisms underlying the sex‑specific disparity in PASC are not fully under‑
stood, but interactions between sex hormones and the gutmicrobiomemay contribute. It is
known that there is amutual interaction between sex steroids and the gutmicrobiota, inter‑
actions that play a prominent role in the development ofmetabolic diseases [18]. Estrogens
produced in the body can be metabolized by gut microbes, with the resultant metabolites
influencing the host [19]. Additionally, sex hormones directly modulate the metabolism
of bacteria through steroid receptors [20]. The observed sex differences in gut microbiota
composition have led to multiple studies highlighting the interaction between steroid hor‑
mones and the gut microbiota, as well as its influence on diseases like obesity and dia‑
betes [21]. Our finding of sex‑related differences in the gut permeability marker zonulin
among COVID‑survivors with PASC is novel and deserves further investigation.

Another possible explanation of our findings is the difference in immune system func‑
tion between male and female sex. It has been observed that female sex have more ro‑
bust T‑cell activation and higher levels of cytokines during infections [22]. Female sex
exhibit more rapid and robust innate and adaptive immune responses, which can aid
in initial infection protection and severity mitigation [23] whereas viral RNA clearance
may be delayed in male sex [24]. This could explain the sex differences observed in long
COVID syndrome [25]. Female sex typically exhibit more rapid and robust innate and
adaptive immune responses, which can aid in initial infection protection and severity mit‑
igation. However, this same immune system difference can make female sex more suscep‑
tible to prolonged autoimmune‑related diseases [26]. The hypothesized theory that SARS‑
CoV‑2 fragments could remain hidden in reservoirs throughout the body, igniting chronic
inflammation‑associated cascades that give rise to long COVID symptoms may explain
the worse arterial stiffness noted in our study [27]. Additionally, Stewart et al. suggested
that given the overlapping symptoms between longCOVID syndrome andperimenopause
andmenopause, sex hormone differencesmay play a role in the asymmetry of risk and out‑
comes between male and female sex [28]. Prior coronavirus outbreaks have also reported
sex differences in outcomes, indicating the importance of considering sex‑specific clinical
insights when treating COVID‑19 patients [29–31].

Previous studies have largely explored the effects of COVID‑19 on various markers of
vascular function. One study showed that there was significantly lower vascular function
and higher arterial stiffness among young adults occurring several weeks after contract‑
ing COVID‑19 compared to healthy controls [32]. However, this study does not account
for vascular changes that may occur over time. In another study evaluating the effects
of COVID‑19 6 months following the infection in a cohort of young adults demonstrated
that levels of carotid femoral pulse wave velocities were significantly reduced, while arte‑
rial stiffness remained unaltered over time [33]. While this study observed changes over
a short time period there was lack of baseline data to accurately attribute these changes
to COVID‑infection. One retrospective, multicenter cohort study demonstrated that arte‑
rial stiffness in hospitalized patients for COVID‑19 was associated with higher all‑cause
mortality [34]. One case‑control study that utilized a comparison of brachial–ankle and
carotid–femoral pulse wave velocities determined that arterial stiffness was higher in pa‑
tients with COVID‑19 compared to those without COVID‑19 [35], suggestive of the acute
effects of COVID‑infection on endothelial function.

There are limited studies that specifically investigate the association between sex and
arterial elasticity in post‑acute sequalae of SARS‑CoV‑2. One previous study reported that
older age, sex, and time from onset of the infection may be important determinants in
influencing arterial stiffness among a cohort of patients with long‑COVID [36]. Another
recent study demonstrated that increased arterial stiffness, reduced aortic elasticity, and
diastolic dysfunction were common among a cohort of female sex with PASC and were as‑
sociated with the time from onset of diagnoses [37]. However, these studies either lacked
sufficient evidence to identify sex differences in endothelial function, were missing appro‑
priate comparison groups, included participants with prior cardiovascular complications
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or metabolic syndrome, or did not report enough information to determine if the included
sample met the formal criteria of experiencing PASC.

By measuring arterial stiffness, the augmentation index reflects the risk of cardiovas‑
cular disease [38]. Aortic stiffness has been associated with a decreased quality of life [39]
and mental illness including depression [40]. Therefore, measuring AI in the post‑acute
phase of COVID‑19 will help assess post‑COVID severity and monitor its progression to
help establish a treatment plan. One of the proposed measures to improve the AI is car‑
diopulmonary rehabilitation, which improves patients’ functional status and exercise ca‑
pacity, thus enhancing the quality of life and preventing long‑term complications [41,42].
Pulmonary rehabilitation has also been shown in one study to improve endothelial func‑
tion in convalescent COVID‑19 patients [43].

