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Peripheral arterial disease (PAD) results in insufficient flow to lower extremities. Aerobic 
exercise provides health benefits for individuals with PAD, but basic science behind it is 
still debated. Twenty-one PAD patients aged about 70 years with female/male as 7/14 
were recruited. Among them, 11 were randomized to have supervised cycling training 
(SCT) and 10 to receive general healthcare (GHC) as controls. SCT participants completed 
36 sessions of SCT at the first ventilation threshold within 12 weeks and the controls 
received GHC for 12 weeks. Ankle-brachial index (ABI), 6-min walk test (6MWT), peak 
oxygen consumption ( V O2peak), minute ventilation ( V E), minute carbon dioxide production 
( V CO2), erythrocyte rheology, including the maximal elongation index (EImax) and shear 
stress at 50% of maximal elongation (SS1/2), and the Short Form-36 (SF-36) questionnaire 
for quality of life (QoL) were assessed before and 12 weeks after initial visit. SCT significantly 
decreased the SS1/2 as well as SS1/2 to EImax ratio (SS1/2/EImax) and increased the erythrocyte 
osmolality in the hypertonic region as well as the area under EI-osmolality curve. The 
supervised exercise-induced improvement of erythrocyte deformability could contribute 
to the increased peripheral tissue O2 delivery and was possibly related with increased  
V O2peak. The physiological benefit was associated with significantly increased ABI, 6-min 

walking distance, cardiorespiratory fitness, and SF-36 score. However, no significant 
changes in aerobic capacity and erythrocyte rheological properties were observed after 
12-week of GHC. In conclusion, SCT improves aerobic capacity by enhancing erythrocyte 
membrane deformability and consequently promotes QoL in PAD patients.

Keywords: aerobic exercise, erythrocyte deformability, hemorheology, erythrocyte osmotic fragility, peripheral 
arterial disease
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INTRODUCTION

Peripheral arterial disease (PAD), a progressive atherosclerotic 
disease, is characterized by arterial stenosis and consequently 
reduces ordinary physical activities (Kithcart and Beckman, 
2018). A drop in pressure and turbulence are observed when 
blood flows across the stenosis (Hiatt et  al., 2015). The 
pathophysiology prevents sufficient flow in the lower extremity 
and further results in reduced ankle-brachial index (ABI), 
mis-matched oxygen supply–demand, and high oxidative stress 
(Zalawadiya et  al., 2012; Desormais et  al., 2014; Velioglu and 
Yuksel, 2019) in PAD individuals. Endothelial dysfunction, 
resulted from the oxidative stress-induced generation of superoxide 
anion, impairs vasodilatation adaptations during exercise (Hiatt 
et  al., 2015). Therefore, promoting physical activities for PAD 
patients become a great challenge in modern medicine.

Decreased exercise capacity associated with PAD individuals 
results in reduced functional independence and further impairs 
quality of life (QoL) (Treat-Jacobson et al., 2019a,b). Erythrocytes 
have emerged as the core determining factor of blood rheology, 
whereas erythrocyte rheological dysfunction results in circulatory 
disorders (Kensey, 2003; Barshtein et  al., 2007). A significant 
correlation between the progressive deterioration of peripheral 
circulatory disturbances and the susceptibility of erythrocyte 
membrane lipids to oxidative stress has been observed (Cho et al., 
2014). Increased erythrocyte deformability has been identified to 
be  associated with increased exercise performance in athletes 
(Guezennec et al., 1989). Pentoxifylline, a xanthine derivative, has 
been shown to improve walking distance in PAD patients (Accetto, 
1982; Angelkort et al., 1985) by improving erythrocyte deformability 
(Ouriel, 2001). Despite increasing cardiopulmonary and muscular 
fitness (Treat-Jacobson et  al., 2019a,b), aerobic exercise training 
effects on erythrocyte hemorheological properties and the ability 
to deliver O2 to tissues in PAD patients remain unclarified.

Erythrocyte rheological properties affect blood viscoelasticity 
and consequently regulate vascular resistance to blood flow 
shear stress. Moreover, osmolality-mediated erythrocyte 
deformability plays a meaningful role in hemorheology during 
exercise (Baskurt and Meiselman, 2003). In our recent study 
of healthy sedentary males, cycling training at 60% of V O2 
reserve ( V O2R) improved the erythrocyte membrane stability 
and osmotic deformability (Huang et  al., 2019). However, 
aerobic exercise effects on erythrocyte membrane stability 
and osmotic deformability in PAD patients have not yet been 
established. To understand how aerobic exercise affects 
erythrocyte membrane stability as well as osmotic deformability 
and aerobic capacity in PAD, the present study aimed to 
establish an effective exercise regimen to improve erythrocyte 
rheological functionality and to enhance cardiorespiratory 
fitness in individuals with PAD.

MATERIALS AND METHODS

Subjects
This study was approved by the Institutional Review Board 
of a tertiary care hospital. The ClinicalTrials.gov number is 

NCT03965520. Individuals with lower-extremity PAD were 
surveyed for the intervention from April 1, 2018 to December 
31, 2019 at our hospital. Individuals aged >20 years with PAD 
>2 weeks, ankle-brachial index (ABI) ≤ 0.9, and capable of 
participating in active exercise were included. However, 
individuals with unstable angina, systolic blood pressure (SBP) 
at rest >200 mmHg or diastolic blood pressure (DBP) >110 mmHg, 
orthostatic blood pressure decrease >20 mmHg with symptoms, 
severe aortic stenosis, acute discomfort or fever, uncontrolled 
atrial or ventricular dysrhythmia, and uncontrolled sinus rhythm 
tachycardia (>120/min) decompensated heart failure, third-
degree atrioventricular block, acute pericarditis or myocarditis, 
recent embolism, thrombophlebitis, ST segment displacement 
>2 mm at rest, and uncontrolled diabetes were not candidates 
for present work. All eligible PAD individuals provided informed 
consent after the experimental procedures were explained. Then, 
a computer-generated, concealed allocation schedule randomly 
assigned participants to receive SCT or general healthcare 
(GHC). Lipoprotein profiles, including total cholesterol, high-
density lipoprotein (HDL), low-density lipoprotein (LDL), and 
triglyceride levels, were also determined. Data were collected 
by an assessor with blinding to group before randomization 
and after completing the 12-week observational period.

ABI Measurement
Doppler measurements were performed according to the 
American Heart Association guidelines for ABI measurement 
(Guirguis-Blake et  al., 2018; Misra et  al., 2019). A digital 
Doppler spectrum analysis device equipped with an 8-MHz 
probe (Dopplex DMX; Huntleigh Healthcare, United  States) 
was used to measure individual systolic pressure. An appropriately 
sized pneumatic cuff was applied to the arm and the same 
side ankle joint. Cuff was inflated to supra-systolic pressure 
and was deflated slowly until Doppler flow signals in brachial 
(Br) and dorsalis pedis (DP) arterial pulses were detected. The 
process was performed for both legs, and values were calculated 
for each lower limb separately as systolic DP pressure/systolic 
Br pressure.

