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1 | INTRODUCTION

Abstract

The association between the stiffening of barosensitive regions of central arteries
and the derangements in baroreflex functions remains unexplored in COVID-
19 survivors. Fifty-seven survivors of mild COVID-19 (defined as presence of
upper respiratory tract symptoms and/or fever without shortness of breath or hy-
poxia; Sp0O2>93%), with an age range of 22-66years (27 females) participated at
3-6months of recovering from the acute phase of RT-PCR positive COVID-19.
Healthy volunteers whose baroreflex sensitivity (BRS) and arterial stiffness data
were acquired prior to the onset of the pandemic constituted the control group.
BRS was found to be significantly lower in the COVID survivor group for the
systolic blood pressure-based sequences (BRSgpp) [9.78 (7.16-17.74) ms/mmHg
vs 16.5 (11.25-23.78) ms/mmHg; p=0.0253]. The COVID survivor group showed
significantly higher carotid f stiffness index [7.16 (5.75-8.18) vs 5.64 (4.34-6.96);
(p=0.0004)], and pulse wave velocity #(PWV) [5.67 (4.96-6.32)m/s vs 5.12 (4.37-
5.41)m/s; p=0.0002]. BRS quantified by both the sequence and spectral methods
showed an inverse correlation with PWV,; in the male survivors. Impairment of
BRS in the male survivors of mild COVID-19 at 3-6 months of clinical recovery
shows association with carotid artery stiffness.

derangements including myocardial injury, myocarditis,

COVID-19 has been reported to produce multisystem ail-
ments during the acute as well as post-acute “long COVID”
states (Cenko et al.,, 2021; Desai et al., 2022; Soriano
et al., 2022). Cardiovascular consequences of COVID-
19 are attributed to a plethora of pathophysiological

endothelial dysfunction, vascular inflammation, oxidative
stress, and a prothrombotic state (Behrooz et al., 2022;
Nuzzi et al., 2022; Six et al., 2022). The largest cohort-based
study published to date on post-acute cardiovascular out-
comes in COVID-19 survivors reports a substantial risk
and 12-month burden of incident cardiovascular diseases

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Physiological Reports published by Wiley Periodicals LLC on behalf of The Physiological Society and the American Physiological Society.

Physiological Reports. 2023;11:e15845.
https://doi.org/10.14814/phy2.15845

wileyonlinelibrary.com/journal/phy2 1of 14


https://doi.org/10.14814/phy2.15845
www.wileyonlinelibrary.com/journal/phy2
mailto:
https://orcid.org/0000-0003-4331-4512
http://creativecommons.org/licenses/by/4.0/
mailto:dinu.chandran@aiims.edu

SRIVASTAVA ET AL.

20f14

O—I—Physiological Reports el N\, Eobooes
spanning ischemic, nonischemic heart diseases, and dys-
rhythmias emphasizing the need to integrate cardiovascu-
lar health monitoring into the care pathways of COVID-19
survivors (Xie et al., 2022).

Various studies since the onset of the pandemic re-
port elevation of carotid-femoral pulse wave velocity
in COVID-19 survivors portraying an increase in re-
gional aortic stiffness. However, there are only limited
data (Szeghy et al., 2022; Zanoli et al., 2022) currently
available on the COVID-19-associated changes in the
local stiffness of central arteries. Szeghy et al. based on
a study conducted in 15 survivors who were assessed
3-4weeks after turning COVID-19 positive reported sig-
nificantly higher carotid artery stiffness in the survivors
in comparison to controls. Zanoli et al. (2022) studied
90 survivors 12-48 weeks after COVID-19 onset and re-
ported significantly higher carotid incremental elastic
modulus and lower carotid distensibility in comparison
to the control group.

Examining the local stiffening of the barosensitive
regions of central arteries including the carotid artery
is of considerable significance in the background of
studies reporting orthostatic intolerance in a signifi-
cant proportion of COVID-19 survivors (Blitshteyn
& Whitelaw, 2021; Monaghan et al., 2022; Shouman
et al., 2021). Local stiffening of the barosensitive re-
gions of central arteries can render the arterial wall
less deformable by the luminal pressure changes
thereby reducing the mechanical gain of the barore-
ceptor reflex arc. The ensuing baroreflex dysfunction
might explain the orthostatic intolerance, orthostatic
hypotension, and postural orthostatic tachycardia syn-
drome reported with greater prevalence in COVID-19
survivors. Two studies have reported baroreflex sensi-
tivity (BRS) in COVID-19 survivors to date. Both the
studies (Skow et al., 2022; Zanoli et al., 2022) reported
that BRS was comparable between the COVID-19 sur-
vivor and control group although one of them reported
significant improvement of BRS in a subset of COVID-
19 survivors followed up after 27 weeks indicating that
BRS was possibly impaired in the first visit (Zanoli
et al., 2022). Additionally, both studies have reported
only the time domain measures of BRS and not the fre-
quency domain estimates in low- and high-frequency
bands (Skow et al., 2022; Zanoli et al., 2022). The asso-
ciation between the stiffening of barosensitive regions
of central arteries and the derangements in baroreflex
function currently remains unexplored in COVID-19
survivors. In the present study, we investigated the
impact of COVID-19 on carotid artery stiffness and its
association with concomitantly measured baroreflex
functions.

2 | SUBJECTS AND METHODS

The study was conducted as a cross-sectional ob-
servational study in the Autonomic and Vascular
Function Laboratory, Department of Physiology, All
India Institute of Medical Sciences, New Delhi, India.
Written informed consent was obtained from all the
participants prior to inclusion in the study. The study
procedures were ethically approved (ref. no. IECPG-
388/23.06.2021, RT-12/28.07.2021) by the institute's
ethics committee for research on human subjects and
were performed in accordance with the ethical stand-
ards as laid down in the Declaration of Helsinki (1964)
and its later amendments.

COVID-19 survivors were eligible for inclusion in the
study after 1 month of clinical recovery from RT-PCR-
positive mild COVID-19. Mild COVID-19 disease was
defined as the presence of upper respiratory tract symp-
toms and/or fever without shortness of breath or hypoxia
(Sp0O,>93%) as per AIIMS-ICMR COVID-19 national
task force guidelines (Sharma, 2021). COVID-19 survi-
vors with a history of chronic cardiovascular, pulmo-
nary, neurological, oncological, or endocrine disorders
or on any chronic medications were excluded along with
pregnant female participants. The rationale for restrict-
ing the recruitment to mild COVID-19 was based on the
previous reports showing greater prevalence of diabetes
mellitus, hypertension, and other cardiovascular and
cerebrovascular diseases in patients with moderate and
severe COVID-19 (Gao et al., 2021) which may have a
direct impact on arterial stiffness and BRS. Therefore,
to eliminate the confounding effect of these comor-
bidities and ensure the homogeneity of the COVID-19
survivors with reference to disease severity, only sur-
vivors of mild COVID-19 were recruited in the present
study. Advertisements inviting voluntary participation
of COVID-19 survivors fulfilling the recruitment criteria
were displayed as posters on and off the hospital campus
and published in the local newspapers. Volunteers who
contacted telephonically were assessed for their eligibil-
ity and subsequently invited to participate in the study.
Eligible participants reported to a temperature-con-
trolled laboratory after overnight fasting and abstinence
from consumption of caffeinated beverages, alcohol,
and smoking for at least 12hours and heavy exercise for
24 hours. Female participants were instructed to report
in the early follicular phase based on self-reported men-
strual history. A detailed clinical history was obtained
using a structured questionnaire following which the ex-
perimental procedures were performed.

