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Abstract

Purpose Blood-flow restriction (BFR) endurance training may increase endurance performance and muscle strength
similar to traditional endurance training while requiring a lower training intensity. We aimed to compare acute
cardiorespiratory responses to low-intensity interval exercise under BFR with moderate-intensity traditional interval
exercise (TRA).

Methods We conducted a randomized crossover study. The protocol involved three cycling intervals interspersed
with 1 min resting periods. With a 48-h washout period, individuals performed the protocol twice in random order:
once as BFR-50 (i.e, 50% incremental peak power output [IPPO] and 50% limb occlusion pressure [LOP]) and once as
TRA-65 (65% IPPO without occlusion). TRA-65 intervals lasted 2 min, and time-matched BFR-50 lasted 2 min and 18s.
Respiratory parameters were collected by breath-by-breath analysis. The ratings of perceived breathing and leg exer-
tion (RPE, 0 to 10) were assessed. Linear mixed models were used for analysis.

Results Out of the 28 participants initially enrolled in the study, 24 healthy individuals (18 males and 6 females) com-
pleted both measurements. Compared with TRA-65, BFR-50 elicited lower minute ventilation (VE, primary outcome)
(-3.11/min [-4.4 to -1.7]), oxygen consumption (-0.22 I/min [-0.28 to -0.16]), carbon dioxide production (-0.25 I/min
[-0.29 to -0.20]) and RPE breathing (-0.9 [-1.2 to -0.6]). RPE leg was significantly greater in the BFR-50 group (1.3 [1.0

to 1.7]).

Conclusion BFR endurance exercise at 50% IPPO and 50% LOP resulted in lower cardiorespiratory work and per-
ceived breathing effort compared to TRA at 65% IPPO. BFR-50 could be an attractive alternative for TRA-65, eliciting
less respiratory work and perceived breathing effort while augmenting perceived leg muscle effort.
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Introduction

Compared with traditional endurance training, blood-
flow restriction (BFR) endurance training has emerged as
a promising approach for enhancing endurance perfor-
mance and muscle strength while utilizing substantially
lower training intensities [1-4]. BFR is typically applied
by a pneumatic cuff at the most proximal location of
the target muscles. During BFR endurance exercise, the
inflated cuff decreases venous outflow to the exercising
limb, which causes an increase in metabolites and fluid
within the limb [5, 6].

Low-intensity BFR endurance exercise leads to intra-
muscular/intracellular, cardiac and vascular adapta-
tions [3, 6-8], which can enhance maximum oxygen
uptake (VO,,.,) and improve endurance performance.
BER related training effects have been linked to various
underlying mechanisms such as an increase in endothe-
lium-dependent vasodilation, capillary density, vascular
endothelial growth factor, AMPK signaling and a reduc-
tion of K+ release from the contracting muscles [8-10].

Overall, longitudinal studies have shown that low-
intensity BFR endurance training can produce effects on
endurance performance comparable to those of high-
intensity traditional endurance training ([3, 11-13].

In rehabilitative and recreational exercise settings,
moderate intensity endurance training, typically at 65%
of the incremental peak power output (IPPO), is gen-
erally favored because patients in rehabilitation often
cannot sustain high-intensity exercise [14]. Therefore,
especially for rehabilitation, lowering intensities by using
BER as a training method is very attractive, as this could
lead to decreased mechanical stress and potentially low-
ered cardiorespiratory work. Recent studies have focused
mainly on the comparison of methods that use either
identical (i.e., low-intensity with BFR vs. low-intensity
without BFR) or contrasting intensities (i.e., low-intensity
with BER vs. high-intensity without BER).

Research in healthy individuals demonstrated that add-
ing BER to a low-intensity endurance exercise (i.e., <50%
VO,,..,) leads to an increase in acute cardiorespiratory
demands and ratings of perceived exertion (RPE) com-
pared to the same exercise without BFR [15-17]. Addi-
tionally, comparisons between low-intensity BFR and
high-intensity traditional endurance exercise (i.e.,>80%
VO, have shown that oxygen consumption (VO2),
minute ventilation (VE), heart rate (HR), and muscle
oxygenation are lower in low-intensity BFR, while RPE
remains comparable [15, 17-20].

