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Abstract

The short-term cardiopulmonary manifestations of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are well defined. However, the implications of cardio-
pulmonary sequelae, persisting beyond acute illness, on physical function are largely
unknown. Herein, we characterized heart rate responses to and recovery from a 6-
minute walk test (6MWT) in women ~3 months after mild-to-moderate SARS-CoV-
2 infection compared with non-infected control subjects. Forty-five women (n = 29
SARS-CoV-2; n = 16 controls; age = 56 + 11 years; body mass index = 25.8 + 6.0 kg/m?)
completed pulmonary function testing and a 6MWT. The SARS-CoV-2 participants
demonstrated reduced total lung capacity (84 + 8 vs. 93 + 13%; P = 0.006), vital
capacity (87 + 10 vs. 93 + 10%; P = 0.040), functional residual capacity (75 + 16
vs. 88 + 16%; P = 0.006) and residual volume (76 + 18 vs. 93 + 22%; P = 0.001)
compared with control subjects. No between-group differences were observed in
6MWT distance (P = 0.194); however, the increase in heart rate with exertion was
attenuated among SARS-CoV-2 participants compared with control subjects (+52 + 20
vs. +65 + 18 beats/min; P = 0.029). The decrease in heart rate was also delayed
for minutes 1-5 of recovery among SARS-CoV-2 participants (all P < 0.05). Women
reporting specific symptoms at the time of testing had greater impairments compared
with control subjects and SARS-CoV-2 participants not actively experiencing these
symptoms. Our findings provide evidence for marked differences in chronotropic
responses to and recovery from a 6MWT in women several months after acute SARS-
CoV-2 infection.
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1 | INTRODUCTION

More than 225 million individuals have contracted acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for the
coronavirus disease 2019 (COVID-19) pandemic. With progressive
vaccination efforts, case incidence rates are declining; however, the
functional consequences of cardiopulmonary sequelae persisting for
longer than 3-4 weeks after the onset of initial symptoms, termed
‘post-acute COVID-19 syndrome’ (Nalbandian et al., 2021), remain
unclear. Longitudinal monitoring of hospitalized SARS-CoV-2 patients
has revealed restrictive defects and/or diffusion impairments in > 50%
of patients in the months following discharge (Bellan et al., 2021; Orzes
et al., 2021; Safont et al., 2021). Although male sex is recognized as
a predictor for increased COVID-19 disease severity and mortality
(Peckham et al., 2020), female sex has been associated with a greater
risk for persistent diffusion impairments months into recovery (Bellan
et al, 2021; Huang et al.,, 2021; Safont et al., 2021). Additional data
indicate that, after SARS-CoV-2 infection, women commonly report
declining physical health or fatigue (Xiong et al., 2021) and are three to
four times more likely to seek treatment for chronic symptoms (Davido
et al., 2020; Vanichkachorn et al., 2021). In particular, persistent
cardiopulmonary abnormalities following a SARS-CoV-2 infection may
reduce overall exercise tolerance in women.

The 6-minute walk test (6MWT) is a widely used clinical assessment
of functional exercise capacity (Lancaster, 2018); the heart rate (HR)
response to this test is a strong independent predictor of daily physical
activity (Morita et al., 2018) and mortality (Holland et al., 2013; Swigris
etal., 2009) in pulmonary disease patients. However, it remains unclear
whether chronotropic responses toa 6MWT are altered among women
during post-acute recovery from COVID-19. Therefore, in the present
study we sought to characterize HR responses to and recovery from a
6MWT in women > 4 weeks after a diagnosed SARS-CoV-2 infection in
comparison to control women (i.e., no infection) matched for age and
body mass index (BMI).

2 | METHODS

2.1 | Ethical approval

This study was approved by the Indiana University Institutional Review
Board (2004439367) and performed in accordance with the latest
revision of the Declaration of Helsinki, except for registration in a
database. All participants provided written informed consent before

enrolment.

2.2 | Participants

Women > 4 weeks after a positive diagnostic laboratory test for SARS-
CoV-2 and women who had never tested positive for SARS-CoV-2
(controls) were enrolled in this case-control study. Participants were
recruited from the surrounding community within a 185-kilometer

New Findings

* What is the central question of this study?

Are chronotropic responses to a 6-minute walk test
different in women with post-acute coronavirus
disease 2019 (COVID-19) syndrome compared
with control subjects?