The seroprevalence of COVID-19 in India exceeded
60% after the second wave which peaked in April 2021
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(Jahan et al., 2022). Based on the study conducted in the
vaccine-naive population of rural India, George et al. re-
ported a low case-to-undetected infections ratio of 1:8.65
(George et al., 2022) which necessitated the inclusion of
a historical control group from the pre-pandemic time to
have a valid comparison of the outcome variables. Based
on the availability of historical pre-pandemic data for spe-
cific outcome variables, separate control groups had to
be included for the comparisons of arterial stiffness and
BRS. The control data for arterial stiffness parameters
was obtained from a cohort of healthy volunteers who
participated in a cross-sectional community-based study
in 2016. The historical control data for BRS was obtained
from a different group of apparently healthy volunteers
who underwent an assessment of cardiovascular auto-
nomic functions in our laboratory during 2016-2018. To
ensure that the data acquired are technically comparable
between two-time points separated by 6-7years, we used
devices with the same hardware and software capabilities
and adopted the same operating procedures for obtain-
ing arterial stiffness and BRS data which were standard-
ized, respectively, in 2015 (Joseph et al., 2015) and 2013
(Kaur et al., 2013). The data acquisitions were supervised
by the same core team of researchers for its adherence to
the standard operating procedures at both time points.
However, due to logistic challenges, we could not have
the same personnel acquire the data at both time points.
Additionally, ARTSENS® technology, which was deployed
for arterial stiffness measurements, uses an automated
framework that eliminates any manual decisions or in-
terventions by the operator thereby reducing markedly
the operator-induced variability. This was established in
the detailed validation of ARTSENS® technology in 2015
(Joseph et al., 2015). It yielded measurements with greater
than 85% repeatability, and the results were comparable
with that of a state-of-the-art automated B-mode system—
Aloka eTracking. Similarly, the process of computing BRS
is automated through the software workflow and does not
involve manual steps carried out by the operator. Based
on the justifications stated above, we expect the data to be
comparable between the two-time points from a technical
perspective.

The comparative control group (group 1) for arte-
rial stiffness parameters consisted of 53 healthy subjects
matched for age, sex, BMI, and blood pressure whose
arterial stiffness data was acquired prior to the onset of
COVID-19 pandemic. In addition to a full matching on
sex, an algorithm was implemented to iteratively update
the error tolerance for age from 0 to +4 years, BMI from 0
to +2.5 kg/mz, and BP from 0 to +5mmHg, and perform
matching in an automated manner. Thus, the algorithm
picked up all the possible matched subjects with lower dif-
ference boundaries before ascending to the higher ones,

)
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in an iterative manner. The comparative control group
(control group 2) for the comparison of BRS comprised of
a separate group of 30 age-matched male healthy volun-
teers. Participants of both the control groups had no his-
tory of chronic cardiovascular, pulmonary, neurological,
oncological, and endocrine disorders and were not on any
chronic medications at the time of assessment.

3 | ASSESSMENT OF
BAROREFLEX SENSITIVITY

Continuous noninvasive recording of ECG and blood
pressure was done simultaneously for 5min to compute
BRS using spontaneous sequence and spectral methods.
Participants rested for 15 min in supine position before the
signals were acquired. After appropriate placement of dis-
posable Ag-AgCl electrodes, standard bipolar limb lead II
ECG was recorded using a bipotential amplifier connected
to PowerLab™ 8/35 acquisition unit and interfaced to a
personal computer running the acquisition and analysis
software Lab Chart Pro™ 7 (AD Instruments, Australia).
ECG signal was digitally sampled at 1kHz, and a band-
pass filter (0.5-35Hz) was applied to precondition the
signal for subsequent R-R interval extraction. Beat-to-beat
blood pressure signal was simultaneously recorded using
finger photoplethysmographic technique operating on
the volume clamp principle (Finometer® MIDI, Finapres
Medical Systems, Amsterdam, Netherlands). The analog
output of Finometer® was fed to PowerLab™ 8/35 acqui-
sition unit for synchronous acquisition of both the ECG
and blood pressure signals. Participants were instructed
to breathe spontaneously, while the recording of beat-to-
beat blood pressure and ECG were continued for 5min for
assessment of BRS. All the recorded signals were saved for
the offline analysis using Nevrokard ver.6.2.0 (Slovenia)
software for the computation of BRS in both time and fre-
quency domains.

The sequence method (time domain analysis) of BRS
estimates the sensitivity of baroreceptors by analyzing the
spontaneously occurring sequences of three or more con-
secutive beats characterized by a progressive increase in
blood pressure (systolic, diastolic, or mean) and length-
ening in R-R interval (up-sequences) or by a progressive
decrease in blood pressure and shortening in R-R interval
(down sequences). The variations in R-R intervals >5ms,
change in BP >0.5mmHg, sequences longer than or equal
to three beats, and a correlation coefficient of sequences
>0.85 were the criteria used for the inclusion of sequences.
The slope of the regression line between the R-R interval
and blood pressure values of the identified sequences sig-
nifies the baroreflex sensitivity in the time domain (La
Rovere et al., 2008; Parati et al., 2000). The identification



SRIVASTAVA ET AL.

ﬂl—Physiological Reports

of sequences and further analysis and computation of BRS
in the time domain were automatically performed by the
software package Nevrokard™ BRS ver.6.2.0 (Slovenia).
The spectral method computes the sensitivity of barore-
ceptor reflex based on the analysis of spontaneous vari-
ations in BP and R-R interval in the frequency domain
(La Rovere et al., 2008; Parati et al., 2000). The transfer
function gain of the cross spectra between blood pressure
and R-R interval oscillations in two specific frequency
bands was computed to quantify the alpha coefficients of
BRS at low-frequency (alpha-LF) band (0.04-0.15Hz) and
high-frequency (alpha-HF) band (0.15-0.4Hz). Figure 1
diagrammatically depicts the steps involved in the quan-
tification of BRS.
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4 | ASSESSMENT OF LOCAL
CAROTID ARTERY STIFFNESS

Stiffness of the common carotid artery was assessed using
the ARTSENS® plus device (Healthcare Technology
Innovation Center, IIT Madras, India)—a clinically vali-
dated, image-free, ultrasound-based arterial wall track-
ing technology (Joseph et al., 2020). The subjects were
allowed to rest for 10 min in supine posture before the
measurement was carried out. The resting brachial blood
pressure of the subject was measured using an auto-
mated oscillometric BP measurement module integrated
with the ARTSENS® plus device. The best palpable point
of carotid artery pulsation was then identified using

Frequency domain analysis
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in BP and RR interval in
the frequency domain.

