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Abstract
Aim Blood flow restriction (BFR) exercise is a common alternative to traditional high-load resistance exercise used to 
increase muscle size and strength. Some populations utilizing BFR at a low load may wish to limit their cardiovascular 
response to exercise. Different contraction patterns may attenuate the cardiovascular response, but this has not been com-
pared using BFR.
Purpose To compare the cardiovascular response to unilateral (UNI), bilateral (BIL), and alternating (ALT) BFR exercise 
contraction patterns.
Methods Twenty healthy participants performed four sets (30 s rest) of knee extensions to failure, using 30% one-repetition 
maximum, 40% arterial occlusion pressure, and each of the three contraction patterns (on different days, at the same time of 
day, separated by 2–10 days, randomized). Cardiovascular responses, presented as pre- to post-exercise mean changes (SD), 
were measured using pulse wave analysis and analyzed with Bayesian RMANOVA.
Results ALT caused greater changes in: aortic systolic [ΔmmHg: ALT = 21(8); UNI = 13(11); BIL = 15(8);  BF10 = 29.599], 
diastolic [ΔmmHg: ALT = 13(8); UNI = 7(11); BIL = 8(8);  BF10 = 5.175], and mean arterial [ΔmmHg: ALT = 19(8); 
UNI = 11(11); BIL = 13(7);  BF10 = 48.637] blood pressures. Aortic [ΔmmHg bpm: ALT = 4945(2340); UNI = 3294(1408); 
BIL = 3428 (1461);  BF10 = 113.659] and brachial [ΔmmHg bpm: ALT = 6134(2761); UNI = 4300(1709); BIL = 4487(1701); 
 BF10 = 31.845] rate pressure products, as well as heart rate [Δbpm: ALT = 26(14); UNI = 19(8); BIL = 19(11);  BF10 = 5.829] 
were greatest with ALT. Augmentation index [Δ%: UNI = -6(13); BIL = − 7(11); ALT = − 5(16);  BF10 = 0.155] and wave 
reflection magnitude [Δ%: UNI = − 5(9); BIL = − 4(7); ALT = − 4(7);  BF10 = 0.150] were not different.
Conclusion Those at risk of a cardiovascular event may choose unilateral or bilateral BFR exercise over alternating until 
further work determines the degree to which it can be tolerated.
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Abbreviations
1RM  One-repetition maximum
aDBP  Aortic diastolic blood pressure
AIx  Augmentation index
AIx75  Augmentation index corrected for heart rate
ALT  Alternating
aMAP  Aortic mean arterial pressure
AOP  Arterial occlusion pressure
AP  Augmentation pressure
aRPP  Aortic rate pressure product
aSBP  Aortic systolic blood pressure
bDBP  Brachial diastolic blood pressure
BF10  Bayes factor
BFR  Blood flow restriction
BIL  Bilateral
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bRPP  Brachial rate pressure product
bSBP  Brachial systolic blood pressure
HR  Heart rate
PP  Pulse pressure
PWA  Pulse wave analysis
RPE-D  Ratings of perceived discomfort
RPE-E  Ratings of perceived effort
UNI  Unilateral
WR  Wave reflection magnitude

Introduction

Traditionally, recommendations to increase muscle size 
and strength include resistance training two or more times a 
week with a high-load of ~ 60 to 80% of an individual’s one-
repetition maximum (1RM) (American College of Sports 
Medicine, 2009). However, high-load resistance exercise 
places mechanical stress on the joints which can make this 
modality uncomfortable and/or unsafe for elderly, clinical, 
or injured populations. Low-load resistance exercise in com-
bination with blood flow restriction (BFR) may be an alter-
native modality to traditional resistance training for those 
populations (Loenneke et al. 2012). BFR is accomplished by 
applying a pneumatic cuff to the upper portion of a limb, and 
then, increasing cuff inflation pressure until arterial blood 
inflow is reduced and venous outflow is occluded (Patter-
son et al. 2019). Compared to high-load resistance exercise, 
low-load BFR exercise elicits similar increases in muscle 
size and some measurements of strength (Jessee et al. 2018) 
at a reduced overall workload even when compared to low 
load without BFR (Fahs et al. 2015; Farup et al. 2015; Jes-
see et al. 2017). In addition, using BFR alone can reduce 
muscular weakness after a period of disuse (Kubota et al. 
2008), in combination with passive movement can reduce 
muscle wasting (Barbalho et al. 2019), and with aerobic 
exercise can increase maximal oxygen uptake and muscle 
size (Abe et al. 2010a). In contrast to the benefits of BFR, 
there is a theoretical concern that BFR may increase the 
risk of developing a blood clot, but low-load BFR exercise 
does not seem to activate the coagulation system in healthy 
subjects (Madarame et al. 2010). Additionally, there is a 
concern that BFR resistance exercise may augment the car-
diovascular response compared to the traditional resistance 
exercise and could pose a risk for an adverse cardiovascular 
event (Spranger et al. 2015).