* What is the main finding and its importance?
Compared with control subjects, the increase in
heart rate was attenuated and recovery delayed
after a 6-minute walk test in participants after
infection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Women reporting
specific symptoms at time of testing had greater
impairments compared with control subjects and
SARS-CoV-2 participants not actively experiencing
these symptoms. Such alterations have potential
to constrain not only exercise tolerance but also
participation in free-living physical activity in
women during post-acute recovery from COVID-
19.

radius of Bloomington, IN, USA. Those with a documented history of
major pulmonary disease (e.g., chronic obstructive pulmonary disease,
cystic fibrosis or emphysema), major cardiovascular disease (e.g.,
congestive heart failure, stroke, myocardial infarction or coronary
artery disease) and/or reported use of smoking/tobacco products

within the last 6 months were excluded from participation.

2.3 | Study design

After completing an initial telephone screening, participants were
invited to the Human Performance Laboratory at Indiana University
- Bloomington to complete a comprehensive pulmonary function
testing assessment and 6MWT. Upon arrival, body weight and body
composition were measured using a digital scale (MC-790U, Tanita
Corporation, Tokyo, Japan) and dual-energy X-ray absorptiometry
(iDXA; Lunar, GE Healthcare, Chicago, IL, USA), respectively.
Pulmonary function tests were performed using a Vmax Encore system
(Vyaire Medical, Mettawa, IL, USA) to measure forced vital capacity
(FVC), forced expiratory volume in 1 s (FEV4), forced expiratory
flow rate between 25 and 75% of expired vital capacity (FEF,s5_759),
diffusing capacity of the lung for carbon monoxide (DLCO), alveolar
volume (VA), total lung capacity (TLC), functional residual capacity
(FRC), vital capacity (VC), inspiratory capacity (IC) and residual volume
(RV) in accordance with the American Thoracic Society/European
Respiratory Society (ATS/ETS) guidelines (Graham et al., 2017, 2019;
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Wanger et al., 2005). Pulmonary function test values are reported as a
percentage of the predicted reference derived from the most recent
Global Lung Initiative (GLI), and lower limits of normal (LLN) were
defined as values below a z-score of —1.96 (Quanjer et al., 2012).

After 10 min of seated rest, participants completed a 6MWT
consistent with ATS guidelines (‘ATS statement: guidelines for the
six-minute walk test, 2002). Before walking, resting HR (Polar
Electro, Kempele, Finland), peripheral oxyhaemoglobin (S,0,) and
carboxyhaemoglobin saturation (SpCO; Pronto, Masimo, Irvine, CA,
USA), brachial blood pressure (BP; CT40, SunTech Medical, Morrisville,
SC, USA) and ratings of perceived dyspnoea (RPD; Borg, 1998; CR10)
were recorded. Measures of HR, Spoz, RPD and ratings of perceived
exertion using a 100 mm visual analog scale ranging from ‘no exertion’
to ‘maximal exertion’ (RPEyas) were assessed immediately post-6MWT
and throughout 5 min of standing recovery. Heart rate recovery (HRR)
was calculated as the difference in HR immediately post-6MWT in
comparison to each minute of recovery (HRR1nin, HRRomin, €tc.). The
6MWT distance was normalized to a reference sample of > 200 women
(median age = 58 years and mean BMI = 27.6 + 4 kg/m?) using a pre-
diction equation from Casanova et al. (2011) (%Pred 6MWT distance).

2.4 | Statistical analyses

Analyses were performed using SPSS v.27.0 (IBM, Armonk, NY, USA).
Data homogeneity was assessed using Levene’s test and normality
of distributions using the Shapiro-Wilks test. Student’s unpaired t-
tests and Mann-Whitney U-tests were used to compare participant
characteristics, pulmonary function tests, resting HR, BP, S0,, SpCO
and RPD, post-6MWT HRR, CR, S,0,, SpCO, RPD and RPEyxs,
6MWT distance and %Pred 6MWT distance between SARS-CoV-
2 participants and control subjects for normally distributed and
non-normally distributed variables, respectively. MANCOVAs with
Bonferroni corrections were used to compare HRR between groups
after adjustment for the percentage of predicted 6MWT distance,
resting HR, age and BMI. One-way ANOVAs were used to compare
%Pred 6MWT distance and HR responses between SARS-CoV-2
participants stratified by specific symptoms reported at the time
of testing (i.e., symptomatic vs. asymptomatic) and control subjects.
Associations between groups (SARS-CoV-2 vs. control) and pulmonary
function tests below the LLN in addition to co-morbidities were
evaluated using Fisher’s exact tests. Normally distributed data are
presented as means + SD and non-normally distributed data as
medians + interquartile range. Statistical significance for all tests were

set a priori and defined as a two-sided P-value < 0.05.