* Determination of the
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in two specific

FIGURE 1 Diagram showing the
steps involved in the quantification of
BRS. DBP, diastolic blood pressure; MBP,

computed to mean blood pressure; SBP, systolic blood

pressure.
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fingers. After applying the ultrasound gel, the tip of the
image-free ultrasound probe (10 Hz) was placed super-
ficially over the best palpable point of carotid pulsation.
The graphical user interface of the device displayed the
A-mode ultrasound echo frames, the quality metrics of
wall echoes, and the recorded carotid distension wave-
forms, online. The probe orientation was adjusted to get
strong and sharp distinct echoes from both the near and
far walls of the artery as visually guided by the device
and displayed on the computer screen. An on-screen pro-
gress bar fills up while capturing high-fidelity distension
waveform, and the device automatically generates the
results upon acquisition of the desired-quality cycles for
a target number of beats. Carotid artery stiffness indices
were derived by the ARTSENS® software using clinically
accepted formulae (Mackenzie et al., 2002) based on the
changes in the carotid artery diameter over the cardiac
cycle, Dg at peak-systole and Dy, at end-diastole, and
the corresponding carotid pressures, Pg and P, which
were nonlinearly scaled (Meinders & Hoeks, 2004;
Vermeersch et al., 2008) from Oscillometric brachial BP.
These include:

Stiffness index (ff): The parameter is derived directly
from the exponential pressure—diameter relationship of
an artery, and is a dimensionless index:

)

Pressure-strain elastic modulus (E,): A metric defining
the ratio of stress to strain, in terms of easily measurable
pressure and diameter parameters, as (expressed in units
of kPa):

Pg—-P
E. =-S5 "D
P~ /Dg-Dp 2
Dp
Arterial compliance (AC): The metric represents an
inverse of elastic modulus, given as the ratio of absolute
change in cross-sectional area within a cardiac cycle to the

change in pressure, expressed in units of mm?®kPa™".

o 103D} N
~ (Ps-Pp)

One-point pulse wave velocity (PWVy): The speed of
blood pulse propagation through a point local to an arte-
rial segment. The measure can be theoretically evaluated
from the stiffness index, as

Pp

PWV, = s
p 2p (4)

)

. . . 50f14
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where the blood mass density p~1050 kgm™ and is ex-

pressed in terms of ms ™.

4.1 | Statistical analysis

No prior calculation of sample size was carried out for the
present study as the limiting factor was the availability of
adequate number of age, sex, BMI, and blood pressure-
matched control subjects whose measurements have been
carried out before January 2020. Each parameter was
tested for the normality of distribution using D'Agostino-
Pearson normality test. Based on the result of the nor-
mality test, data of normally distributed variables were
represented as mean +standard deviation and, for those
of the variables that did not fall in a Gaussian distribution,
median (25th centile-75th centile) was used as the stand-
ard norm for representing the summary statistics across
the manuscript. Unpaired ¢ test or Mann-Whitney test
was used as applicable to compare the outcome variables
between the control and the COVID-19 survivor groups.
In the COVID-19 survivor group, the time domain and
frequency domain parameters of BRS were assessed for
their correlation with the carotid artery stiffness measures
using Pearson or Spearman tests as applicable depending
on the distribution of the variables included. A p value of
less than 0.05 was considered statistically significant. All
statistical analysis was done by using GraphPad Prism
version 9.4.1 for Windows (GraphPad Software, Inc.).

5 | RESULTS

Fifty-seven COVID-19 survivors who were diagnosed with
RT-PCR-positive mild COVID-19 participated in the study
at least 1month after clinical recovery from the acute
phase of the illness. All the participants were managed in
home isolation during the acute phase of the illness and
self-reported to maintain O, saturation >94%. None of the
patients suffered from any complications due to COVID-
19 which required hospitalization or outpatient care. The
demographic and relevant clinical characteristics of the
COVID survivor group and the control group 1 are shown
in Table 1.

The COVID survivor group showed significantly
higher carotid g stiffness index [median (25th percen-
tile-75th percentile) of 7.16 (5.75-8.18) vs 5.64 (4.34-6.96)
for the healthy control group; (p=0.0004)], carotid pres-
sure-strain elastic modulus [87.97 (66.68-108.30)kPa
vs 68.79 (51.46-78.42)kPa; p=0.0001], and pulse wave
velocity f [5.67 (4.96-6.32)m/s vs 5.12 (4.37-5.41)m/s;
p=0.0002]. Carotid arterial compliance was not different
between the two groups [0.71 (0.63-0.94) mm?*/kPa vs 0.75
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. TABLE 1 Demographic and clinical
Healthy control COVID survivor L .
characteristics of the COVID survivor

Characteristics group 1 (n=53) (n=57) p Value ) .
group and matched historical healthy
Age (years) 33(30-39.5) 34 (30-40.5) 0.70" control group (group 1 for comparison of
Sex (M:F) 29:24 32:25 >0.99" arterial stiffness parameters).
Weight (kg) 65.9 (58.3-75.9) 64.0 (57.5-78.0) 0.96"
Height (cm) 163.0 (153.5-170.0) 162.0 (153.5-172.5) 0.58"
BMI (kg/m?) 25.4(23.6-26.4) 24.7 (23.0-26.7) 0.45"
Systolic blood pressure (mmHg) 114.6+10.7 115.9+12.8 0.55°
Diastolic blood pressure (mmHg) 72.3+7.5 73.4+8.5 0.45°
Pulse pressure (mmHg) 42.3+8.2 42.5+7.4 0.84°
Heart rate (beats per minute) 75 (67-84)
Time point of assessment (weeks - 20 (10-28)

after diagnosed for COVID-19)
Symptoms at the time of assessment -

(no. of patients showing each

symptom; % in parentheses)

Cough 6(11)
Weakness 14 (25)
Breathlessness while walking 3(5)
Breathlessness at rest 1(2)
Anxiety 4(7)
Difficulty to concentrate 4(7)
Palpitation 3(5)
Difficulty in performing activities 3(5)
of daily living

Note: #Mann—Whitney test, OFisher's exact test, “Unpaired ¢ test.

(a) (b) (c) (d)
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FIGURE 2 Comparison of arterial stiffness markers between the COVID survivor and matched healthy control group. Individual bar
diagrams represent (a) f stiffness index, (b) pressure-strain elastic modulus (Ep), (c) pulse wave velocity-f, and (d) area compliance of
the carotid artery. Error bars represent 25th centile-75th centile in (a—c) and standard deviation in (d). Mann-Whitney test is used for the
statistical comparisons between the groups in (a—c); Unpaired ¢ test is used in (d).