Cardiopulmonary Exercise Test
All participants were instructed to fast for at least 8 h and to 
refrain from exercise for at least 24 h before the test. All 
participants arrived at the testing center at 9:00 a.m. to eliminate 
diurnal effects. They underwent an incremental exercise test 
2 days before and 2 days after 12-week of interventions on a 
bicycle ergometer (Ergoselect 150P, ergoline GmbH, Bitz, 
Germany) at an increased work-rate of 10 W/min. During 
Cardiopulmonary exercise test (CPET), heart rate (HR) and 
brachial blood pressure were measured by an automatic blood 
pressure monitoring system (Tango, SunTech Medical Inc., 
Morrisville, NC, United  States), and arterial oxygen saturation 
was tracked by a pulse-oximeter (model 9500, Nonin Onyx, 
Plymouth, MN, United States) until the stop conditions described 
previously. (Fu et al., 2013; Huang et al., 2019; Hsu et al., 2021).

Minute ventilation ( VE), V O2, and minute carbon dioxide 
production ( V CO2) were measured by a breath-by-breath 

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
http://ClinicalTrials.gov


Hsu et al. Exercise Effects on Hemorheology

Frontiers in Physiology | www.frontiersin.org 3 January 2022 | Volume 12 | Article 792398

basis using a computer-based system (MasterScreen CPX, 
CareFusion Corp., Hoechberg, Germany). Ventilation threshold 
(VT) and V O2peak were defined as our previous work based 
on the ACSM guideline for exercise testing (Pescatello et  al., 
2014). VE and V CO2 responses, acquired from the initiation 
of exercise to the end of CPET, were used to calculate the 
VE- V CO2 slope, using least-squares linear regression 

(y = m · x + b, m = slope) (Arena et  al., 2007), Additionally, 
walking distances obtained at pain-free (initial) and intolerable 
leg pain (terminal) status during the 6-min walk test (6MWT) 
was recorded to determine exercise endurance (Montgomery 
and Gardner, 1998).

SCT Protocol
All participants received GHC were instructed to undergo 
symptom-limited and self-paced walking exercise in the 
community as well as regular pharmacological therapy at our 
medical clinic. Participants without additional SCT were treated 
as the GHC group. In addition to the daily activity, the SCT 
group also performed 36 sessions (three sessions per week for 
12 weeks) of in-hospital supervised exercise training on a bicycle 
ergometer. The SCT protocol comprised a warm-up at 30% 
of V O2peak (watt power corresponding to 30% V O2peak) for 
3 min, followed by continuous watt power corresponding to 
the first VT for 30 min as our previous work (Fu et  al., 2013), 
then a cool-down at 30% of V O2peak (watt power corresponding 
to 30% V O2peak) for 3 min. The first VT is a marker of intensity 
that can be  observed in a person’s breathing at a point where 
lactate begins to accumulate in the blood. Aerobic exercise 
training at first VT intensity improved cardiopulmonary and 
functional capacities of patients with circulatory disorders 
(Pymer et  al., 2020). We  increased exercise intensity during 
the exercise training by approximately 10% HR reserve every 
2 weeks as the participant could tolerate (Hsu et  al., 2021). 
The training was terminated when participants had symptoms/
signs suggested by the ACSM Guidelines (Pescatello et  al., 
2014). The compliance rate for the SCT and GHC groups was 
100% for both.

Measurement of Erythrocyte Rheological 
Properties
At rest and immediately after the graded exercise test, a 20-mL-
blood sample was collected from the antecubital vein via clean 
venipuncture (20-gauge needle) under controlled venous stasis 
at 40 mmHg. A blood sample of 10 ml was added to a tube 
with ethylenediaminetetraacetic acid (final concentration, 4 mM) 
for measuring erythrocyte rheological characteristics, and another 
blood sample of 10 ml was added to a tube containing sodium 
citrate concentration 3.8 g/dl with a volume ratio of 9 to 1 
for evaluating membrane stability and osmotic deformability 
of erythrocytes. Blood cells were counted by using a cell counter 
(Sysmax SF-3000, GMI Inc., Ramsey, MN, United States). These 
tests were performed immediately after blood sampling (Huang 
et  al., 2019).

Sodium citrate was a common anticoagulant for blood cell 
function test. Like EDTA, citrate acted by removing calcium 

from the blood. Unlike EDTA, it is reversible—so calcium can 
be  added back to study blood cell function under controlled 
conditions. Citrated plasma was also used to measure hemostatic-
relevant factors related to peripheral arterial disorder (Kennedy 
et  al., 2021).

Erythrocyte Membrane Stability Test
A 25-μL blood sample with sodium citrate was diluted in 
5 ml isotonic (osmolality = 290–300 mOsm/kg, pH 7.3) 
polyvinylpyrrolidone (PVP) solution (Sigma-Aldrich, St. Louis, 
MO, United  States). Then, 1,000 μl of the PVP-diluted blood 
sample was added to the sheared sample system in a laser-
assisted optical rotational red cell analyzer (LoRRca, RR 
Mechatronics, Hoorn, Netherlands) at 37°C for elongation 
index (EI) measurements at various fluid shear stresses by 
laser diffraction analysis (Simmonds et  al., 2014; Huang 
et  al., 2019).

A laser beam directly passed through the sheared sample, 
and the diffraction pattern produced by the deformed erythrocytes 
was analyzed by using a computer. The EI was calculated 
according to the geometry of the elliptical diffraction pattern: 
EI = (L − W)/(L + W), where L and W represent the length and 
width of the diffraction pattern, respectively. The shear stress 
at 50% of maximal elongation was defined as semi-maximal 
shear stress (SS1/2). Hence, an increase in SS1/2 or ratio of SS1/2 
to EImax represents a decrease in erythrocyte deformability 
(Simmonds et  al., 2014; Huang et  al., 2019).

The erythrocyte membrane stability test included the initial 
deformability curve test at basal status and the secondary 
deformability curve test following the 50 Pa of shear stress for 
30 min. These deformability curves present the shear stress-EI 
curves for 10 consecutive shear stresses: 0.3, 0.54, 0.96, 1.73, 
3.1, 5.56, 9.97, 17.88, 32.07, and 57.50 Pa. The experimental 
results provide a model that may be used to predict the change 
in erythrocyte deformability following exposure to a pathological 
shear stress, which resembles the flow condition in 
stenotic arteries.

Erythrocyte Osmotic Deformability Test
The osmotic gradient ektacytometric measurements (Heo et al., 
2015; Nemeth et  al., 2015; Huang et  al., 2019) were obtained 
using the “osmoscan function” of the above optical rotational 
red cell analyzer device (LoRRca). The device generated a 
constant shear stress of 30 Pa while continuously aspirating 
the sample into the measurement site and while changing 
the osmolarity of the medium by using gradual mixtures of 
PVP solutions of 0 and 700 mOsmol/kg; therefore, the EI 
was continuously registered. The parameters measured and 
calculated by the device (all at shear stress of 30 Pa) were 
as follows (Heo et  al., 2015; Nemeth et  al., 2015; Huang 
et  al., 2019):

Omax (osmolality at EImax);
Ohyper  (osmolality in the hypertonic region corresponding 

to 50% EImax);
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EImax;
EIhyper (EI in Ohyper); and
Area under the individual EI-osmolarity curve (AUC).
All the above parameters before and after interventions were 

determined by the EI-osmolarity curve (see Supplementary  
Figure S1).