3 | RESULTS
3.1 | Participant characteristics

Participant characteristics are provided in Table 1. The median time

from positive diagnosis to enrolment was 94 + 43 days. At the time

TABLE 1 Characteristics of participants in the severe acute
respiratory syndrome coronavirus 2 and control groups at rest and
after 6-minute walk test

SARS-CoV-2  Control
Variable (n=29) (n=16) P-value
Age, years 54 + 10 58 + 11 0.324
Co-morbidities, n (%)
Hypertension 7 (24) 3(19) 1.000
Hypercholesterolaemia 2(7) 3(19) 0.330
Hypothyroidism 5(17) 2(13) 1.000
Rheumatoid arthritis 2(7) 0(0) 0.531
Asthma 2(7) 2(13) 0.608
History of cancer 1(3) 0(0) 1.000
Anxiety/depression 8(28) 1(6) 0.071
BMI, kg/m? 256 + 54 267 +48 0.740
iDXA BF, % 387 + 8.2 390+ 89 0895
Pre-6MWT
SBP, nmHg 128 + 4 128 + 11 0.962
DBP, mmHg 79 + 10 81+9 0.575
HR, beats/min 73 + 12 70+ 9 0.389
RPD, Borg CR10 0+0 0+0 0.928
Sp0, % 98 + 3 99 + 2 0.457
SpCO, % 0+1 0+1 0.901
Post-6MWT
6MWT distance, m 539 + 101 579 + 96 0.194
%Pred SMWT 97 + 17 101 + 11 0454
distance, %
RPEy s, 0-100 mm 28 + 14 35+19 0218
HR, beats/min 124 + 22 135+ 20  0.092
RPD, Borg CR10 25+ 1.9 28 + 15 0.301
Sp0, % 99 +3 99 + 4 0.640
SpCO, % 0+0 0+0 0.868

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HR,
heart rate; iDXA BF, body fat percentage measured using dual-energy X-
ray absorptiometry; RPD, ratings of perceived dyspnoea using the Borg
CR10 scale; RPEy,s, ratings of perceived exertion using a 100 mm visual
analog scale ranging from ‘no exertion’ to ‘maximal exertion’; SARS-CoV-
2, severe acute respiratory syndrome coronavirus 2; SBP, systolic blood
pressure; SpCO, peripheral carboxyhaemoglobin saturation; S,,, peri-
pheral oxyhaemoglobin saturation; 6MWT, 6-minute walk test; %Pred
6MWT distance, distance travelled during the 6MWT normalized to a
reference sample using predictive equations provided by Casanova et al.
(2011). Note. One subject in the SARS-CoV-2 group did not complete the
6MWT and is therefore not included in 6MWT variables (n = 28). Non-
normally distributed data (age for control subjects; BMI and post-6MWT
RPD for SARS-CoV-2 subjects; and rested and post-6MWT S5, SpCO and
RPD for both groups) are displayed as the median + interquartile range.
All other data are normally distributed and displayed as the mean + SD or
frequency [n (%)]. P > 0.05 between SARS-CoV-2 and control groups for all
comparisons.



BARANAUSKAS anpo CARTER

FIGURE 1 Coronavirusdisease 2019
(COVID-19) symptom inventory. Frequency
and mean (SD) duration (in days) of symptoms
reported by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) group
(n=29) atillness onset
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of testing, 17 of 29 participants (59%) were symptomatic for cough,
shortness of breath, fatigue, loss of taste/smell, joint/muscle aches
and/or dermatitis/hair loss. One participant was briefly hospitalized
(< 24 h) at the onset of illness prior to enrolment for complaints
of chest and neck pain and/or pressure. No other participants were
hospitalized. Consistent with definitions provided by the National
Institutes of Health, all SARS-CoV-2 participants met criteria for mild-
to-moderate illness severity (National Institutes of Health, 2021).
Figure 1 illustrates the frequency and duration of symptoms reported

by the SARS-CoV-2 group from the onset of iliness.

3.2 | No between-group difference in heart rate,
blood pressure, oxyhaemoglobin saturation,
carboxyhaemoglobin saturation or ratings of
perceived dyspnoea measured at rest and
immediately post-6MWT

Resting and post-6MWT variables are provided in Table 1. There were
no differences in resting HR, systolic BP, diastolic BP, S;0,, SpCO or
RPD between the SARS-CoV-2 group and control subjets. Additionally,
there were no between-group differences in post-6MWT HR, Spoz,
SpCO or RPD.

3.3 | Between-group differences detected in
chronotropic response to and recovery from the
6MWT

Figure 2a shows there are no between-group differences in resting
heart rate. Figure 2b illustrates that the AHR from rest to post-
6MWT was attenuated (i.e., increased less) among SARS-CoV-2

participants (+52 + 20 beats/min) compared with control sub-
jects (+65 + 18 beats/min; P = 0.029). Additionally, Figure 2c, d
demonstrates that HRR was delayed (i.e.,, decreased less) among
SARS-CoV-2 throughout each minute of recovery despite a similar
absolute and percent of predicted distance travelled. Between-group
differences in RPEyas were not observed (Table 1). Table 2 shows that
differencesin HRR persisted even after separate adjustment for %Pred
6MWT distance, resting HR, BMI and age.

