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Abstract

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can have

a profound impact on vascular function. While exercise intolerance may accompany a

variety of symptoms associated with SARS-CoV-2 infection, the impact of SARS-CoV-

2 on exercising blood flow (BF) remains unclear. Central (photoplethysmography) and

peripheral (Doppler ultrasound) haemodynamics were determined at rest and during

rhythmic handgrip (HG) exercise at 30% and 45% of maximal voluntary contraction

(MVC) in young adults with mild symptoms 25 days after testing positive for SARS-

CoV-2 (SARS-CoV-2: n = 8M/5F; age: 21 ± 2 years; height: 176 ± 11 cm; mass:

71 ± 11 kg) and were cross-sectionally compared with control subjects (Control:

n = 8M/5F; age: 27 ± 6 years; height: 178 ± 8 cm; mass: 80 ± 25 kg). Systolic

blood pressure, end systolic arterial pressure and rate pressure product were higher

in the SARS-CoV-2 group during exercise at 45% MVC compared with controls.

Brachial artery BF was lower in the SARS-CoV-2 group at both 30% MVC (Control:

384.8 ± 93.3 ml min–1; SARS-CoV-2: 307.8 ± 105.0 ml min–1; P = 0.041) and

45% MVC (Control: 507.4 ± 109.9 ml min–1; SARS-CoV-2: 386.3 ± 132.5 ml min–1;

P = 0.002). Brachial artery vascular conductance was lower at both 30% MVC

(Control: 3.93 ± 1.07 ml min–1 mmHg–1; SARS-CoV-2: 3.11 ± 0.98 ml min–1 mmHg–1;

P = 0.022) and 45% MVC (Control: 4.74 ± 1.02 ml min–1 mmHg–1; SARS-CoV-2:

3.46 ± 1.10 ml min–1 mmHg–1; P < 0.001) in the SARS-CoV-2 group compared to

control group. The shear-induced dilatation of the brachial artery increased similarly

across exercise intensities in the two groups, suggesting the decrease in exercising

BF may be due to microvascular impairments. Brachial artery BF is attenuated during

HG exercise in young adults recently diagnosed with mild SARS-CoV-2, which may

contribute to diminished exercise capacity among those recovering from SARS-CoV-2

like that seen in severe cases.
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1 INTRODUCTION

The novel coronavirus disease of 2019 (COVID-19) pandemic, caused

by the severe acute respiratory syndromecoronavirus 2 (SARS-CoV-2),

has resulted in over3.9million fatalities andafflictednearly 185million

individuals worldwide by June 2021 (World Health Organization,

2021). Critical care, mild and asymptomatic individuals diagnosedwith

SARS-CoV-2 exhibit a wide range of symptoms, indicating systemic

consequences of the virus (Chen et al., 2020; Gallo Marin et al.,

2021; Ratchford et al., 2021). The observed decrements in physio-

logical function of those with SARS-CoV-2 may be explained by

the functional host receptor of SARS-CoV-2, angiotensin-converting

enzyme-2 (ACE2), which is present in epithelial cells of the heart,

lungs, blood vessels, kidneys, liver and gastrointestinal tract end-

othelium (Bourgonje et al., 2020; Monteil et al., 2020) and may be

driven by the systemic-inflammatory response, known as the cyto-

kine storm (Channappanavar & Perlman, 2017; Li et al., 2020; Paybast

et al., 2020). Indeed, increases in reactive oxygen species observed in

animal models with SARS-CoV-2 (van den Brand et al., 2014) and sub-

sequent inflammatory cytokines observed in patients with SARS-CoV-

2 (Delgado-Roche & Mesta, 2020; Gozalbo-Rovira et al., 2020; Ponti

et al., 2020) could negatively impact multiple organ systems (Ferm

et al., 2020; Jothimani et al., 2020; Siripanthong et al., 2020), including

the vasculature (Poole et al., 2021; Wadley et al., 2013). This impact

on the vasculature may lead to significant functional decreases when

physiological systems are stressed such as during activities of daily

living or exercise.

Several investigations have reported decreases in vascular

regulation at rest (Paneroni et al., 2021; Ratchford et al., 2021;

Riou et al., 2021), as well as increases in arterial stiffness (Jud et al.,

2021; Szeghy et al., 2022) long after SARS-CoV-2 infection, which may

have consequences for oxygen and substrate transport to and from

active tissues such as skeletal muscle during exercise. While deficits

in exercise capacity have been observed 6 (Hui et al., 2005) and 14

(Su et al., 2007) months after diagnosis of severe acute respiratory

syndrome (SARS), recent accounts of exercise intolerance among

those recovering from SARS-CoV-2 have only begun to emerge. Lower

peak oxygen consumption and ventilatory efficiency during cardio-

pulmonary exercise testing (Raman et al., 2021) and shorter 6-min

walk distance (Huang et al., 2021) among individuals who have been

hospitalized with SARS-CoV-2 may ultimately be related to vascular

dysregulation following SARS-CoV-2 infection.

Therefore, the purpose of this investigation was to assess

the potential impact of SARS-CoV-2 on central and peripheral

haemodynamics during rhythmic isometric handgrip (HG) exercise.

To address this aim, we examined the central and peripheral

haemodynamics during rhythmic HG exercise in young adults

recovering from SARS-CoV-2. We compared young adults who

had recently tested positive for SARS-CoV-2 with otherwise healthy

young adults whose data were collected prior to the COVID-19

pandemic. We used a small-muscle mass HG exercise to minimize

central haemodynamic perturbation during exercise, and we hypo-

thesized central haemodynamics would be similar between the

New Findings

∙ What is the central question of this study?

Are central and peripheral haemodynamics during

handgrip exercise different in young adults 3–

4 weeks following infection with of SARS-CoV-2

comparedwith young healthy adults.

∙ What is themain finding and its importance?

Exercising heart rate was higher while brachial

artery blood flow and vascular conductance were

lower in the SARS-CoV-2 compared with the

control group. These findings provide evidence for

peripheral impairments to exercise among adults

with SARS-CoV-2,whichmay contribute to exercise

limitations.

SARS-CoV-2 and the control groups in response to exercise. However,

we further hypothesized that peripheral haemodynamics, as evidenced

by a lower exercise hyperaemic response to HG, would be blunted

in the SARS-CoV-2 group compared to the healthy control group.

These data would, therefore, provide insight into the role of peripheral

blood flow (BF) regulation during exercise among adults who recently

tested positive for SARS-CoV-2 and may shed light on the potential

mechanisms for exercise intolerance in patients hospitalized following

infection.

2 METHODS

2.1 Ethical approval

All procedures were approved by the Appalachian State University

Institutional Review Board (IRB_20-0304, IRB_20-0132) as well as

the University of Utah and Salt Lake City VA Medical Center

Institutional Review Boards (IRB_00030810). The study conformed to

the standards set by the Declaration of Helsinki, except for registration

in adatabase. Prior to testing, experimental procedureswere explained

to participants, both in writing and verbally, and subjects provided

written informed consent.

2.2 Subjects

Young adults who tested positive for SARS-CoV-2 using a

nasopharyngeal swab polymerase chain reaction assay in the prior

3–4 weeks reported to the laboratory. Control data were previously

collected at Appalachian State University (Boone, NC, USA) and

University of Utah (Salt Lake City, UT, USA) and were collected prior

to the first confirmed case of COVID-19 in North Carolina, USA (3



710 STUTE ET AL.

March 2020) or in Salt Lake City, UT (6 March 2020). Control subjects

were selected based on similar age, sex, height, mass, body mass index

(BMI) and maximum voluntary contraction. Control subjects did not

report any flu-like symptoms. All subjectswere non-smokers, free from

cardiovascular, metabolic, or renal disease, and female participants

were not currently pregnant or breastfeeding. SARS-CoV-2 subjects

did not require hospitalization during or following infection.

2.3 Study procedures

For testing, participants arrived at the laboratory having abstained

from exercise, caffeine and alcohol for at least 24 h before testing,

and ≥4 h postprandial. Anthropometric data were collected upon

arrival to the laboratory to calculate body surface area (BSA) using the

Haycockmethodas: BSA (m2)=0.024265× (height,m)0.3964 × (weight,

kg)0.5378. Participants lay supine on a bed for instrumentation. Testing

took place in a quiet, environmentally controlled laboratory, with an

ambient temperature of∼23◦C in a lightly dimmed room.

2.4 SARS-CoV-2 symptom severity survey

Subjects who tested positive for SARS-CoV-2 were asked to rank their

SARS-CoV-2 symptomson thedayof study testing.Ona scale of 0–100

of increasing severity, subjects ranked their symptoms of chest pain,

chills, diarrhoea, dizziness or vertigo, dry cough, dry eyes, dry mouth,

fatigue, fever over 37.9◦C, headache, lack of appetite, loss of smell

or taste (anosmia), muscle or body aches, nasal congestion or runny

nose, nausea or vomiting, shortness of breath, difficulty breathing,

dyspnoea, sore joints or sore throat. The values for all symptoms were

totalled and averaged for total symptom severity.Mild symptomswere

categorized as a symptom severity score of 0–33, moderate as 34–66

and severe as 67–100.

2.5 Rhythmic handgrip exercise

Subjects were in the supine position for ∼20 min before the start

of data collection with the right arm abducted 90◦ and the elbow

joint extended at heart level. Resting measurements were obtained

for 1 min prior to HG exercise. Maximal voluntary contraction

(MVC) was established by taking the highest value of three maximal

contractions using an isometric HG dynamometer (TSD121C, Biopac

Systems, Goleta, CA, USA). Rhythmic HG exercise was performed

at 30% (moderate intensity) and 45% (high intensity) MVC for

3 min each with 2 min rest between workloads. Force output was

continuously displayed for visual feedback to ensure subjects reached

the desired rapid force production during each isometric contraction

(AcqKnowledge Data Acquisition, Biopac Systems). Rapid contra-

ctions were performed at 1 Hz frequency while using a metronome

for auditory feedback. Central and peripheral haemodynamic

measurements were obtained during the last 60 s of each stage.

Rating of perceived exertion on a 10-point scale (RPE/10: 1–10, with

10 being maximal effort) was indicated by the subject during the last

30 s of each exercise stage.