Health-Related Quality of Life
Health-related QoL was measured by the Medical Outcomes 
Study 36-item Short Form (SF-36). The SF-36 questionnaire 
is a generic measure and can help differentiate QoL issues 
related to co-morbidities from those related to circulatory 
diseases (Maksimovic et  al., 2014). We  measured the physical 
component (PCS) and mental component (MCS) scores of the 
SF-36 questionnaire.

Statistical Analysis
Data are expressed as mean ± SD and were analyzed by 
StatView (StatView 5.0; SAS Institute Inc., Cary, NC, 
United  States). Experimental results were analyzed by 2 
(groups) × 2 (time sample points; i.e., pre- and post-
intervention) repeated-measure ANOVA with Bonferroni’s 
post-hoc test to compare cardiopulmonary fitness and 
erythrocyte rheological properties at the beginning of the 
study and after 12 weeks in the SCT and GHC groups. The 
criterion for significance was p < 0.05.

RESULTS

Clinical Characteristics
Initially, 45 individuals with PAD were surveyed according to 
our inclusion criteria. Among them, 24 were excluded based 
on our exclusion criteria, and 21 PAD were included in the 
study. All the participants underwent physical activities as 
recommended and received regular pharmacological therapy 
at our medical clinic. Among them, 11 were randomly allocated 
to the SCT, and 10 to the GHC groups (Figure 1). No adverse 
hemodynamic or hemorheological event occurred in the two 
groups throughout the investigation period. Moreover, baseline 
information was not significantly different between the two 
groups (Table  1).

Physiological Adaptations to Exercise
For cardiorespiratory fitness, 12-week of SCT significantly 
increased the peak work-rate, HR, V E, and V CO2 at (p < 0.05). 
Moreover, significantly lowered V E- V CO2 slope (from 36.4 
to 33.1, p < 0.05), higher V O2peak (from 14.7 ml/min/kg to 
18.6 ml/min/kg, p < 0.05), and greater 6MWT distances (initial 
distance from 222.4 m to 329.2 m; terminal point from 367.2 m 
to 456.0 m, p < 0.05) were also observed in PAD individuals 
after 12 week of SCT. The exercise intervention also significantly 
increased ABI values of the right (R) and left (L) lower 
extremities (R ratio from 0.83 to 0.91; L ratio from 0.84 to 
0.92, p < 0.05). Conversely, cardiorespiratory fitness, walking 

FIGURE 1 | Flowchart of participants with peripheral arterial disease (PAD) during follow-up. Recruited PAD patients were divided into two groups: supervised 
cycling training (SCT) and general healthcare (GHC). The SCT group performed supervised hospital-based training on a bicycle ergometer (i.e., cycling exercise at 
ventilation threshold for 30 min/day, 3 days/week for 12 weeks). The GHC group had only general healthcare for 12 weeks, as instructed by their physician.
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distance, and lower-extremity circulation in the GHC participants 
did not show significant change during the follow-up (Table 2).

Health-Related QoL
The SCT for 12 weeks significantly increased the scores of 
the PCS (scores from 38.4 to 44.6, p < 0.05) and MCS (from 
36.3 to 43.6, p < 0.05) of the SF-36. However, the two 
component scores remained unchanged with GHC alone 
(Table  2).

Blood Erythrocyte Characteristics
We found no significant changes in erythrocyte count, 
hemoglobin level, hematocrit, mean corpuscular volume, mean 
corpuscular hemoglobin level, and erythrocyte distribution of 
width-standard deviation or -coefficient of variance after 12 weeks 
of SCT or GHC (Table  3).

Erythrocyte Deformability and Membrane 
Stability
Supervised cycling training for 12 weeks significantly increased 
basal (Figure 2A) and shear stress-treated (Figure 2C) erythrocyte 
membrane deformability as compared with unchanged values 
in GHC for 12 weeks (Figures  2B,D) at shear stress from 1 
to 10 Pa during membrane deformability test. The exercise 
regimen also decreased basal SS1/2 (Figures  3A, p < 0.05) and 
ratio of SS1/2 to EImax (Figure  3C, p < 0.05) but not the EImax 
(Figure  3B). GHC did not decrease the above measurements 
(Figures 3D–F). A significant decrease (p < 0.05) of erythrocyte 
membrane deformability was observed in all participants after 
high shear stress (50 Pa) treatment for 30 min (Figures  3G–L). 
Similar expressions of significantly decreased SS1/2 (p < 0.05) 
after SCT (Figures  3G–I) and non-significant changes of SS1/2 
after GHC (Figures  3J–L) were observed in high shear stress-
treated erythrocytes.

Erythrocyte Osmotic Deformability
Supervised cycling training for 12 weeks promoted Ohyper (Table 3 
and Figure 4A, p < 0.05) and it is AUC (Table 3 and Figure 4C, 

TABLE 2 | Pre- and post-intervention effects on lower-extremity pulse, 
cardiorespiratory fitness, and health-related quality of life in the SCT and GHC 
participants.

SCT GHC

Pre Post Pre Post

 Peak exercise performance

Work-rate 
(watt)

58.4 ± 5.5 78.2 ± 6.5*,+ 56.1 ± 4.2 59.3 ± 5.0

Heart rate 
(bpm)

116 ± 5 131 ± 4*,+ 119 ± 6 122 ± 5


EV (L/min/kg) 34.8 ± 3.4 48.5 ± 4.2*,+ 36.3 ± 4.5 39.5 ± 4.3

V O2  
(mL/min/kg)

14.7 ± 2.7 18.6 ± 2.6*,+ 14.4 ± 2.4 14.8 ± 2.6

V CO2  
(mL/min/kg)

15.4 ± 2.8 21.5 ± 2.9*,+ 15.7 ± 2.3 15.9 ± 2.5


EV - V CO2 

slope
36.4 ± 2.4 33.1 ± 1.8*,+ 36.2 ± 3.9 36.5 ± 2.7

6-min walk test

Initial 
distance (m)

222.4 ± 23.5 329.2 ± 34.6*,+ 226.3 ± 31.4 241.5 ± 33.6

Terminal 
distance (m)

367.2 ± 37.7 456.0 ± 46.7*,+ 372.6 ± 36.4 376.6 ± 41.6

Ankle-brachial index

R 0.83 ± 0.03 0.91 ± 0.04*,+ 0.85 ± 0.04 0.86 ± 0.05
L 0.84 ± 0.03 0.92 ± 0.04*,+ 0.84 ± 0.04 0.83 ± 0.05

Medical outcomes study 36-item short form

PCS 38.4 ± 4.7 44.6 ± 4.5*,+ 39.3 ± 4.6 41.4 ± 5.4
MCS 36.3 ± 4.6 43.6 ± 4.1*,+ 36.6 ± 5.5 40.1 ± 5.3

Values are mean ± SD. GHC: general healthcare; MCS: mental component score; L: left; 
PCS: physical component score; Post: after intervention; Pre: before intervention; R: 
right; SCT: supervised cycling training; V E: minute ventilation; V CO2: minute CO2 
production; and V O2: O2 consumption. *p < 0.05: pre vs. post; +p < 0.05: SCT vs. 
GHC.

