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ABSTRACT

OBJECTIVE: COVID-19 survivors can experience lingering symptoms known as post-acute
sequelae of SARS-CoV-2 (PASC) that appear in different phenotypes, and its etiology remains
elusive. We assessed the relationship of endothelial dysfunction with having COVID and PASC.

METHODS: Data was collected from a prospectively enrolled cohort (n=379) of COVID-neg-
ative and COVID-positive participants with and without PASC. Primary outcomes, endothelial
function (measured by reactive hyperemic index [RHI]), and arterial elasticity (measured by
augmentation index standardized at 75 bpm [AI]), were measured using the FDA approved En-
doPAT. Patient characteristics, labs, metabolic measures, markers of inflammation, and oxidized
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LDL (ox-LDL) were collected at each study visit, and PASC symptoms were categorized into 3
non-exclusive phenotypes: cardiopulmonary, neurocognitive, and general. COVID-negative con-
trols were propensity score matched to COVID-negative-infected cases using the greedy nearest
neighbor method.

RESULTS: There were 14.3% of participants who were fully recovered COVID positive and 28.5%
who were COVID positive with PASC, averaging 8.64 + 6.26 total number of symptoms. The
mean RHI was similar across the cohort and having COVID or PASC was not associated with
endothelial function (P=0.33). Age (P<0.0001), female sex (P<0.0001), and CRP P=0.04) were
positively associated with arterial stiffness, and COVID positive PASC positive with neurological
and/or cardiopulmonary phenotypes had the worst arterial elasticity (highest AI). Values for Al
(P=0.002) and ox-LDL (P<0.0001) were independently and positively associated with an in-
creased likelihood of having PASC.

CONCLUSION: There is evidence of an independent association between PASC, ox-LDL, and
arterial stiffness with neurological and/or cardiopulmonary phenotypes having the worst arterial
elasticity. Future studies should continue investigating the role of oxidative stress in the patho-
physiology of PASC.
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INTRODUCTION

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) generated an unprec-
edented healthcare emergency causing mortality and illness worldwide. A significant number of
patients who have recovered from acute COVID-19 continue to suffer from a complex disease
known as post-acute sequelae of SARS-CoV-2 (PASC). The pathogenesis of PASC is unclear;
however, early reports suggest endothelial dysfunction may play a pivotal role in both the initial
acute phase of the infection and its long-term clinical manifestations [1, 2].

Endothelial dysfunction is generally present in infections caused by highly pathogenic corona-
viruses. It has been shown to be particularly pronounced in SARS-CoV-2 infections resulting in
damage to the pulmonary and other vascular endothelium [3]. Vascular damage may be related
to the direct cytopathic effect of the virus on endothelial cells, or to the high levels of cytokines
and other inflammatory markers, inducing systemic endotheliosis, platelet activation, leukocyte
adhesion, and reduced nitric oxide bioavailability [4]. As such, endothelial dysfunction in PASC
was postulated to be a result of a residual activation of the immune system following the acute
phase of the infection [5].

In line with this, investigations have begun to evaluate endothelial dysfunction in convalescent
COVID-19 patients, and a single study found dysfunctional endothelium even months after
disease onset [6]. Interestingly, an increased risk of new-onset cardiovascular disease (CVD) has
recently been reported during the convalescent phase, including stroke, ischemic heart disease,
heart failure, and thromboembolic disease, among others [7].

Consequently, clinical assessment of endothelial function in the convalescent phase of COVID-19
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infection has been proposed as a preventive measure against long-term CVD outcomes [8].
Among the methods suggested for testing endothelial function in humans, peripheral arterial
tonometry measured by using the EndoPAT device is non-invasive, highly reproducible, and

less operator-dependent compared to other methods commonly used such as the cumbersome
flow-mediated dilation (FMD). The EndoPAT independently predicts cardiovascular events, thus
affording additional prognostic information along with conventional CVD risk factors [9].

This current prospective study aims to investigate the in vivo vascular endothelial function and
arterial elasticity in a cohort of uninfected COVID-negative and post-acute COVID-19 patients
using non-invasive peripheral arterial tonometry (PAT) and to assess the relationship between
endothelial function and markers of systemic inflammation and oxidized LDL cholesterol.