2.6 Central haemodynamic variables

Heart rate (HR), stroke volume (SV) and cardiac output (CO) were

determined using beat-by-beat photoplethysmography (NOVA,

Finapres Medical Systems, Enschede, The Netherlands). HR was

monitored from a standard three-lead electrocardiogram recorded

on the data acquisition system (Biopac). SV was calculated using

the Modelflow method, which includes age, sex, height and weight

(Beatscope version 1.1; Finapres Medical Systems) (Bogert & van

Lieshout, 2005) and has been documented to accurately track SV

during a variety of experimental protocols, including exercise (de

Vaal et al., 2005; de Wilde et al., 2009; Sugawara et al., 2003). CO

was calculated as: CO (l min−1) = HR × SV. Stroke index (SI; ml m−2)

and cardiac index (CI; l min−1 m−2) were calculated relative to BSA

(m2). Pulse pressure (PP), a measure of pulsatile arterial afterload,

the non-resistive oscillatory component of arterial afterload (Chemla

et al., 1998; Kelly et al., 1992), was calculated as: PP (mmHg)= systolic

arterial pressure (SAP) − diastolic arterial pressure (DAP). MAP was

calculated as: MAP (mmHg) = DAP + (PP × 0.33). Rate pressure

product (RPP), an indication of myocardial oxygen consumption

(Kitamura et al., 1972), was calculated as: RPP (A.U.) = SAP × HR.

End systolic arterial pressure (Pes) was calculated as (Kelly et al.,

1992): Pes (mmHg) = 0.9 × SAP. Effective arterial elastance (Ea), an

index of total arterial afterload (Kelly et al., 1992), was calculated

as: Ea (mmHg ml−1) = Pes × SV−1. Stroke work (SW), known as a

measure of left systolic work (Kelly et al., 1992), was calculated as:

SW (mmHg ml) = Pes × SV. Total arterial compliance (TAC), an index of

pulsatile arterial afterload while considering the effect of SV (Chemla

et al., 1998; Reil et al., 2013), was calculated as: TAC (mlmmHg−1)= SV

× PP−1.

2.7 Peripheral haemodynamic variables

Baselinemeasurements of the right brachial artery diameter and blood

velocity were taken for 1 min using a Doppler ultrasound system (GE

Logiq eR7 and L4-12T-RS transducer, GEMedical Systems,Milwaukee,

WI, USA). Sample volume was optimized in relation to vessel diameter

and centred within the vessel for each subject. Measurements of

brachial artery diameter and velocity were obtained with the Doppler

ultrasound in duplex mode with B-mode imaging frequency of 12MHz

and Doppler frequency of 4 MHz. An angle of insonation of 60◦ was

achieved for all measurements (Rizzo et al., 1990). Brachial artery

mean diameters were analysed offline as second-averages to calculate

mean forearm blood flow (FBF). Anterograde and retrograde brachial

artery diameters were obtained from diameter measurements made

at 30 Hz and determined as maximum and minimum diameters,

respectively, every second to calculate anterograde FBF (aFBF)
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TABLE 1 Subject characteristics

Control (8M/5 F) SARS-CoV-2 (8M/5 F) P

Age (years) 27.4 ± 6.3 21.3 ± 1.9a 0.003

Height (cm) 178 ± 8 176 ± 11 0.614

Bodymass (kg) 80 ± 25 71 ± 11 0.244

Bodymass index (kgm−2) 25.2 ± 6.6 23.1 ± 2.3 0.321

HandgripMVC (kg) 27.7 ± 5.8 28.2 ± 7.6 0.850

Handgrip 30%MVC (kg) 8.3 ± 1.7 8.4 ± 2.3 0.845

Handgrip 45%MVC (kg) 12.4 ± 2.6 12.7 ± 3.4 0.845

SSRI use (n) 2 F 3 F

Data aremeans± SD. Two-tailed Student’s t tests were used to compare groups.
aP< 0.05 between groups. Abbreviations:MVC, maximal voluntary contraction; SSRI, Selective Serotonin Reuptake Inhibitor.

and retrograde FBF (rFBF), respectively (Cardiovascular Suite v.

4.0, Quipu, Pisa, Italy). Ultrasound Doppler measurements of mean

blood velocity (Vmean), anterograde blood velocity (Vantro), and

retrograde blood velocity (Vretro) were derived as the intensity-

weighted mean, above baseline, and below baseline, respectively,

blood velocity on the GE Doppler ultrasound during the last 60 s of

each exercise intensity for the determination of limb BF at steady

state exercise. The FBF was calculated as: FBF (ml min−1) = [Vmean

× π (mean vessel diameter × 2−1)2 × 60]. The aFBF was calculated

as: aFBF (ml min−1) = [Vantro × π (anterograde vessel diameter ×

2−1)2 × 60]. The rFBF was calculated as: rBF (ml min−1) = [Vretro
× π (retrograde vessel diameter × 2−1)2 × 60]. Forearm vascular

conductance (FVC) was calculated as: FVC (ml min−1 mmHg−1) = FBF

× MAP−1. Anterograde forearm vascular conductance (aFVC) was

calculated as: aFVC (ml min−1 mmHg−1) = aFBF × SAP−1. Retrograde

forearm vascular conductance (rFVC) was calculated as: rFVC

(ml min−1 mmHg−1) = rFBF × DAP−1. Shear rate (SR) was calculated

as: SR (s−1) = 8 × Vmean × arterial diameter−1. Anterograde shear

rate (aSR) was calculated as: aSR (s−1) = 8 × Vantro × anterograde

vessel diameter−1. Retrograde shear rate (rSR) was calculated as: rSR

(s−1)= 8× Vretro × retrograde vessel diameter−1.

2.8 Statistical analyses

Statistics were performed using commercially available software

(SigmaStat 14.0; Systat Software, Point Richmond, CA, USA). Subject

characteristics were compared using a two-tailed Student’s t-test for

two samples of equal variance. A 2 × 3 repeated-measures ANOVA

(P < 0.05) (group, 2 levels: Control vs. SARS-CoV-2) (workload, 3

levels: rest, 30 and 45% of MVC) was performed to compare the

haemodynamic responses in control and SARS-CoV-2 groups during

exercise with pairwise comparisons when a significant interaction was

found. The Brown–Forsythe method was used to assess equality of

variances and the Shapiro–Wilk test to assess normality of data. The

Bonferroni t-test method was used for α adjustment and post hoc

analysis for multiple comparisons. The slope of the shear rate over

brachial artery diameter was compared between groups using a two-

tailed Student’s t-test. Data are expressed asmeans± SD.

3 RESULTS

3.1 Subject characteristics

Subject characteristics are presented in Table 1. While the control

group was significantly older than the SARS-CoV-2 group, the height,

body mass, BMI and HGMVC among these groups were not different.

The RPE/10 at 30% MVC (Control: 5.5 ± 1.9 AU, SARS-CoV-2: 4.3 ±

2.1 AU, P = 0.20) and 45% MVC (Control: 7.5 ± 1.6 AU, SARS-CoV-

2: 7.3 ± 1.9 AU, P = 0.33) were similar between groups. Two females

in control and all five females in the SARS-CoV-2 group were taking

prescribed contraception, and all were pre-menopausal. Two and three

female subjects from the control and SARS-CoV-2 groups, respectively,

were prescribed selective serotonin reuptake inhibitors.

3.2 SARS-CoV-2 symptom severity survey

SARS-CoV-2 subjects rated their symptoms on the day of study testing

on a scale of 0–100, with symptom averages among those subjects

experiencing symptoms being displayed in parentheses. One subject

reported mild chest pain (30 AU), two reported symptoms of mild

dizziness/vertigo (15 ± 7 AU), two reported lack of appetite (25 ±

21 AU), three reported having a mild dry cough (18 ± 19 AU), three

reported moderate anosmia (38 ± 25 AU), three reported mild muscle

or body aches (7 ± 3 AU), three reported mild dyspnoea (12 ± 8

AU), and three reported mild sore throats (9 ± 7 AU), four reported

mild dry eyes (11 ± 6 AU), five reported mild dry mouth (11 ± 2

AU), seven reported mild fatigue (19 ± 11 A.U.) and seven reported

nasal congestion (11± 9 AU). No subjects reported symptoms of chills,

diarrhoea, fever, headache, nausea or sore joints. Collectively, subjects

averaged 3.4 ± 2.1 symptoms with a severity of 15.1 ± 6.8 AU which

was classified as mild symptoms on the day of testing.
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TABLE 2 Central haemodynamic responses to rhythmic handgrip exercise

P

Baseline 30%MVC 45%MVC Group Workload Interaction effect

Systolic blood pressure

(mmHg)

Control 124 ± 5 132 ± 5a 142 ± 6a,b 0.243 <0.001 0.043

SARS-CoV-2 123 ± 10 137 ± 14a 151 ± 19a,b,c

Diastolic blood pressure

(mmHg)

Control 75 ± 7 82 ± 8 90 ± 11 0.896 <0.001 0.321

SARS-CoV-2 72 ± 7 81 ± 11a 93 ± 14

Pulse pressure (mmHg) Control 48 ± 6 50 ± 7 51 ± 7 0.050 <0.001 0.055

SARS-CoV-2 51 ± 6 56 ± 6 59 ± 8

Stroke index (ml m−2) Control 43 ± 7 43 ± 7 41 ± 7 0.050 <0.001 0.720

SARS-CoV-2 46 ± 10 47 ± 11 43 ± 13

Strokework (mmHg l−1) Control 9.46 ± 2.15 10.11 ± 2.60 10.49 ± 2.97a 0.757 <0.001 0.686

SARS-CoV-2 9.55 ± 2.80 10.62 ± 3.04 10.92 ± 3.6

Cardiac index (l min −1 m−2) Control 2.34 ± 0.47 2.71 ± 0.94 2.84 ± 0.77a 0.036 <0.001 0.328

SARS-CoV-2 2.81 ± 0.65 3.41 ± 0.89a 3.73 ± 1.35a,c

End systolic arterial pressure

(mmHg)

Control 112 ± 4 119 ± 5a 127 ± 5a,b 0.243 <0.001 0.043

SARS-CoV-2 111 ± 9 123 ± 13a 136 ± 17a,b,c

Total arterial compliance (ml

mmHg−1)

Control 1.78 ± 0.49 1.72 ± 0.54 1.62 ± 0.48a 0.378 <0.001 0.097

SARS-CoV-2 1.69 ± 0.43 1.56 ± 0.41a 1.38 ± 0.46a,b

Systemic vascular

conductance (ml min−1

mmHg−1)

Control 5.11 ± 1.49 5.28 ± 1.88 5.34 ± 2.05 0.195 0.194 0.510

SARS-CoV-2 5.89 ± 1.62 6.40 ± 1.73 6.19 ± 2.11

Effective arterial elastance

(mmHgml−1)

Control 1.39 ± 0.35 1.49 ± 0.38 1.65 ± 0.39a 0.594 <0.001 0.096

SARS-CoV-2 1.38 ± 0.39 1.53 ± 0.47 1.90 ± 0.77a,b

Rate pressure product

(mmHg bpm)

Control 6826 ± 1128 7965 ± 1592 9,727 ± 1,928a,b 0.001 <0.001 0.003

SARS-CoV-2 7608 ± 1198 10,084 ± 1497a,c 12,975 ± 2686a,b,c

Data are means ± SD. A 2 × 3 repeated measures ANOVA (α < 0.05) (group, 2 levels; Control vs. SARS-CoV-2; workload, 3 levels: baseline, 30%, and 45%

MVC) was performed to compare shear and brachial artery responses in control and SARS-CoV-2 groups.
aP< 0.05 versus baseline groups pooled.
bP< 0.05 versus 30%MVCwithin group.
cP< 0.05 between groups within condition.