TABLE 1 | Pre- and post-intervention demographic and clinical characteristics of 
participants with peripheral arterial disease undergoing supervised cycling training 
(SCT) or general healthcare (GHC).

SCT (n = 11) GHC (n = 10)

Pre Post Pre Post

 Anthropometrics/clinical characteristics

Sex (M/F) 7/4 7/4 7/3 7/3
Age (years) 70.3 ± 3.2 – 69.3 ± 3.4 –
Height (cm) 164.3 ± 4.2 – 163.5 ± 4.5 –
Weight (kg) 68.5 ± 3.1 68.3 ± 3.6 68.2 ± 3.4 68.7 ± 3.6
Heart rate (bpm) 79 ± 3 78 ± 4 81 ± 4 82 ± 4
Systolic blood 
pressure (mmHg)

141 ± 5 138 ± 6 142 ± 5 143 ± 6

Diastolic blood 
pressure (mmHg)

84 ± 4 81 ± 4 86 ± 4 85 ± 5

 Lipoprotein profile

T-CHO (mg/dL) 188 ± 46 185 ± 42 182 ± 33 186 ± 47
LDL (mg/dL) 116 ± 38 116 ± 32 113 ± 30 119 ± 63
HDL (mg/dL) 40.7 ± 11 43.7 ± 16 41.2 ± 14 44.2 ± 13
TG (mg/dL) 149 ± 83 146 ± 61 145 ± 83 146 ± 92

 Comorbidity, n

CAD 5 – 4 –
Hyperlipidemia 6 – 6 –
Hypertension 5 – 5 –
Diabetes mellitus 7 – 7 –

 Medicines, n

Anti-platelet 5 5 5 5
Statins 6 6 6 6
β-blockers 8 8 7 7
ACEI/ARB 7 7 6 6
CCB 3 3 3 3
Sulfonylurea 6 6 5 5
DDP-4 inhibitor 3 3 3 3
SGLT2 inhibitor 2 2 2 2

Values are mean ± SD or n. ACEI: angiotensin-converting enzyme inhibitor; ARB: 
angiotensin II receptor blocker; CAD: coronary artery disease; CCB: calcium channel 
blocker; DPP-4: dipeptidyl peptidase 4; F: female; HDL: high-density lipoprotein; L: left; 
LDL: low-density lipoprotein; M: male; R: right; SGLT2: sodium-glucose transport 
protein 2; T-CHO: total cholesterol; and TG: triglyceride.
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p < 0.05) but did not change EImax, EImin, EIhyper, Omax, or Qmin 
on erythrocytes (Table  3). However, 12-week GHC produced 
no change in these parameters of erythrocyte osmotic 
deformability (Table  3, Figures  4B,D).

DISCUSSION

Although supervised exercise program in addition to 
pharmacological therapy is recommended to increase exercise 
tolerance in PAD individuals (Kithcart and Beckman, 2018), 
optimal exercise dosage was not described in current guidelines. 
Therefore, study of 36 sessions of supervised cycling training 
at the first VT for individuals suffered from PAD was 
performed. Notably, this study is the first to demonstrate 
that the exercise regimen effectively improved erythrocyte 
membrane stability and osmotic deformability of erythrocytes 
in individuals with PAD. The increased erythrocyte 
deformability enhances peripheral tissue O2 delivery, which 
may promote peripheral tissue O2 extraction and contribute 
to the increase of O2 consumption during exercise based on 
the Fick equation (Malek and Coburn, 2008). Our findings 
support the supervised exercise program improved functional 

aerobic capacity and health-related QoL in individuals 
with PAD.

The exercise intervention enhanced the aerobic capacity 
of PAD individuals to independently achieve activities of daily 
living, thus improving their QoL (Treat-Jacobson et al., 2019a,b). 
In this investigation, 12 week of SCT at the first VT increased 
V O2peak by about 25% as well as 6MWT distances by about 

25% (terminal distance) to 50% (pain-free distance), and 
decreased V E- V CO2 slope. The improvement of V O2peak in 
our exercise regimen was better than the 16% increase of 
V O2peak in those underwent revascularization therapy (Barkat 

et  al., 2021) and the 13% increase of V O2peak in those 
underwent 12-week of pain-free walking on treadmill (Hiatt 
et  al., 1994). These clinical observations imply that higher 
exercise intensity may be beneficial in cardiorespiratory fitness 
of PAD patients. The increase of 6MWT distance in the 
present work was similar as the outcomes of the Study to 
Improve Leg Circulation (SILC) (McDermott et  al., 2009) 
and the Group Oriented Arterial Leg Study (GOALS) trials 
(McDermott et  al., 2013). These physiological adaptations 
could finally promote physical and mental QoL in 
our observations.

The ventilatory parameters obtained from the graded 
exercise test may convey information regarding the prognosis 
of circulatory disorders (Arena et  al., 2007). V O2peak is an 
indicator of systemic aerobic capacity, whereas V E- V CO2 
slope commonly assesses ventilatory efficiency and is a 
dominant predictor of survival in people with circulatory 
disorders (Arena et al., 2007). Additionally, the 6MWT distance 
provides information regarding exercise endurance, which 
responds to therapy and prognosis across a broad range of 
chronic cardiopulmonary disorders (ATS Committee on 
Proficiency Standards for Clinical Pulmonary Function 
Laboratories, 2002). The supervised exercise training may 
effectively enhance the ability of PAD patients to cope with 
the physical demands of daily activity and thus improve 
their psychosocial state. Furthermore, the better health-related 
QoL produced by SCT may be  associated with less potential 
for mortality in people with PAD and hence reduce the 
financial burden on their healthcare system (Treat-Jacobson 
et  al., 2019a,b).

The essential function of erythrocytes is to deliver O2 to 
tissues by being highly deformable in order to pass through 
capillaries in the microcirculation (Baskurt and Meiselman, 2003; 
Barshtein et  al., 2007). Erythrocyte deformability modulated by 
shear stress serves as a compensating mechanism for maintaining 
adequate microcirculatory perfusion (Saldanha and de Almeida, 
2011). However, shear stress has a biphasic effect on the mechanical 
properties of erythrocytes depending on the duration and 
magnitude of the applied shear stress (Nevaril et al., 1968; Meram 
et  al., 2013). Exposure to prolonged shear stress within the 
physiological range improves erythrocyte deformability (Meram 
et al., 2013), whereas exposure to pathologically high shear stress 
results in mechanical damage of erythrocytes (Nevaril et  al., 
1968). It has been known that shear stress >30 pa could impair 
erythrocyte deformability (Simmonds and Meiselman, 2017). In 
this investigation, pre-treatment at pathological high shear stress 

TABLE 3 | Pre- and post-intervention effects on blood erythrocyte 
characteristics and osmotic deformability in of SCT and GHC participants.