(0.49-0.92)mm?/kPa; p=0.55]. The comparison of arte- could only be done for 30 male COVID survivors for the
rial stiffness markers is shown in Figure 2. analysis of BRS data. The demographic and physiologi-

Due to the paucity of pre-pandemic historical con- cal characteristics of this subset of COVID survivors and
trol data of healthy volunteers, successful age-matching  the matched healthy control group (group 2; not drawn
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from control group 1) are depicted in Table 2. Figure 3 de-
picts the comparative analysis of BRS data between the
subset of COVID survivors and the age-matched healthy
control group. Time domain measures of BRS obtained
by sequence method showed significantly lower numbers
of baroreflex sequences in the COVID survivor group in
comparison to the control group for both systolic (12+7
vs 26 +13; p<0.0001) and mean blood pressure [11 (7-
17) vs 17 (14-32); p=0.0011] based analysis (Figure 3).
Further, the BRS quantified was found to be significantly
lower in the COVID survivor group for the systolic blood
pressure-based sequences (BRSggp) [9.78 (7.16-17.74) ms/
mmHg vs 16.5 (11.25-23.78) ms/mmHg; p=0.0253] but
comparable for both mean blood pressure and diastolic
blood pressure-based sequences with reference to the age-
matched control group (Figure 3). We further investigated
the contribution of up-sequences versus down sequences
toward the observed changes in the number of sequences
and BRSggp The numbers of both up and down sequences
were significantly lower in the COVID survivor group
(6+3 vs 13+6; p<0.0001 for up-sequences and 7+5 vs
12+ 8; p=0.0037 for the down sequences) in comparison
to the control group (unpaired ¢ test). BRSqgp for down se-
quences was found to be significantly lower in the COVID
survivor group [9.25 (6.75-13.40)ms/mmHg vs 16.48
(10.35-21.93) ms/mmHg; p=0.0073; Mann-Whitney test],
while BRSgpp for up-sequences did not differ significantly
between the two groups [10.14 (5.56-19.31) ms/mmHg vs
16.38 (9.17-25.61) ms/mmHg; p=0.1681; Mann-Whitney
test]. The frequency domain measures of BRS were found
to be not significantly different between the two groups
(Table 3). However, both alpha HFgp (r=0.785; p <0.001)
and alpha LFggp (r=0.652; p<0.001), the spectral mea-
sures of BRS, correlated strongly with the BRSqzp quan-
tified by the sequence method (Spearman correlation
analysis).

In univariate correlation analysis between carotid
stiffness measures and BRS for the COVID-19 survi-
vor group, carotid PWV-beta and pressure-strain elas-
tic modulus (Ep) were found to be negatively correlated

TABLE 2 Demographic and
physiological characteristics of the COVID

Characteristics
survivor group and the matched historical
healthy control group (group 2 for Age (years)
comparison of baroreflex sensitivity). Weight (kg)
Height (cm)
BMI (kg/m?)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

Heart rate (beats per minute)

)

/Bysoges 28 Physiological ReportsJ7Lf14
with the frequency domain measure, BRS - alpha HFypp
(r=-0.31, p=0.0158 and r=-0.289, p=0.029, respec-
tively; Spearman correlation analysis, Figure 4 & Table 4).
The results of the correlation analysis between carotid ar-
tery stiffness measures and the entire set of time domain
and frequency domain parameters of BRS are represented
in Table 4. Since the comparison of BRS measures with
matched healthy controls could only be done for the male
subset of COVID-19 survivors wherein we found statisti-
cally significant differences, we did separate correlation
analyses for the male and female subsets of COVID-19
survivors (Table 4 and Figure 4). Interestingly, in the male
subset of COVID-19 survivors, we found significant neg-
ative correlations between PWV,; and BRSggp (r=—0.412;
p=0.019), BRSypp (r=-0.385 p=0.029), BRSpgp
(r=-0.371; p=0.036), Alpha HFp (r=—0.358; p=0.044),
alpha HFyzp (r=-0.430; p=0.014), and alpha HFpgp
(r=—0.421; p=0.016); Spearman correlation analysis,
Table 4 and Figure 4. Carotid artery pressure-strain elas-
tic modulus also showed a significant negative correlation
with alpha HFyp (r=—0.363; p=0.041) and alpha HFppp
(r=-0.354; p=0.047) in the male subset of COVID-19 sur-
vivors (Table 4). However, none of the measures of carotid
artery stiffness showed any statistically significant correla-
tions with the time domain or frequency domain param-
eters of BRS in the female subset of COVID-19 survivors
(Spearman correlation analysis, Table 4 and Figure 4).
Figure 4 shows the graphical plots of relevant correlations
of PWV, with BRS parameters in the COVID-19 survivor
group, the male, and the female subsets of COVID-19 sur-
vivors. Taking cognizance of the discrepancy in the results
of correlation analysis in the male versus female subset
of COVID-19 survivors, we compared the measures of
carotid stiffness and BRS between these two subsets and
found none of these parameters to be statistically different
from each other (data not shown). However, it was noted
that the median time period after which the vascular and
baroreflex functions were assessed post-recovery from
the acute phase of COVID-19 stood longer in the female
subset in comparison to the male subset of COVID-19

Healthy control COVID survivor

group 2 (n=30) (n=30) p Value
33+6 33+6 >0.99°
74.6+8.2 73.1+8.8 0.51°
169.0 (167.0-172.0)  171.0 (167.0-176.5) 0.19%
24.8 (23.6-28.1) 25.1 (23.4-26.9) 0.36"
122.7+10.8 119.2+10.3 0.23°
69.1+9.1 74.5+7.2 0.02°
80 (74-84) 75 (66-83) 0.06"

Note: “Unpaired ¢ test, “Mann-Whitney test. p value in bold indicates statistical significance