3.3 Central haemodynamics

The central haemodynamic responses to the rhythmic HG exercise

are detailed in Table 2. Interaction effects (group × workload) were

observed for SBP, Pes and RPP, with the measures of the SARS-CoV-2

group being elevatedwhen comparedwith themeasures of the control

group during incremental exercise (Table 2). There was a main effect

of group for CI, PP and SI with the measures in the SARS-CoV-2 group

being elevated when compared with the control measures. A main

effect for group was observed for HR (P = 0.007) with the SARS-CoV-

2 group being elevated (Figure 1). There were no interaction effects or

main effects of group for DBP,MAP, SV, CO, SW, TAC or Ea (Table 2).

3.4 Peripheral haemodynamics

Brachial artery diameter progressively increased in both groups from

baseline to 30% MVC and 45% MVC (see Figure 3b), but there were

no differences between groups or group by workload interactions in

mean, anterograde, or retrograde brachial artery diameters (Table 3).

There was a main effect of intensity for anterograde brachial artery

diameter (P< 0.001). Retrograde brachial artery diameter did not have

an interaction effect ormain effect of group, but displayedamain effect

of intensity (P< 0.001) (Table 3).

There was a group byworkload interaction for mean brachial artery

FBF (P = 0.007) and aFBF (P = 0.042), but not rFBF (P = 0.357).

Meanbrachial artery FBFwasnot different betweengroups at baseline

(Control: 70.9 ± 39.4; SARS-CoV-2: 65.4 ± 33.4 ml min−1; P = 0.880)

but was different between groups at both 30% MVC (Control: 384.8

± 93.3; SARS-CoV-2: 307.8 ± 105.0 ml min−1; P = 0.041) and

45% MVC (Control: 507.4 ± 109.9; SARS-CoV-2: 386.3 ± 132.5 ml

min−1; P = 0.002) (Figure 2). The aFBF increased significantly from

BL to 30% and 45% MVC in both groups. The aFBF was not different

between groups at either baseline (Control: 79.1 ± 43.5; SARS-CoV-2:

71.6± 41.1mlmin−1; P= 0.875) or 30%MVC (Control: 450.5± 144.2;

SARS-CoV-2: 387.0± 117.0ml min−1; P= 0.183), but was significantly

lower in the SARS-CoV-2 group at 45% MVC when compared with
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F IGURE 1 Mean arterial pressure (a), heart rate (b), stroke volume (c), and cardiac output (d) responses during supine rhythmic HG in young
adults with SARS-CoV-2 and healthy controls. A 2× 3 repeatedmeasures ANOVA (α< 0.05) (group, 2 levels; Control vs. SARS-CoV-2; workload, 3
levels: baseline, 30% and 45%MVC) was performed to compare central haemodynamic responses in control and SARS-CoV-2 groups during
exercise with planned comparisons set for workload comparisons to rest. There was amain effect for group for HR (P= 0.007) with the
SARS-CoV-2 group being elevated compared to healthy controls, but not forMAP (P= 0.711), SV (P= 0.979) and CO (P= 0.180). Data aremeans
± SD. †P< 0.05 versus baseline within group; ‡P< 0.05 versus 30%MVCwithin group; *P< 0.05 between groups within condition

controls (Control: 615.3 ± 134.4; SARS-CoV-2: 486.0 ± 175.0 ml

min−1; P= 0.009). There was not a main effect of group (P= 0.400) for

rFBF, but there was amain effect of intensity (P< 0.001).

There were significant group by workload interactions for both

mean SR (P = 0.011) and aSR (P = 0.017). The mean SR was similar

between groups at baseline (Control: 184 ± 99 s−1 vs. SARS-CoV-2:

154 ± 43 s−1; P = 0.625) and 30% MVC (Control: 796 ± 235 s−1

vs. SARS-CoV-2: 676 ± 153 s−1; P = 0.056) but significantly lower at

45% MVC in the SARS-CoV-2 group (727 ± 135 s−1) compared with

the controls (925 ± 194 s−1) (P = 0.002) (Figure 3a). The aSR was

not different between groups at baseline (P = 0.594) or 30% MVC

(P= 0.159) but was different between groups at 45%MVC (P= 0.003)

(Table 3). There was not a significant interaction effect (P = 0.075) or

main effect for group (P = 0.226) for rSR, but there was a main effect

for intensity for rSR (P< 0.001).

There was an interaction effect for mean FVC (P= 0.002) and aFVC

(P = 0.011). The mean FVC was lower in the SARS-CoV-2 group at

30% (P = 0.022) and 45% MVC (P < 0.001) (Table 3). The aFVC was

lower at 45%MVC in the SARS-CoV-2 group when compared with the

control group (P= 0.002) (Table 3). There was not an interaction effect

(P= 0.301) ormain effect for group (P= 0.438) for rFVC, but therewas

amain effect for intensity for rFVC (P< 0.001).
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TABLE 3 Peripheral haemodynamic responses to rhythmic handgrip exercise

P

Baseline 30%MVC 45%MVC Group Workload Interaction effect

Anterograde brachial artery

diameter (cm)

Control 0.42 ± 0.05 0.45 ± 0.05a 0.47 ± 0.05a 0.702 <0.001 0.304

SARS-CoV-2 0.41 ± 0.06 0.44 ± 0.06a 0.46 ± 0.07a,‡

Retrograde brachial artery

diameter (cm)

Control 0.41 ± 0.05 0.43 ± 0.06a 0.44 ± 0.05a 0.809 <0.001 0.810

SARS-CoV-2 0.40 ± 0.06 0.43 ± 0.06a 0.43 ± 0.06a

Mean brachial artery diameter (cm) Control 0.41 ± 0.05 0.44 ± 0.05 0.46 ± 0.05 0.796 <0.001 0.087

SARS-CoV-2 0.41 ± 0.06 0.43 ± 0.07 0.45 ± 0.07

Anterograde blood velocity (cm

s−1)

Control 9.78 ± 4.75 49.96 ± 9.42a 59.39 ± 7.14a,‡ 0.005 <0.001 0.011

SARS-CoV-2 8.39 ± 2.68 41.72 ± 5.49a,c 48.01 ± 5.77a,‡ ,c

Retrograde blood velocity (cm s−1) Control −0.66 ± 1.06 −4.45 ± 3.04a −7.69 ± 2.98a,‡ 0.288 <0.001 0.128

SARS-CoV-2 −0.55 ± 0.78 −6.60 ± 2.56a,c −8.18 ± 3.75a

Mean blood velocity (cm s−1) Control 9.13 ± 4.54 42.51 ± 7.89a 51.70 ± 6.08a,‡ <0.001 <0.001 <0.001

SARS-CoV-2 7.84 ± 2.31 35.12 ± 5.26a,c 39.82 ± 4.73a,‡ ,c

Anterograde shear rate (s−1) Control 194 ± 101 851 ± 225a 1,029 ± 186a,‡ 0.058 <0.001 0.017

SARS-CoV-2 163 ± 45 771 ± 126a 852 ± 103a,c

Retrograde shear rate (s−1) Control −12 ± 19 −82 ± 50a −140 ± 51a‡ 0.226 <0.001 0.075

SARS-CoV-2 −10 ± 13 −122 ± 38a,c −148 ± 58a

Anterograde vascular conductance

(ml min−1 mmHg−1)

Control 0.65 ± 0.38 3.44 ± 1.24a 4.35 ± 0.98a,‡ 0.041 <0.001 0.011

SARS-CoV-2 0.58 ± 0.32 2.83 ± 0.79a 3.22 ± 1.06a,c

Retrograde vascular conductance

(ml min−1 mmHg−1)

Control −0.08 ± 0.13 −0.52 ± 0.48a −0.81 ± 0.45a,‡ 0.438 <0.001 0.301

SARS-CoV-2 −0.07 ± 0.11 −0.76 ± 0.42a −0.86 ± 0.49a

Mean vascular conductance (ml

min−1 mmHg−1)

Control 0.79 ± 0.48 3.93 ± 1.07a 4.74 ± 1.02a,‡ 0.021 <0.001 0.002

SARS-CoV-2 0.73 ± 0.30 3.11 ± 0.98a,c 3.46 ± 1.10a,c

Data are means ± SD. A 2 × 3 repeated measures ANOVA (α < 0.05) (group, 2 levels; Control vs. SARS-CoV-2; workload, 3 levels: baseline, 30%, and 45%

MVC) was performed to compare shear and brachial artery responses in control and SARS-CoV-2 groups during exercise with planned comparisons set for

workload comparisons to rest.
aP< 0.05 versus baseline within group.
‡P< 0.05 versus 30%MVCwithin group. cP< 0.05 between groups within condition

When the relationship between SR and the mean brachial artery

diameter from rest to 30% MVC and 45% MVC was assessed, similar

slopes were observed between the control ((5.01 ± 2.76) × 10−5

AU cm−1) and the SARS-CoV-2 group ((5.90 ± 3.02) × 10−5 AU cm−1)

(P= 0.438) (Figure 3c). Further, when the relationship between SR and

the percentage change in mean brachial artery diameter was assessed

from 30% MVC to 45% MVC, similar slopes were observed between

the control group (8.78 × 10−2 ± 1.99 × 10−1) and the SARS-CoV-2

group (−1.84± 4.86) (P= 0.429).

4 DISCUSSION

The purpose of this study was to investigate the potential differences

in central and peripheral haemodynamics during rhythmic HG exercise

among those recently diagnosed with SARS-CoV-2 when cross-

sectionally compared with young healthy adults. Our hypotheses

were partially correct, as young adults with SARS-CoV-2 exhibited

many similar central haemodynamic responses to exercise to young

healthy adults, but displayed higher SBP, Pes, and RPP responses

to HG exercise compared with healthy controls. These data suggest

several exaggerated central responses to HG exercise among adults

with SARS-CoV-2. In line with our second hypothesis, we identified

lower brachial artery BF during rhythmic HG exercise at both 30%

and 45%MVC in individuals with SARS-CoV-2 compared with healthy

control subjects, which appears to be largely driven by differences in

anterograde BF response. These data provide additional information

as to the oscillatory BF patterns of young adults recovering from

SARS-CoV-2, suggesting a potential role for decreased exercising BF

contributing to exercise intolerance among those recovering from

more severe SARS-CoV-2 infection. Finally, when examining the shear-

inducedbrachial artery vasodilatation, both groupshad similar brachial

artery diameter responses to two sustained shear stimuli at 30%

and 45% MVC, suggesting the impairment in exercising BF may be

due to microvascular impairments downstream of the conduit vessel.