METHODS

Study Design and Population

Measures of endothelial function were collected from a prospectively enrolled and followed
cohort with confirmed COVID negative (COVID-) and convalescent COVID-19 (COVID+)
adults 18 years or older. The COVID+ group was stratified by the presence or absence of PASC
symptoms (COVID+ PASC+ or COVID+ No PASC). All participants underwent assessment of
vascular endothelial function at University Hospitals Cleveland Medical Center (UHCMC), Ohio,
by experienced trained technicians using the FDA-approved EndoPAT 2000 device (Itamar Med-
ical). EndoPAT measures included reactive hyperemic index (RHI; lower = worse; endothelial
dysfunction if RHI < 1.67) and arterial elasticity (augmentation index standardized at 75 bpm or
AT; lower=Dbetter). At that time, clinical assessment data, detailed symptoms intake, assessment of
body composition, and select metabolic and inflammatory markers were collected for all available
participants. To assess the effect of SARS-CoV-2 infection on vascular function, we compared
EndoPAT-derived measures in COVID+ participants with a COVID- control group. Controls
were a) participants enrolled in a prospective EndoPAT study pre-COVID-19 pandemic, or b)
participants who, at enrollment during the post-pandemic period, had a negative SARS-CoV-2
antibody test and no prior history of COVID or of an acute respiratory illness since December
2019. Every participant signed a written consent form approved by the Institutional Review Board
of University Hospitals Cleveland Medical Center, Cleveland, Ohio. Prior to the visit, participants
fasted for at least 12 hours and refrained from caffeinated drinks, tobacco, exercise, vitamins, or
medications that might affect the vascular tone for at least 4 hours before undergoing EndoPAT
testing and blood draws.

Study Assessments

Medical history, demographics, and vital signs

Participants were interviewed by trained healthcare professionals using standardized question-
naires about demographics, smoking status, and personal and family medical history including
cardiovascular disease. Participants’ medical records were reviewed for comorbidities, detailed
current symptoms, and diagnoses. Participants filled out detailed questionnaires related to 27
specific symptoms. PASC was defined using the WHO definition, as persistent symptoms attrib-
utable to long COVID-19 at least 4 weeks after the acute COVID-9 infection. Then, based on the
persistent symptoms, PASC was categorized into 3 non-exclusive phenotypes: Cardiopulmonary
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(CP), Neurocognitive (N), and General (G) [10]. The symptoms included fatigue, post-exertion-
al malaise, weakness, change in smell/taste, body pain, shortness of breath, cough, palpitations,
gastrointestinal symptoms, abnormal movements, anxiety/depression, brain fog, sleep problems,
dizziness, excessive thirst, hair loss, and sexual difficulties (Appendix details symptoms and phe-
notype classification). Vital signs, including height, weight, and blood pressure were obtained by
the staff conducting the visit.

Inflammation markers and oxidized LDL

Collected blood was stored at —80°C and batched until processing without a prior thaw. Markers
of systemic inflammation were measured using enzyme-linked immunosorbent assay (ELISA).
The markers of interest and their respective manufacturer were the following: high-sensitiv-

ity C-reactive protein (hsCRP), (R&D Systems), D-dimer (Diagnostica Stago), and oxidized
low-density lipoprotein assays (Uppsala).

Metabolic measures
Real-time measurements of fasting lipid profiles, glucose, and insulin were performed at the local
CLIA-certified laboratory.

Assessment of Endothelial Function (EndoPAT 2000 device)

In the present study, indirect evaluation of this endothelial vasodilator function was performed
non-invasively using post-occlusive reactive hyperemia peripheral arterial tonometry (RH-PAT)
(EndoPAT 2000 device; Itamar Medical Ltd.) [9, 11, 12] as we have previously detailed [13]. RHI
(normal is >1.67) was generated. Additionally, the augmentation index (AI) was calculated, and
the result normalized to the heart rate of 75 beats per minute. Lower Al values reflect better arte-
rial elasticity.

Statistical Analysis

Characteristics of study participants were described using mean + standard deviation or median
and interquartile range (IQR) for continuous variables and frequency and percentage for categor-
ical variables. Differences in characteristics between groups were assessed using the Kruskal-Wal-
lis, chi-square, or Fisher’s exact test. Generalized linear models were used to assess the association
of COVID and PASC status and post-acute phenotypes on dependent variables, RHI and Al

To determine which factors are associated with the probability of having a worse outcome (ie,
PASC), we treated COVID and PASC status as having ordered categories starting with no disease
(COVID-), disease with no apparent post-acute symptoms (COVID+ No PASC), and disease
with persistent symptoms (COVID+ PASC+) and fit a cumulative logit model to the data. To test
if imposing ordinal restrictions on the response variable was valid, we used the score test to test
the assumption of proportional odds. All adjusted models included age, sex, race, BMI, smoking
status, comorbidities (hypertension, diabetes, HIV), and lipids at baseline and markers of inflam-
mation were modeled separately. Log transformations were used to reduce error variance. As a
sensitivity analysis to determine if systematic differences between COVID-infected cases and
COVID- controls might explain any of the variability in endothelial function, we performed a 1:1
propensity score matched analysis with greedy nearest neighbor matching. Since uninfected con-
trol (COVID-) participants are not at risk of having PASC, they were matched to COVID+ cases
on observed baseline covariates that included age, sex, race, BMI, smoking status, and comorbidi-
ties. Units were matched if the difference in the logits of the propensity score were less than 0.3 of
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the pooled estimate standard deviation of the logit of the propensity score. Covariate balance and
bias reduction was assessed using the standardized difference:

SDZ(COVID)+SD?(controls).