8of 14 . . The SRIVASTAVA ET AL.
—I—Phy5|o|og|ca| Reports g /Mo
(a) 1 (b) (c) ns FIGURE 3 Comparison of the time
60 - <0.000 o 80 0.0011 50 domain measures of BRS computed by
% 2 % the spontaneous sequence between the
n o 607 Q 40+ COVID survivor and matched healthy
» 8 8 control group. (a-c) represents the
o 40 c o 304 ~°o 8 )
2 2 404 S ! ° number of sequences and (d-f) the BRS
% o § T 88 s 204 | quantified, respectively, for SBP-, MBP-,
% 204 ! o % 20+ ! $ °8° and DBP-based analysis. (BRS, baroreflex
o ) = gL
‘S _J, 2 S o5 2 © 10 sensitivity; DBP, diastolic blood pressure;
<z>' =z 0 : 2 MBP, mean blood pressure; SBP, systolic
0 0 > & 0 T blood pressure). Error bars represent
‘o\ 4°< 0056 Qci\"‘ &@\ \40‘ standard deviation in (a) and 25th
0°& oc\\ ,&A \0'9 ~§c;° %‘}C\ centile-75th centile in (b-f). Unpaired ¢
\,&c\ \\\0% Q‘g\ 004 'z}& 6\\0 test is used for the statistical comparison
Qs? O € o between the two groups in (a); Mann-
Whitney test is used in (b-f).
d e f
( )50 00253 (©) . 0]
- 60 80
I | ns
2 40 . B | 2.
£ ° £ o £ °
E E 407 e E o
= 304 ° - g =
n 000 n -1 ° n o
E 4+ E L3 E a0- :
a 20 ! o o i - o — =
m(l) i o o s 20 = i wg i o,
Z 104 [ 2 | g g 207 L o
m m m
0 T 0 T 0 T
» $ N N $
O O O . \40‘ &© S
& & & & &
*0 &> §0 & \\0 &
& ® & ° S ©
SIS ® P SN
. TABLE 3 Comparison of the
Healthy control COVID survivor p frequency domain (spectral) measures
Parameter (group 2; n=30) (n=30) Value d Y p .
of BRS between the COVID survivor and
Alpha LFgpp (ms/mmHg) 3.03+1.51 3.56+2.57 0.35° control group.
Alpha HFggp (ms/mmHg) 4.65+2.89 4.31+3.46 0.69°
Alpha LFyzp (ms/mmHg) 3.49 (2.65-4.46) 3.90 (2.30-6.74) 0.43"
Alpha HFyzp (ms/mmHg) 6.85(3.80-10.43) 5.45(3.33-10.82) 0.41%

Note: "Mann-Whitney test, “Unpaired ¢ test.

survivors [5 (2.5-7) vs 2 (2-5) months; p=0.0328; Mann-
Whitney test].

Age, sex, BMI, presence or absence of “long COVID”
symptoms, and the interval between the onset of COVID-
19 and the time point of laboratory assessment of arterial
stiffness and BRS did not show any association with the
parameters of carotid stiffness or BRS.

6 | DISCUSSION
The present study investigated the impact of COVID-19
on carotid artery stiffness and its association with con-

comitantly measured baroreflex functions.

Our COVID-19 survivor group consisted of 57 partic-
ipants who survived mild COVID-19 and were managed
in home isolation during the acute symptomatic phase
of the infection. None of the patients were hospitalized
for any COVID-19-related sequelae following their re-
covery from the acute phase of the infection. Twenty
survivors (35%) reported the presence of one or more
of the “long COVID symptoms” at the time of vascular
assessment with weakness being the most frequently re-
ported symptom (25%). We observed significantly higher
carotid p stiffness index, carotid pressure-strain elastic
modulus, and pulse wave velocity-f in COVID-19 sur-
vivors in comparison to age, sex, BMI, and BP-matched
healthy controls (Figure 2). This signifies a greater
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FIGURE 4 Correlations between carotid PWV-g and the time and frequency domain parameters of BRS in the COVID-19 survivor
group. Individual scatter plots represent BRSggp (a—c), alpha HFggp (d-f), alpha HFp (g-1), and alpha HFpgp (j-1) in the COVID-19 survivor
group (a, d, g, j), in the male subset of COVID-19 survivor group (b, e, h, k), and in the female subset of COVID-19 survivor group (c, f, i, 1).
Boxes overlaid on each of the plots show the respective Spearman correlation coefficients and the p values.

carotid artery stiffness in the COVID-19 survivor group.
Our observations are consistent with earlier reports by
Szeghy et al. (2022) and Zanoli et al. (2022). It is note-
worthy that higher stiffness was observed in survivors of
mild COVID-19 who were managed in home isolation
and were free of any comorbidities. Similar was the clin-
ical profile of COVID-19 survivors in the study done by
Szeghy et al. (2022) who also reported greater carotid
artery stiffness in nonhospitalized survivors of mild
COVID-19. Interestingly, carotid area compliance was
not significantly different between the COVID-19 survi-
vor and control groups in the present study (Figure 2).
This could probably be linked to the fact that, unlike
carotid f stiffness index and carotid pressure-strain
elastic modulus, carotid area compliance does not nor-
malize the two-dimensional changes in the area to the
original diastolic area (Equations 1-3 above in subjects
and methods section). Normalization of the change in
dimension to the baseline dimension qualifies f stiff-
ness index and pressure-strain elastic modulus as bet-
ter markers of arterial elastic property in comparison
to compliance as they are derived based on the stress—
strain relationships. This theoretical premise is also sup-
ported by experimental evidence where in carotid artery
compliance and f stiffness index have been shown to be-
have differentially to a systemic intervention in human

subjects (Sugawara et al., 2014). The finding that pulse
pressure (a surrogate marker of arterial stiffness if mea-
sured centrally) is not significantly different between
the two groups (Table 1) may be attributed to the fact
that controls in the current study were matched for both
systolic and diastolic blood pressure with a narrow mar-
gin of tolerance of 5mmHg with the COVID-19 survivor
group. Given that the majority of carotid artery stiffness
measures were significantly higher in the COVID-19
survivor group, the equivalence of pulse pressure may
seem contradictory. However, it is important to high-
light that due to the pressure amplification brought on
by the wave propagation from the center to the periph-
ery, peripheral pulse pressure (measured and reported in
the present study) does not accurately reflect the central
pulse pressure, particularly in young and middle-aged
individuals (Mackenzie et al., 2002) (median age of the
combined pool of participants is 33.5years in the pres-
ent study). Additionally, the area compliance of the ca-
rotid artery—the parameter that is proximately linked to
central pulse pressure in an inverse manner—was found
to be not significantly different between the COVID sur-
vivor and control groups. Due to technical constraints,
we were unable to record central pulse pressure in the
current investigation, and as a result, we do not have the
data necessary to discuss further on this aspect.
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The BRS measured by sequence method using SBP
sequences was found to be significantly lower in the
male COVID survivors in comparison to age-matched
healthy male subjects (Figure 3). However, on further
analysis, it was observed that this outcome was majorly
influenced by BRS for the down sequences which re-
mained significantly lower in the male COVID-19 survi-
vor group in comparison to matched controls, whereas
BRS for up-sequences was not statistically different be-
tween the two groups. One of the plausible mechanisms
behind this preferential involvement of BRS for down
sequences deserves discussion in association with two
other salient observations (Table 2) 1. Higher diastolic
BP indicating greater total peripheral resistance (TPR) in
the male subset of COVID-19 survivors in comparison to
matched healthy controls; 2. a trend of resting heart rate
being lower in the male COVID-19 survivors in compar-
ison to matched controls possibly implying greater vagal
tone. The impact of greater TPR on enhancing MBP has
been balanced and possibly nullified by the greater vagal
tone which tends to reduce heart rate and cardiac out-
put. As a consequence, the prevailing greater vagal tone
would inhibit the R-R interval responses to hypotensive
episodes culminating in a lower BRS being estimated for
the down sequences.