5. Conclusions
Future studies should assess arterial elasticity in the post‑acute phase of COVID‑19 to

further shed light on the long‑term effects of COVID. Immediate interventions should fo‑
cus on female sex as a high‑risk group. Additional studies are needed to better understand
the etiology of PASC and develop effective sex‑specific therapeutic strategies and public
health interventions.
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Appendix A
Peripheral arterial tonometrymeasured using the EndoPAT is among themethods for

testing endothelial function in humans and has been shown to independently predict car‑
diovascular events providing additional prognostic information beyond the conventional
CVD risk factors [44].

Assessing endothelial function using an EndoPat device is a non‑invasive, highly
reproducible, and less operator‑dependent method compared to the cumbersome flow‑
mediated dilation. EndoPAT records the plethysmographic pressure changes that are
caused by the arterial pulse and then translates this information into a peripheral arte‑
rial tone. This instrument provides two indexes. The first is RHI, which indicates the pe‑
ripheral endothelium‑dependent vasodilator capacity (nv > 1.67). The second is AI, which
measures the arterial stiffness by reporting the difference between first and second peaks
of the arterial waveform (AI (%) = (P − 2P1)/P1).

The participant sits in a reclining chair with their hands at heart level and fingers
hanging freely. Fingertip probes are placed on both index fingers and the pulse wave am‑
plitudes are recorded for the duration of the procedure. There is a 5min baseline recording
followed by a 5 min occlusion of non‑dominant arm using a blood pressure cuff inflated
to 40 mmHg above systolic pressure. The last 5 min there is rapid deflation of BP cuff fol‑
lowed by reactive, flow‑mediated hyperemia and pulse wave amplitudes recording. An
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integrated software program compares the ratio of arterial pressure waves in the two fin‑
gers before the occlusion and after the deflation to calculate the RHI score as a ratio of the
average pulse wave amplitude, measured over 60s and starting oneminute after cuff defla‑
tion to the average pulse wave amplitude measured at baseline. This ratio is normalized
to the concurrent signal from the contralateral finger to correct for changes in the systemic
vascular tone. The ratio of the difference between picks of pressure in anacrote and the
pulse pressure expressed as a percentage that is standardized to 75 heart beats per minute
(AI@75) is also calculated. This is a measure of arterial stiffness where lower or negative
AI values indicate better arterial elasticity [45,46].

References
1. World Health Organization. R and D Blueprint and COVID‑19. Available online: https://www.who.int/teams/blueprint/covid‑

19 (accessed on 2 March 2024).
2. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and clinical

characteristics of 99 cases of 2019 novel coronavirus pneumonia inWuhan, China: A descriptive study. Lancet 2020, 395, 507–513.
[CrossRef] [PubMed]

3. Zhao, S.; Cao, P.; Chong, M.K.; Gao, D.; Lou, Y.; Ran, J.; Wang, K.; Wang, W.; Yang, L.; He, D.; et al. COVID‑19 and gender‑
specific difference: Analysis of public surveillance data in Hong Kong and Shenzhen, China, from January 10 to February 15,
2020. Infect. Control Hosp. Epidemiol. 2020, 41, 750–751. [CrossRef] [PubMed]

4. Scully, E.P.; Haverfield, J.; Ursin, R.L.; Tannenbaum, C.; Klein, S.L. Considering how biological sex impacts immune responses
and COVID‑19 outcomes. Nat. Rev. Immunol. 2020, 20, 442–447. [CrossRef] [PubMed]

5. Huang, C.; Huang, L.; Wang, Y.; Li, X.; Ren, L.; Gu, X.; Kang, L.; Guo, L.; Liu, M.; Zhou, X.; et al. 6‑month consequences of
COVID‑19 in patients discharged from hospital: A cohort study. Lancet 2021, 397, 220–232. [CrossRef] [PubMed]

6. Bai, F.; Tomasoni, D.; Falcinella, C.; Barbanotti, D.; Castoldi, R.; Mulè, G.; Augello, M.; Mondatore, D.; Allegrini, M.; Cona, A.;
et al. Female gender is associated with long COVID syndrome: A prospective cohort study. Clin. Microbiol. Infect. 2022, 28,
e9–e611. [CrossRef] [PubMed]