The cardiovascular concern for BFR exercise may be due 
to early BFR methodology when researchers would apply 
one absolute pressure (i.e., 100 mmHg) to all participants 
regardless of individual differences (Farup et al. 2015). 
In a review assessing the cardiovascular concern for BFR 
exercise, Spranger et al. (2015) included many studies that 
would make it difficult to determine what individual level of 

pressure participants were exercising with, some of which 
could have been near ischemic conditions (Jessee et al. 
2016). When participants exercise with very little blood 
flow or with complete arterial occlusion their metaboreflex 
activation is heightened as metabolites pool distal to the cuff, 
thus, increasing the cardiovascular response (Spranger et al. 
2015). As mentioned previously, the goal of BFR exercise 
is not to completely occlude blood flow to the exercising 
limb, but rather occlude venous outflow and reduce arterial 
inflow (Patterson et al. 2019). To reduce the risk of exercis-
ing under ischemic conditions, BFR pressures can be made 
relative by determining the participant’s arterial occlu-
sion pressure (AOP) and using a percentage of that AOP 
to apply the restrictive stimulus (Jessee et al. 2016). Using 
this method of relative BFR application, one could reduce 
the cardiovascular response to BFR by applying lower rela-
tive pressures, as seen with changes in AOP from before to 
after exercise (Jessee et al. 2017). When a greater relative 
pressure is applied, there is an increase in the cardiovas-
cular response (Jessee et al. 2017). Additionally, adjusting 
the load lifted can modify the cardiovascular response. For 
example, when using a lower load with BFR applied at the 
same pressure and number of repetitions, the cardiovascular 
response is attenuated (Jessee et al. 2017). Recently, a study 
also suggested that using a unilateral (UNI) contraction pat-
tern for BFR exercise may be another beneficial method for 
limiting the central and peripheral cardiovascular response 
when compared to the traditional non-BFR resistance exer-
cise (Credeur et al. 2019).

With the traditional non-BFR resistance exercise, manip-
ulating exercise contraction patterns, i.e., exercising with 
UNI, alternating (ALT), or bilateral (BIL) contraction pat-
terns, may attenuate the cardiovascular response (Matos-
Santos et al. 2017; Moreira et al. 2017). One study found that 
BIL and ALT contraction patterns in the lower body, when 
compared to UNI, had a greater peripheral cardiovascular 
response following the last set of exercise (Moreira et al. 
2017). Another study found that BIL exercise had a greater 
heart rate (HR), systolic blood pressure (bSBP), diastolic 
blood pressure (bDBP), cardiac output, and brachial rate 
pressure product (bRPP) in the last set when compared to 
UNI exercise (Matos-Santos et al. 2017). Based on these 
findings, it would seem that UNI exercise may have a more 
favorable cardiovascular response when compared to BIL 
and ALT. However, different contraction patterns have yet 
to be investigated in combination with low-load BFR and 
may be beneficial to further attenuate the cardiovascular 
response, especially in clinical or at-risk populations. In 
addition, as the central and peripheral components of the 
cardiovascular system may respond differently, they should 
be examined with BFR and different contraction patterns.

Currently, when using BFR with resistance exercise, 
the cardiovascular response can be limited by reducing 
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the relative pressure and load lifted, but evidence suggests 
that we may be able to further attenuate the cardiovascular 
response by utilizing UNI contraction patterns. Thus, the 
purpose of the current study was to quantify and compare the 
central and peripheral cardiovascular response to different 
lower body BFR exercise contraction patterns (UNI, BIL, 
ALT) using a low load and relative pressure. The results may 
help to identify potential modifications or provide guidelines 
to attenuate the risk of cardiovascular events when using 
BFR protocols with at-risk populations.

Methods

Participants

Twenty-two volunteers (18–35 years old) were recruited, of 
which 20 completed the study. Two participants dropped 
out due to reasons unrelated to the study. Participants were 
excluded if they met the following criteria: taking medica-
tions that influenced HR and/or blood pressure, orthopedic 
issues inhibiting lower body resistance exercise, or exhibit-
ing two or more risk factors for thromboembolism (Motykie 
et al. 2000). Participants were informed of the benefits and 
risks of the investigation prior to signing an informed con-
sent document to participate in the study. Participants were 
asked to avoid alcohol and exercise 24 h prior and avoid 
caffeine 8 h prior to each visit. This study was approved by 
the Institutional Review Board of The University of South-
ern Mississippi (IRB-19-211) and was conducted following 
the ethical standards set forth in 1964 by the Declaration of 
Helsinki and its current amendments or comparable ethical 
standards.

Experimental design

Using a within-subjects, repeated-measures design, partici-
pants completed UNI, BIL, and ALT conditions over four 
separate visits with 2–10 days between each visit. On visit 
one, participants completed screening criteria for inclusion, 
informed consent, and a Physical Activity Readiness Ques-
tionnaire for Everyone 2019. If participants were eligible 
and willing to participate, their height (stadiometer) and 
body mass (digital scale) were measured, followed by 1RM 
testing, and familiarization with scales to measure ratings of 
perceived effort (RPE-E) and perceived discomfort (RPE-
D). Then, participants were familiarized with each exercise 
contraction pattern by performing five unloaded repetitions 
of each condition, to a metronome, with a deflated cuff on 
their left upper leg.

For visits two through four, participants performed four 
sets of knee extension BFR exercise to momentary fail-
ure using either UNI, BIL, or ALT contraction patterns 

(randomized). Participants completed all testing visits at 
approximately the same time of day (within 2 h). Exer-
cise was performed at ~ 30% of the participant’s averaged 
bilateral 1RM, with 30 s of rest between sets, and BFR was 
applied at 40% AOP. Pulse wave analysis (PWA) was meas-
ured twice before and once immediately after each exercise 
condition. RPE-E and RPE-D were taken before, between 
sets, and immediately after exercise.