In addition to the observed differences in the BRS esti-
mates, interestingly, the number of sequences comprising
simultaneously recorded BP and R-R interval signals that
showed baroreflex engagement as per the pre-defined cri-
teria was also markedly lower in the male COVID-19 sur-
vivors for both SBP- and MBP-based sequences (Figure 3).
Consistent with previous experimental studies (Bertinieri
et al.,, 1988), a lower number of baroreflex-coupled se-
quences in COVID-19 survivors could indicate a lesser
probability of engagement of arterial baroreflex in com-
parison to matched controls thereby indicating baroreflex
dysfunction. However, spectral indices of BRS were found
to be not significantly different between the COVID-19
survivors and the control group (Table 3). We find largely
statistical reasons attributed to greater data variance in the
spectral measures as the reason for missing any statisti-
cally significant differences for these parameters between
the COVID-19 survivor group and the control group due
to the low sample size in the present study. This is cor-
roborated by the strong positive correlation we observed
between the BRS computed by spectral versus sequence
method in the COVID-19 survivor group indicating that the
data variances across subjects were similar and followed
the same trend. However, the coefficient of variations for
alpha HFggp and alpha LFggp, were considerably high, re-
spectively, at 80% and 72% (Table 3). Retrospectively cal-
culated statistical power for the given sample size to detect
any difference in the spectral measures of BRS with that
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of the control group as statistically significant was as low
as 6.9% and 15.9%, respectively, for alpha HFgzp and alpha
LFspp.

There have been a couple of previous studies
that reported BRS measured in COVID-19 survivors.
Contradicting the findings of the present study, Skow
et al. (2022) reported that BRS measured by sequence
method was comparable between 23 COVID-19 survivors
(Omicron variant) and 13 healthy volunteers who never
had COVID-19 (based on self-report). Zanoli et al. (2022)
by using a modified version of the sequence method
(cross-correlation method) reported that all COVID-19
survivors (n=90) had BRS at their first visit statistically
comparable with the control group. However, a randomly
chosen subset of COVID-19 survivors who were reas-
sessed 27 weeks after the first visit showed significant im-
provement in BRS. The improvement might signify the
course of recovery from an already impaired BRS. While
Zanoli et al. studied COVID-19 survivors who were hospi-
talized with moderate/severe COVID-19 at least 12weeks
after the onset of symptoms, Skow et al. included non-
hospitalized participants who were diagnosed with mild/
moderate COVID-19 and were assessed on an average at
4weeks after the diagnosis. Although the clinical profile
of COVID-19 survivors in our study is similar to that of
Skow et al., with all participants being survivors of mild
COVID-19, the time point of BRS assessment since diag-
nosis (median =20weeks) in our study matches with that
of Zanoli et al. It is noteworthy that there are some salient
differences that can challenge the validity of direct com-
parisons of the findings of the present study with those of
Skow et al. and Zanoli et al. The COVID-19 survivor group
and the comparative control group of both these studies
comprised of both males and females (females forming
the majority in the study by Skow et al.). However, in
the present study, BRS measures of the male subset of
COVID-19 survivors are compared with that of matched
healthy male controls which marks the findings reported
to be specific to the males. Moreover, the study by Zanoli
et al. included hospitalized patients who presumably ex-
perienced severe effects of COVID-19 than that of ours.

The central mechanistic theme of the present study was
to investigate the relationship between arterial stiffness and
BRS in COVID-19 survivors which was linked to the work-
ing hypothesis that stiffening of the barosensitive segments
of the arterial tree would be associated with impaired BRS.
The inverse correlations we observed between one of the
spectral indices of BRS (alpha HF),p) with carotid PWV-3
and carotid pressure-strain elastic modulus are in support
of this hypothesis albeit the fact that a similar relationship
could not be observed with the BRS obtained by sequence
method in the entire pool of COVID-19 survivors (Table 4
and Figure 4). Since the comparison of BRS measures with
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matched healthy controls could only be done for the male
subset of COVID-19 survivors wherein we found statisti-
cally significant differences, we did separate correlation
analyses for the male and female subsets of COVID-19
survivors (Table 4 and Figure 4). This revealed interest-
ing observations which included consistent and stronger
negative correlations of PWV, with multiple time and
frequency domain measures of BRS in the male subset of
COVID-19 survivors, while the female subset showed no
such correlations. It is noteworthy that in the male subset
of COVID-19 survivors, only the alpha coefficient of the
high-frequency band (0.15-0.4Hz) displayed correlations
with PWV;among the spectral parameters of BRS. A recent
study by Silva et al. (2019) reports that sequence method
primarily determines the buffering responses in pulse in-
terval/R-R interval induced by the high-frequency (HF)
oscillations in the blood pressure—consistent with our
finding of PWV; showing correlations with BRS estimated
by sequence method and the high-frequency (HF) alpha
coefficient computed by the spectral method. The sex-de-
pendent differences in the correlations intrigued us to ex-
tend our investigation into evaluating any differences in the
arterial stiffness and BRS measures between the male and
the female subsets of COVID-19 survivors. However, none
of the comparisons spanning the entire set of arterial stiff-
ness and BRS measures emerged as statistically significant.
Although this finding could be attributed to sub-optimal
sample size (especially with reference to the female subset;
n=25) for adequately powered statistical comparisons be-
tween the male and female subsets for the study parame-
ters, there was a notable difference between the two subsets
characteristically in relation to the time period after which
vascular and BRS measurements were carried out post-re-
covery from the acute phase of COVID-19. Female par-
ticipants on average were assessed at a considerably later
time point than the male participants probably leading to a
greater recovery and subduing of the associations between
arterial stiffening and baroreflex functions in the female
participants. The only available report on the association
between BRS and arterial stiffness in COVID-19 survivors
is from the study by Zanoli et al. who reported inverse cor-
relation between aortic PWV and BRS consistent to what
we observed in the present study. However, the study does
not comment on any sex-dependent differences in the cor-
relations observed as reported in the present study.

The findings of the present study have wider clinical
implications with reference to the possible pathophysio-
logical basis of orthostatic manifestations in COVID-19
survivors. Ever since “long COVID” has been recognized
as a clinical entity, COVID-19 survivors presenting with
orthostatic intolerance have been increasingly diagnosed
with orthostatic hypotension and postural orthostatic
tachycardia syndrome when subjected to laboratory-based

hemodynamic evaluation (Blitshteyn & Whitelaw, 2021;
Monaghan et al., 2022; Shouman et al., 2021). The prefer-
ential/isolated deficit in BRS for down sequences (indicat-
ing a blunted baroreflex response to hypotensive episodes)
as reported in the present study might explain the physio-
logical basis of the occurrence of postural hypotension in
patients recovering from long “COVID.”