[100 * ((COVID) — (u(controls)))/ | 2 !

All analyses were conducted using SAS 9.4 (SAS Inc.) and P-values less than alpha <0.05 were
considered statistically significant.

RESULTS

Baseline Characteristics

Overall, 379 participants were enrolled; 57.3% (n=217) were COVID -, 14.3% (n=54) were fully
recovered COVID+ without any post-acute symptoms (COVID+ No PASC), and 108 (28.5%)
COVID+ had symptoms consistent with PASC (COVID+ PASC+) (Table 1). COVID- partici-
pants were younger with a smaller proportion of female sex, lower BMI, and the largest propor-
tion of active smokers.

Among COVID+, the average duration between COVID diagnosis and study visit was similar
among PASC and no-PASC participants (323 vs 364 days; P=0.43). The average total number

of symptoms in the PASC+ group was 8.64 * 6.26, with the most frequent being fatigue (64%),
brain fog (61%), body pain (53%), anxiety/depression (50%), and post-exertional malaise (50%).
Among the PASC+ group, 71% experienced symptoms characterized as both cardiopulmonary
and neurological phenotypes, 6% as only neurological, 3% as only cardiopulmonary, with the rest
as general phenotype with or without cardiopulmonary or neurologic symptoms.

Endothelial Function

The mean RHI was similar across the 3 groups (COVID+ PASC+, 1.84 + 0.56; COVID+ No
PASC, 1.96 £ 0.76; and COVID-, 1.95 * 0.61), and there was insufficient evidence to suggest that
COVID or PASC status was associated with any linear changes in RHI (P=0.33). The proportion
of participants in each group with endothelial dysfunction (RHI<1.67) was also similar (COVID+
PASC+, 45.8%; COVID+ No PASC, 37.1%; COVID-, 41.1%; P=0.53).

Arterial Elasticity

The average Al among PASC+ was 11.4 + 15.73, COVID+ No PASC was 4.72 + 15.4, and
COVID- was 0.18 + 16.5 (Figure 1). As shown in Table 2, the mean difference in Al was 6.68 +
2.69 (P=0.01) higher among COVID+ PASC+ compared to COVID+ No PASC and 11.21 + 1.9
(P<0.0001) higher than COVID-. The adjusted mean difference in Al among COVID+ PASC+
compared to COVID+ No PASC was 5.08 + 2.33 (P=0.03) and 7.38 + 1.94 (P=0.0002) higher
compared to COVID-. Additionally, we would expect AI to increase by 0.61 + 0.05 (P<0.0001) for
every 1-year increase in age, female sex had 12.93 + 1.41 (P<0.0001) higher AI than male sex, and
for every 10% increase in CRP, we would expect Al to increase by 0.11 (P=0.04).

Associations with PASC as Outcome

In unadjusted models (Table 3), every unit increase in Al was associated with an increased like-
lihood of having PASC by 4% (P<0.0001), and female sex had 2.36 higher odds of having PASC
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compared to male sex. In adjusted models, every unit-increase in AI multiplies the probability of
having PASC by 3%, and every unit increase in ox-LDL was associated with more than 5 times
(OR, 5.85; 95% CI, 3.39, 10.11) higher odds of having PASC (P<0.0001).

Arterial Elasticity by COVID & PASC Status
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Figure 1. The distribution of standardized AI within COVID-, COVID+ No PASC, and COVID+
PASC+ groups. The horizontal line in each boxplot represents the median AI and the symbols represent
the mean Al. Each boxplot shows that the data are right (or positively) skewed. P-values comparing the
difference in means were computed using generalized linear mixed model with random intercept.
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Arterial Elasticity Varies by Different PASC Phenotypes

The mean Al among participants with neurological and/or cardiopulmonary phenotypes was
13.16 + 15.45. Compared to participants with a general phenotype, the unadjusted mean differ-
ence in Al was 11.82 + 1.98 (P<0.0001). After adjusting for age, sex, race, BMI, lipids, and comor-
bidities, the estimated Al among participants with neurological and/or cardiopulmonary phe-
notypes was 7.27 + 1.78 higher than having a general phenotype. The estimated odds of having
neurological and/or cardiopulmonary phenotypes increased more than 2% ([uOR, 1.02; 95% CI,
1.003, 1.04; P=0.03]; [aOR, 1.03; 95% CI, 0.99, 1.06; P=0.07]) for every 1-unit increase in Al

Sensitivity Analysis

Propensity scores matched sample selected 105 COVID- and 105 COVID+ participants. As
shown in Table 1, there was not enough evidence to suggest any difference in baseline age, race,
smoking status, or comorbidities. In Table 2 adjusted models, COVID+ PASC+ had 7.06 + 2.64
(P=0.01) higher AI compared to COVID+ No PASC and 7.35 + 1.98 (P=0.0003) higher AI than
COVID-, also female sex had 11.02 + 1.83 (P<0.0001) higher AT compared to male sex. In con-
trast, BMI, smoking, hypertension, lipid levels, and inflammation markers were not associated
with AL In Table 3, AI (aOR, 1.04; 95% CI, 1.02, 1.06) and oxidized LDL (aOR, 5.01; 95% CI,
2.67, 9.39) were positively associated with having PASC.