Arterial occlusion pressure

A 10 cm-wide, pneumatic nylon cuff (SC10D; Hokanson, 
Bellevue, WA) was placed on the proximal portion of each 
upper leg. The participant was asked to sit in a knee exten-
sion machine and rest for 5 min. Then, an Ultrasonic Pocket 
Doppler probe (SD3 Vascular; Edan, Pingshan, Shenzhen) 
was used to detect a pulse at the posterior tibial artery. The 
cuff was inflated immediately to 50 mmHg and then slowly 
increased (E20-Rapid Cuff Inflator; Bellevue, WA) until a 
pulse was no longer audible; this pressure was recorded to 
the nearest mmHg and determined to be AOP. AOP was 
measured on the first leg, and following cuff deflation, imme-
diately measured on the next leg prior to each condition.

One‑repetition maximum

Participants were seated with a lap belt secured around their 
waist in an iso-lateral knee extension machine (IL-LE; Ham-
mer Strength, Rosemont, Illinois). Following a warm-up of 
ten unloaded knee extensions for each leg, a lighter weight 
that the participant was confident in lifting was added to the 
bar and used to complete one practice/warm-up repetition. 
With arms crossed over the chest, participants were asked 
to perform one repetition by extending the knee from ~ 90 
degrees of flexion until reaching full extension (gauged 
objectively by reaching a pre-set safety bar on the machine). 
A repetition was deemed successful if the safety bar was 
reached. Upon completion of successful attempts, the load 
was increased. If an attempt was unsuccessful, the load was 
lowered. This process continued until the greatest load the 
participant could successfully complete was found and deter-
mined to be the 1RM. Attempts were alternated between 
legs (starting leg was randomized), with 60 s between each 
leg. Each 1RM was determined within approximately five 
attempts per leg. If the 1RM was different between legs, they 
were averaged together for the participant’s bilateral 1RM.

Pulse wave analysis

Central and peripheral cardiovascular hemodynamics were 
assessed using PWA (SphygmoCor XCEL, AtCor Medical, 
Itasca, Illinois). A pneumatic pressure cuff (size in accord-
ance with manufacturer recommendations) was placed on 
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the upper arm and inflated to find bSBP and bDBP. Then, 
inflated to a subsystolic pressure, to determine the brachial 
pressure waveform and central cardiovascular response 
(Davies and Struthers 2003; Butlin and Qasem 2016). The 
pulse pressure (PP) waveform is dependent on the viscoe-
lastic properties of the artery, wave reflection, and wave dis-
persion (Davies and Struthers 2003). From these inflations, 
measures of HR, PP, augmentation pressure (AP), augmen-
tation index (AIx), augmentation index corrected for HR 
(AIx75), wave reflection magnitude (WR), forward wave 
height, and reflected wave height are produced. Measures 
related to stiffness of large arteries include WR and AIx 
(Butlin and Qasem 2016). With PWA, AIx is calculated as 
a percentage of AP divided by PP (Butlin and Qasem 2016) 
and WR is calculated as a percentage of reflected wave 
height relative to forward wave height. bRPP and aortic rate 
pressure product (aRPP) were calculated as the product of 
HR and bSBP or aortic blood pressure (aSBP), respectively 
(baseline values calculated from the average of two pre-
measurements; post-exercise value calculated based on the 
single post-measure). Two PWA measurements were per-
formed prior to exercise, separated by approximately 1 min. 
For each variable, the two pre-exercise values were aver-
aged, and the average then used as the baseline pre-exercise 
value (Table 1). To evaluate the response of each variable to 
each condition, the difference in the baseline value and the 
value derived from the post-exercise measurement (i.e., the 

change) was calculated and used for subsequent statistical 
analyses.

Ratings of perceived effort and perceived 
discomfort

RPE-E and RPE-D were measured with two different scales, 
ranging from 0 to 10, which have been validated previously 
(Steele et al. 2016). The participant was familiarized with 
each scale on the first visit by reading a standardized state-
ment in accordance with Steele et al. Prior to the exercise 
protocol and immediately after, RPE-E and RPE-D were 
measured. During the exercise protocol, RPE-E was meas-
ured immediately after each set, and RPE-D was measured 
20 s after each set.

Exercise protocols

For all exercise protocols, participants had a 10 cm pneu-
matic nylon cuff on the proximal portion of each leg. For 
BIL, cuffs were inflated on each leg, while both legs exer-
cised synchronously. For UNI, a cuff was placed on both 
legs, but only the cuff on the exercising leg was fastened 
and inflated. Once all sets were completed on the first leg, 
the cuff was deflated and unfastened, then the cuff on the 
opposite leg was fastened and inflated to undergo the exer-
cise protocol on the second leg. UNI left and right leg results 

Table 1  Central and peripheral cardiovascular measures

Values presented as mean changes (SD) for each variable at baseline and the change from baseline to immediately after exercise. Baseline was 
the average of two before measurements
Bayes factors (BF) next to each variable indicate the level of evidence provided that a difference in the changes exists. For each variable (i.e., 
within each row), statistically significant differences in change scores are marked by superscript letters. If two conditions do not share the same 
letter, then they are different from each other  (BF10 > 1). If at least one letter is shared, the conditions that share the letter are not different for that 
particular variable  (BF10 < 1)
aDBP aortic diastolic blood pressure (mmHg), AIx augmentation index (%), AIx75 augmentation index corrected for heart rate (%), aMAP aor-
tic mean arterial pressure (mmHg), AP augmentation pressure (mmHg), aRPP aortic rate pressure product (bpm mmHg), aSBP aortic systolic 
blood pressure (mmHg), bDBP brachial diastolic blood pressure (mmHg); bRPP brachial rate pressure product (bpm mmHg), bSBP brachial 
systolic blood pressure (mmHg), HR heart rate (bpm)