The major strength of the present study is the com-
prehensive analysis and reporting of both the time do-
main and frequency domain indices of BRS in COVID-19
survivors which none of the studies have done so far.
Although earlier studies have reported BRS quantified
by the sequence method, ours is the first investigation to
explore further into any potential differences in the BRS
determined for “up-sequences” versus “down sequences”
which has major physiological implications in the wake
of orthostatic intolerance reported in COVID-19 survi-
vors. Our COVID-19 survivor group is homogenous, espe-
cially with reference to the severity of COVID-19 and the
absence of any comorbidities that could independently
affect arterial stiffness or BRS. This adds strength to attri-
bute the observed alterations in the study parameters to
COVID-19. Like most of the previous reports on COVID-
19 survivors, we also used pre-COVID historical control
data to ensure the validity of the comparative analysis.
Additionally, for the carotid stiffness comparisons, we
used an automated iterative algorithm to choose a control
group from a preexisting database matched for age, sex,
BMI, and blood pressure. Blood pressure matching has
not been done by any of the previous studies although
they have statistically accounted for its influence in data
analysis (Zanoli et al., 2022).

The present study suffers multiple limitations includ-
ing, wide variations in the time point of assessment after
COVID-19 diagnosis owing to feasibility constraints, com-
parative analysis of the BRS data being performed only for
the male subset which limits its generalizability and un-
availability of any biochemical markers of inflammation
or disease severity during the acute phase of COVID-19
and markers of background cardiovascular risk includ-
ing lipid profile as the patients were managed in home
isolation and did not undergo any blood investigations.
Additionally, since genomic sequencing to identify the
COVID-19 variant causing the infection was not routinely
performed in our setting, we did not have the data on the
same to draw any such associations with the findings
reported.

7 | CONCLUSION

To conclude, surviving mild COVID-19 is associated
with higher carotid artery stiffness and impaired arterial
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baroreflex sensitivity in the absence of any comorbidi-
ties. The inverse correlation observed between carotid
stiffness and BRS—a finding more prominently and
consistently observed in the male COVID-19 survivors
and not in females—might signify the association of
post-COVID stiffening of barosensitive regions of cen-
tral arteries in a sex-dependent manner with baroreflex
dysfunction.

ACKNOWLEDGMENTS

Department of Health Research (DHR), Government
of India for the fellowship (IWYS09; dated July 7, 2021)
granted to Prachi Srivastava for conducting the research
work.

ETHICS STATEMENT

The study procedures were ethically approved (ref. no.
IECPG-388/23.06.2021, RT-12/28.07.2021) by the insti-
tute’s ethics committee for research on human subjects,
All India Institute of Medical Sciences, New Delhi and
were performed in accordance with the ethical standards
as laid down in the Declaration of Helsinki (1964) and its
later amendments.

ORCID
Dinu S. Chandran © https://orcid.
org/0000-0003-4331-4512

REFERENCES

Behrooz, L., Ho, J. E., & Hamburg, N. M. (2022). Vascular aging
after COVID-19: A story of lasting injury or prolonged healing?
Circulation Research, 130, 1286-1288.

Bertinieri, G., Di Rienzo, M., Cavallazzi, A., Ferrari, A. U., Pedotti, A.,
& Mancia, G. (1988). Evaluation of baroreceptor reflex by blood
pressure monitoring in unanesthetized cats. The American
Journal of Physiology, 254, H377-H383.

Blitshteyn, S., & Whitelaw, S. (2021). Postural orthostatic tachy-
cardia syndrome (POTS) and other autonomic disorders after
COVID-19 infection: A case series of 20 patients. Immunologic
Research, 69, 205-211.

Cenko, E., Badimon, L., Bugiardini, R., Claeys, M. J., De Luca,
G., De Wit, C,, Derumeaux, G., Dorobantu, M., Duncker, D.
J., Eringa, E. C., Gorog, D. A., Hassager, C., Heinzel, F. R,
Huber, K., Manfrini, O., Milicic, D., Oikonomou, E., Padro, T.,
Trifunovic-Zamaklar, D., ... Tousoulis, D. (2021). Cardiovascular
disease and COVID-19: A consensus paper from the ESC work-
ing group on coronary pathophysiology & microcirculation,
ESC working group on thrombosis and the Association for
Acute Cardiovascular Care (ACVC), in collaboration with the
European Heart Rhythm Association (EHRA). Cardiovascular
Research, 117, 2705-2729.

Desai, A. D., Lavelle, M., Boursiquot, B. C., & Wan, E. Y. (2022).
Long-term complications of COVID-19. American Journal of
Physiology. Cell Physiology, 322, C1-C11.

Gao, Y., Ding, M., Dong, X., Zhang, J. J., Kursat Azkur, A., Azkur,
D., Gan, H,, Sun, Y. L., Fu, W, Li, W,, Liang, H. L., Cao, Y. Y,

g

Yan, Q., Cao, C., Gao, H. Y., Briiggen, M. C., Van De Veen, W.,
Sokolowska, M., Akdis, M., & Akdis, C. A. (2021). Risk fac-
tors for severe and critically ill COVID-19 patients: A review.
Allergy, 76, 428-455.

George, C. E., Inbaraj, L. R., Rajukutty, S., Joan, R. F., Suseeladevi,
A. K., Muthuraj, S., & Chandrasingh, S. (2022). Seroprevalence
of COVID-19 infection among vaccine naive population after
the second surge (June 2020) in a rural district of South India:
A community-based cross-sectional study. PLoS One, 17,
€0265236.

Jahan, N., Brahma, A., Kumar, M. S., Bagepally, B. S., Ponnaiah, M.,
Bhatnagar, T., & Murhekar, M. V. (2022). Seroprevalence of IgG
antibodies against SARS-CoV-2 in India, March 2020 to August
2021: A systematic review and meta-analysis. International
Journal of Infectious Diseases, 116, 59-67.

Joseph, J., Kiran, R., Nabeel, P. M., Shah, M. L., Bhaskar, A., Ganesh,
C., Seshadri, S., & Sivaprakasam, M. (2020). ARTSENS Pen—
Portable easy-to-use device for carotid stiffness measure-
ment: Technology validation and clinical-utility assessment.
Biomedical Physics & Engineering Express, 6,025013.

Joseph, J., Radhakrishnan, R., Kusmakar, S., Thrivikraman, A. S., &
Sivaprakasam, M. (2015). Technical validation of ARTSENS—
An image free device for evaluation of vascular stiffness. IEEE
Journal of Translational Engineering in Health and Medicine, 3,
1900213.

Kaur, M., Chandran, D., Lal, C., Bhowmik, D., Jaryal, A. K.,
Deepak, K. K., & Agarwal, S. K. (2013). Renal transplantation
normalizes baroreflex sensitivity through improvement in
central arterial stiffness. Nephrology Dialysis Transplantation,
28, 2645-2655.

La Rovere, M. T., Pinna, G. D., & Raczak, G. (2008). Baroreflex sensi-
tivity: Measurement and clinical implications. Annals of nonin-
vasive electrocardiology, 13, 191-207.