DISCUSSION

From the early stages of the pandemic, it has been hypothesized that endothelial dysfunction
could represent the unifying mechanism of acute and long COVID-19 [14]. The involvement

of endothelium in tissue, organ, and eventually organ systems suggests that endothelial damage
could represent an essential pathogenic mechanism of respiratory and multiorgan dysfunction
seen in the post-acute phase of the infection [15]. To the best of our knowledge, this is the largest
study on convalescent COVID-19 patients, with and without PASC, assessing endothelial func-
tion and arterial elasticity using the EndoPAT device. Specifically, we are not aware of any such
study that measured arterial elasticity in PASC patients, which is paramount to assess since new
onset hypertension is a known sequela of COVID-19 infection. In this current study, we demon-
strated that arterial elasticity is positively and independently associated with PASC, but obviously
our sample size and cross sectional design do not allow for any observation regarding the clinical
consequences of our Al finding. However, it is notable that after propensity score matching and
adjusting for demographics and traditional cardiovascular risk factors including hypertension,
this association remains unchanged. Similar to results from a smaller study, we did not find
evidence of endothelial dysfunction in COVID-19 patients during the post-infection stage [16],
putting into question the hypothesis that PASC is caused by endothelial dysfunction. Although
there is no standard definition of long COVID, the condition occurs in individuals with a history
of SARS-CoV-2 infection with persistent symptoms weeks or months after the infection, without
an alternative diagnosis [17]. These symptoms include fatigue, shortness of breath, cognitive dys-
function, and symptoms that affect the functional capacity of patients with daily living and pro-
ductivity [18]. Symptoms may fluctuate, flare up, or relapse over time, adversely affecting multiple
organ systems [19-22]. We used a comprehensive set of questionnaires covering 27 symptoms
known to be associated with PASC and included in the recently published definition of PASC
generated from the Researching COVID to Enhance Recovery (RECOVER) cohort [23].
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In addition to measuring reactive hyperemia and arterial elasticity, we captured changes in pa-
rameters potentially related to endothelial function that included inflammation and ox-LDL. The
hypothesized hyperinflammatory state behind long COVID can cause immune dysregulation and
increased inflammation (hs-CRP, D-dimer), or ox-LDL, as previous studies have shown [15, 24,
25]. Consequently, this causes widespread endothelial injury, cytokine storm, and systemic in-
flammation [26]. To the best of our knowledge, this is the first study to shed light on the associa-
tion of endothelial function, arterial elasticity, and inflammation. Levels of CRP did correlate with
Al and ox-LDL was associated with PASC; however, none of the measured markers of inflamma-
tion correlated with RHI (data not shown).

Our study has a few limitations. Despite propensity score matching COVID- and COVID+ cases,
there is still the possibility of residual confounding. Additionally, the peripheral arterial tonome-
try results could have been affected by unmeasured confounders aside from our careful efforts to
follow strict guidelines/techniques for EndoPAT measurements. Lastly, our assessment of reactive
hyperemia was limited to one of many functions of vascular endothelium.

The augmentation index is a valid measure of arterial elasticity [27] and has been shown to
correlate with cardiovascular risk [28]. However, despite its reliability and reproducibility [29],

it could be influenced by physiologic changes (heart rate and vasomotor tone) at the time of the
measurement [30]. In our study, we used strict criteria to minimize these potential physiologic
confounders that included fasting state, lack of smoking, exercise, and no medications for at least
4 hours before the measures, and standardization of room temperature. Overall, we observed that
COVID+ PASC+ patients had high mean Al, indicating arterial stiffness, and that those suffering
from cardiopulmonary and/or neurocognitive phenotypes had the worst arterial elasticity. Future
studies are needed to continue to investigate the underlining pathophysiology of PASC as well as
the longer-term longitudinal follow up of these measures and their clinical consequences.

ACKNOWLEDGMENTS

S.N.Z., ].D., CM., M.C,, and G.A.M. contributed to the study concept and design. All authors
contributed to the acquisition of data. ].D. and G.A.M. contributed to the analysis and interpre-
tation of data. S.N.Z., ].D., C.M., M.C., and G.A.M. drafted the manuscript. All authors contrib-
uted to the critical revision of the manuscript for important intellectual content. ].D. contributed
to statistical analysis. G.A.M. obtained funding. S.N.Z. and C.M. contributed to administrative,
technical, or material support. G.A.M. supervised the study.