Alternating Bilateral Unilateral

Baseline Change Baseline Change Baseline Change

bSBPBF = 2.644 126.8 (9.9) 29.2 (9.7)b 127.5 (14.4) 23.7 (9.4)ab 127.6 (12.0) 21.1 (11.8)a

bDBPBF = 1.357 75.5 (8.4) 11.2 (7.9)b 77.5 (7.0) 7.1 (7.4)a 77.7 (9.6) 6.4 (10.6)a

aSBPBF = 29.599 110.0 (8.0) 21.4 (8.2)b 111.7 (11.1) 15.0 (7.6)a 111.5 (10.7) 13.2 (10.6)a

aDBPBF = 5.175 76.5 (8.3) 13.1 (8.0)b 78.4 (7.1) 8.2 (7.5)a 78.8 (9.8) 7.2 (10.5)a

aMAPBF = 48.637 90.3 (8.1) 18.6 (8.2)b 92.7 (8.6) 12.7 (7.1)a 92.2 (10.0) 11.3 (10.5)a

HRBF = 5.829 70.5 (10.8) 25.6 (13.9)b 71.6 (7.6) 18.6 (11.4)a 70.3 (11.2) 18.9 (8.2)a

bRPPBF = 31.845 7743.4 (1217.4) 6134.1 (2761.2)b 7995.3 (1143.4) 4486.7 (1700.6)a 7838.0 (1416.5) 4300.0 (1708.5)a

aRPPBF = 113.659 8912.9 (1319.6) 4944.6 (2339.7)b 9126.1 (1410.3) 3428.0 (1460.9)a 8966.3 (1577.0) 3294.2 (1407.7)a

APBF = 0.186 2.6 (4.3) -1.4 (6.2) 3.6 (5.7) -2.1 (5.7) 2.3 (5.2) -2.8 (5.2)
AIxBF = 0.155 6.5 (12.7) -5.2 (15.7) 9.5 (13.5) -7.2 (11.4) 4.7 (14.1) -6.0 (12.7)

AIx75BF = 1.040 4.3 (15.2) 7.7 (13.7)b 7.9 (14.6) 1.1 (7.9)ab 2.3 (14.1) 1.0 (10.1)a
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were added together for the volume of load lifted, RPE-E 
and RPE-D were averaged. For ALT, both cuffs were inflated 
for the duration of the condition, and following one leg com-
pleting a repetition and relaxing, the opposing leg completed 
a repetition and relaxed in an alternating pattern. Regardless 
of condition, repetitions were counted if participants reached 
the pre-set safety bar, which was used as an objective meas-
ure of completing a full knee extension range of motion. 
Participants continued exercise until momentary failure. If 
participants missed the safety bar or were unable to maintain 
a 2-s cadence (1 s concentric and 1 s eccentric) for more than 
two consecutive attempts per leg, then the set was ended.

Volume of load lifted

Volume was calculated by multiplying the number of total 
repetitions completed for each condition by the exercise 
load.

Statistical analysis

A one-way (condition) Bayesian repeated-measures ANOVA 
was performed to compare the calculated changes (pre- to 
post-exercise) in each cardiovascular variable obtained from 
PWA and exercise volume across conditions. Two-way (con-
dition and time) Bayesian repeated-measures ANOVA were 
conducted for RPE-E and RPE-D to determine the effect of 
condition, the effect of time, and the interaction of the two. 
We utilized Bayesian analyses as it is a growing method in 
our field (Bernards et al. 2017; Mattocks et al. 2018; Spitz 
et al. 2019; Wong et al. 2019) and allows one to identify the 
level of evidence for either the null or alternative hypothesis 
(Wagenmakers et al. 2018b), rather than simply making a 
binary decision on whether to reject or fail to reject the null 
hypothesis. A Bayes Factor  (BF10) of 1 would indicate the 
null hypothesis and the alternative hypothesis are equally 
likely. A  BF10 greater than 1 would support the alternative, 
and less than 1 would support the null. Strength of evidence 
can also be considered, as the Bayes Factor gets further 
from one, the greater the evidence is for a hypothesis. For 
example, a  BF10 greater than 3 indicates moderate, greater 
than 10 is strong, greater than 30 is very strong, and greater 
than 100 is extreme evidence for the alternative hypothesis 
(Wagenmakers et al. 2018a), that there is a difference across 
UNI, BIL, and ALT or across time. A  BF10 less than 0.333 
indicates moderate, less than 0.1 indicates strong, less than 
0.03 is very strong, and less than 0.001 is extreme evidence 
for the null hypothesis that there is not a difference across 
UNI, BIL, and ALT or across time.  BF10 values between 
0.333 and 3 are considered anecdotal evidence, and more 
data points would be necessary before determining if the 
evidence strongly supports one hypothesis over another. 
Participants were excluded from analysis for a particular 

variable if they did not have a value for all conditions. Dur-
ing ALT, one participant was unable to complete the exer-
cise protocol and their data were excluded from analysis. 
Analyses were performed using JASP 0.11.1 and SPSS 26. 
All results presented as mean (SD) unless otherwise noted. 
For test–retest reliability of cardiovascular variables intra-
class correlation coefficients (ICC) were calculated using 
a two-way mixed-effects model with absolute agreement. 
ICCs were calculated for each day using the two measure-
ments of PWA taken prior to exercise. The reported values 
are the lowest ICC coefficients (average measurement since 
the average of the measures was used for statistical analy-
ses) across the 3 days, and thus, reliability is assumed to be 
greater than or equal to the value reported.