Taken together, these findings demonstrate an impaired hyperaemic

response, but a preservation of conduit vessel endothelial function

during small muscle mass exercise in young adults recovering from

SARS-CoV-2.
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F IGURE 2 Brachial artery anterograde blood flow (a), retrograde
blood flow (b), andmean blood flow (c) responses during supine
rhythmic HG in young adults with SARS-CoV-2 and healthy controls. A
2× 3 repeatedmeasures ANOVA (α< 0.05) (group, 2 levels; Control
vs. SARS-CoV-2; workload, 3 levels: baseline, 30% and 45%MVC) was
performed to compare peripheral haemodynamic responses in control
and SARS-CoV-2 groups during exercise with planned comparisons set
for workload comparisons to rest. There was amain effect for group
for mean FBF (P= 0.007) with the SARS-CoV-2 group being lower
than healthy controls, but not for aFBF (P= 0.096) or rFBF (P= 0.400).
Data aremeans± SD. †P< 0.05 versus baseline within group;
‡P< 0.05 versus 30%MVCwithin group; *P< 0.05 between groups
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F IGURE 3 Shear rate (a), change in brachial artery diameter (b),
and brachial artery diameter as a function of shear rate (c) responses
during supine rhythmic HG in young adults with SARS-CoV-2 and
healthy controls. A 2× 3 repeatedmeasures ANOVA (α< 0.05) (group,
2 levels; Control vs. SARS-CoV-2; workload, 3 levels: baseline, 30%
and 45%MVC) was performed to compare shear and brachial artery
responses in control and SARS-CoV-2 groups during exercise with
planned comparisons set for workload comparisons to rest. There was
amain effect for group for mean shear rate (P= 0.038) with the
SARS-CoV-2 group being lower than the healthy control group. The
slope of the shear rate over brachial artery diameter (c) was compared
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4.1 Exercising central haemodynamics in
SARS-CoV-2

Shortness of breath, lethargy and fatigue are common symptoms of

SARS-CoV-2 infection, with cardiac, pulmonary, autonomic, metabolic

and vascular factors all likely contributing to the multifactorial nature

of the disease. Several investigations have documented impairments in

exercise capacity among those recovering from SARS that may last for

years (Hui et al., 2005;Ngai et al., 2010; Suet al., 2007), andevidenceon

exercise limitations following SARS-CoV-2 is rapidly emerging (Huang

et al., 2021; Raman et al., 2021). Several investigations have recently

observed changes to cardiac structure and function in response to

SARS-CoV-2 infection (Babapoor-Farrokhran et al., 2020; Bleakley

et al., 2021; Capotosto et al., 2020), highlighting the potential central

limitations to exercise capacity among those recovering from SARS-

CoV-2. Further, upon hospital discharge, patients recovering from

SARS-CoV-2 display significant decreases in exercise capacity (Baratto

et al., 2021). Interestingly, this group also observed adults recovering

from SARS-CoV-2 displayed enhanced chemoreflex sensitivity, as

evidenced by augmented hyperventilation during exercise (Baratto

et al., 2021). Likewise, early observations of exaggerated orthostatic

tachycardia among adults with SARS-CoV-2 (Blitshteyn & Whitelaw,

2021; Shouman et al., 2021) highlight the potential role of auto-

nomic dysregulation in the central haemodynamic characteristics

associated with SARS-CoV-2. Indeed, in the current investigation,

despite matching groups for MVC and consequently observing several

similar central haemodynamic responses to exercise, we observed a

higher HR during small muscle mass exercise in adults with SARS-CoV-

2 compared with healthy adults (Figure 1b), as well as a higher Pes and

RPP (Table 2) as indications of end systolic arterial pressure and myo-

cardial oxygen consumption, respectively. These results are consistent

with previous findings of heightened myocardial stress following

infection with SARS-CoV-2 (Bavishi et al., 2020). Further indications

of a heightened autonomic response such as a higher SBP and CI

to HG exercise in the current investigation and various other stimuli

(Shouman et al., 2021) provide additional evidence of exaggerated

haemodynamic responses to stress among those with acute SARS-

CoV-2 infection. More work is needed to determine the potential

lasting impact of such alterations on cardiovascular responses to

exercise.

While central limitations to exercise are concerning for those

recovering from SARS-CoV-2, it is important to make distinctions

between peripheral and central contributions to exercising

haemodynamics to discern potential impairments that may contribute

to whole body limitations. Indeed, given that ACE2 is expressed by

endothelial cells, increased peripheral resistance may be responsible

for augmented blood pressures accompanying roughly 30% of those

diagnosed with SARS-CoV-2 (Schiffrin et al., 2020). Accordingly, the

decrement in vascular function following SARS-CoV-2 infection,

which impacts a wide range of persons with varying symptom

severities (Ratchford et al., 2021; Riou et al., 2021), deserves further

investigation.

4.2 Exercising peripheral haemodynamics in
SARS-CoV-2

Several accounts of diminished exercise capacity have emerged in

response to severe SARS-CoV-2 infection (Baratto et al., 2021; Dorelli

et al., 2021; Huang et al., 2021; Raman et al., 2021), yet little is

known of whether these limitations may be centrally or peripherally

mediated. Our group (Ratchford et al., 2021) and others (Riou et al.,

2021) have recently established acute vascular impairments at rest in

adults recovering from symptomatic to critical cases of SARS-CoV-2,

which may translate to diminished vascular function during exercise.

Indeed, vascular contributions to exercise capacity have recently been

suggested to outweigh respiratory and cardiac limitations in survivors

of severe SARS-CoV-2 (Baratto et al., 2021).

While central factors may limit whole-body exercise performance,

small muscle mass exercise modalities like rhythmic HG exercise

often are limited by local factors that regulate exercising BF. Further,

the use of Doppler ultrasound in conjunction with beat-by-beat

blood pressure measures provides a unique opportunity to assess

oscillatory BF and vascular conductance patterns, which may help

discern potential limitations to exercising BF among anterograde and

retrograde BF. Similar to our current results, previous reports have

revealed a minimal contribution of retrograde BF to mean brachial

artery BF changes during progressive HG exercise in healthy adults

(Green et al., 2005). While chronic diseases such as hypertension

(Thomas, 2015) or heart failure with reduced ejection fraction (Benda

et al., 2015) may result in heightened retrograde BF during exercise,

systemic inflammatory conditions such as Kawasaki disease have

revealed a time-dependent relationship of prolonged disease on

increases in retrograde BF (Mori et al., 2000). While the current

investigation only assessed young adults with SARS-CoV-2 3–4 weeks

after testing positive for the infection, perhaps time since infection,

exercise duration, mode of exercise and age of the subjects may be

factors in the discrepancy between our results and those in chronic

diseases such as heart failure. Regardless of the precise mechanism,

the lower aFBF without a significant change to rFBF among adults

with SARS-CoV-2 compared with healthy adults (Figure 2) may be

useful in identifying the specific oscillatory BF pattern following

infection, as well as serve as a potential therapeutic target in the

future.

In the current investigation, our findings of decreased FBF in the

SARS-CoV-2 group (Figure 2c) certainly could be due to a host of

local and systemic factors. The cytokine storm that accompanies viral

propagation of SARS-CoV-2 is likely a primary cause for decreased

exercising FBF. Other variables such as blood viscosity (Joob &

Wiwanitkit, 2021) may additionally impact the vasculature and FBF.

Several studies have reported higher incidence of arterial and venous

thrombosis in patients with SARS-CoV-2, which may be the results of

venous stasis, increased inflammation-induced coagulation and sub-

sequent vascular damage (Ahmedet al., 2020;Demelo-Rodriguez et al.,

2020; Lodigiani et al., 2020; Middeldorp et al., 2020; Wichmann et al.,

2020).
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Further, while it is unknown whether metaboreflex, mechanoreflex

or baroreflex sensitivity is altered due to a heightened inflammatory

state in SARS-CoV-2, heightened sympathetic outflow, wherein vaso-

constriction would limit FBF, may also exacerbate the vascular

response to exercise (Prabhakar & Kumar, 2010). This systemic,

sympathetically mediated microvasculature vasoconstriction may

partially explain the lower FBF among the SARS-CoV-2 group.

While BF may be impacted by driving pressures, the lower vascular

conductance response to HG exercise among adults with SARS-CoV-2

(Table 3) further corroborates the notion of peripheral haemodynamic

limitations during exercise despite a heightened SBP response during

exercise. Together, these results provide evidence for diminished

microvascular responses to small muscle mass exercise among adults

recently infected with SARS-CoV-2. Given the multitude of vascular

regulators during exercise (Hellsten et al., 2012) aswell as the potential

for a compounding impact of systemic inflammation, multiple factors

may be responsible for decreased exercising BF among young adults

with SARS-CoV-2.

Ultimately, the lower BF response to exercise could contribute to

lower exercise capacity, as has been suggested in several disease states

(Poole et al., 2021). Given the well-known heterogeneity between the

lower and upper extremity vascular regulation to exercise (Newcomer

et al., 2005; Nishiyama et al., 2008; Richardson et al., 2006; Wray &

Richardson, 2006; Wray et al., 2005), future studies should investigate

the potential exercising BF characteristics among adults with SARS-

CoV-2 in the lower extremity and whether a lower hyperaemic

responsemay be accompanied by higher oxygen extraction.

4.3 Endothelium-dependent vasodilatation during
handgrip exercise in SARS-CoV-2

The HG exercise modality in the current investigation offered the

opportunity to evaluate the stimulus–response relationship between

graded increases in shear stress and the subsequent brachial artery

vasodilatation through progressive increases in exercise intensity,

ultimately allowing a more comprehensive examination of potential

disease-related changes in endothelium-dependent vasodilatation.

While FMD is typically determined as the increase in conduit vessel

diameter following a period of circulatory occlusion and tissue

ischaemia, this approach offers only a single data point during rest.