FUNDING

This publication was made possible through funding support from the Clinical and Translational
Science Collaborative of Cleveland (award number UM1TR004528), from the National Center
for Advancing Translational Sciences component of the NIH and the NIH Roadmap for Medical
Research.

POTENTIAL CONFLICTS OF INTEREST

G.A.M. has received grant support from ViiV, Tetraphase, Roche, Vanda, Astellas, and Genen-
tech, and has served as a scientific advisor for Gilead, Merck, ViiV/GSK, Theratechnologies, and
Janssen. N.T.F has received research funding from Gilead. All other authors report no potential

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal

PATHOGENS AND IMMUNITY - VOL 8, NO 2 12

conflicts of interest.

Disclaimer. The contents are solely the responsibility of the authors and do not necessarily repre-
sent the official views of University Hospitals Cleveland Medical Center or the National Institutes
of Health (NIH).

SUPPLEMENTARY DATA

Supplementary materials are available at the Pathogens and Immunity website. Supplementary
data may be provided by the authors to benefit the reader. Supplementary data are not copyedited
and are the sole responsibility of the authors. Questions or comments related to supplementary
materials should be addressed to the corresponding author.

Supplementary Table 1

REFERENCES

1. Ambrosino P, Calcaterra I, Molino A, Moretta P, Lupoli R, Spedicato GA, Papa A,
Motta A, Maniscalco M, Di Minno MND. Persistent Endothelial Dysfunction in Post-
Acute COVID-19 Syndrome: A Case-Control Study. Biomedicines. 2021;9(8). doi:
10.3390/biomedicines9080957. PubMed PMID: 34440161; PMCID: PMC8391623.

2. Xu SW, Ilyas I, Weng JP. Endothelial dysfunction in COVID-19: an overview of
evidence, biomarkers, mechanisms and potential therapies. Acta Pharmacol Sin.
2022:1-15. doi: 10.1038/s41401-022-00998-0. PubMed PMID: 36253560; PMCID:
PMC9574180.

3. Teuwen LA, Geldhof V, Pasut A, Carmeliet P. COVID-19: the vasculature unleashed.
Nat Rev Immunol. 2020;20(7):389-91. doi: 10.1038/s41577-020-0343-0. PubMed
PMID: 32439870; PMCID: PMC7240244.

4. Varga Z, Flammer A], Steiger P, Haberecker M, Andermatt R, Zinkernagel AS,
Mehra MR, Schuepbach RA, Ruschitzka F, Moch H. Endothelial cell infection and
endotheliitis in COVID-19. Lancet. 2020;395(10234):1417-8. doi: 10.1016/S0140-
6736(20)30937-5. PubMed PMID: 32325026; PMCID: PMC7172722.

5. Chioh FW, Fong SW, Young BE, Wu KX, Siau A, Krishnan S, Chan YH, Carissimo G,
Teo LL, Gao E Tan RS, Zhong L, Koh AS, Tan SY, Tambyah PA, Renia L, Ng LE, Lye
DC, Cheung C. Convalescent COVID-19 patients are susceptible to endothelial dys-
function due to persistent immune activation. Elife. 2021;10. doi: 10.7554/eLife.64909.
PubMed PMID: 33752798; PMCID: PMC7987341.

6. Ergul E, Yilmaz AS, Ogutveren MM, Emlek N, Kostakoglu U, Cetin M. COVID 19
disease independently predicted endothelial dysfunction measured by flow-mediated
dilatation. Int ] Cardiovasc Imaging. 2022;38(1):25-32. doi: 10.1007/s10554-021-02356-
3. PubMed PMID: 34286447; PMCID: PM(C8294249.

7. XieY, Xu E, Bowe B, Al-Aly Z. Long-term cardiovascular outcomes of COVID-19. Nat
Med. 2022;28(3):583-90. doi: 10.1038/s41591-022-01689-3. PubMed PMID: 35132265;
PMCID: PM(C8938267.