7. Saeed, S.; Tadic, M.; Larsen, T.H.; Grassi, G.; Mancia, G. Coronavirus disease 2019 and cardiovascular complications: Focused
clinical review. J. Hypertens. 2021, 39, 1282–1292. [CrossRef] [PubMed]

8. Xie, Y.; Xu, E.; Bowe, B.; Al‑Aly, Z. Long‑term cardiovascular outcomes of COVID‑19. Nat. Med. 2022, 28, 583–590. [CrossRef]
[PubMed]

9. Long, B.; Brady, W.J.; Koyfman, A.; Gottlieb, M. Cardiovascular complications in COVID‑19. Am. J. Emerg. Med. 2020, 38,
1504–1507. [CrossRef] [PubMed]

10. Zanoli, L.; Briet, M.; Empana, J.P.; Cunha, P.G.; Mäki‑Petäjä, K.M.; Protogerou, A.D.; Tedgui, A.; Touyz, R.M.; Schiffrin, E.L.;
Spronck, B.; et al. Vascular consequences of inflammation: A position statement from the ESH Working Group on Vascular
Structure and Function and the ARTERY Society. J. Hypertens. 2020, 38, 1682–1698. [CrossRef]

11. Teuwen, L.‑A.; Geldhof, V.; Pasut, A.; Carmeliet, P. COVID‑19: The vasculature unleashed. Nat. Rev. Immunol. 2020, 20, 389–391.
[CrossRef]

12. Mitchell, G.F. Arterial Stiffness and Wave Reflection: Biomarkers of Cardiovascular Risk. Artery Res. 2009, 3, 56–64. [CrossRef]
13. Mitchell, G.F. Arterial stiffness and hypertension: Chicken or egg? Hypertension 2014, 64, 210–214. [CrossRef] [PubMed]
14. Beale, A.L.; Meyer, P.; Marwick, T.H.; Lam, C.S.; Kaye, D.M. Sex Differences in Cardiovascular Pathophysiology: Why Women

Are Overrepresented in Heart Failure with Preserved Ejection Fraction. Circulation 2018, 138, 198–205. [CrossRef] [PubMed]
15. Zisis, S.; Durieux, J.; Mouchati, C.; Funderburg, N.; Ailstock, K.; Chong, M.; Labbato, D.; McComsey, G. Arterial Stiffness and

Oxidized LDL Independently Associated with Post‑Acute Sequalae of SARS‑CoV‑2. Pathog. Immun. 2023, 8, 1–15. [CrossRef]
[PubMed]

16. Mouchati, C.; Durieux, J.C.; Zisis, S.N.; Labbato, D.; Rodgers, M.A.; Ailstock, K.; Reinert, B.L.; Funderburg, N.T.; McComsey,
G.A. Increase in gut permeability and oxidized ldl is associated with post‑acute sequelae of SARS‑CoV‑2. Front. Immunol. 2023,
14, 1182544. [CrossRef]

17. Rothman, K.J.; Greenland, S.; Lash, T.L. Modern Epidemiology, 3rd ed.; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2008.

18. Yoon, K.; Kim, N. Roles of Sex Hormones and Gender in the Gut Microbiota. J. Neurogastroenterol. Motil. 2021, 27, 314–325.
[CrossRef]

19. Chen, K.L.; Madak‑Erdogan, Z. Estrogen and Microbiota Crosstalk: Should We Pay Attention? Trends Endocrinol. Metab. 2016,
27, 752–755. [CrossRef]

20. Menon, R.;Watson, S.E.; Thomas, L.N.; Allred, C.D.; Dabney, A.; Azcarate‑Peril,M.A.; Sturino, J.M.Diet complexity and estrogen
receptor β status affect the composition of the murine intestinal microbiota. Appl. Environ. Microbiol. 2013, 79, 5763–5773.
[CrossRef]

21. Santos‑Marcos, J.A.; Mora‑Ortiz, M.; Tena‑Sempere, M.; Lopez‑Miranda, J.; Camargo, A. Interaction between gutmicrobiota and
sex hormones and their relation to sexual dimorphism in metabolic diseases. Biol. Sex Differ. 2023, 14, 4. [CrossRef]