Results

Participants

Thirteen males and seven females [age: 26.8 (3.6) years, 
height: 173.7 (7.6) cm, weight: 77.7 (10.5) kg, body mass 
index: 25.8 (3.4) kg/cm2, 1RM right leg: 32.9 (8.4) kg, 1RM 
left leg: 31.8 (7.8) kg] completed the study.

Systolic and diastolic blood pressure

All cardiovascular measures and comparisons (n = 19 due to 
missing data) are presented in Table 1 with the exception of 
WR, forward wave height, and reflected wave height found 
in Supplementary Table 1. Comparisons of bSBP showed 
changes in ALT were greater than UNI  (BF10 = 14.547), but 
not different from BIL  (BF10 = 0.646), nor was UNI different 
from BIL  (BF10 = 0.348). For bDBP, changes in ALT were 
greater than UNI  (BF10 = 2.140) and BIL  (BF10 = 2.016), 
while UNI and BIL were not different  (BF10 = 0.248). 
Changes in aSBP were greater with ALT compared to UNI 
 (BF10 = 244.444) and BIL  (BF10 = 3.286), which were not 
different (UNI versus BIL,  BF10 = 0.314). Similarly, changes 
in aortic diastolic blood pressure (aDBP) were greater with 
ALT versus UNI  (BF10 = 7.181) and BIL  (BF10 = 8.252), 
which were not different (UNI versus BIL,  BF10 = 0.259).

Aortic mean arterial pressure, heart rate, and rate 
pressure product

Changes in aortic mean arterial pressure (aMAP) were 
greater with ALT compared to UNI  (BF10 = 72.329) and BIL 
 (BF10 = 16.895), whereas UNI and BIL were not different 
 (BF10 = 0.292). Changes in HR were greater in ALT ver-
sus UNI  (BF10 = 1.940) and BIL  (BF10 = 8.361), while UNI 
and BIL were not different  (BF10 = 0.240). The changes in 
aRPP with ALT were greater than UNI  (BF10 = 14.981) and 
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BIL  (BF10 = 35.218) with no difference between UNI and 
BIL  (BF10 = 0.257). ALT elicited greater changes in bRPP 
compared to UNI  (BF10 = 7.299) and BIL  (BF10 = 13.654), 
but the changes were not different between UNI and BIL 
 (BF10 = 0.262).

AIx75 was analyzed with 15 participants, because the 
instrument was unable to provide data for 5 participants 
following ALT. The changes in AIx75 were greater with 
ALT than UNI  (BF10 = 1.524), but not BIL  (BF10 = 0.875). 
UNI changes were not different from BIL  (BF10 = 0.262). 
Changes in AP, AIx, and PP were not different across con-
ditions. Wave component changes (n = 18), such as WR, 
forward wave height, and reflected wave height, were not 
different across conditions.

Ratings of perceived effort and discomfort

There was no interaction for RPE-E  (BF10 = 0.013; Table 2), 
nor was there a main effect of condition  (BF10 = 0.089). How-
ever, there was a main effect of time  (BF10 = 3.991e+144). 
RPE-E increased from baseline to set 1  (BF10 = 3.019e+31), 
set 1 to set 2  (BF10 = 1086.684), set 2 to set 3  (BF10 = 1.754), 
and set 3 to set 4  (BF10 = 1640.738).

While there was no interaction  (BF10 = 0.082) for 
RPE-D, there was evidence for a main effect of time 
 (BF10 = 2.014e+73) and condition  (BF10 = 5552.067) 
(Table  2). Collapsed across time, ALT had a greater 
discomfort than UNI  (BF10 = 20,058.268) and BIL 
 (BF10 = 4.741e+6), while the UNI and BIL conditions 
were not different  (BF10 = 0.114). Collapsed across con-
dition, discomfort increased from before exercise to set 1 

 (BF10 = 1.999e+22), set 1 to set 2  (BF10 = 1625.964), set 2 
to set 3  (BF10 = 5.169), and set 3 to set 4  (BF10 = 5.925).

Volume of load lifted

The volume of load lifted differed between conditions 
 (BF10 = 40.434, Fig. 1). Post hoc comparisons show that 
ALT was greater than UNI [2234 (2028) kg vs. 1093 (344) 
kg;  BF10 = 3.905] and BIL [2234 (2028) kg vs. 1052 (351) 
kg;  BF10 = 5.500]. UNI and BIL were not different [1093 
(344) kg vs. 1052 (351) kg;  BF10 = 0.195]. To determine 
if the greater volume was explaining the cardiovascular 
responses (rather than the contraction patterns being used), 
we checked for any correlations between volume and car-
diovascular variables. Results revealed evidence for a posi-
tive correlation between volume and changes in AIx (Pear-
son’s r = 0.517;  BF10 = 3.109), AIx75 (Pearson’s r = 0.650; 
 BF10 = 7.339), WR (Pearson’s r = 0.558;  BF10 = 4.254), 
and AP (Pearson’s r = 0.455;  BF10 = 1.693) for ALT. BIL 
had a negative correlation with volume and AP (Pearson’s 
r = − 0.382;  BF10 = 1.007). There was a negative correlation 
for volume and AIx (Pearson’s r = − 0.413;  BF10 = 1.278), 
AIx75 (Pearson’s r = − 0.387;  BF10 = 1.043), AP (Pearson’s 
r = − 0.436;  BF10 = 1.561), and WR (Pearson’s r = − 0.442; 
 BF10 = 1.644), and positive correlations for bSBP (Pearson’s 
r = 0.480;  BF10 = 2.361) and bRPP (Pearson’s r = 0.395; 
 BF10 = 1.115) in the UNI condition. However, the variables 
that were different between conditions were not correlated 
with volume for ALT, leading us to believe that the differ-
ences in cardiovascular responses seen between conditions 
are due to something other than just the work performed.