3.4 | Differences observed in %Pred 6MWT
distance and HR responses between control subjects,
symptomatic and asymptomatic SARS-CoV-2
participants

When stratifying our SARS-CoV-2 sample by specific symptoms
reported at the time of testing (i.e., symptomatic and asymptomatic),
group differences were detected for %Pred 6MWT distance, AHR rest
to post-6MWT and HRRy,,in between control subjects, asymptomatic
and symptomatic SARS-CoV-2 participants (Table 3). The %Pred
6MWT distance was lower among participants reporting shortness
of breath in comparison to asymptomatic SARS-CoV-2 participants
(P = 0.008) and control subjects (P = 0.012). Likewise, the %Pred
6MWT distance was lower among those reporting joint/muscle aches
in comparison to the asymptomatic SARS-CoV-2 group (P = 0.045)
and control subjects (P = 0.043). The AHR from rest to post-6MWT
was also attenuated for SARS-CoV-2 participants reporting shortness
of breath compared with the asymptomatic group (P = 0.026) and
control subjects (P = 0.002). Compared with control subjects, the
HRR i Was delayed for SARS-CoV-2 participants reporting shortness
of breath (P =0.008), joint/muscle aches (P = 0.015), fatigue (P=0.013)

and loss of taste/smell (P = 0.037). Moreover, differences in HRR{in
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FIGURE 2 Heartrate (HR) responses to the 6-minute walk test (6MWT). (a) Resting HR. (b) The chronotropic response (postexercise HR
minus resting HR) to the 6MWT. The dashed line indicates the threshold (< +20 beats/min) predictive of mortality in interstitial lung disease
(Holland et al., 2013). (c) Individual data points for heart rate recovery (HRR) taken immediately postexercise compared with the first minute of
recovery after the SMWT (HRR,in). Note that a threshold (< —13 beats/min) is predictive of mortality in idiopathic pulmonary fibrosis patients, as
indicated by the dashed line (Swigris et al., 2009). (d) Heart rate recovery at each minute during 5 min of standing recovery after the 6MWT. One
participant in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) group opted not to participate in the 6SMWT and is therefore not
included in analyses (n = 28). Data are presented as the mean + SD. "P < 0.05 between SARS-CoV-2 and control groups

trended toward significance (P = 0.063), with SARS-CoV-2 participants
who reported cognitive impairment at the time of testing exhibiting
a more delayed HRR compared with control subjects. There were no
differences between groups when stratified based on ‘cough’ for the
%Pred 6MWT distance, AHR from rest to post-6MWT, and HRR i
Symptoms reported in fewer than three participants at the time of

testing were not examined.

3.5 | Associations between %Pred 6MWT distance
and HR responses among SARS-CoV-2 participants

For the SARS-CoV-2 group, having a lower %Pred 6MWT distance
was associated with a lower percentage of GLI reference for FEV,
(r=0.459; P=0.016), DLCO (r = 0.451; P = 0.018) and VA (r = 0.439;
P = 0.022), more days reported for fever (r = —0.432; P = 0.022),
shortness of breath (r = —0.534; P = 0.003) and headache (r = —0.378;

P = 0.048) at illness onset. An attenuated AHR from rest to post-
6MWT was associated with more days reported for shortness of breath
(r = —0.463; P = 0.013). Lastly, a delayed HRR4,j, was associated
with a lower percentage of GLI reference for DLCO (r = 0.437;
P = 0.023). Significant associations between the other pulmonary
function parameters or symptoms for %Pred 6MWT distance, AHR for
rest to post-6MWT, or HRR ,,i» were not observed.

3.6 | Between-group differences in pulmonary
function testing

Among the SARS-CoV-2 group, FRC was below the LLN in nine of 28
participants (32%). Likewise, TLC was below the LLN in five (18%),VCin
four (14%), DLCO intwo (7%), VAin one (3%), RV in one (4%) and FVC in
one (4%) of 28 SARS-CoV-2 participants. This compares to only one of
16 (6%) control subjects exhibiting values below the LLN for FEV, TLC,
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TABLE 2 Group differences in HRR after the 6-minute walk test
adjusted for %Pred 6MWT distance, resting heart rate, body mass
index and age