https://www.who.int/teams/blueprint/covid-19
https://www.who.int/teams/blueprint/covid-19
https://doi.org/10.1016/S0140-6736(20)30211-7
https://www.ncbi.nlm.nih.gov/pubmed/32007143
https://doi.org/10.1017/ice.2020.64
https://www.ncbi.nlm.nih.gov/pubmed/32146921
https://doi.org/10.1038/s41577-020-0348-8
https://www.ncbi.nlm.nih.gov/pubmed/32528136
https://doi.org/10.1016/S0140-6736(20)32656-8
https://www.ncbi.nlm.nih.gov/pubmed/33428867
https://doi.org/10.1016/j.cmi.2021.11.002
https://www.ncbi.nlm.nih.gov/pubmed/34763058
https://doi.org/10.1097/HJH.0000000000002819
https://www.ncbi.nlm.nih.gov/pubmed/33687179
https://doi.org/10.1038/s41591-022-01689-3
https://www.ncbi.nlm.nih.gov/pubmed/35132265
https://doi.org/10.1016/j.ajem.2020.04.048
https://www.ncbi.nlm.nih.gov/pubmed/32317203
https://doi.org/10.1097/HJH.0000000000002508
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1016/j.artres.2009.02.002
https://doi.org/10.1161/HYPERTENSIONAHA.114.03449
https://www.ncbi.nlm.nih.gov/pubmed/24799614
https://doi.org/10.1161/CIRCULATIONAHA.118.034271
https://www.ncbi.nlm.nih.gov/pubmed/29986961
https://doi.org/10.20411/pai.v8i2.634
https://www.ncbi.nlm.nih.gov/pubmed/38156116
https://doi.org/10.3389/fimmu.2023.1182544
https://doi.org/10.5056/jnm20208
https://doi.org/10.1016/j.tem.2016.08.001
https://doi.org/10.1128/AEM.01182-13
https://doi.org/10.1186/s13293-023-00490-2


Viruses 2024, 16, 1089 10 of 11

22. Takahashi, T.; Iwasaki, A. Sex differences in immune responses. Science 2021, 371, 347–348. [CrossRef]
23. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef] [PubMed]
24. Xu, K.; Chen, Y.; Yuan, J.; Yi, P.; Ding, C.; Wu, W.; Li, Y.; Ni, Q.; Zou, R.; Li, X.; et al. Factors Associated with Prolonged Viral

RNA Shedding in Patients with Coronavirus Disease 2019 (COVID‑19). Clin. Infect. Dis. 2020, 71, 799–806. [CrossRef] [PubMed]
25. Sharma, G.; Volgman, A.S.; Michos, E.D. Sex Differences in Mortality from COVID‑19 Pandemic: Are Men Vulnerable and

Women Protected? JACC Case Rep. 2020, 2, 1407–1410. [CrossRef] [PubMed]
26. Takahashi, T.; Ellingson, M.K.; Wong, P.; Israelow, B.; Lucas, C.; Klein, J.; Silva, J.; Mao, T.; Oh, J.E.; Tokuyama, M.; et al. Sex

differences in immune responses that underlie COVID‑19 disease outcomes. Nature 2020, 588, 315–320. [CrossRef] [PubMed]
27. Swank, Z.; Senussi, Y.; Manickas‑Hill, Z.; Yu, X.G.; Li, J.Z.; Alter, G.; Walt, D.R. Persistent Circulating Severe Acute Respiratory

Syndrome Coronavirus 2 Spike Is Associated with Post‑acute Coronavirus Disease 2019 Sequelae. Clin. Infect. Dis. 2022, 76,
e487–e490. [CrossRef] [PubMed]

28. Stewart, S.; Newson, L.; Briggs, T.A.; Grammatopoulos, D.; Young, L.; Gill, P. Long COVID risk—A signal to address sex hor‑
mones and women’s health. Lancet Reg. Health Eur. 2021, 11, 100242. [CrossRef] [PubMed]

29. Alghamdi, I.G.; Hussain, I.I.; Almalki, S.S.; Alghamdi, M.S.; Alghamdi, M.M.; El‑Sheemy, M.A. The pattern of Middle East
respiratory syndrome coronavirus in Saudi Arabia: A descriptive epidemiological analysis of data from the Saudi Ministry of
Health. Int. J. Gen. Med. 2014, 7, 417–423. [CrossRef] [PubMed]

30. Karlberg, J.; Chong, D.S.Y.; Lai, W.Y. Do men have a higher case fatality rate of severe acute respiratory syndrome than women
do? Am. J. Epidemiol. 2004, 159, 229–231. [CrossRef] [PubMed]

31. Leung, G.M.; Hedley, A.J.; Ho, L.‑M.; Chau, P.; Wong, I.O.; Thach, T.Q.; Ghani, A.C.; Donnelly, C.A.; Fraser, C.; Riley, S.; et al.
The epidemiology of severe acute respiratory syndrome in the 2003 Hong Kong epidemic: An analysis of all 1755 patients. Ann.
Intern. Med. 2004, 141, 662–673. [CrossRef]