Mackenzie, 1. S., Wilkinson, I. B., & Cockcroft, J. R. (2002).
Assessment of arterial stiffness in clinical practice. QJM, 95,
67-74.

Meinders, J. M., & Hoeks, A. P. G. (2004). Simultaneous assessment
of diameter and pressure waveforms in the carotid artery.
Ultrasound in Medicine & Biology, 30, 147-154.

Monaghan, A., Jennings, G., Xue, F., Byrne, L., Duggan, E., &
Romero-Ortuno, R. (2022). Orthostatic intolerance in adults
reporting long COVID symptoms was not associated with pos-
tural orthostatic tachycardia syndrome. Frontiers in Physiology,
13, 833650.

Nuzzi, V., Del Mestre, E., Degrassi, A., Bromage, D. I., Manca, P,
Piper, S., Artico, J., Gentile, P., Scott, P. A., Chiatto, M., Merlo,
M., Pareek, N., Giacca, M., Sinagra, G., McDonagh, T. A., &
Cannata, A. (2022). Cardiovascular damage in COVID-19:
What we know two years later. Current Cardiology Reports, 24,
1085-1091.

Parati, G., Di Rienzo, M., & Mancia, G. (2000). How to measure baro-
reflex sensitivity: From the cardiovascular laboratory to daily
life. Journal of Hypertension, 18, 7-19.

Sharma, D. L. (2021). Clinical Guidance for Management of Adult
COVID-19 Patients. (Revised: 14/01/2022). https://www.icmr.
gov.in/pdf/covid/techdoc/archive/COVID_Clinical _Manag
ement_14012022.pdf

Shouman, K., Vanichkachorn, G., Cheshire, W. P., Suarez, M. D.,
Shelly, S., Lamotte, G. J., Sandroni, P., Benarroch, E. E., Berini,
S. E., Cutsforth-Gregory, J. K., Coon, E. A., Mauermann, M.


https://orcid.org/0000-0003-4331-4512
https://orcid.org/0000-0003-4331-4512
https://orcid.org/0000-0003-4331-4512
https://www.icmr.gov.in/pdf/covid/techdoc/archive/COVID_Clinical_Management_14012022.pdf
https://www.icmr.gov.in/pdf/covid/techdoc/archive/COVID_Clinical_Management_14012022.pdf
https://www.icmr.gov.in/pdf/covid/techdoc/archive/COVID_Clinical_Management_14012022.pdf

140f 14 . . ™™
—I—Physwloglcal Reports gV §égg¥§glyog-c'

SRIVASTAVA ET AL.

physiclogical
Sodity.

L., Low, P. A., & Singer, W. (2021). Autonomic dysfunction
following COVID-19 infection: An early experience. Clinical
Autonomic Research, 31, 385-394.

Silva, L. E. V., Dias, D. P. M,, da Silva, C. A. A,, Salgado, H. C., &
Fazan, R. (2019). Revisiting the sequence method for baroreflex
analysis. Frontiers in neuroscience, 13, 17.

Six, 1., Guillaume, N., Jacob, V., Mentaverri, R., Kamel, S., Boullier,
A., & Slama, M. (2022). The endothelium and COVID-19: An
increasingly clear link brief title: Endotheliopathy in COVID-
19. International Journal of Molecular Sciences, 23, 6196.

Skow, R. J., Nandadeva, D., Grotle, A.-K., Stephens, B. Y., Wright,
A. N., & Fadel, P. J. (2022). Impact of breakthrough COVID-
19 cases during the omicron wave on vascular health and car-
diac autonomic function in young adults. American Journal of
Physiology. Heart and Circulatory Physiology, 323, H59-H64.

Soriano, J. B., Murthy, S., Marshall, J. C., Relan, P., Diaz, J. V., &« WHO
Clinical Case Definition Working Group on Post-COVID-19
Condition. (2022). A clinical case definition of post-COVID-19
condition by a Delphi consensus. The Lancet Infectious Diseases,
22, e102-e107.

Sugawara, J., Saito, Y., Maeda, S., Yoshizawa, M., Komine, H.,
Nakamura, M., Ajisaka, R., & Tanaka, H. (2014). Lack of changes
in carotid artery compliance with systemic nitric oxide synthase
inhibition. Journal of Human Hypertension, 28, 494-499.

Szeghy, R. E., Province, V. M., Stute, N. L., Augenreich, M. A,,
Koontz, L. K., Stickford, J. L., Stickford, A. S. L., & Ratchford,
S. M. (2022). Carotid stiffness, intima-media thickness and
aortic augmentation index among adults with SARS-CoV-2.
Experimental Physiology, 107, 694-707.

Vermeersch, S. J., Rietzschel, E. R., De Buyzere, M. L., De Bacquer,
D., De Backer, G., Van Bortel, L. M., Gillebert, T. C., Verdonck,
P. R, & Segers, P. (2008). Determining carotid artery pressure
from scaled diameter waveforms: Comparison and valida-
tion of calibration techniques in 2026 subjects. Physiological
Measurement, 29, 1267-1280.

Xie, Y., Xu, E., Bowe, B., & Al-Aly, Z. (2022). Long-term cardiovascu-
lar outcomes of COVID-19. Nature Medicine, 28, 583-590.
Zanoli, L., Gaudio, A., Mikhailidis, D. P., Katsiki, N., Castellino,
N., Lo Cicero, L., Geraci, G., Sessa, C., Fiorito, L., Marino,
F., Antonietta Di Rosolini, M., Colaci, M., Longo, A.,
Montineri, A., Malatino, L., Castellino, P., & Methuselah
Study Group. (2022). Vascular dysfunction of COVID-19 is
partially reverted in the long-term. Circulation Research,

130, 1276-1285.

How to cite this article: Srivastava, P., Nabeel, P.
M., Raj, K. V., Soneja, M., Chandran, D. S., Joseph,
J., Wig, N., Jaryal, A. K., Thijssen, D., & Deepak, K.
K. (2023). Baroreflex sensitivity is impaired in
survivors of mild COVID-19 at 3-6 months of
clinical recovery; association with carotid artery
stiffness. Physiological Reports, 11, €15845. https://
doi.org/10.14814/phy2.15845



https://doi.org/10.14814/phy2.15845
https://doi.org/10.14814/phy2.15845

	Baroreflex sensitivity is impaired in survivors of mild COVID-19 at 3–6 months of clinical recovery; association with carotid artery stiffness
	Abstract
	1|INTRODUCTION
	2|SUBJECTS AND METHODS
	3|ASSESSMENT OF BAROREFLEX SENSITIVITY
	4|ASSESSMENT OF LOCAL CAROTID ARTERY STIFFNESS
	4.1|Statistical analysis

	5|RESULTS
	6|DISCUSSION
	7|CONCLUSION
	ACKNOWLEDGMENTS
	ETHICS STATEMENT
	REFERENCES