However, there has been no investigation into acute
cardiorespiratory responses to low-intensity BFR exer-
cise compared to moderate-intensity traditional exer-
cise, which is commonly used in rehabilitation settings.
Understanding this comparison is crucial for determining
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whether BER can be effectively integrated into cardiopul-
monary rehabilitation programs.

Hence, the objective of this study was to investigate
differences in acute cardiorespiratory and perceptual
responses between low-intensity BFR endurance exercise
(BFR-50) and moderate-intensity traditional endurance
exercise (TRA-65).

Materials and methods

Individuals

Individuals were recruited at the University Hospital
Zurich, Switzerland, between January 2022 and Septem-
ber 2022 and had to be at least 18 years old and healthy.
We excluded individuals who experienced pain dur-
ing exercise of any origin, a history of thromboembolic
events in the lower extremities, or a resting systolic blood
pressure (BP)<100 mmHg or>140 mmHg. Further-
more, pregnant individuals and individuals with a mental
or physical disability that precluded informed consent or
compliance with the study protocol were excluded. The
study was conducted in accordance with the Declaration
of Helsinki, and all subjects provided written informed
consent. The Ethics Committee of the Canton of Zurich
approved the study (2021-02038). The study is registered
on clinicaltrials.gov (NCT05163600). This study adheres
to CONSORT guidelines [21].

Experimental design

This was a single-center randomized crossover study
(AB/BA) in which the main outcome was minute ven-
tilation (VE, 1/min). We selected VE as our primary
outcome since it is a crucial factor that influences dysp-
nea in individuals with lung disease during exercise.
Single exercise bouts cause transient perturbations in
physiological homeostasis. However, they do not lead
to sustained adaptations in human physiology and are
therefore suitable for crossover trials. The endurance
exercise stimuli we administered were of moderate
or light intensity. Therefore, light-to-moderate deg-
radation during intramuscular glycogen storage was
assumed to occur, and glycogen would be recovered
in less than 24 h [22]. In addition to these physiologi-
cal considerations, we considered that individuals may
feel a certain level of muscle soreness because they
might not be familiar with the exercise modalities. To
guarantee full recovery of physiological and subjective
marker levels between the study visits, we administered
a washout phase of >48 h. Further, participants were
instructed to refrain from strenuous physical activ-
ity for 48 h prior to each exercise session to ensure a
consistent physiological state. They were also asked to
maintain their regular daily routines, including diet and
hydration practices, and to get a consistent amount of



Kuhn et al. BMC Sports Science, Medicine and Rehabilitation

sleep. To further control for circadian variations, all
measurements were conducted at the same time of day
for each participant.

The selection of a 50% IPPO intensity of BFR endur-
ance exercise with a continuous occlusion pressure of
50% LOP during endurance exercise is based on the
recommendation put forth by Patterson and colleagues
[4]. For TRA-65, we selected a moderate intensity
level of 65% IPPO, as recommended by the American
College of Sports Medicine [14]. Individuals visited
the laboratory on three separate occasions. Each visit
lasted one hour.

Visit 1 contained a screening procedure to verify
whether the individuals were eligible for the study and
to provide written informed consent. Eligible indi-
viduals underwent cardiopulmonary exercise test-
ing (CPET) to assess VOy,, and IPPO. Furthermore,
individuals were randomized to the sequence BFR-50/
TRA-65 or TRA-65/BFR-50. Height and weight were
measured. The study setting was individually adapted
to ensure that equipment and face masks fit properly
(e.g., saddle height, handlebar reach, etc.). The settings
were recorded to assure equal conditions on subse-
quent visits.

Visits 2 and 3 were exercise visits. Individuals allocated
to the TRA-65/BFR-50 sequence performed traditional
interval cycling exercise without BER at Visit 2 and inter-
val cycling exercise with continuous BFR on both legs at
Visit 3.

Individuals allocated to the sequence BFR-50/TRA-65
performed interval cycling exercise with continuous BFR
on both legs at Visit 2 and traditional interval cycling
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exercise without BFR at Visit 3. Figure 1 shows a graphi-
cal representation of the study design.