A much lengthier protocol would be required to evaluate brachial

artery vasodilatation across a range of occlusion times and associated

shear stimuli. Further, while themagnitude of brachial artery FMDwas

previously thought to be predominantly nitric oxide (NO) mediated

(Joannides et al., 1995), this concept has more recently been called

into question (Pyke et al., 2010;Wray et al., 2013), further exemplifying

the need for alternative approaches for the assessment of endothelial

function. Several groups (Donato et al., 2010; Machin et al., 2016;

Richardson et al., 2007; Tremblay & Pyke, 2018; Trinity et al., 2013)

have established the use of rhythmic HG exercise as an experimental

model to expose the brachial artery to step-wise increases in ‘sustained

stimulus FMD’ (SS-FMD) (Tremblay & Pyke, 2018), which appears

to be a largely NO-dependent process (Wray et al., 2011). Given

the evidence suggesting that transient and sustained shear may be

transduced differently across the endothelium (Frangos et al., 1996)

and recent work suggesting an increased sensitivity of SS-FMD over

traditional FMD testing to detect endothelial dysfunction in patient

groups (Bellien et al., 2010; Grzelak et al., 2010; Ratchford et al.,

2020), the current study utilized the SS-FMD to further evaluate end-

othelial function in adults with SARS-CoV-2. While the shear stimulus

response was greater in the control group, the shear-induced vaso-

dilatationwas similar between groups (Figure 3), suggesting similar SS-

FMD responses between groups and similar conduit vessel function

during exercise. Viewed in conjunction with the observed attenuation

in forearm BF (Figure 2c) and vascular conductance (Table 3) during

exercise, these results provide further evidence for adecline in vascular

function at the level of the smaller resistance vasculature during

exercise, but not the conduit arteries in adults with SARS-CoV-2.

These findings extend our previous work which provided evidence of

diminishedmicrovascular function in the lower extremities, yet contra-

dictorily provided evidence of reduced FMD in the conduit vessel and

lack of microvascular impairment in the upper extremity during rest

(Ratchford et al., 2021), whichmay be due in part to various alterations

to the metabolic milieu beyond NO at traditional FMD during rest as

opposed to SS-FMD during HG exercise.

4.4 Experimental considerations

There are several potential limitations to the current investigation.

We recognize the limitations to a cross-sectional analysis such as

this, despite the common use of such an experimental design among

infectious disease studies. Further, despite several investigations

failing to identify sex-specific differences in exercising BF of healthy

adults, especially when matched for absolute workload (Hill et al.,

2018; Hunter et al., 2009; Limberg et al., 2010), sex-specific exercising

BF changes may occur among those afflicted with SARS-CoV-2 and

should be taken into consideration in larger cohort studies. Given

the unusual circumstances of research during COVID-19 restrictions,

including accommodating quarantine procedures, we chose not to

control for the menstrual cycle in our female participants, which may

have resulted in many of our female subjects being outside of the

3–4 week post-positive PCR test inclusion criteria. Additionally, as

the control group was on average 6 years older than the SARS-CoV-

2 group, differences in exercising BF may be masked by the sub-

tle age-related decline in exercising BF seen in ageing populations

(Donato et al., 2006; Proctor & Parker, 2006). In the present study,

we chose not to normalize limb BF for muscle mass, but acknowledge

that this approach may limit application of our findings in cohorts

where large variations in limb volume are present. Further, physical

activity and exercise training can certainly impact vascular health and

responses to exercise (Narici et al., 2021). While our group cohorts

consisted of a mix of recreationally active and inactive individuals, we

did not consistently characterize previous physical activity levels using

a standardized questionnaire between all subjects, whichwe recognize
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as a potential limitation in interpreting these findings to physically

active and/or inactive individuals. Further, given the heterogeneity of

vascular responses in upper and lower extremities (Newcomer et al.,

2005), care should be taken when translating these observations to

lower extremity exercise haemodynamics. Finally, we also chose to

focus on steady-state haemodynamics during HG exercise, which pre-

cludes investigation of potential differences in on- and off-kinetics of

central and peripheral haemodynamics between groups, which may be

considered in future investigations.

4.5 Conclusion

This investigation has identified, for the first time, a reduction

in exercising skeletal muscle BF and vascular conductance during

rhythmicHGexercise in young adultswith SARS-CoV-2 comparedwith

healthy young adults. This reduction in exercising BF may contribute

to the exercise intolerance that can accompany COVID-19 and

should be considered for rehabilitation efforts following SARS-CoV-2

infection.

ACKNOWLEDGEMENTS

We would like to thank Rachel Szeghy, Lillie Cook and Amy Sheldon

for their help with data collection and processing. This study was

partially supported by an internal COVID-19 Research Cluster Award

at Appalachian State University.

COMPETING INTERESTS

The authors have no conflicts of interest to declare.

AUTHOR CONTRIBUTIONS

A.S.L.S., J.L.S. and S.M.R. conceived and designed research; N.L.S.,

V.M.P., M.A.A., J.L.S., K.B., J.K.A., D.W.W., A.S.L.S. and S.M.R. performed

experiments; N.L.S. and S.M.R. analysed data; N.L.S., V.M.P., M.A.A.,

K.B., J.K.A., D.W.W., A.S.L.S., J.L.S. and S.M.R. interpreted results of

experiments; N.L.S. and S.M.R. prepared figures; N.L.S. and S.M.R.

drafted manuscript; N.L.S., V.M.P., M.A.A., K.B., J.K.A., D.W.W., A.S.L.S.,

J.L.S. and S.M.R. edited and revised manuscript. All authors have read

and approved the final version of this manuscript and agree to be

accountable for all aspects of the work in ensuring that questions

related to the accuracy or integrity of any part of the work are

appropriately investigated and resolved. All persons designated as

authors qualify for authorship, and all thosewho qualify for authorship

are listed.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Nina L. Stute https://orcid.org/0000-0001-8213-638X

Abigail S. L. Stickford https://orcid.org/0000-0002-1856-1274

MarcA. Augenreich https://orcid.org/0000-0002-0719-8799

KanokwanBunsawat https://orcid.org/0000-0002-5950-6634

D.WalterWray https://orcid.org/0000-0002-6907-1734

StephenM.Ratchford https://orcid.org/0000-0002-6300-7600

REFERENCES

Ahmed, S., Zimba, O., & Gasparyan, A. Y. (2020). Thrombosis in Coronavirus

disease 2019 (COVID-19) through the prism of Virchow’s triad. Clinical
Rheumatology, 39, 2529–2543. https://doi.org/10.1007/s10067-020-
05275-1

Babapoor-Farrokhran, S., Gill, D., Walker, J., Rasekhi, R. T., Bozorgnia, B.,

& Amanullah, A. (2020). Myocardial injury and COVID-19: Possible

mechanisms. Life Sciences, 253, 117723. https://doi.org/10.1016/j.lfs.
2020.117723

Baratto, C., Caravita, S., Faini, A., Perego, G. B., Senni, M., Badano, L. P.,

& Parati, G. (2021). Impact of COVID-19 on exercise pathophysiology.

A combined cardiopulmonary and echocardiographic exercise study.

Journal of Applied Physiology, 130, 1470–1478, https://doi.org/10.1152/
japplphysiol.00710.2020

Bavishi, C., Bonow,R.O., Trivedi, V., Abbott, J.D.,Messerli, F.H., &Bhatt,D. L.

(2020). Special article – Acute myocardial injury in patients hospitalized

with COVID-19 infection: A review. Progress in Cardiovascular Diseases,
63, 682–689. https://doi.org/10.1016/j.pcad.2020.05.013

Bellien, J., Costentin, A., Dutheil-Maillochaud, B., Iacob, M., Kuhn, J.

M., Thuillez, C., & Joannides, R. (2010). Early stage detection of

conduit artery endothelial dysfunction in patients with type 1 diabetes.

Diabetes & Vascular Disease Research, 7, 158–166. https://doi.org/10.
1177/1479164109360470

Benda,N.M., Seeger, J. P., vanLier,D. P., Bellersen, L., vanDijk, A. P.,Hopman,

M. T., & Thijssen, D. H. (2015). Heart failure patients demonstrate

impaired changes in brachial artery blood flow and shear rate pattern

during moderate-intensity cycle exercise. Experimental Physiology, 100,
463–474. https://doi.org/10.1113/EP085040

Bleakley, C., Singh, S., Garfield, B., Morosin, M., Surkova, E., Mandalia, M. S.,

Dias, B., Androulakis, E., Price, L. C., McCabe, C., Wort, S. J., West, C., Li,

W., Khattar, R., Senior, R., Patel, B. V., & Price, S. (2021). Right ventricular

dysfunction in critically ill COVID-19 ARDS. International Journal of
Cardiology, 327, 251–258. https://doi.org/10.1016/j.ijcard.2020.11.043

Blitshteyn, S., & Whitelaw, S. (2021). Postural orthostatic tachycardia

syndrome (POTS) and other autonomic disorders after COVID-19

infection: A case series of 20 patients. Immunologic Research 69(2). 205–
211.

Bogert, L. W., & van Lieshout, J. J. (2005). Non-invasive pulsatile arterial

pressure and strokevolumechanges fromthehuman finger.Experimental
Physiology, 90, 437–446. https://doi.org/10.1113/expphysiol.2005.

030262

Bourgonje, A. R., Abdulle, A. E., Timens, W., Hillebrands, J. L., Navis, G. J.,

Gordijn, S. J., Bolling, M. C., Dijkstra, G., Voors, A. A., Osterhaus, A. D.,

van der Voort, P. H., Mulder, D. J., & van Goor, H. (2020). Angiotensin-

converting enzyme 2 (ACE2), SARS-CoV-2 and the pathophysiology of

coronavirus disease 2019 (COVID-19). Journal of Pathology, 251, 228–
248. https://doi.org/10.1002/path.5471

Capotosto, L., Nguyen, B. L., Ciardi, M. R., Mastroianni, C., & Vitarelli, A.

(2020). Heart, COVID-19, and echocardiography. Echocardiography, 37,
1454–1464. https://doi.org/10.1111/echo.14834

Channappanavar, R., & Perlman, S. (2017). Pathogenic human coronavirus

infections: Causes and consequences of cytokine storm and immuno-

pathology. Seminars in Immunopathology, 39, 529–539. https://doi.org/
10.1007/s00281-017-0629-x

Chemla, D., Hebert, J. L., Coirault, C., Zamani, K., Suard, I., Colin, P., &

Lecarpentier, Y. (1998). Total arterial compliance estimated by stroke

volume-to-aortic pulse pressure ratio in humans. American Journal of
Physiology, 274, H500–H505. PMID: 9486253

Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., Qiu, Y., Wang, J., Liu, Y.,

Wei, Y., Xia, J., Yu, T., Zhang, X., & Zhang, L. (2020). Epidemiological and

https://orcid.org/0000-0001-8213-638X
https://orcid.org/0000-0001-8213-638X
https://orcid.org/0000-0002-1856-1274
https://orcid.org/0000-0002-1856-1274
https://orcid.org/0000-0002-0719-8799
https://orcid.org/0000-0002-0719-8799
https://orcid.org/0000-0002-5950-6634
https://orcid.org/0000-0002-5950-6634
https://orcid.org/0000-0002-6907-1734
https://orcid.org/0000-0002-6907-1734
https://orcid.org/0000-0002-6300-7600
https://orcid.org/0000-0002-6300-7600
https://doi.org/10.1007/s10067-020-05275-1
https://doi.org/10.1007/s10067-020-05275-1
https://doi.org/10.1016/j.lfs.2020.117723
https://doi.org/10.1016/j.lfs.2020.117723
https://doi.org/10.1152/japplphysiol.00710.2020
https://doi.org/10.1152/japplphysiol.00710.2020
https://doi.org/10.1016/j.pcad.2020.05.013
https://doi.org/10.1177/1479164109360470
https://doi.org/10.1177/1479164109360470
https://doi.org/10.1113/EP085040
https://doi.org/10.1016/j.ijcard.2020.11.043
https://doi.org/10.1113/expphysiol.2005.030262
https://doi.org/10.1113/expphysiol.2005.030262
https://doi.org/10.1002/path.5471
https://doi.org/10.1111/echo.14834
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1007/s00281-017-0629-x


STUTE ET AL. 719

clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia

in Wuhan, China: A descriptive study. Lancet, 395, 507–513. https://doi.
org/10.1016/S0140-6736(20)30211-7

Delgado-Roche, L., & Mesta, F. (2020). Oxidative stress as key player in

severe acute respiratory syndrome coronavirus (SARS-CoV) infection.