SCT GHC

Pre Post Pre Post

 Erythrocyte characteristics

RBC (106/μL) 4.51 ± 0.77 4.49 ± 0.42 4.59 ± 0.79 4.54 ± 0.84
Hemoglobin 
(dL)

13.3 ± 2.0 13.6 ± 1.3 13.5 ± 2.1 13.4 ± 2.3

Hematocrit (%) 45.0 ± 3.3 45.4 ± 3.9 45.1 ± 3.2 45.0 ± 3.3
MCV (fL) 92.0 ± 4.9 93.5 ± 3.6 92.0 ± 4.9 90.4 ± 4.9
MCH (pg) 29.7 ± 1.5 30.3 ± 1.3 29.6 ± 1.6 29.3 ± 1.8
MCHC (g/dL) 32.3 ± 1.0 32.1 ± 0.8 32.5 ± 1.2 32.4 ± 1.0
RDW-SD (fL) 43.2 ± 2.6 43.5 ± 3.3 43.2 ± 3.1 43.9 ± 4.1
RDW-CV (%) 13.2 ± 0.9 13.5 ± 0.8 13.4 ± 1.1 13.7 ± 2.3

Erythrocyte osmotic deformability

Omax (mOsm/
kg.H2O)

297 ± 8 302 ± 15 298 ± 13 301 ± 18

Omin (mOsm/
kg.H2O)

142 ± 6 147 ± 8 143 ± 7 145 ± 6

Ohyper (mOsm/
kg.H2O)

452 ± 8 472 ± 7* 460 ± 11 465 ± 12

EImax 0.585 ± 0.038 0.597 ± 0.038 0.594 ± 0.039 0.596 ± 0.043
EImin 0.119 ± 0.006 0.129 ± 0.006 0.125 ± 0.012 0.126 ± 0.011
EIhyper 0.292 ± 0.012 0.298 ± 0.008 0.293 ± 0.007 0.295 ± 0.012
AUC 165 ± 2 174 ± 3* 167 ± 4 170 ± 6

Values are mean ± SD. AUC: area under the individual elongation index-osmolarity 
curve; EIhyper, EI in osmolality in the hypertonic region corresponding to 50% of the 
maximal elongation index; EImax, the maximal elongation index; EImin, the minimal 
elongation index; GHC, general health care; MCV, mean corpuscular volume; MCH, 
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; 
Omax, osmolality at EImax; Omin, osmolality at EImin; Ohyper, osmolality in the hypertonic 
region corresponding to 50% EImax; Post, after intervention; Pre, before intervention; 
RBC, red blood cell; RDW-SD or –CV, erythrocyte distribution width-standard deviation 
or -coefficient of variation; and SCT, supervised cycling training.
*p < 0.05: pre vs. post.
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(50  Pa for 30 min) considerably increased the ratio of SS1/2 to 
EImax on erythrocytes, as reflected by the decreased deformability 
of erythrocytes undergoing pathological shear force. The 
experimental results provide a model that may be used to predict 
the change in erythrocyte deformability following exposure to 
a pathological shear stress, which resembles the flow condition 
in stenotic arteries.

A previous investigation demonstrated that high-intensity 
interval training improved aerobic capacity and efficiency by 
depressing aggregability and enhancing deformability of 
erythrocytes in patients with heart failure (Wang et al., 2013). 
In this study, SCT, rather than GHC, enhanced basal erythrocyte 
deformability and erythrocyte membrane stability undergoing 
high shear stress, as indicated by a decrease of the shear-
treated erythrocyte SS1/2/EImax ratio. Findings of improved 
erythrocyte membrane stability after cycling training at the 
first VT in the present work were similar as cycling training 
at the alternating intensity of 40 and 80% V O2R in our 
previous study using healthy sedentary males (Huang et  al., 
2019). With respect to underlying mechanisms of the SCT 
effects on erythrocyte rheological functions remain unclear, 
further investigations need to be  undertaken. Nitric oxide 
(NO) derived from erythrocytes may regulate the deformability 
of erythrocyte membranes under shear flow (Bor-Kucukatay 
et  al., 2003).

S-nitrosylation of cytoskeletal proteins, most likely α- and 
β-spectrins, caused by NO is involved in the active regulation of 
erythrocyte deformability (Grau et  al., 2013). A previous study 
further demonstrated that moderate-intensity exercise increased 
vascular shear stress to enhance erythrocyte NO synthase activity 
and NO production by activating the PI3-kinase/Akt kinase pathway, 
thereby improving erythrocyte deformability (Suhr et  al., 2012). 
Our early studies also demonstrated that this exercise regimen 
elevated plasma NO metabolite levels and endothelium-dependent 
dilation in skin vasculature (Wang et  al., 2002; Wang, 2005). 
Atherosclerosis, the pathology underlying PAD, is a chronic 
inflammatory disease of the artery wall initiated by elevated 
low-density lipoprotein (LDL) level (Saldanha et  al., 2012). In 
vitro study, blood aliquots enriched with LDL or high-density 
lipoprotein (HDL) showed significant higher erythrocyte aggregation 
than untreated blood aliquots (Saldanha et  al., 2012). However, 
in vivo study, increased HDL concentration stimulated the release 
of NO from vascular endothelium, consequently improving blood 
rheology that included depressed erythrocyte aggregation, enhanced 
erythrocyte deformability, and lowered blood viscosity (Moriarty 
and Gibson, 2005). Additionally, NO retards myeloperoxidase-
associated lipid peroxidation by acting as an antioxidant (Osawa, 
2018). Our recent study also indicated that SCT decreased plasma 
myeloperoxidase level in PAD (Lin et al., 2021) to protect erythrocytes 
against oxidative damage and consequently improved the rheological 
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FIGURE 2 | Effect of SCT and GHC on erythrocyte membrane stability in participants with PAD. The erythrocyte membrane stability test included the initial 
deformability curve test at basal status [(A) and (B) basal erythrocyte deformability] and the secondary deformability curve test followed the 50-Pa shear stress for 
30 min [(C) and (D) shear-treated erythrocyte deformability]. These deformability curves present the shear stress-elongation index (EI) curves for 10 consecutive shear 
stresses: 0.3, 0.54, 0.96, 1.73, 3.1, 5.56, 9.97, 17.88, 32.07, and 57.50 Pa. Pre, pre-intervention; Post, post-intervention. Values are mean ± SD. * p < 0.05, pre or post.
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function in people with PAD (Koutakis et  al., 2018). The present 
work supported that moderate-intensity exercise facilitated 
erythrocyte NO synthase activity and NO generation, thereby 
improving erythrocyte deformability under shear flow. However, 
lipoprotein profile characteristics in the study could not endorse 
the exercise benefit because of the pharmacological therapy.