SARS-CoV-2 Control

Variable (n=28) (n=16) P-value
Unadjusted 0.185
HRR 1 min -22+10 —29+10 0.024"
HRR i -28+12 -36+11 0.024°
HRR3min —30+13 -39+ 13 0.043"
HRR4min -31+14 42+ 12 0.019°
HRRsmin -31+14 -43+13 0.012"
Adjusted for %Pred 6MWT distance 0.202
HRR 13in -22+9 -28+9 0.029°
HRRomin -28+10 -35+10 0.027°
HRR3min -31+11 -37+11 0.056
HRR4min -32+12 -41+12 0.024"
HRRsin -32+12 —42+12 0.013"
Adjusted for resting HR 0.228
HRR 13in -22+9 -28+9 0.031°
HRR min -28+11 -36+11 0.033
HRR3min -30+13 -38+13 0.063
HRR4min -32+13 -41+13 0.028"
HRRsmin -32+13 -42+13 0.018"
Adjusted for BMI 0.206
HRR 1min —22+10 —29+10 0.027°
HRRmin —28+11 —36+11 0.027°
HRR3in -30+13 -38+13 0.050°
HRRmin -31+14 —-42+14 0.023"
HRRsmin -32+14 42+ 14 0.014"
Adjusted for age 0.224
HRRmin —-22+10 —-29+10 0.032°
HRRmin —28+12 —36+12 0.035°
HRR3in -30+13 -38+14 0.054
HRRmin -31+14 -41+14 0.026°
HRRsmin -32+14 —42+14 0.017°

Abbreviations: BMI, body mass index; HR, heart rate; HRRy i, HRRopin,
etc., the difference in HR immediately post-6MWT compared with each
minute of recovery; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; 6MWT, 6-minute walk test; %Pred 6MWT distance, distance
travelled during the 6MWT normalized to a reference sample using pre-
dictive equations provided by Casanova et al. (2011). Note. The P-value
shown in bold is the omnibus test statistic for MANOVA/MANCOVA.

*P < 0.05 between SARS-CoV-2 and control groups.

VC and IC. SARS-CoV-2 was associated with having an FRC reduced
below the LLN (P =0.0164).

There were no differences between SARS-CoV-2 participants and
control subjects for FVC (103 + 13 vs. 107 + 10%; P = 0.055),
FEVq (98 + 12 vs. 100 + 13%; P = 0.542), FEFy5_759 (99 + 28 vs.
99 + 30%; P = 0.961), DLCO (97 + 13 vs. 99 + 11%; P = 0.533),
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FIGURE 3 Pulmonary function test measures reported as a
percentage of Global Lung Initiative (GLI) reference. Abbreviations:
DLCO, diffusing capacity for carbon monoxide; FEF5_75¢;, forced
expiratory flow rate between 25 and 75% of expired vital capacity;
FEV,, forced expiratory volume in 1's; FRC, functional residual
capacity; FVC, forced vital capacity; IC, inspiratory capacity; RV,
residual volume; TLC, total lung capacity; VA, alveolar volume; VC,
vital capacity. For the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) group (n = 29), one participant was
excluded from analyses for spirometry measures owing to an inability
to meet repeatability criteria for FVC and FEV 1, one was excluded
from DLCO analyses owing to an inability to attain the acceptable
threshold for inspiratory volume, and one was excluded from lung
volume analyses owing to an inability to perform a complete N,
washout test. For control subjects (n = 16), one subject was excluded
from DLCO analyses owing to inability to attain acceptable threshold
for inspiratory volume. Non-normally distributed data (FVC for
SARS-CoV-2 group and FRC and RV for control subjects) are displayed
as the median + interquartile range. All other data are normally
distributed and displayed as the mean + SD. Significant differences
between groups are indicated as follows: 'P<0.05;"P<0.01;

ok

P <0.001

VA (94 + 10 vs. 99 + 8%; P = 0.178) or IC (92 + 15 vs. 93 + 15%;
P = 0.815). Compared with control subjects, SARS-CoV-2 participants
had reduced TLC (84 + 8 vs. 93 + 13%; P = 0.006), VC (87 + 10 vs.
93 + 10%; P = 0.040), FRC (75 + 16 vs. 88 + 16%; P = 0.006) and
RV (76 + 18 vs. 93 + 22%; P = 0.001). Between-group differences in
pulmonary function test measures normalized to GLI reference values

are shown in Figure 3.