32. Ratchford, S.M.; Stickford, J.L.; Province, V.M.; Stute, N.; Augenreich, M.A.; Koontz, L.K.; Bobo, L.K.; Stickford, A.S. Vascular
alterations among young adults with SARS‑CoV‑2. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H404–H410. [CrossRef]

33. Szeghy, R.E.; Stute, N.L.; Province, V.M.; Augenreich, M.A.; Stickford, J.L.; Stickford, A.S.L.; Ratchford, S.M. Six‑month longi‑
tudinal tracking of arterial stiffness and blood pressure in young adults following SARS‑CoV‑2 infection. J. Appl. Physiol. 2022,
132, 1297–1309. [CrossRef] [PubMed]

34. Rodilla, E.; Lopez‑Carmona, M.D.; Cortes, X.; Cobos‑Palacios, L.; Canales, S.; Saez, M.C.; Escudero, S.C.; Rubio‑Rivas, M.;
Manglano, J.D.; Castro, S.J.F.; et al. Impact of Arterial Stiffness on All‑Cause Mortality in Patients Hospitalized with COVID‑19
in Spain. Hypertension 2021, 77, 856–867. [CrossRef] [PubMed]

35. Schnaubelt, S.; Oppenauer, J.; Tihanyi, D.; Mueller, M.; Maldonado‑Gonzalez, E.; Zejnilovic, S.; Haslacher, H.; Perkmann, T.;
Strassl, R.; Anders, S.; et al. Arterial stiffness in acute COVID‑19 and potential associations with clinical outcome. J. Intern. Med.
2021, 290, 437–443. [CrossRef] [PubMed]

36. Szoltysek‑Boldys, I.; Zielinska‑Danch, W.; Loboda, D.; Wilczek, J.; Gibinski, M.; Paradowska‑Nowakowska, E.; Golba, K.S.;
Sarecka‑Hujar, B. Photoplethysmographic Measurement of Arterial Stiffness in Polish Patients with Long‑COVID‑19 Syndrome‑
The Results of a Cross‑Sectional Study. Diagnostics 2022, 12, 3189. [CrossRef] [PubMed]

37. Tudoran, C.; Bende, F.; Bende, R.; Giurgi‑Oncu, C.; Dumache, R.; Tudoran, M. Correspondence between Aortic and Arterial
Stiffness, and Diastolic Dysfunction in Apparently Healthy Female Patients with Post‑Acute COVID‑19 Syndrome. Biomedicines
2023, 11, 492. [CrossRef] [PubMed]

38. Pettersson‑Pablo, P.; Cao, Y.; Breimer, L.H.; Nilsson, T.K.; Hurtig‑Wennlöf, A. Pulse wave velocity, augmentation index, and
carotid intima‑media thickness are each associated with different inflammatory protein signatures in young healthy adults: The
lifestyle, biomarkers and atherosclerosis study. Atherosclerosis 2020, 313, 150–155. [CrossRef] [PubMed]

39. Tap, L.; Dommershuijsen, L.J.; Corsonello, A.; Lattanzio, F.; Bustacchini, S.; Ziere, G.; van Saase, J.L.; Mattace‑Raso, F.U. The
Possible Impact ofAortic Stiffness onQuality of Late Life: AnExploratory Study. Clin. Interv. Aging 2020, 15, 133–140. [CrossRef]

40. Mohan, V.; Poongothai, S.; Pradeepa, R.; Indulekha, K.; Surendar, J. Association of depressionwith common carotid artery intima
media thickness and augmentation index in a large Urban South Indian population—The Chennai Urban Rural Epidemiology
Study (CURES—138). Indian J. Endocrinol. Metab. 2015, 19, 136–142. [CrossRef]

41. Szucs, B.; Petrekanits, M.; Varga, J. Effectiveness of a 4‑week rehabilitation program on endothelial function, blood vessel elas‑
ticity in patients with chronic obstructive pulmonary disease. J. Thorac. Dis. 2018, 10, 6482–6490. [CrossRef]

42. Vanfleteren, L.E.; Spruit, M.A.; Groenen, M.T.; Bruijnzeel, P.L.; Taib, Z.; Rutten, E.P.; Op ‘t Roodt, J.; Akkermans, M.A.; Wouters,
E.F.; Franssen, F.M. Arterial stiffness in patients with COPD: The role of systemic inflammation and the effects of pulmonary
rehabilitation. Eur. Respir. J. 2014, 43, 1306–1315. [CrossRef]