Erythrocyte deformability is crucially affected by changes in 
cell shape and volume caused by osmotic stress (Baskurt and 
Meiselman, 2003). In the present investigation, increased 
erythrocyte Ohyper level caused by SCT may provide a rapid 
pathway for promoting water inflow and limiting water outflow 
at hypertonicity, thereby contributing to improved osmotic 
deformability of the erythrocyte in PAD patients. Aquaporin 1 
(AQP1), a water transport channel, facilitates water transport 
across the erythrocyte membrane and is responsible for the 
rapid response of the cell volume to changes in plasma osmolality 
(Sugie et  al., 2018). Moreover, AQP1 on RBC prevents osmotic 
loss of water under hypertonic condition (Sugie et  al., 2018). 
Our previous investigation demonstrated an increase in erythrocyte 
AQP1 expression after high-intensity interval training on a bicycle 
ergometer, which may provide a rapid pathway for promoting 

water inflow and limiting water outflow at hypertonicity, thereby 
contributing to improved osmotic deformability of the erythrocyte 
(Huang et  al., 2019). Additionally, the cycling training also 
effectively alleviated hypoxia-evoked erythrocyte osmotic fragility 
by improving band 3 function on erythrocytes (Chou et  al., 
2016). In the present investigation, SCT for 12 weeks augmented 
Ohyper and the AUC in erythrocyte osmotic deformability. 
Accordingly, SCT may enhance aquaporin-mediated erythrocyte 
susceptibility to osmotic stress in individuals with PAD.

CONCLUSION

In the present study, 12 week of SCT at the first VT enhanced 
functional aerobic capacity and improved health-related QoL 
in individuals with PAD. This exercise regimen also improved 
erythrocyte membrane stability and osmotic deformability of 
erythrocytes. These experimental findings may facilitate the 
identification of an effective exercise regimen to increase physical 
performance and improve efficacy for hemorheological functions 
in people with PAD. Although these results regarding erythrocyte 
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FIGURE 3 | Effect of SCT and GHC on basal [(A-F)] and shear-treated [(G-L)] erythrocyte deformability in PAD. SS1/2, shear stress at 50% maximal elongation 
defined as semi-maximal shear stress; EImax, maximal deformability; and SS1/2/EImax, ratio of SS1/2 to EImax. Pre, pre-intervention; Post, post-intervention. Values are 
mean ± SD. * p < 0.05, pre or post.
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rheological parameters have high values of statistical power 
ranging from 0.843 to 1.000, the small sample size in each 
group is still a major limitation in the present work.
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FIGURE 4 | Effect of SCT and GHC on erythrocyte osmotic deformability [(A) and (B) Ohyper; (C) and (D) AUC] in PAD. Ohyper, osmolality in the hypertonic region 
corresponding to 50% maximal elongation index (EImax); AUC, area under the individual EI-osmolarity curve. Pre, pre-intervention; Post, post-intervention. Values are 
mean ± SD. * p < 0.05, pre or post.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/articles/10.3389/fphys.2021.792398/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.792398/full#supplementary-material


Hsu et al. Exercise Effects on Hemorheology

Frontiers in Physiology | www.frontiersin.org 10 January 2022 | Volume 12 | Article 792398

REFERENCES

Accetto, B. (1982). Beneficial hemorheologic therapy of chronic peripheral 
arterial disorders with pentoxifylline: results of double-blind study versus 
vasodilator-nylidrin. Am. Heart J. 103, 864–869. doi: 10.1016/0002-8703 
(82)90401-X

Angelkort, B., Spürk, P., Habbaba, A., and Mähder, M. (1985). Blood flow 
properties and walking performance in chronic arterial occlusive disease. 
Angiology 36, 285–292. doi: 10.1177/000331978503600504

Arena, R., Guazzi, M., and Myers, J. (2007). Ventilatory abnormalities during 
exercise in heart failure: A mini review. Curr. Resp. Med. Rev. 3, 179–187. 
doi: 10.2174/157339807781387517

Ats Committee on Proficiency Standards for Clinical Pulmonary Function 
Laboratories (2002). ATS statement: guidelines for the six-minute walk test. 
Am. J. Respir. Crit. Care Med. 166, 111–117. doi: 10.1164/ajrccm.166.1.at1102

Barkat, M., Key, A., Ali, T., Walker, P., Duffy, N., Snellgrove, J., et al. (2021). 
Effect of treatment of peripheral arterial disease on the onset of anaerobic 
exercise during cardiopulmonary exercise testing. Physiol. Rep. 9:e14815. 
doi: 10.14814/phy2.14815

Barshtein, G., Ben-Ami, R., and Yedgar, S. (2007). Role of red blood cell flow 
behavior in hemodynamics and hemostasis. Expert. Rev. Cardiovasc. Ther. 
5, 743–752. doi: 10.1586/14779072.5.4.743

Baskurt, O. K., and Meiselman, H. J. (2003). Blood rheology and hemodynamics. 
Semin. Thromb. Hemost. 29, 435–450. doi: 10.1055/s-2003-44551

Bor-Kucukatay, M., Wenby, R. B., Meiselman, H. J., and Baskurt, O. K. 
(2003). Effects of nitric oxide on red blood cell deformability. Am. J. 
Physiol. Heart Circ. Physiol. 284, H1577–H1584. doi: 10.1152/ajpheart. 
00665.2002

Cho, Y. I., Cho, D. J., and Rosenson, R. S. (2014). Endothelial shear stress 
and blood viscosity in peripheral arterial disease. Curr. Atheroscler. Rep. 
16:404. doi: 10.1007/s11883-014-0404-6

Chou, S. L., Huang, Y. C., Fu, T. C., Hsu, C. C., and Wang, J. S. (2016). 
Cycling exercise training alleviates hypoxia-impaired erythrocyte rheology. 
Med. Sci. Sports Exerc. 48, 57–65.

Desormais, I., Aboyans, V., Bura, A., Constans, J., Cambou, J. P., Messas, E., 
et al. (2014). Anemia, an independent predictive factor for amputation and 
mortality in patients hospitalized for peripheral artery disease. Eur. J. Vasc. 
Endovasc. Surg. 48, 202–207. doi: 10.1016/j.ejvs.2014.04.005

Fu, T. C., Wang, C. H., Lin, P. S., Hsu, C. C., Cherng, W. J., Huang, S. C., 
et al. (2013). Aerobic interval training improves oxygen uptake efficiency 
by enhancing cerebral and muscular hemodynamics in patients with heart 
failure. Int. J. Cardiol. 167, 41–50. doi: 10.1016/j.ijcard.2011.11.086

Grau, M., Pauly, S., Ali, J., Walpurgis, K., Thevis, M., Bloch, W., et al. (2013). 
RBC-NOS-dependent S-nitrosylation of cytoskeletal proteins improves RBC 
deformability. PLoS One 8:e56759. doi: 10.1371/journal.pone.0056759

Guezennec, C. Y., Nadaud, J. F., Satabin, P., Leger, F., and Lafargue, P. (1989). 
Influence of polyunsaturated fatty acid diet on the hemorrheological response 
to physical exercise in hypoxia. Int. J. Sports Med. 10, 286–291. doi: 10.1055/
s-2007-1024917

Guirguis-Blake, J. M., Evans, C. V., Redmond, N., and Lin, J. S. (2018). Screening 
for peripheral artery disease using the ankle-brachial index: updated evidence 
report and systematic review for the US preventive services task force. 
JAMA 320, 184–196. doi: 10.1001/jama.2018.4250

Heo, Y., Jung, H., and Shin, S. (2015). Osmotic deformability of erythrocytes 
at various shear stresses. Clin. Hemorheol. Microcirc. 59, 211–218. doi: 10.3233/
CH-131761