8. Evans PC, Rainger GE, Mason JC, Guzik T], Osto E, Stamataki Z, Neil D, Hoefer IE,

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
https://www.paijournal.com/pai_public/supplemental/634/PAI634Supplementary.pdf
http://dx.doi.org/10.3390/biomedicines9080957
http://dx.doi.org/10.1038/s41401-022-00998-0
http://dx.doi.org/10.1038/s41577-020-0343-0
http://dx.doi.org/10.1016/S0140-6736(20)30937-5
http://dx.doi.org/10.1016/S0140-6736(20)30937-5
http://dx.doi.org/10.7554/eLife.64909
http://dx.doi.org/10.1007/s10554-021-02356-3
http://dx.doi.org/10.1007/s10554-021-02356-3
http://dx.doi.org/10.1038/s41591-022-01689-3

PATHOGENS AND IMMUNITY - VOL 8, NO 2 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

Fragiadaki M, Waltenberger ], Weber C, Bochaton-Piallat ML, Back M. Endothelial
dysfunction in COVID-19: a position paper of the ESC Working Group for Athero-
sclerosis and Vascular Biology, and the ESC Council of Basic Cardiovascular Science.
Cardiovasc Res. 2020;116(14):2177-84. doi: 10.1093/cvr/cvaa230. PubMed PMID:
32750108; PMCID: PMC7454368.

Rubinshtein R, Kuvin JT, Soffler M, Lennon RJ, Lavi S, Nelson RE, Pumper GM,
Lerman LO, Lerman A. Assessment of endothelial function by non-invasive pe-
ripheral arterial tonometry predicts late cardiovascular adverse events. Eur Heart J.
2010;31(9):1142-8. doi: 10.1093/eurheartj/ehqg010. PubMed PMID: 20181680.

Shah W, Hillman T, Playford ED, Hishmeh L. Managing the long term effects of
covid-19: summary of NICE, SIGN, and RCGP rapid guideline. BM]J. 2021;372:n136.
doi: 10.1136/bmj.n136. PubMed PMID: 33483331.

Axtell AL, Gomari FA, Cooke JP. Assessing endothelial vasodilator function with the
Endo-PAT 2000. ] Vis Exp. 2010(44). doi: 10.3791/2167. PubMed PMID: 20972417;
PMCID: PMC3143035.

Newton DJ, Kennedy G, Chan KK, Lang CC, Belch JJ, Khan E Large and small artery
endothelial dysfunction in chronic fatigue syndrome. Int ] Cardiol. 2012;154(3):335-6.
doi: 10.1016/j.ijcard.2011.10.030. PubMed PMID: 22078396.

Mouchati C, Durieux JC, Zisis SN, McComsey GA. HIV and race are independent-
ly associated with endothelial dysfunction. AIDS. 2023;37(2):271-7. doi: 10.1097/
QAD.0000000000003421. PubMed PMID: 36541639; PMCID: PMC9794140.

Charfeddine S, Ibn Hadj Amor H, Jdidi ], Torjmen S, Kraiem S, Hammami R, Bahloul
A, Kallel N, Moussa N, Touil I, Ghrab A, Elghoul J, Meddeb Z, Thabet Y, Kammoun S,
Bouslama K, Milouchi S, Abdessalem S, Abid L. Long COVID 19 Syndrome: Is It Re-
lated to Microcirculation and Endothelial Dysfunction? Insights From TUN-EndCOV
Study. Front Cardiovasc Med. 2021;8:745758. doi: 10.3389/fcvin.2021.745758. PubMed
PMID: 34917659; PMCID: PMC8670225.

Oikonomou E, Souvaliotis N, Lampsas S, Siasos G, Poulakou G, Theofilis P, Papa-
ioannou TG, Haidich AB, Tsaousi G, Ntousopoulos V, Sakka V, Charalambous G,
Rapti V, Raftopoulou S, Syrigos K, Tsioufis C, Tousoulis D, Vavuranakis M. Endothe-
lial dysfunction in acute and long standing COVID-19: A prospective cohort study.
Vascul Pharmacol. 2022;144:106975. doi: 10.1016/j.vph.2022.106975. PubMed PMID:
35248780; PMCID: PM(C8893931.

Mejia-Renteria H, Travieso A, Sagir A, Martinez-Gomez E, Carrascosa-Granada A,
Toya T, Nunez-Gil I], Estrada V, Lerman A, Escaned ]. In-vivo evidence of systemic
endothelial vascular dysfunction in COVID-19. Int ] Cardiol. 2021;345:153-5. doi:
10.1016/j.ijcard.2021.10.140. PubMed PMID: 34706286; PMCID: PMC8542397.

Centers for Disease Control and Prevention. Post-COVID Conditions: Information
for Healthcare Providers 2022 [cited 2023 March 29]. Available from: https://www.cdc.
gov/coronavirus/2019-ncov/hcp/clinical-care/post-covid-conditions.html#other-tools.

Mokhtari T, Hassani E, Ghaffari N, Ebrahimi B, Yarahmadi A, Hassanzadeh G.
COVID-19 and multiorgan failure: A narrative review on potential mechanisms. J

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1093/cvr/cvaa230
http://dx.doi.org/10.1093/eurheartj/ehq010
http://dx.doi.org/10.1136/bmj.n136
http://dx.doi.org/10.3791/2167
http://dx.doi.org/10.1016/j.ijcard.2011.10.030
http://dx.doi.org/10.1097/QAD.0000000000003421
http://dx.doi.org/10.1097/QAD.0000000000003421
http://dx.doi.org/10.3389/fcvm.2021.745758
http://dx.doi.org/10.1016/j.vph.2022.106975
http://dx.doi.org/10.1016/j.ijcard.2021.10.140
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/post-covid-conditions.html#other-tools
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/post-covid-conditions.html#other-tools

PATHOGENS AND IMMUNITY - VOL 8, NO 2 14

19.