Table 2  Ratings of perceived effort (RPE-E) and ratings of perceived 
discomfort (RPE-D)

Values are presented as mean (SD). Averaged values of ratings of 
perceived effort (RPE-E) and ratings of perceived discomfort (RPE-
D) recorded before and after each set of exercise for three conditions: 
ALT  alternating, BIL  bilateral, and UNI unilateral. Different letters 
indicate significant differences between sets, within each condition. 
If at least one letter is the same within each condition, sets are not 
significantly different  (BF10 < 1). An * indicates a main effect of con-
dition where ALT is greater than BIL and UNI when collapsed across 
sets

Before Set 1 Set 2 Set 3 Set 4

RPE-E
ALT 0.0 (0.0)a 8.0 (1.7)b 8.5 (1.5)c 8.8 (1.4)d 9.1 (1.4)e

BIL 0.0 (0.0)a 7.5 (2.5)b 8.4 (1.6)c 8.6 (1.4)d 9.1 (1.1)e

UNI 0.0 (0.0)a 8.0 (2.0)b 8.6 (1.5)c 8.8 (1.2)d 9.2 (1.1)e

RPE-D
ALT* 0.0 (0.1)a 4.9 (1.7)b 5.6 (1.9)c 6.1 (1.6)d 6.2 (2.0)e

BIL 0.1 (0.2)a 3.9 (1.6)b 4.7 (1.9)c 4.8 (2.1)d 5.3 (2.2)e

UNI 0.1 (0.2)a 4.2 (2.1)b 4.5 (2.0)c 4.8 (2.1)d 5.1 (2.3)e

Fig. 1  Volume of load lifted. The average total volume of load 
lifted for each condition is represented with lower and upper 95% 
credible intervals for unilateral (926.837  kg, 1258.874  kg), bilat-
eral (882.724  kg, 1221.184  kg), and alternating (1256.336  kg, 
3211.221 kg) conditions. If two conditions do not share the same let-
ter, they are different from each other  (BF10 ≥ 3)
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Test–retest reliability

The lowest intraclass correlation coefficients (95%CI) 
across the testing visits were: bSBP = 0.753 (0.395, 0.901); 
bDBP = 0.876 (0.677, 0.951); aSBP = 0.807 (0.474, 0.926); 
aDBP = 0.876 (0.685, 0.951); PP = 0.519 (− 0.183, 0.808); 
aMAP = 0.923 (0.711, 0.973); HR = 0.758 (0.400, 0.904); 
AP = 0.740 (0.344, 0.897); AIx = 0.830 (0.559, 0.933); 
AIx75 = 0.865 (0.649, 0.947); WR = 0.340 (− 0.729, 0.742); 
forward wave height = 0.623 (0.058, 0.850); reflected wave 
height = 0.160 (− 1.061, 0.664).

Discussion

The purpose of this study was to compare the central and 
peripheral cardiovascular response to three different contrac-
tion patterns: UNI, BIL, and ALT. Our PWA data suggest 
that although there is an increase in the central cardiovas-
cular response, there is no difference in arterial stiffness 
across conditions. In contrast to other studies without BFR, 
we found that the cardiovascular response for UNI and BIL 
conditions are not different from each other. These results 
suggest that when exercising to momentary failure, with 
BFR, a UNI or BIL contraction pattern may attenuate the 
cardiovascular response when compared to ALT.

Previous studies investigating the peripheral cardiovascu-
lar response to knee extension exercise without BFR indicate 
that UNI exercise has a lower response than that of BIL 
(Matos-Santos et al. 2017) and ALT (Moreira et al. 2017). 
Moreira et al. and Matos-Santos et al. matched total time of 
exercise for UNI to BIL by having participants only exer-
cise one leg, then the cardiovascular response was measured. 
However, Costa et al. found that UNI and BIL exercise were 
not different when exercising both legs until momentary 
failure, rather than matching protocols for exercise duration 
(Costa et al. 2015). In line with Costa et al., we measured 
the UNI cardiovascular response after 8 sets of exercise (4 
sets in one leg and then 4 sets in the opposing leg), and since 
both legs exercised until momentary failure, there was no 
statistical difference in volume of load lifted between UNI 
and BIL (Fig. 1). When matching conditions for exercise 
time, as is the case in Moreira et al. and Matos-Santos et al., 
UNI may have a more favorable cardiovascular response, 
because the system needs only meet an increased demand 
for blood flow in one muscle group, whereas BIL and ALT 
would have a higher demand for oxygenated blood in both 
legs. Taking into account the limitations of only exercising 
one leg and comparing it to conditions that required exer-
cise with both legs, we chose to have participants exercise 
both legs for the UNI condition. In the current study, the 
mechanism leading to an increased cardiovascular response 
using an ALT pattern of BFR exercise is unclear. However, 