4 | DISCUSSION

Herein, we report differences in chronotropic responses to and
recovery from a standardized 6MWT in women ~3 months after the
onset of mild-to-moderate SARS-CoV-2 infection in comparison to
control subjects of similar age and BMI. Women reporting shortness
of breath at the time of testing exhibited an attenuated increase in
HR immediately post-6MWT compared with control subjects and
SARS-CoV-2 participants not actively experiencing this symptom.
Additionally, HRR was delayed to a greater extent in those who
reported shortness of breath, joint/muscle aches, fatigue or loss of

taste/smell at the time of testing compared with control subjects.
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TABLE 3 Group differences in %Pred SMWT distance and heart rate responses between control subjects, asymptomatic and symptomatic

SARS-CoV-2 participants

SARS-CoV-2,
Parameter symptomatic
Shortness of breath n=>5
%Pred 6MWT distance, % 79 + 1577
AHR rest to post-6MWT, beats/min +32 + 17F
HRR1min, beats/min -13+9
Joint/muscle aches n=4
%Pred 6MWT distance, % 80 + 197
AHR rest to post-6MWT, beats/min +44 + 32
HRR 1 min, beats/min —13 + 12
Fatigue n=3
%Pred 6MWT distance, % 87 + 24
AHR rest to post-6MWT, beats/min +40 + 24
HRRin, beats/min -11+6

Cough n=4

%Pred 6MWT distance, % 90 + 15
AHR rest to post-6MWT, beats/min +45 + 28
HRRin, beats/min -19 + 11
Loss of taste/smell n=10
%Pred 6MWT distance, % 89 + 20
AHR rest to post-6MWT, beats/min +47 + 23
HRR1min, beats/min -19 + 13
Cognitive impairment n=3
%Pred 6MWT distance, % 84 + 19
AHR rest to post-6MWT, beats/min +64 + 32
HRRin, beats/min -14 + 12

SARS-CoV-2,
asymptomatic Control P-value
n=23 n=16
101 + 15”7 101 + 11 0.008"
+56 + 18 +65 + 18" 0.003"
—23 + 10 -29 + 10" 0.009"
n=24 n=16
100 + 16 101 + 11° 0.044"
+53 + 18 +65 + 18 0.068
—23+9 -29 + 10° 0.014
n=25 n=16

98 + 16 101 + 11 0.359
+53 + 20 +65 + 18 0.050'
-23 + 10 -29 + 10 0.011"
n=24 n=16

98 + 18 101 + 11 0.493
+53 + 19 +65 + 18 0.076
-22 + 10 -29 + 10 0.071
n=18 n=16
102 + 14 101 + 11 0.092
+54 + 19 +65 + 18 0.060
-23+8 -29 + 10' 0.041
n=25 n=16

99 + 17 101 + 11 0.229
+50 + 19 +65 + 187 0.046
-22 + 10 -29 + 10 0.034'

Abbreviations: HR, heart rate; HRR i, the difference in HR immediately post-6MWT compared with the initial minute of recovery; 6MWT, 6-minute walk
test; %Pred 6MWT distance, distance travelled during the 6MWT normalized to a reference sample using predictive equations provided by Casanova et al.
(2011); SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. Note: Significant differences from symptomatic groups are indicated as follows

*P<0.05

**P < 0.01. Significant differences from asymptomatic groups are indicated as follows

fP<0.05
TP <0.01.

A lower %Pred 6MWT distance was also observed among women
reporting shortness of breath or joint/muscle aches compared
with control subjects and SARS-CoV-2 participants not actively
experiencing these symptoms. Although delayed HRR was associated
with a lower DLCO, interestingly, no associations were found
between chronotropic responses to the 6MWT and lung volumes
despite a considerable proportion of our SARS-CoV-2 cohort
demonstrating values below the LLNs. Taken together, our data
highlight a need for further investigation and for implementation
of targeted physical rehabilitation programmes to manage the
functional consequences of persistent cardiopulmonary sequelae in
women exhibiting persistent shortness of breath, joint/muscle aches,
fatigue and/or loss of taste/smell attributed to post-acute COVID-19

syndrome.

Differences in chronotropic responses to and recovery from 6MWT
were observed between the SARS-CoV-2 group and control subjects.
Our observations revealed that despite a similar distance travelled and
subjective rating of perceived effort between groups, postexercise HR
and HRR were attenuated in SARS-CoV-2 compared with control sub-
jects. A modest increase in HR (< +20 beats/min) and/or attenuated
HRR1min (£ —13 beats/min) to the 6MWT are strong independent pre-
dictors of disease progression in respiratory pathologies characterized
by restricted lung volumes and impaired gas exchange, such as
idiopathic pulmonary fibrosis (Holland et al., 2013; Swigris et al., 2009).
Interestingly, we observed four of 28 (14%) participants recovering
from SARS-CoV-2 exhibiting abnormal HR responses at or below these
thresholds, while 11 of 28 (39%) demonstrated HR responses below

the fifth percentile for control values. An attenuated increase and/or
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delayed HRR was associated with a lower DLCO and greater number of
days experiencing shortness of breath at iliness onset. A more delayed
HRR was also observed in women actively experiencing shortness of
breath, joint/muscle aches, fatigue or loss of taste/smell compared with
control subjects.