Hiatt, W. R., Armstrong, E. J., Larson, C. J., and Brass, E. P. (2015). 
Pathogenesis of the limb manifestations and exercise limitations in 
peripheral artery disease. Circ. Res. 116, 1527–1539. doi: 10.1161/
CIRCRESAHA.116.303566

Hiatt, W. R., Wolfel, E. E., Meier, R. H., and Regensteiner, J. G. (1994). Superiority 
of treadmill walking exercise versus strength training for patients with 
peripheral arterial disease. Implications for the mechanism of the training 
response. Circulation 90, 1866–1874. doi: 10.1161/01.CIR.90.4.1866

Hsu, C. C., Fu, T. C., Huang, S. C., Chen, C. P., and Wang, J. S. (2021). 
Increased serum brain-derived neurotrophic factor with high-intensity interval 
training in stroke patients: A randomized controlled trial. Ann. Phys. Rehabil. 
Med. 64:101385. doi: 10.1016/j.rehab.2020.03.010

Huang, Y. C., Hsu, C. C., and Wang, J. S. (2019). High-intensity interval 
training improves erythrocyte osmotic deformability. Med. Sci. Sports Exerc. 
51, 1404–1412. doi: 10.1249/MSS.0000000000001923

Kennedy, A. D., Ford, L., Wittmann, B., Conner, J., Wulff, J., Mitchell, M., 
et al. (2021). Global biochemical analysis of plasma, serum and whole blood 
collected using various anticoagulant additives. PLoS One 16:e0249797. doi: 
10.1371/journal.pone.0249797

Kensey, K. R. (2003). The mechanistic relationships between hemorheological 
characteristics and cardiovascular disease. Curr. Med. Res. Opin. 19, 587–596. 
doi: 10.1185/030079903125002289

Kithcart, A. P., and Beckman, J. A. (2018). ACC/AHA versus ESC guidelines 
for diagnosis and management of peripheral artery disease: JACC guideline 
comparison. J. Am. Coll. Cardiol. 72, 2789–2801. doi: 10.1016/j.jacc. 
2018.09.041

Koutakis, P., Ismaeel, A., Farmer, P., Purcell, S., Smith, R. S., Eidson, J. L., 
et al. (2018). Oxidative stress and antioxidant treatment in patients with 
peripheral artery disease. Physiol. Rep. 6:e13650. doi: 10.14814/phy2.13650

Lin, M. L., Fu, T. C., Hsu, C. C., Huang, S. C., Lin, Y. T., and Wang, J. S. 
(2021). Cycling exercise training enhances platelet mitochondrial bioenergetics 
in patients with peripheral arterial disease: A randomized controlled trial. 
Thromb. Haemost. 121, 900–912. doi: 10.1055/s-0040-1722191

Maksimovic, M., Vlajinac, H., Marinkovic, J., Kocev, N., Voskresenski, T., and 
Radak, D. (2014). Health-related quality of life among patients with peripheral 
arterial disease. Angiology 65, 501–506. doi: 10.1177/0003319713488640

Malek, M. H., and Coburn, J. W. (2008). Strategies for cardiopulmonary exercise 
testing of pectus excavatum patients. Clinics 63, 245–254. doi: 10.1590/
S1807-59322008000200014

Mcdermott, M. M., Ades, P., Guralnik, J. M., Dyer, A., Ferrucci, L., Liu, K., 
et al. (2009). Treadmill exercise and resistance training in patients with 
peripheral arterial disease with and without intermittent claudication: a 
randomized controlled trial. JAMA 301, 165–174. doi: 10.1001/jama.2008.962

Mcdermott, M. M., Liu, K., Guralnik, J. M., Criqui, M. H., Spring, B., Tian, L., 
et al. (2013). Home-based walking exercise intervention in peripheral artery 
disease: a randomized clinical trial. JAMA 310, 57–65. doi: 10.1001/jama.2013.7231

Meram, E., Yilmaz, B. D., Bas, C., Atac, N., Yalcin, O., Meiselman, H. J., et al. 
(2013). Shear stress-induced improvement of red blood cell deformability. 
Biorheology 50, 165–176. doi: 10.3233/BIR-130637

Misra, S., Shishehbor, M. H., Takahashi, E. A., Aronow, H. D., Brewster, L. P., 
Bunte, M. C., et al. (2019). Perfusion assessment in critical limb ischemia: 
principles for understanding and the development of evidence and evaluation 
of devices: A scientific statement fom the American Heart Association. 
Circulation 140, e657–e672. doi: 10.1161/CIR.0000000000000708

Montgomery, P. S., and Gardner, A. W. (1998). The clinical utility of a six-
minute walk test in peripheral arterial occlusive disease patients. J. Am. 
Geriatr. Soc. 46, 706–711. doi: 10.1111/j.1532-5415.1998.tb03804.x

Moriarty, P. M., and Gibson, C. A. (2005). Association between hematological 
parameters and high-density lipoprotein cholesterol. Curr. Opin. Cardiol. 
20, 318–323. doi: 10.1097/01.hco.0000167722.22453.47

Nemeth, N., Kiss, F., and Miszti-Blasius, K. (2015). Interpretation of osmotic 
gradient ektacytometry (osmoscan) data: a comparative study for 
methodological standards. Scand. J. Clin. Lab. Invest. 75, 213–222. doi: 
10.3109/00365513.2014.993695

Nevaril, C. G., Lynch, E. C.,  Alfrey, C. P. Jr., and Hellums, J. D. (1968). 
Erythrocyte damage and destruction induced by shearing stress. J. Lab. 
Clin. Med. 71, 784–790

Osawa, T. (2018). Development and application of oxidative stress biomarkers. 
Biosci. Biotechnol. Biochem. 82, 564–572. doi: 10.1080/09168451.2017.1398068

Ouriel, K. (2001). Peripheral arterial disease. Lancet 358, 1257–1264. doi: 10.1016/
S0140-6736(01)06351-6

Pescatello, L.S., Arena, R., Riebe, D., and Thompson, P.D. (2014). ACSM’s 
Guidelines for Exercise Testing and Prescription. Philadelphia, PA: Wolters 
Kluwer/Lippincott Williams & Wilkins.

Pymer, S., Harwood, A., Ibeggazene, S., Mcgregor, G., Huang, C. P., Twiddy, M., 
et al. (2020). High INtensity Interval Training In pATiEnts with intermittent 
claudication (INITIATE): protocol for a multicentre, proof-of-concept, 
prospective interventional study. BMJ Open 10:e038825.