43. Ambrosino, P.; Molino, A.; Calcaterra, I.; Formisano, R.; Stufano, S.; Spedicato, G.A.; Motta, A.; Papa, A.; Di Minno, M.N.D.;
Maniscalco, M. Clinical Assessment of Endothelial Function in Convalescent COVID‑19 Patients Undergoing Multidisciplinary
Pulmonary Rehabilitation. Biomedicines 2021, 9, 614. [CrossRef] [PubMed]

44. Rubinshtein, R.; Kuvin, J.T.; Soffler, M.; Lennon, R.J.; Lavi, S.; Nelson, R.E.; Pumper, G.M.; Lerman, L.O.; Lerman, A. Assessment
of endothelial function by non‑invasive peripheral arterial tonometry predicts late cardiovascular adverse events. Eur. Heart J.
2010, 31, 1142–1148. [CrossRef] [PubMed]

https://doi.org/10.1126/science.abe7199
https://doi.org/10.1038/nri.2016.90
https://www.ncbi.nlm.nih.gov/pubmed/27546235
https://doi.org/10.1093/cid/ciaa351
https://www.ncbi.nlm.nih.gov/pubmed/32271376
https://doi.org/10.1016/j.jaccas.2020.04.027
https://www.ncbi.nlm.nih.gov/pubmed/32373791
https://doi.org/10.1038/s41586-020-2700-3
https://www.ncbi.nlm.nih.gov/pubmed/32846427
https://doi.org/10.1093/cid/ciac722
https://www.ncbi.nlm.nih.gov/pubmed/36052466
https://doi.org/10.1016/j.lanepe.2021.100242
https://www.ncbi.nlm.nih.gov/pubmed/34746909
https://doi.org/10.2147/IJGM.S67061
https://www.ncbi.nlm.nih.gov/pubmed/25187734
https://doi.org/10.1093/aje/kwh056
https://www.ncbi.nlm.nih.gov/pubmed/14742282
https://doi.org/10.7326/0003-4819-141-9-200411020-00006
https://doi.org/10.1152/ajpheart.00897.2020
https://doi.org/10.1152/japplphysiol.00793.2021
https://www.ncbi.nlm.nih.gov/pubmed/35439042
https://doi.org/10.1161/HYPERTENSIONAHA.120.16563
https://www.ncbi.nlm.nih.gov/pubmed/33377393
https://doi.org/10.1111/joim.13275
https://www.ncbi.nlm.nih.gov/pubmed/33651387
https://doi.org/10.3390/diagnostics12123189
https://www.ncbi.nlm.nih.gov/pubmed/36553195
https://doi.org/10.3390/biomedicines11020492
https://www.ncbi.nlm.nih.gov/pubmed/36831027
https://doi.org/10.1016/j.atherosclerosis.2020.09.027
https://www.ncbi.nlm.nih.gov/pubmed/33059161
https://doi.org/10.2147/CIA.S239186
https://doi.org/10.4103/2230-8210.146869
https://doi.org/10.21037/jtd.2018.10.104
https://doi.org/10.1183/09031936.00169313
https://doi.org/10.3390/biomedicines9060614
https://www.ncbi.nlm.nih.gov/pubmed/34071308
https://doi.org/10.1093/eurheartj/ehq010
https://www.ncbi.nlm.nih.gov/pubmed/20181680


Viruses 2024, 16, 1089 11 of 11

45. Axtell, A.L.; Gomari, F.A.; Cooke, J.P. Assessing endothelial vasodilator function with the Endo‑PAT 2000. J. Vis. Exp. 2010,
44, e2167.

46. Wilkinson, I.B.; MacCallum, H.; Flint, L.; Cockcroft, J.R.; Newby, D.E.; Webb, D.J. The influence of heart rate on augmentation
index and central arterial pressure in humans. J. Physiol. 2000, 525 Pt 1, 263–270. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1469-7793.2000.t01-1-00263.x
https://www.ncbi.nlm.nih.gov/pubmed/10811742

	Introduction 
	Materials and Methods 
	Results 
	Characteristics 
	Associations with Female Sex 
	Endothelial Assessment by COVID-19 Status and Sex 
	Associations with Arterial Elasticity as Outcome 


	Discussion 
	Conclusions 
	Appendix A
	References