Archives of Medical Research, 51, 384–387. https://doi.org/10.1016/j.
arcmed.2020.04.019

Demelo-Rodriguez, P., Cervilla-Munoz, E., Ordieres-Ortega, L., Parra-

Virto, A., Toledano-Macias, M., Toledo-Samaniego, N., Garcia-Garcia,

A., Garcia-Fernandez-Bravo, I., Ji, Z., de-Miguel-Diez, J., Alvarez-Sala-

Walther, L. A., Del-Toro-Cervera, J., & Galeano-Valle, F. (2020). Incidence

of asymptomatic deep vein thrombosis in patients with COVID-19

pneumonia and elevated D-dimer levels. Thrombosis Research, 192, 23–
26. https://doi.org/10.1016/j.thromres.2020.05.018

de Vaal, J. B., deWilde, R. B., van den Berg, P. C., Schreuder, J. J., & Jansen, J.

R. (2005). Less invasive determination of cardiac output from the arterial

pressure by aortic diameter-calibrated pulse contour. British Journal of
Anaesthesia, 95, 326–331. https://doi.org/10.1093/bja/aei189

de Wilde, R. B., Geerts, B. F., Cui, J., van den Berg, P. C., & Jansen,

J. R. (2009). Performance of three minimally invasive cardiac output

monitoring systems. Anaesthesia, 64, 762–769. https://doi.org/10.1111/
j.1365-2044.2009.05934.x

Donato, A. J., Uberoi, A., Bailey, D. M., Wray, D. W., & Richardson, R. S.

(2010). Exercise-induced brachial artery vasodilation: Effects of anti-

oxidants and exercise training in elderly men. American Journal of Physio-
logy. Heart and Circulatory Physiology, 298, H671–H678. https://doi.org/
10.1152/ajpheart.00761.2009

Donato, A. J., Uberoi, A., Wray, D. W., Nishiyama, S., Lawrenson, L., &

Richardson, R. S. (2006). Differential effects of aging on limb blood flow

inhumans.American Journal of Physiology.Heart andCirculatory Physiology,
290, H272–H278. https://doi.org/10.1152/ajpheart.00405.2005

Dorelli, G., Braggio, M., Gabbiani, D., Busti, F., Caminati, M., Senna, G.,

Girelli, D., Laveneziana, P., Ferrari, M., Sartori, G., Dalle Carbonare,

L., & Crisafulli, E.; Respicovid Study I (2021). Importance of cardio-

pulmonary exercise testing amongst subjects recovering from COVID-

19.Diagnostics, 11, 507.
Ferm, S., Fisher, C., Pakala, T., Tong,M., Shah,D., Schwarzbaum,D., Cooley,V.,

Hussain, S., & Kim, S. H. (2020). Analysis of gastrointestinal and hepatic

manifestations of SARS-CoV-2 infection in 892 patients in queens, NY.

Clinical Gastroenterology and Hepatology, 18, 2378–2379.e1. https://doi.
org/10.1016/j.cgh.2020.05.049

Frangos, J. A., Huang, T. Y., & Clark, C. B. (1996). Steady shear and step

changes in shear stimulate endothelium via independent mechanisms—

superposition of transient and sustained nitric oxide production.

Biochemical and Biophysical Research Communications, 224, 660–665.
https://doi.org/10.1006/bbrc.1996.1081

Gallo Marin, B., Aghagoli, G., Lavine, K., Yang, L., Siff, E. J., Chiang, S. S.,

Salazar-Mather, T. P., Dumenco, L., Savaria,M. C., Aung, S. N., Flanigan, T.,

& Michelow, I. C. (2021). Predictors of COVID-19 severity: A literature

review. Reviews in Medical Virology, 31, 1–10. https://doi.org/10.1002/
rmv.2146

Gozalbo-Rovira, R., Gimenez, E., Latorre, V., Francés-Gómez, C., Albert, E.,

Buesa, J., Marina, A., Blasco, M. L., Signes-Costa, J., Rodríguez-Díaz,

J., Geller, R., & Navarro, D. (2020). SARS-CoV-2 antibodies, serum

inflammatory biomarkers and clinical severity of hospitalized COVID-

19 patients. Journal of Clinical Virology, 131, 104611. https://doi.org/10.
1016/j.jcv.2020.104611

Green, D. J., Bilsborough,W., Naylor, L. H., Reed, C.,Wright, J., O’Driscoll, G.,

& Walsh, J. H. (2005). Comparison of forearm blood flow responses

to incremental handgrip and cycle ergometer exercise: Relative

contribution of nitric oxide. Journal of Physiology, 562, 617–628.

https://doi.org/10.1113/jphysiol.2004.075929

Grzelak, P., Olszycki, M., Majos, A., Czupryniak, L., Strzelczyk, J., &

Stefanczyk, L. (2010). Hand exercise test for the assessment of

endothelium-dependent vasodilatation in subjects with type 1 diabetes.

Diabetes Technology & Therapeutics, 12, 605–611. https://doi.org/10.
1089/dia.2010.0001

Hellsten, Y., Nyberg,M., Jensen, L. G., &Mortensen, S. P. (2012). Vasodilator

interactions in skeletal muscle blood flow regulation. Journal of Physio-
logy, 590, 6297–6305. https://doi.org/10.1113/jphysiol.2012.240762

Hill, E. C., Housh, T. J., Keller, J. L., Smith, C. M., Schmidt, R. J., & Johnson, G.

O. (2018). Sex differences for fatigue-induced changes in muscle blood

flow, but not eccentric peak torque or neuromuscular responses. Journal
of Musculoskeletal & Neuronal Interactions, 18, 427–437.

Huang, C., Huang, L., Wang, Y., Li, X., Ren, L., Gu, X., Kang, L., Guo, L., Liu,

M., Zhou, X., Luo, J., Huang, Z., Tu, S., Zhao, Y., Chen, L., Xu, D., Li, Y., Li,

C., Peng, L., . . . Cao, B. (2021). 6-month consequences of COVID-19 in

patients discharged fromhospital: A cohort study. Lancet,397, 220–232.
https://doi.org/10.1016/S0140-6736(20)32656-8

Hui, D. S., Joynt, G. M., Wong, K. T., Gomersall, C. D., Li, T. S., Antonio, G.,

Ko, F. W., Chan, M. C., Chan, D. P., Tong, M. W., Rainer, T. H., Ahuja, A. T.,

Cockram, C. S., & Sung, J. J. (2005). Impact of severe acute respiratory

syndrome (SARS) on pulmonary function, functional capacity and quality

of life in a cohort of survivors. Thorax, 60, 401–409. https://doi.org/10.
1136/thx.2004.030205

Hunter, S. K., Griffith, E. E., Schlachter, K. M., & Kufahl, T. D. (2009). Sex

differences in time to task failure and blood flow for an intermittent iso-

metric fatiguing contraction.Muscle & Nerve, 39, 42–53. https://doi.org/
10.1002/mus.21203

Joannides, R., Haefeli, W. E., Linder, L., Richard, V., Bakkali, E. H., Thuillez,

C., & Luscher, T. F. (1995). Nitric oxide is responsible for flow-dependent

dilatation of human peripheral conduit arteries in vivo. Circulation, 91,
1314–1319. https://doi.org/10.1161/01.CIR.91.5.1314

Joob, B., & Wiwanitkit, V. (2021). Blood viscosity of COVID-19 patient: A

preliminary report. American Journal of Blood Research, 11, 93–95.
Jothimani, D., Venugopal, R., Abedin, M. F., Kaliamoorthy, I., & Rela, M.

(2020). COVID-19 and the liver. Journal of Hepatology, 73, 1231–1240.
https://doi.org/10.1016/j.jhep.2020.06.006

Jud, P., Kessler, H. H., & Brodmann, M. (2021). Case report: Changes

of vascular reactivity and arterial stiffness in a patient with covid-19

infection. Frontiers in Cardiovascular Medicine, 8, 671669. https://doi.org/
10.3389/fcvm.2021.671669

Kelly, R. P., Ting, C. T., Yang, T. M., Liu, C. P., Maughan, W. L., Chang, M.

S., & Kass, D. A. (1992). Effective arterial elastance as index of arterial

vascular load in humans. Circulation, 86, 513–521. https://doi.org/10.
1161/01.CIR.86.2.513

Kitamura, K., Jorgensen, C. R., Gobel, F. L., Taylor, H. L., & Wang, Y. (1972).

Hemodynamic correlates of myocardial oxygen consumption during

upright exercise. Journal of Applied Physiology, 32, 516–522. https://doi.
org/10.1152/jappl.1972.32.4.516

Li, K., Hao, Z., Zhao, X., Du, J., & Zhou, Y. (2020). SARS-CoV-2 infection-

induced immune responses: Friends or foes? Scandinavian Journal of
Immunology, 92, e12895. https://doi.org/10.1111/sji.12895

Limberg, J. K., Eldridge, M. W., Proctor, L. T., Sebranek, J. J., & Schrage, W.

G. (2010). α-Adrenergic control of blood flow during exercise: Effect of

sex and menstrual phase. Journal of Applied Physiology, 109, 1360–1368.
https://doi.org/10.1152/japplphysiol.00518.2010

Lodigiani, C., Iapichino, G., Carenzo, L., Cecconi, M., Ferrazzi, P., Sebastian,

T., Kucher, N., Studt, J. D., Sacco, C., Bertuzzi, A., Sandri, M. T., & Barco,

S. (2020). Venous and arterial thromboembolic complications in COVID-

19 patients admitted to an academic hospital in Milan, Italy. Thrombosis
Research, 191, 9–14. https://doi.org/10.1016/j.thromres.2020.04.024

Machin, D. R., Clifton, H. L., Garten, R. S., Gifford, J. R., Richardson, R.