Although the 6MWT distance did not differ between control sub-
jects and the entire SARS-CoV-2 cohort (n = 29), group differences
emerged when SARS-CoV-2 participants were stratified by symptoms
reported at the time of testing. Those reporting shortness of breath
or joint/muscle aches achieved a lower %Pred 6MWT distance
compared with control subjects and SARS-CoV-2 participants not
actively experiencing these symptoms. Having a lower %Pred 6MWT
was also associated with a lower FEV ¢, DLCO, VA, and greater number
of days experiencing fever, shortness of breath and headache at iliness
onset. Taken together, these findings suggest that submaximal exercise
capacity is compromised in women actively experiencing certain
symptoms after acute COVID-19. It is also possible that shortness of
breath and joint/muscle aches reported several months into recovery
might reflect persistent pulmonary abnormalities (i.e., reduced DLCO
and VA) impairing gas exchange and tolerance to submaximal physical
activity in this population.

Other accounts have provided evidence supporting impaired
chronotropic responses to maximal exercise in individuals recovering
from COVID-19 (Dorellietal., 2021; Szekely et al., 2021). Chronotropic
incompetence (defined as failure to achieve > 80% HR reserve) during
a maximal cardiopulmonary exercise test was observed in 75% of
individuals ~3 months into recovery from mild-to-critical SARS-CoV-
2 illness compared with 8% of control subjects (Szekely et al., 2021).
These changes were accompanied by higher right atrial pressures
at rest along with reduced left ventricular end-diastolic volume and
left ventricular ejection fraction during exercise (Szekely et al.,, 2021).
Additionally, a delayed HRR during the initial minute after maximal
graded exercise has been documented in previously hospitalized SARS-
CoV-2 patients exhibiting exercise ventilatory inefficiency (minute
ventilation/carbon dioxide production slope above upper limits of
normal) in comparison to those with normal ventilatory efficiency
slopes (Dorelliet al., 2021).

Haemodynamic and ventilatory irregularities observed in some
individuals recovering from COVID-19 are characteristic of the
physiological consequences of pulmonary vascular remodelling
with pulmonary arterial hypertension (Querejeta Roca et al., 2015;
Weatherald et al., 2018; Wu et al,, 2017). Indeed, severe SARS-
CoV-2 infection, via either direct viral infiltration of pulmonary
capillary endothelial cells and/or resultant inflammation, has been
associated with microvascular dysfunction and subsequent perfusion
impairments resulting from increased physiological dead space
(Cascino et al., 2021). It is possible that a higher right ventricular
afterload with elevated pulmonary arterial pressures could lead to
sympathoexcitation, thereby altering the sympathovagal balance
during recovery from SARS-CoV-2 (Wu et al., 2017). Although our
data cannot confirm whether this assumption applies to women
recovering from mild-to-moderate SARS-CoV-2 illness, severe

abnormalities in DLCO and VA observed in several (n = 2) of our

participants and the relationship of DLCO to HRR and %Pred
6MWT distance are consistent with this proposed aetiology of
impaired chronotropic responses to submaximal physical exertion.
However, additional investigations are warranted to clarify the exact
mechanisms contributing to these observed abnormalities.

As an alternative explanation for impaired HR responses among
the present SARS-CoV-2 cohort, accumulating evidence suggests
that SARS-CoV-2, similar to other coronaviruses, has neurotropic
properties (Jarrahi et al., 2020). Case reports have revealed the
development of phrenic nerve paralysis in COVID-19 patients without
computed tomographic evidence of lung damage (Maurier et al., 2020).
Additional reports of COVID-19 patients developing postural tachy-
cardia syndrome (Kanjwal et al., 2020; Miglis et al., 2020; Umapathi
et al, 2020) provide further evidence for impaired cardiac vagal
modulation (Jacob et al, 2019), possibly related to either direct
viral attack of the nervous system or ensuing autoimmune responses
following SARS-CoV-2 infection that are associated with autonomic
disorders (Dani et al, 2021). Collectively, such findings indicate
possible infestation and impairment of the phrenic and vagal nerves in
COVID-19 patients, which might account for the observed alterations
in chronotropic responses to the 6MWT.