we speculate that the duration of cuff inflation (i.e., time 
under restriction) may explain the greater cardiovascular 
response. Since participants were asked to exercise until 
momentary failure, we did not control for volume in the 
current study. As can be seen in Fig. 1, ALT resulted in 
a greater average exercise volume compared to the other 
patterns. To determine if the difference in volume was driv-
ing the differential cardiovascular responses, we ran corre-
lations to investigate the relationship between volume and 
every variable in each condition. We found that volume for 
the ALT contraction pattern only correlated with variables 
that did not differ across conditions. Thus, we assume that 
something besides volume may account for the greater car-
diovascular response in ALT. Since the load lifted was set at 
30% 1RM and exercise was performed to a metronome, the 
greater volume was due to a greater number of repetitions 
completed. Due to the exercise protocol, the ALT contrac-
tion pattern had rest between each leg as one leg lifted and 
lowered within 2 s, while the opposing leg was resting for 
those two seconds. This resting period may have allowed a 
slight recovery in the ALT condition, but with UNI and BIL 
contraction patterns, there was no rest between repetitions 
within a set. Thus, the ALT condition would require the cuffs 
to be inflated for a longer period of time, possibly trapping 
more blood in the exercising limbs. In response, the amount 
of preload back to the heart would decrease stroke volume 
and require a subsequent increase in HR to maintain cardiac 
output (Table 1). The continual decrease in stroke volume 
could place greater and greater strain on the heart causing 
a heightened cardiovascular response. While stroke volume 
was not assessed in this study, one could see a greater change 
in heart rate did occur in response to ALT BFR exercise. As 
BFR exercise also leads to a build-up of metabolites distal 
to the cuff (Yasuda et al. 2010), the greater time with BFR 
in ALT may have led to a greater increase in metabolites, 
stimulating the metaboreflex and leading to a heightened 
cardiovascular response (Spranger et al. 2015).

During typical resistance exercise, without BFR, there is 
localized swelling in the exercising muscles and an accumu-
lation of metabolites (Costa et al. 2015). Muscle metabore-
ceptors sense the accumulation of metabolites, send a signal 
via afferent nerves to the brainstem, and the cardiovascular 
center responds by increasing blood pressure, HR, local 
vasculature dilation, and peripheral vasculature constriction 
(Spranger et al. 2015). When comparing different contrac-
tion patterns of BFR exercise in the lower body, we found 
that most cardiovascular measurements were higher with 
ALT compared to BIL or UNI exercise. The greater car-
diovascular response with ALT BFR exercise seems to be 
driven by changes in central cardiovascular variables (i.e., 
aortic blood pressures and HR), rather than changes in indi-
ces of arterial stiffness (i.e., PP, AP, AIx, AIx75, or WR). It 
should be noted that the reliability of WR and PP was poor, 



1928 European Journal of Applied Physiology (2020) 120:1921–1930

1 3

which could be one reason why no differences were observed 
(data reported in Supplementary Table 1). Similar findings 
(no differences in PP, AP, AIx, or WR) were observed when 
investigating the response to unilateral handgrip exercise at 
moderate and low loads, with and without BFR (Credeur 
et al. 2019). Interestingly, bilateral BFR exercise in the lower 
body has been shown to reduce arterial stiffness, based on 
AIx and time to wave reflection, immediately following exer-
cise (Rossow et al. 2012). While our results are more similar 
to Credeur et al., given that we saw no changes in variables 
indicative of arterial stiffness, our protocol was more like 
Rossow et al., in that we used lower body BFR exercise in 
both limbs. Both Credeur et al. and Rossow et al. measured 
PWA, while the limbs were still under BFR. Rossow et al. 
postulated that reductions in AIx could be from a reduced 
preload due to the restriction of blood flow. With the present 
study, the cuffs were immediately deflated and removed fol-
lowing cessation of exercise; thus, pooled venous blood may 
have returned to the heart and possibly negated any effect on 
arterial stiffness by the time PWA measurements were taken.

The cardiovascular response to BFR has been assessed 
using changes in AOP (Barnett et al. 2016; Jessee et al. 
2017; Bell et al. 2018; Mattocks et al. 2018; Dankel et al. 
2019), peripheral blood pressures (Neto et al. 2014, 2016; 
Brandner et al. 2015; Moriggi et al. 2015), and PWA (Ros-
sow et al. 2012; Credeur et al. 2019), each method with 
advantages and disadvantages. An advantage of using 
changes in AOP to quantify cardiovascular responses to 
BFR is that you can immediately assess the cardiovascu-
lar response without having to remove and replace cuffs. 
Using brachial blood pressures to quantify the cardiovascu-
lar response may be advantageous, because blood pressure 
measurements are inexpensive and have clinically relevant 
values. An advantage of using PWA is that one can estimate 
changes in peripheral and central hemodynamics (Avolio 
et al. 2010; Rossow et al. 2012; Credeur et al. 2019). When 
examining changes in AOP with BFR exercise, the responses 
are augmented by applying greater relative pressures and/or 
using higher loads (Jessee et al. 2017). Similarly, the bSBP 
response to low-load BFR exercise is increased in magni-
tude when applying a higher BFR pressure or exercising 
traditionally (i.e., no BFR) using high loads (Brandner et al. 
2015). Central cardiovascular responses, assessed via PWA, 
have also been experimentally observed to be driven by vari-
ables such as exercise load (Credeur et al. 2019) and pres-
sure (Rossow et al. 2012) where an increase in either seems 
to elicit a greater increase in the cardiovascular response. 
Therefore, regardless of measurement tool, it seems as 
though common variables, such as exercise load and restric-
tion pressure, affect the magnitude of the cardiovascular 
response to BFR exercise. In healthy populations, it seems 
that when using a low load with a relative BFR pressure, 
there is no significant increase in the cardiovascular response 