S., Wray, D. W., Frech, T. M., & Donato, A. J. (2016). Exercise-induced

brachial artery blood flow and vascular function is impaired in systemic

sclerosis. American Journal of Physiology. Heart and Circulatory Physiology,
311, H1375–H1381. https://doi.org/10.1152/ajpheart.00547.2016

Middeldorp, S., Coppens,M., vanHaaps, T. F., Foppen,M., Vlaar, A. P.,Müller,

M. C. A., Bouman, C. C. S., Beenen, L. F. M., Kootte, R. S., Heijmans,

J., Smits, L. P., Bonta, P. I., & van Es, N. (2020). Incidence of venous

https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/j.arcmed.2020.04.019
https://doi.org/10.1016/j.arcmed.2020.04.019
https://doi.org/10.1016/j.thromres.2020.05.018
https://doi.org/10.1093/bja/aei189
https://doi.org/10.1111/j.1365-2044.2009.05934.x
https://doi.org/10.1111/j.1365-2044.2009.05934.x
https://doi.org/10.1152/ajpheart.00761.2009
https://doi.org/10.1152/ajpheart.00761.2009
https://doi.org/10.1152/ajpheart.00405.2005
https://doi.org/10.1016/j.cgh.2020.05.049
https://doi.org/10.1016/j.cgh.2020.05.049
https://doi.org/10.1006/bbrc.1996.1081
https://doi.org/10.1002/rmv.2146
https://doi.org/10.1002/rmv.2146
https://doi.org/10.1016/j.jcv.2020.104611
https://doi.org/10.1016/j.jcv.2020.104611
https://doi.org/10.1113/jphysiol.2004.075929
https://doi.org/10.1089/dia.2010.0001
https://doi.org/10.1089/dia.2010.0001
https://doi.org/10.1113/jphysiol.2012.240762
https://doi.org/10.1016/S0140-6736(20)32656-8
https://doi.org/10.1136/thx.2004.030205
https://doi.org/10.1136/thx.2004.030205
https://doi.org/10.1002/mus.21203
https://doi.org/10.1002/mus.21203
https://doi.org/10.1161/01.CIR.91.5.1314
https://doi.org/10.1016/j.jhep.2020.06.006
https://doi.org/10.3389/fcvm.2021.671669
https://doi.org/10.3389/fcvm.2021.671669
https://doi.org/10.1161/01.CIR.86.2.513
https://doi.org/10.1161/01.CIR.86.2.513
https://doi.org/10.1152/jappl.1972.32.4.516
https://doi.org/10.1152/jappl.1972.32.4.516
https://doi.org/10.1111/sji.12895
https://doi.org/10.1152/japplphysiol.00518.2010
https://doi.org/10.1016/j.thromres.2020.04.024
https://doi.org/10.1152/ajpheart.00547.2016


720 STUTE ET AL.

thromboembolism in hospitalized patients with COVID-19. Journal of
Thrombosis and Haemostasis, 18, 1995–2002. https://doi.org/10.1111/
jth.14888

Monteil, V., Kwon, H., Prado, P., Hagelkrüys, A., Wimmer, R. A., Stahl, M.,

Leopoldi, A., Garreta, E., Hurtado Del Pozo, C., Prosper, F., Romero, J.

P., Wirnsberger, G., Zhang, H., Slutsky, A. S., Conder, R., Montserrat,

N., Mirazimi, A., & Penninger, J. M. (2020). Inhibition of SARS-CoV-

2 infections in engineered human tissues using clinical-grade soluble

humanACE2.Cell,181, 905–913.e7. https://doi.org/10.1016/j.cell.2020.
04.004

Mori, K., Hayabuchi, Y., Kuroda, Y., Nii, M., Yuasa, Y., & Taguchi, Y. (2000).

Retrograde holodiastolic flow in the abdominal aorta detected by

pulsed Doppler echocardiography in patients with Kawasaki disease.

European Journal of Pediatrics, 159, 509–514. https://doi.org/10.1007/
s004310051321

Narici, M., Vito, G., Franchi, M., Paoli, A., Moro, T., Marcolin, G., Grassi,

B., Baldassarre, G., Zuccarelli, L., Biolo, G., di Girolamo, F. G., Fiotti, N.,

Dela, F., Greenhaff, P., &Maganaris, C. (2021). Impact of sedentarismdue

to the COVID-19 home confinement on neuromuscular, cardiovascular

and metabolic health: Physiological and pathophysiological implications

and recommendations for physical and nutritional countermeasures.

European Journal of Sport Science, 21, 614–635. https://doi.org/10.1080/
17461391.2020.1761076

Newcomer, S. C., Leuenberger, U. A., Hogeman, C. S., & Proctor, D.N. (2005).

Heterogeneous vasodilator responses of human limbs: Influence of age

and habitual endurance training. American Journal of Physiology. Heart
and Circulatory Physiology, 289, H308–H315. https://doi.org/10.1152/
ajpheart.01151.2004

Ngai, J. C., Ko, F. W., Ng, S. S., To, K. W., Tong, M., & Hui, D. S. (2010). The

long-term impact of severe acute respiratory syndrome on pulmonary

function, exercise capacity and health status. Respirology, 15, 543–550.
https://doi.org/10.1111/j.1440-1843.2010.01720.x

Nishiyama, S. K., Wray, D. W., & Richardson, R. S. (2008). Aging affects

vascular structure and function in a limb-specific manner. Journal
of Applied Physiology, 105, 1661–1670. https://doi.org/10.1152/

japplphysiol.90612.2008

Paneroni, M., Pasini, E., Vitacca, M., Scalvini, S., Comini, L., Pedrinolla,

A., & Venturelli, M. (2021). Altered vascular endothelium-dependent

responsiveness in frail elderly patients recovering from COVID-19

pneumonia: Preliminary evidence. Journal of Clinical Medicine, 10, 2558.
https://doi.org/10.3390/jcm10122558

Paybast, S., Emami, A., Koosha,M., & Baghalha, F. (2020). Novel Coronavirus

disease (COVID-19) and central nervous system complications: What

neurologist need to know. Acta Neurologica Taiwanica, 29(1), 24–31.
Ponti, G., Maccaferri, M., Ruini, C., Tomasi, A., & Ozben, T. (2020).

Biomarkers associated with COVID-19 disease progression. Critical
Reviews in Clinical Laboratory Sciences, 57, 389–399. https://doi.org/10.
1080/10408363.2020.1770685

Poole, D. C., Behnke, B. J., &Musch, T. I. (2021). The role of vascular function

onexercise capacity in health anddisease. Journal of Physiology599, 889–
910.

Prabhakar, N. R., & Kumar, G. K. (2010). Mechanisms of sympathetic

activation and blood pressure elevation by intermittent hypoxia.

Respiratory Physiology & Neurobiology, 174, 156–161. https://doi.org/10.
1016/j.resp.2010.08.021

Proctor, D. N., & Parker, B. A. (2006). Vasodilation and vascular control in

contracting muscle of the aging human. Microcirculation, 13, 315–327.
https://doi.org/10.1080/10739680600618967

Pyke, K., Green, D. J., Weisbrod, C., Best, M., Dembo, L., O’Driscoll, G., &

Tschakovsky, M. (2010). Nitric oxide is not obligatory for radial artery

flow-mediated dilation following release of 5 or 10 min distal occlusion.

American Journal of Physiology. Heart and Circulatory Physiology, 298,
H119–H126. https://doi.org/10.1152/ajpheart.00571.2009

Raman, B., Cassar, M. P., Tunnicliffe, E. M., Filippini, N., Griffanti, L., Alfaro-

Almagro, F., Okell, T., Sheerin, F., Xie, C., Mahmod, M., Mozes, F. E.,

Lewandowski, A. J., Ohuma, E.O., Holdsworth,D., Lamlum,H.,Woodman,

M. J., Krasopoulos, C., Mills, R., McConnell, F. A. K., . . . Neubauer S.

(2021). Medium-term effects of SARS-CoV-2 infection on multiple vital

organs, exercise capacity, cognition, quality of life and mental health,

post-hospital discharge. EClinicalMedicine, 31, 100683. https://doi.org/
10.1016/j.eclinm.2020.100683

Ratchford, S. M., Clifton, H. L., La Salle, D. T., Broxterman, R. M., Lee, J.

F., Ryan, J. J., Hopkins, P. N., Wright, J. B., Trinity, J. D., Richardson,

R. S., & Wray, D. W. (2020). Cardiovascular responses to rhythmic

handgrip exercise in heart failure with preserved ejection fraction.

Journal of Applied Physiology, 129, 1267–1276. https://doi.org/10.1152/
japplphysiol.00468.2020

Ratchford, S. M., Stickford, J. L., Province, V. M., Stute, N., Augenreich, M. A.,

Koontz, L. K., Bobo, L. K., & Stickford, A. S. L. (2021). Vascular alterations

among young adults with SARS-CoV-2. American Journal of Physiology.
Heart and Circulatory Physiology, 320, H404–H410. https://doi.org/10.
1152/ajpheart.00897.2020

Reil, J. C., Tardif, J. C., Ford, I., Lloyd, S. M., O’Meara, E., Komajda, M.,

Borer, J. S., Tavazzi, L., Swedberg, K., & Bohm, M. (2013). Selective heart

rate reduction with ivabradine unloads the left ventricle in heart failure

patients. Journal of the American College of Cardiology, 62, 1977–1985.
https://doi.org/10.1016/j.jacc.2013.07.027

Richardson, R. S., Donato, A. J., Uberoi, A., Wray, D. W., Lawrenson, L.,

Nishiyama, S., & Bailey, D. M. (2007). Exercise-induced brachial artery

vasodilation: Role of free radicals. American Journal of Physiology. Heart
and Circulatory Physiology, 292, H1516–H1522. https://doi.org/10.1152/
ajpheart.01045.2006

Richardson, R. S., Secher, N.H., Tschakovsky,M. E., Proctor, D.N., &Wray, D.