Saldanha, C., and De Almeida, J. P. (2011). Erythrocyte as a link between 
basic and clinical research. Clin. Hemorheol. Microcirc. 49, 463–472. doi: 
10.3233/CH-2011-1496

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/0002-8703(82)90401-X
https://doi.org/10.1016/0002-8703(82)90401-X
https://doi.org/10.1177/000331978503600504
https://doi.org/10.2174/157339807781387517
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.14814/phy2.14815
https://doi.org/10.1586/14779072.5.4.743
https://doi.org/10.1055/s-2003-44551
https://doi.org/10.1152/ajpheart.00665.2002
https://doi.org/10.1152/ajpheart.00665.2002
https://doi.org/10.1007/s11883-014-0404-6
https://doi.org/10.1016/j.ejvs.2014.04.005
https://doi.org/10.1016/j.ijcard.2011.11.086
https://doi.org/10.1371/journal.pone.0056759
https://doi.org/10.1055/s-2007-1024917
https://doi.org/10.1055/s-2007-1024917
https://doi.org/10.1001/jama.2018.4250
https://doi.org/10.3233/CH-131761
https://doi.org/10.3233/CH-131761
https://doi.org/10.1161/CIRCRESAHA.116.303566
https://doi.org/10.1161/CIRCRESAHA.116.303566
https://doi.org/10.1161/01.CIR.90.4.1866
https://doi.org/10.1016/j.rehab.2020.03.010
https://doi.org/10.1249/MSS.0000000000001923
https://doi.org/10.1371/journal.pone.0249797
https://doi.org/10.1185/030079903125002289
https://doi.org/10.1016/j.jacc.2018.09.041
https://doi.org/10.1016/j.jacc.2018.09.041
https://doi.org/10.14814/phy2.13650
https://doi.org/10.1055/s-0040-1722191
https://doi.org/10.1177/0003319713488640
https://doi.org/10.1590/S1807-59322008000200014
https://doi.org/10.1590/S1807-59322008000200014
https://doi.org/10.1001/jama.2008.962
https://doi.org/10.1001/jama.2013.7231
https://doi.org/10.3233/BIR-130637
https://doi.org/10.1161/CIR.0000000000000708
https://doi.org/10.1111/j.1532-5415.1998.tb03804.x
https://doi.org/10.1097/01.hco.0000167722.22453.47
https://doi.org/10.3109/00365513.2014.993695
https://doi.org/10.1080/09168451.2017.1398068
https://doi.org/10.1016/S0140-6736(01)06351-6
https://doi.org/10.1016/S0140-6736(01)06351-6
https://doi.org/10.3233/CH-2011-1496


Hsu et al. Exercise Effects on Hemorheology

Frontiers in Physiology | www.frontiersin.org 11 January 2022 | Volume 12 | Article 792398

Saldanha, C., Loureiro, J., Moreira, C., and Silva, J. M. (2012). Behaviour of 
human erythrocyte aggregation in presence of autologous lipoproteins. 
Biochem. Res. Int. 2012:261736, 1–6. doi: 10.1155/2012/261736

Simmonds, M. J., Atac, N., Baskurt, O. K., Meiselman, H. J., and Yalcin, O. 
(2014). Erythrocyte deformability responses to intermittent and continuous 
subhemolytic shear stress. Biorheology 51, 171–185. doi: 10.3233/BIR-140665

Simmonds, M., and Meiselman, H. (2017). Prediction of the level and duration 
of shear stress exposure that induces subhemolytic damage to erythrocytes. 
Biorheology 53, 237–249. doi: 10.3233/BIR-16120

Sugie, J., Intaglietta, M., and Sung, L. A. (2018). Water transport and homeostasis 
as a major function of erythrocytes. Am. J. Physiol. Heart Circ. Physiol. 
314, H1098–H1107.

Suhr, F., Brenig, J., Müller, R., Behrens, H., Bloch, W., and Grau, M. (2012). 
Moderate exercise promotes human RBC-NOS activity, NO production and 
deformability through Akt kinase pathway. PLoS One 7:e45982. doi: 10.1371/
journal.pone.0045982

Treat-Jacobson, D., Mcdermott, M. M., Beckman, J. A., Burt, M. A., Creager, M. A., 
Ehrman, J. K., et al. (2019a). Implementation of supervised exercise therapy 
for patients with symptomatic peripheral artery disease: A science advisory 
from the American Heart Association. Circulation 140, e700–e710. doi: 
10.1161/CIR.0000000000000727

Treat-Jacobson, D., Mcdermott, M. M., Bronas, U. G., Campia, U., Collins, T. C., 
Criqui, M. H., et al. (2019b). Optimal exercise programs for patients 
with peripheral artery disease: A scientific statement from the American 
Heart Association. Circulation 139, e10–e33. doi: 10.1161/CIR. 
0000000000000623

Velioglu, Y., and Yuksel, A. (2019). Complete blood count parameters in 
peripheral arterial disease. Aging Male 22, 187–191. doi: 10.1080/ 
13685538.2019.1588873

Wang, J. S. (2005). Effects of exercise training and detraining on cutaneous 
microvascular function in man: the regulatory role of endothelium-dependent 

dilation in skin vasculature. Eur. J. Appl. Physiol. 93, 429–434. doi: 10.1007/
s00421-004-1176-4

Wang, J. S., Fu, T. C., Lien, H. Y., Wang, C. H., Hsu, C. C., Wu, W. C., et al. 
(2013). Effect of aerobic interval training on erythrocyte rheological and 
hemodynamic functions in heart failure patients with anemia. Int. J. Cardiol. 
168, 1243–1250. doi: 10.1016/j.ijcard.2012.11.053

Wang, J. S., Lan, C., Chen, S. Y., and Wong, M. K. (2002). Tai chi Chuan 
training is associated with enhanced endothelium-dependent dilation in skin 
vasculature of healthy older men. J. Am. Geriatr. Soc. 50, 1024–1030. doi: 
10.1046/j.1532-5415.2002.50256.x

Zalawadiya, S. K., Veeranna, V., Panaich, S. S., and Afonso, L. (2012). Red 
cell distribution width and risk of peripheral artery disease: analysis of 
National Health and nutrition examination survey 1999-2004. Vasc. Med. 
17, 155–163. doi: 10.1177/1358863X12442443

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Hsu, Lin, Fu, Huang, Lin and Wang. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1155/2012/261736
https://doi.org/10.3233/BIR-140665
https://doi.org/10.3233/BIR-16120
https://doi.org/10.1371/journal.pone.0045982
https://doi.org/10.1371/journal.pone.0045982
https://doi.org/10.1161/CIR.0000000000000727
https://doi.org/10.1161/CIR.0000000000000623
https://doi.org/10.1161/CIR.0000000000000623
https://doi.org/10.1080/13685538.2019.1588873
https://doi.org/10.1080/13685538.2019.1588873
https://doi.org/10.1007/s00421-004-1176-4
https://doi.org/10.1007/s00421-004-1176-4
https://doi.org/10.1016/j.ijcard.2012.11.053
https://doi.org/10.1046/j.1532-5415.2002.50256.x
https://doi.org/10.1177/1358863X12442443
http://creativecommons.org/licenses/by/4.0/

	Supervised Cycling Training Improves Erythrocyte Rheology in Individuals With Peripheral Arterial Disease
	Introduction
	Materials and Methods
	Subjects
	ABI Measurement
	Cardiopulmonary Exercise Test
	SCT Protocol
	Measurement of Erythrocyte Rheological Properties
	Erythrocyte Membrane Stability Test
	Erythrocyte Osmotic Deformability Test
	Health-Related Quality of Life
	Statistical Analysis

	Results
	Clinical Characteristics
	Physiological Adaptations to Exercise
	Health-Related QoL
	Blood Erythrocyte Characteristics
	Erythrocyte Deformability and Membrane Stability

	Erythrocyte Osmotic Deformability
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