compared to traditional exercise (Neto et al. 2014). How-
ever, since BFR may be a viable exercise option for clinical 
populations, it is beneficial to explore ways to limit the car-
diovascular response to exercise. In the current study, using 
moderate relative pressures (40% AOP) and a relatively low 
load (~ 30% 1RM), we found that different exercise patterns 
(UNI, BIL, and ALT) in the lower body elicit different car-
diovascular responses. Thus, based on previous findings and 
our results, changing the contraction pattern during exer-
cise will extend the number of possible variables that can 
be manipulated for reducing the cardiovascular response to 
BFR exercise for those with heightened cardiovascular risk.

We observed RPE-E and RPE-D increase with successive 
sets of exercise; however, only RPE-D differed between con-
traction patterns (greater with ALT). When very low-load 
(15% 1RM) BFR exercise is taken to momentary failure, rat-
ings of perceived exertion seem to be greater when applying 
a higher BFR pressure (80% AOP versus 40% and 0% AOP) 
in the upper body (Bell et al. 2018). However, in the lower 
body, perceived exertion seems unaffected by pressure (0%, 
40%, and 80% AOP), but a greater load (70% 1RM versus 
15% 1RM) results in lower perception of exertion (Dankel 
et al. 2019). In the current study, load and pressure were 
constant, only contraction pattern and volume differed across 
conditions, and thus, it seems as though neither has a large 
effect on RPE-E. In contrast, ALT elicited a greater RPE-
D. Bell et al. (2018) and Dankel et al. (2019) both found 
that discomfort is increased when applying greater levels 
of BFR pressure (80% > 40% > 0% AOP) to exercise with a 
very low load (15% 1RM), and, when no BFR is applied, a 
traditional high-load (70%1RM) causes less discomfort than 
15%1RM take to momentary failure. Their results suggest 
positive relationships between applied pressure and discom-
fort as well as exercise volume and discomfort. While we 
did not compare differing pressures or loads, our contraction 
patterns did result in varying amounts of exercise volume, 
with the ALT condition being greater than UNI and BIL. 
Having also seen a greater RPE-D in the ALT condition, 
our results support the conclusions of Bell et al. and Dankel 
et al. in stating that exercise volume influences the degree of 
discomfort associated with varying exercise protocols. Given 
that our experiment was acute in nature, the degree to which 
each of these protocols can be tolerated over time was not 
investigated. However, research has shown that the degree 
of discomfort associated with BFR exercise may decrease 
over time during a chronic training program (Mattocks et al. 
2017).

Limitations

Each leg had 2 s of rest between successive repetitions for 
ALT, while the UNI and BIL conditions had no rest, and 
since exercise was taken to momentary failure, this may have 



1929European Journal of Applied Physiology (2020) 120:1921–1930 

1 3

led to a greater volume of load lifted. However, volume did 
not seem to be correlated with the differences in the cardio-
vascular response between conditions, which suggests that 
other factors may be responsible. Second, the device used 
to assess cardiovascular responses took up to 3 min to cap-
ture participants’ waveform in some cases. Even 1–2 min 
after exercise, HR has been shown to significantly decrease 
(Javorka et al. 2002). This could be a potential reason some 
variables (i.e., arterial stiffness) were not different across 
conditions, or could have resulted in an underestimated 
magnitude of change in others. Additionally, the population 
studied was young and healthy. However, the implications 
of the study are more pertinent to elderly and/or clinical 
populations, as they are more likely to have complications 
related to elevated blood pressure, arterial stiffness, etc. 
Therefore, future studies should investigate the effects of 
the current contraction patterns in healthy older populations, 
then with clinical populations at risk for a cardiovascular 
event. Since momentary failure protocols may not be typi-
cal in clinical settings, further research would also benefit 
by controlling for volume, or comparing standard protocols 
to determine if ALT still produces a greater cardiovascular 
response when compared to UNI and BIL BFR contraction 
patterns. Although the focus of this manuscript is to limit the 
cardiovascular response during low-load BFR exercise with 
a moderate pressure, there likely exists a minimal thresh-
old where some cardiovascular response may be necessary 
for stimulating improvements in cardiovascular or vascular 
function. While BFR exercise has been shown to improve 
both cardiorespiratory fitness (Abe et al. 2010b) and periph-
eral vascular function (Mouser et al. 2019), the minimal 
stimulus necessary to do so remains uninvestigated (to our 
knowledge). Additionally, further studies should investigate 
the acute and chronic muscular response to contraction pat-
terns, as it is not known whether avoiding an ALT contrac-
tion pattern may result in different muscular adaptations.

Conclusion

The results of this study indicate that when exercising with a 
commonly used blood flow restriction pressure (40% arterial 
occlusion pressure) and load (30% one-repetition maximum) 
to momentary failure, an alternating contraction pattern 
generally produces a greater cardiovascular response than 
unilateral or bilateral. Populations who are at an increased 
risk of a cardiovascular event could utilize the unilateral or 
bilateral condition to avoid greater discomfort and reduce 
the risk of a possible cardiovascular event. More research 
should be conducted to determine if an alternating condition 
when controlled for volume of load lifted leads to a height-
ened cardiovascular response when compared to unilateral 
and bilateral.
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