W. (2006). Metabolic and vascular limb differences affected by exercise,

gender, age, and disease. Medicine and Science in Sports and Exercise, 38,
1792–1796. https://doi.org/10.1249/01.mss.0000229568.17284.ab

Riou, M., Oulehri, W., Momas, C., Rouyer, O., Lebourg, F., Meyer, A., Enache,

I., Pistea, C., Charloux, A., Marcot, C., de Blay, F., Collange, O., Mertes,M.,

Andres, E., Talha, S., &Geny, B. (2021). Reduced flow-mediated dilatation

is not related to COVID-19 severity three months after hospitalization

for SARS-CoV-2 infection. Journal of Clinical Medicine, 10, 1318. https://
doi.org/10.3390/jcm10061318

Rizzo, R. J., Sandager,G., Astleford, P., Payne,K., Peterson-Kennedy, L., Flinn,

W.R., &Yao, J. S. (1990).Mesenteric flowvelocity variations as a function

of angle of insonation. Journal of Vascular Surgery, 11, 688–694. https://
doi.org/10.1016/0741-5214(90)90215-V

Schiffrin, E. L., Flack, J. M., Ito, S., Muntner, P., &Webb, R. C. (2020). Hyper-

tension and COVID-19. American Journal of Hypertension, 33, 373–374.
https://doi.org/10.1093/ajh/hpaa057

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. L., Low, P. A., & Singer, W.

(2021). Autonomic dysfunction following COVID-19 infection: An early

experience.Clinical Autonomic Research, 31, 385–394, https://doi.org/10.
1007/s10286-021-00803-8

Siripanthong, B., Nazarian, S., Muser, D., Deo, R., Santangeli, P., Khanji, M. Y.,

Cooper, L. T. Jr, &Chahal, C. A. A. (2020). RecognizingCOVID-19-related

myocarditis: The possible pathophysiology and proposed guideline for

diagnosis and management. Heart Rhythm, 17, 1463–1471. https://doi.
org/10.1016/j.hrthm.2020.05.001

Su, M. C., Hsieh, Y. T., Wang, Y. H., Lin, A. S., Chung, Y. H., & Lin, M. C. (2007).

Exercise capacity and pulmonary function in hospital workers recovered

fromsevere acute respiratory syndrome.Respiration,74, 511–516. https:
//doi.org/10.1159/000095673

Sugawara, J., Tanabe, T., Miyachi, M., Yamamoto, K., Takahashi, K., Iemitsu,

M., Otsuki, T., Homma, S., Maeda, S., Ajisaka, R., & Matsuda, M. (2003).

Non-invasive assessment of cardiac output during exercise in healthy

young humans: Comparison between Modelflow method and Doppler

echocardiographymethod.ActaPhysiologica Scandinavica,179, 361–366.
https://doi.org/10.1046/j.0001-6772.2003.01211.x

https://doi.org/10.1111/jth.14888
https://doi.org/10.1111/jth.14888
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1007/s004310051321
https://doi.org/10.1007/s004310051321
https://doi.org/10.1080/17461391.2020.1761076
https://doi.org/10.1080/17461391.2020.1761076
https://doi.org/10.1152/ajpheart.01151.2004
https://doi.org/10.1152/ajpheart.01151.2004
https://doi.org/10.1111/j.1440-1843.2010.01720.x
https://doi.org/10.1152/japplphysiol.90612.2008
https://doi.org/10.1152/japplphysiol.90612.2008
https://doi.org/10.3390/jcm10122558
https://doi.org/10.1080/10408363.2020.1770685
https://doi.org/10.1080/10408363.2020.1770685
https://doi.org/10.1016/j.resp.2010.08.021
https://doi.org/10.1016/j.resp.2010.08.021
https://doi.org/10.1080/10739680600618967
https://doi.org/10.1152/ajpheart.00571.2009
https://doi.org/10.1016/j.eclinm.2020.100683
https://doi.org/10.1016/j.eclinm.2020.100683
https://doi.org/10.1152/japplphysiol.00468.2020
https://doi.org/10.1152/japplphysiol.00468.2020
https://doi.org/10.1152/ajpheart.00897.2020
https://doi.org/10.1152/ajpheart.00897.2020
https://doi.org/10.1016/j.jacc.2013.07.027
https://doi.org/10.1152/ajpheart.01045.2006
https://doi.org/10.1152/ajpheart.01045.2006
https://doi.org/10.1249/01.mss.0000229568.17284.ab
https://doi.org/10.3390/jcm10061318
https://doi.org/10.3390/jcm10061318
https://doi.org/10.1016/0741-5214(90)90215-V
https://doi.org/10.1016/0741-5214(90)90215-V
https://doi.org/10.1093/ajh/hpaa057
https://doi.org/10.1007/s10286-021-00803-8
https://doi.org/10.1007/s10286-021-00803-8
https://doi.org/10.1016/j.hrthm.2020.05.001
https://doi.org/10.1016/j.hrthm.2020.05.001
https://doi.org/10.1159/000095673
https://doi.org/10.1159/000095673
https://doi.org/10.1046/j.0001-6772.2003.01211.x


STUTE ET AL. 721

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. https:
//doi.org/10.1113/EP089481

Thomas, G. D. (2015). Functional sympatholysis in hypertension. Auto-
nomic Neuroscience, 188, 64–68. https://doi.org/10.1016/j.autneu.2014.
10.019

Tremblay, J. C., & Pyke, K. E. (2018). Flow-mediated dilation stimulated

by sustained increases in shear stress: A useful tool for assessing end-

othelial function in humans? American Journal of Physiology. Heart and
Circulatory Physiology, 314, H508–H520.

Trinity, J. D., Wray, D. W., Witman, M. A., Layec, G., Barrett-O’Keefe,

Z., Ives, S. J., Conklin, J. D., Reese, V., & Richardson, R. S. (2013).

Contribution of nitric oxide to brachial artery vasodilation during

progressive handgrip exercise in the elderly. American Journal of Physio-
logy. Regulatory, Integrative and Comparative Physiology, 305, R893–R899.
https://doi.org/10.1152/ajpregu.00311.2013

van den Brand, J. M., Haagmans, B. L., van Riel, D., Osterhaus, A. D.,

& Kuiken, T. (2014). The pathology and pathogenesis of experimental

severe acute respiratory syndrome and influenza in animal models.

Journal of Comparative Pathology, 151, 83–112. https://doi.org/10.1016/
j.jcpa.2014.01.004

Wadley, A. J., Veldhuijzen van Zanten, J., & Aldred, S. (2013). The inter-

actions of oxidative stress and inflammation with vascular dysfunction

in ageing: The vascular health triad.Age,35, 705–718. https://doi.org/10.
1007/s11357-012-9402-1

Wichmann, D., Sperhake, J. P., Lütgehetmann, M., Steurer, S., Edler, C.,

Heinemann, A., Heinrich, F., Mushumba, H., Kniep, I., Schröder, A. S.,

Burdelski, C., de Heer, G., Nierhaus, A., Frings, D., Pfefferle, S., Becker,

H., Bredereke-Wiedling, H., de Weerth, A., Paschen, H. R., . . . Kluge, S.

(2020). Autopsy findings and venous thromboembolism in patients with

COVID-19: A prospective cohort study. Annals of Internal Medicine, 173,
268–277. https://doi.org/10.7326/M20-2003

World Health Organization (2021). Coronavirus disease (COVID-

2019) pandemic. https://www.who.int/emergencies/diseases/novel-

coronavirus-2019

Wray, D. W., & Richardson, R. S. (2006). Aging, exercise, and limb vascular

heterogeneity in humans. Medicine and Science in Sports and Exercise,
38, 1804–1810. https://doi.org/10.1249/01.mss.0000230342.86870.

94

Wray, D. W., Uberoi, A., Lawrenson, L., & Richardson, R. S. (2005).

Heterogeneous limb vascular responsiveness to shear stimuli during

dynamic exercise in humans. Journal of Applied Physiology, 99, 81–86.
https://doi.org/10.1152/japplphysiol.01285.2004

Wray, D.W.,Witman,M. A., Ives, S. J., McDaniel, J., Fjeldstad, A. S., Trinity, J.

D., Conklin, J. D., Supiano, M. A., & Richardson, R. S. (2011). Progressive

handgrip exercise: Evidence of nitric oxide-dependent vasodilation and

blood flow regulation in humans. American Journal of Physiology. Heart
and Circulatory Physiology, 300, H1101–H1107. https://doi.org/10.1152/
ajpheart.01115.2010

Wray, D. W., Witman, M. A., Ives, S. J., McDaniel, J., Trinity, J. D., Conklin, J.

D., Supiano, M. A., & Richardson, R. S. (2013). Does brachial artery flow-

mediated vasodilation provide a bioassay forNO?Hypertension,62, 345–
351. https://doi.org/10.1161/HYPERTENSIONAHA.113.01578

How to cite this article: Stute, N. L., Stickford, A. S. L.,

Stickford, J. L., Province, V. M., Augenreich, M. A., Bunsawat, K.,

Alpenglow, J. K.,Wray, D.W., & Ratchford, S. M. (2022).

Altered central and peripheral haemodynamics during

rhythmic handgrip exercise in young adults with SARS-CoV-2.

Experimental Physiology, 107, 708–721.

https://doi.org/10.1113/EP089820

https://doi.org/10.1113/EP089481
https://doi.org/10.1113/EP089481
https://doi.org/10.1016/j.autneu.2014.10.019
https://doi.org/10.1016/j.autneu.2014.10.019
https://doi.org/10.1152/ajpregu.00311.2013
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1007/s11357-012-9402-1
https://doi.org/10.1007/s11357-012-9402-1
https://doi.org/10.7326/M20-2003
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://doi.org/10.1249/01.mss.0000230342.86870.94
https://doi.org/10.1249/01.mss.0000230342.86870.94
https://doi.org/10.1152/japplphysiol.01285.2004
https://doi.org/10.1152/ajpheart.01115.2010
https://doi.org/10.1152/ajpheart.01115.2010
https://doi.org/10.1161/HYPERTENSIONAHA.113.01578
https://doi.org/10.1113/EP089820

	Altered central and peripheral haemodynamics during rhythmic handgrip exercise in young adults with SARS-CoV-2
	Abstract
	1 | INTRODUCTION
	New Findings
	2 | METHODS
	2.1 | Ethical approval
	2.2 | Subjects
	2.3 | Study procedures
	2.4 | SARS-CoV-2 symptom severity survey
	2.5 | Rhythmic handgrip exercise
	2.6 | Central haemodynamic variables
	2.7 | Peripheral haemodynamic variables
	2.8 | Statistical analyses

	3 | RESULTS
	3.1 | Subject characteristics
	3.2 | SARS-CoV-2 symptom severity survey
	3.3 | Central haemodynamics
	3.4 | Peripheral haemodynamics

	4 | DISCUSSION
	4.1 | Exercising central haemodynamics in SARS-CoV-2
	4.2 | Exercising peripheral haemodynamics in SARS-CoV-2
	4.3 | Endothelium-dependent vasodilatation during handgrip exercise in SARS-CoV-2
	4.4 | Experimental considerations
	4.5 | Conclusion

	ACKNOWLEDGEMENTS
	COMPETING INTERESTS
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