20.

21.

22.

23.

Mol Histol. 2020;51(6):613-28. doi: 10.1007/s10735-020-09915-3. PubMed PMID:
33011887; PMCID: PMC7533045.

Dixit NM, Churchill A, Nsair A, Hsu J]. Post-Acute COVID-19 Syndrome and the car-
diovascular system: What is known? Am Heart J Plus. 2021;5:100025. doi: 10.1016/j.
ahj0.2021.100025. PubMed PMID: 34192289; PMCID: PM(C8223036.

Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein ], Silva ], Mao T,

Oh JE, Tokuyama M, Lu P, Venkataraman A, Park A, Liu F, Meir A, Sun J, Wang EY,
Casanovas-Massana A, Wyllie AL, Vogels CBF, Earnest R, Lapidus S, Ott IM, Moore
AJ, Yale IRT, Shaw A, Fournier JB, Odio CD, Farhadian S, Dela Cruz C, Grubaugh
ND, Schulz WL, Ring AM, Ko AI, Omer SB, Iwasaki A. Sex differences in immune
responses that underlie COVID-19 disease outcomes. Nature. 2020;588(7837):315-20.
doi: 10.1038/s41586-020-2700-3. PubMed PMID: 32846427; PMCID: PMC7725931.

Abbasi J. The COVID Heart-One Year After SARS-CoV-2 Infection, Patients Have an
Array of Increased Cardiovascular Risks. JAMA. 2022;327(12):1113-4. doi: 10.1001/
jama.2022.2411. PubMed PMID: 35234824.

Chung MK, Zidar DA, Bristow MR, Cameron SJ, Chan T, Harding CV, 3rd, Kwon DH,
Singh T, Tilton JC, Tsai EJ, Tucker NR, Barnard J, Loscalzo J. COVID-19 and Cardio-
vascular Disease: From Bench to Bedside. Circ Res. 2021;128(8):1214-36. doi: 10.1161/
CIRCRESAHA.121.317997. PubMed PMID: 33856918; PMCID: PMC8048382.

Thaweethai T, Jolley SE, Karlson EW, Levitan EB, Levy B, McComsey GA, McCorkell
L, Nadkarni GN, Parthasarathy S, Singh U, Walker TA, Selvaggi CA, Shinnick D],
Schulte CCM, Atchley-Challenner R, Alba GA, Alicic R, Altman N, Anglin K, Argueta
U, Ashktorab H, Baslet G, Bassett IV, Bateman L, Bedi B, Bhattacharyya S, Bind MA,
Blomkalns AL, Bonilla H, Bush PA, Castro M, Chan ], Charney AW, Chen P, Chib-
nik LB, Chu HY, Clifton RG, Costantine MM, Cribbs SK, Davila Nieves SI, Deeks

SG, Duven A, Emery IE, Erdmann N, Erlandson KM, Ernst KC, Farah-Abraham R,
Farner CE, Feuerriegel EM, Fleurimont J, Fonseca V, Franko N, Gainer V, Gander

JC, Gardner EM, Geng LN, Gibson KS, Go M, Goldman JD, Grebe H, Greenway FL,
Habli M, Hafner J, Han JE, Hanson KA, Heath J, Hernandez C, Hess R, Hodder SL,
Hoffman MK, Hoover SE, Huang B, Hughes BL, Jagannathan P, John J, Jordan MR,
Katz SD, Kaufman ES, Kelly JD, Kelly SW, Kemp MM, Kirwan JP, Klein JD, Knox K§,
Krishnan JA, Kumar A, Laiyemo AO, Lambert AA, Lanca M, Lee-Iannotti JK, Logarbo
BP, Longo MT, Luciano CA, Lutrick K, Maley JH, Marathe JG, Marconi V, Marshall
GD, Martin CF, Matusov Y, Mehari A, Mendez-Figueroa H, Mermelstein R, Metz TD,
Morse R, Mosier J, Mouchati C, Mullington ], Murphy SN, Neuman RB, Nikolich JZ,
Ofotokun I, Ojemakinde E, Palatnik A, Palomares K, Parimon T, Parry S, Patterson JE,
Patterson TF, Patzer RE, Peluso MJ, Pemu P, Pettker CM, Plunkett BA, Pogreba-Brown
K, Poppas A, Quigley JG, Reddy U, Reece R, Reeder H, Reeves WB, Reiman EM,
Rischard E, Rosand ], Rouse DJ, Ruft A, Saade G, Sandoval GJ, Schlater SM, Shepherd
E Sherif ZA, Simhan H, Singer NG, Skupski DW, Sowles A, Sparks JA, Sukhera FI,
Taylor BS, Teunis L, Thomas R], Thorp JM, Thuluvath P, Ticotsky A, Tita AT, Tuttle
KR, Urdaneta AE, Valdivieso D, VanWagoner TM, Vasey A, Verduzco-Gutierrez M,
Wallace ZS, Ward HD, Warren DE, Weiner S, Welch S, Whiteheart SW, Wiley Z,