Respiratory muscle weakness of unknown aetiology has also been
reported in COVID-19 patients (Farr et al., 2020), which might offer
an explanation for abnormal lung volumes observed in our cohort
(Hart et al., 2002). Consistent with previous accounts demonstrating
abnormal lung volumes in individuals recovering from moderate-
to-critical COVID-19 (Ekbom et al., 2021; Gonzalez et al., 2021;
Huang et al,, 2021; Smet et al., 2021), we observed FRC, TLC, VC
and RV that were below clinically relevant thresholds in several of
our participants recovering from mild-to-moderate illness. However,
the proportion of SARS-CoV-2 participants demonstrating abnormal
lung volumes in our study was lower than that found in accounts
including hospitalized cases of greater severity (Ekbom et al., 2021;
Gonzalez et al, 2021; Huang et al., 2021; Smet et al, 2021).
Further examination of the mechanisms underlying reduced lung
volumes (i.e., fibrotic/inflammatory changes to the pulmonary inter-
stitium, respiratory muscle weakness attributed to neuromuscular
manifestations of the virus, and microcirculatory changes leading to
atrophy of type Il myofibres; Farr et al., 2020), via diagnostic imaging
and/or tests of respiratory muscle strength, is needed in individuals
experiencing post-acute COVID-19 syndrome.

Reduced lung volumes, particularly FRC, are suggestive of
decreased lung compliance, the potential consequences of which
are limited exercise tolerance owing to greater airway resistance
and work of breathing (Lutfi, 2017). However, exercise tolerance
was largely preserved in our SARS-CoV-2 cohort, as indicated by
similar distances covered during the 6MWT compared with control
subjects. Furthermore, we observed no associations between %Pred
6MWT distance and lung volumes. Given the relatively low pressures
presumably generated by the respiratory muscles during the 6MWT,
it is highly unlikely that O, delivery would be compromised owing to
increased respiratory muscle work (Romer & Polkey, 2008). Therefore,

the relationship between %Pred 6MWT and lung volumes would be
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expected. Yet, our observations cannot eliminate the possibility that
the capacity to perform higher-intensity exercise would be impaired
in women recovering from mild-to-moderate illness, especially given
that peak aerobic capacity appears to be reduced during recovery
from mild-to-critical COVID-19 in comparison to matched control
subjects (Singh et al.,, 2021; Szekely et al., 2021). Additional work is
needed to clarify whether relationships exist between reduced lung
volumes and exercise tolerance at higher relative work intensities
among individuals recovering from COVID-19.

By adopting a case-control matched design, we have greater
assurance in attributing the present chronotropic responses to
the 6MWT to post-acute COVID-19 syndrome rather than under-
lying irregularities related to ageing or obesity. Nevertheless, given
the retrospective nature of this work, we cannot disregard the
possibility of undiagnosed pulmonary abnormalities and/or autonomic
dysfunction that existed before a SARS-CoV-2 infection. Additionally,
it is possible that individuals included in the control group might
have had an asymptomatic SARS-CoV-2 infection and/or a previous
false-negative diagnostic test for SARS-CoV-2. Therefore, we cannot
conclude with absolute certainty that the abnormalities observed were
attributable to the effects of the SARS-CoV-2 virus alone.

Furthermore, future investigations should consider appropriately
characterizing menopausal status (e.g., years since menopause, early-
or late-menopausal transition) and use of hormonal replacement
therapies, because women in the late-menopausal transition and
menopause have a greater prevalence of restrictive lung abnormalities
(Hong et al., 2021) that are partly reversed by the administration of
combined hormonal therapies (Cevrioglu et al., 2004). Although we
did not control for menopausal status in the present investigation,
the proportion of women exceeding the average age of menopause
(51 years) was similar in the SAR-CoV-2 (79%) and control (81%)
groups. It is also possible that hormonal changes during the
menopausal transition might increase susceptibility to chronic
symptoms after a SARS-CoV-2 infection, considering that the majority
of patients seeking treatment for post-acute COVID-19 syndrome
have been women around the ages of 40-45 years old (Davido et al.,
2020; Vanichkachorn et al.,, 2021). Future work should investigate
whether altered cardiopulmonary responses to exercise similar to
those observed in our account exist with recovery from COVID-19 in

men and younger (premenopausal) women.

4.1 | Conclusions

Recent reports suggest that women are more likely to seek treatment
for post-acute COVID-19 syndrome and to exhibit diffusion
impairments for months after a SARS-CoV-2 infection. Nonetheless,
little is known regarding the influence of such persistent cardio-
pulmonary abnormalities on physical functioning. Our findings provide
evidence for marked differences in chronotropic responses to and
recovery from a 6MWT in women several months after acute SARS-
CoV-2 infection. Notably, women reporting specific symptoms at

the time of testing had greater impairments compared with control

subjects and SARS-CoV-2 participants not actively experiencing
these symptoms. Furthermore, although DLCO was below the LLN
in only two of 28 participants recovering from SARS-CoV-2, a lower
DLCO was associated with a lower %Pred 6MWT distance and more
pronounced delay in HRR among this group. Such alterations have
potential to constrain not only exercise tolerance but also participation
in free-living physical activity in women during post-acute recovery
from COVID-19.
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