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1007/s10735-020-09915-3
http://dx.doi.org/10.1016/j.ahjo.2021.100025
http://dx.doi.org/10.1016/j.ahjo.2021.100025
http://dx.doi.org/10.1038/s41586-020-2700-3
http://dx.doi.org/10.1001/jama.2022.2411
http://dx.doi.org/10.1001/jama.2022.2411
http://dx.doi.org/10.1161/CIRCRESAHA.121.317997
http://dx.doi.org/10.1161/CIRCRESAHA.121.317997

PATHOGENS AND IMMUNITY - VOL 8, NO 2 15

24,

25.

26.

27.

28.

29.

30.

Wisnivesky JP, Yee LM, Zisis S, Horwitz LI, Foulkes AS. Development of a Definition
of Postacute Sequelae of SARS-CoV-2 Infection. Jama. 2023;329(22):1934-46. doi:
10.1001/jama.2023.8823. PubMed PMID: 37278994; PMCID: PMC10214179.

Mouchati C, Durieux JC, Zisis SN, Labbato D, Rodgers MA, Ailstock K, Reinert BL,
Funderburg N'T, McComsey GA. Increase in gut permeability and oxidized 1dl is asso-
ciated with post-acute sequelae of SARS-CoV-2. Front Immunol. 2023;14:1182544. doi:
10.3389/fimmu.2023.1182544. PubMed PMID: 37251403; PMCID: PMC10217362.

Gameil MA, Marzouk RE, Elsebaie AH, Rozaik SE. Long-term clinical and biochem-
ical residue after COVID-19 recovery. Egypt Liver J. 2021;11(1):74. doi: 10.1186/
s43066-021-00144-1. PubMed PMID: 34777873; PMCID: PM(C8435147.

Prasad M, Leon M, Lerman LO, Lerman A. Viral Endothelial Dysfunction: A Unity-
ing Mechanism for COVID-19. Mayo Clin Proc. 2021;96(12):3099-108. doi: 10.1016/j.
mayocp.2021.06.027. PubMed PMID: 34863398; PMCID: PMC8373818.

Kohara K, Tabara Y, Oshiumi A, Miyawaki Y, Kobayashi T, Miki T. Radial augmenta-
tion index: a useful and easily obtainable parameter for vascular aging. Am ] Hyper-
tens. 2005;18(1 Pt 2):11S-4S. doi: 10.1016/j.amjhyper.2004.10.010. PubMed PMID:
15683726.

Mitchell GE Arterial Stiffness and Wave Reflection: Biomarkers of Cardiovascular
Risk. Artery Res. 2009;3(2):56-64. doi: 10.1016/j.artres.2009.02.002. PubMed PMID:
20161241; PMCID: PMC2705910.

Nichols WW, Singh BM. Augmentation index as a measure of peripheral vascular
disease state. 2002;17(5):543-51. doi: 10.1097/00001573-200209000-00016. PubMed
PMID: 12357133.

Wang X, Keith JC, Jr., Struthers AD, Feuerstein GZ. Assessment of arterial stiffness, a
translational medicine biomarker system for evaluation of vascular risk. Cardiovasc
Ther. 2008;26(3):214-23. doi: 10.1111/j.1755-5922.2008.00051.x. PubMed PMID:
18786091.

FOOTNOTES
Submitted September 28, 2023 | Accepted November 11, 2023 | Published December 20, 2023

COPYRIGHT
Copyright © 2023 The Authors. This is an open-access article distributed under the terms of the
Creative Commons Attribution 4.0 International License.

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1001/jama.2023.8823
http://dx.doi.org/10.3389/fimmu.2023.1182544
http://dx.doi.org/10.1186/s43066-021-00144-1
http://dx.doi.org/10.1186/s43066-021-00144-1
http://dx.doi.org/10.1016/j.mayocp.2021.06.027
http://dx.doi.org/10.1016/j.mayocp.2021.06.027
http://dx.doi.org/10.1016/j.amjhyper.2004.10.010
http://dx.doi.org/10.1016/j.artres.2009.02.002
http://dx.doi.org/10.1097/00001573-200209000-00016
http://dx.doi.org/10.1111/j.1755-5922.2008.00051.x