Cardiopulmonary exercise testing (Visit 1)
Upon arrival at the laboratory, the exact test protocol was
explained to the participant. Volume and gas calibrations
were performed before each test. CPET was performed
in accordance with published guidelines [23]. Respiratory
parameters (VE, VO,, carbon dioxide output [VCO,],
tidal volume [VT], breathing rate [BR]) were collected
breath-by-breath using a metabolic cart (Metamax 3b,
Cortex Biophysik GmbH, Leipzig, Germany) [24]. In
addition, continuous peripheral oxygen saturation (SpO,)
with pulse oximetry (Wrist Ox2 3150, Nonin Medical,
Minnesota, USA) [25] and heart rate (HR in beats per
min [bpm]) with a chest belt (H10, Polar Electro OY,
Kempele, Finland) [26] were recorded during CPET.
Before and after the CPET, BP and RPE leg and breathing
(numeric rating scale ranging from 0-10 with O repre-
senting “no leg fatigue” and “no shortness of breath” and
10 representing “maximum leg fatigue” and “maximum
shortness of breath’, respectively were measured [27].
Initially, individuals rested for 3 min on a cycle ergom-
eter (ergoselect 200, ergoline GmbH, Bitz, Germany) for
collection of resting respiratory gas exchange and HR
data, followed by a 3 min warm-up period of unloaded
pedaling at 60 revolutions per minute (rpm). Subse-
quently, an incremental ramp exercise test was per-
formed until exhaustion. The baseline load (25 to 75 W)
and the increments in load per min (20 to 30 W) were
individualized, depending on the self-reported training
status of each individual and aiming for a test duration

3x cycling intervals

Rest

Post2

Break
1

Fig. 1 Overview of the intermittent cycling protocol (A) with a detailed description of traditional endurance exercise (TRA-65) and blood-flow
restriction endurance exercise (BFR-50) (B). IPPO: Incremental peak power output; * Cuff inflation/deflation (only during BFR-50)
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(i.e., the incremental ramp phase) of 8 to 12 min. The
oxygen volume obtained immediately before the end of
the incremental ramp exercise test was considered the
VOypear- IPPO was defined as the power output in watts
at which VO, was achieved during CPET. The IPPO
was used to determine the exercise intensities at Visits 2
and 3.

Main exercise trial (Visits 2 and 3)
Prior to the intermittent cycling protocol, individuals
rested on the cycle ergometer for 3 min for the collec-
tion of baseline values. Following this baseline period, the
individuals cycled for 3 min at 30% IPPO with >60 rpm
(warm up). The pedaling frequency had to be kept con-
stant during the sets.

TRA-65 consisted of 3 sets of cycling at 65% IPPO and
a postexercise phase, Postl and Post2, with a duration of
each 2 min. Individuals were given the choice to either
rest or pedal slowly (<20 rpm) during breaks, Postl and
Post2, with encouragement to maintain consistent behav-
ior throughout each condition.

BFR-50 consisted of 3 sets of cycling at 50% IPPO and
a postexercise phase, Postl and Post2, with a duration
of each 2 min. We time-matched the interval duration
between the two cycling protocols according to the dif-
ference in workload, i.e., 15% longer time intervals for
BFR-50. Accordingly, the time limit was 2 min 18 s with
a 1 min break. Individuals were given the choice to either
rest or pedal slowly (<20 rpm) during breaks, Postl and
Post2, with encouragement to maintain consistent behav-
ior throughout each condition. The limb occlusion pres-
sure (LOP) was set to 50%. Prior to the exercise, BFR
cuffs were applied to the most proximal part of both legs.
The cuffs were inflated at the start of Setl after the warm-
up period and remained inflated until the end of Set3. For
an overview of the cycling protocol, see Fig. 1.

Measurements during exercise training

During exercise, respiratory gas exchange variables and
minute ventilation were measured breath-by-breath using a
metabolic cart. In addition, SpO, and HR were continuously
recorded during the exercise protocol. RPE leg and breath-
ing were measured immediately after each set and again
2 min and 4 min after the last set (i.e., Post1l and Post2).

Limb occlusion pressure (LOP)

The limb occlusion pressure (LOP) was individually
determined using an automatic tourniquet system (PTS
for BFR, Delfi Medical Innovations Inc., Vancouver,
Canada) while participants were in a relaxed supine
position. Inflatable cuffs (Easy Fit BFR 11.5X86 cm,
Delfi Medical Innovations Inc., Vancouver, Canada)
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were positioned around the most proximal part of each
thigh, and the LOP was measured separately for each
limb. During BFR-50, the system automatically applied
cuff pressures equivalent to 50% of the LOP, with con-
tinuous adaptation to each limb separately throughout
the three sets and two breaks. At the end of Set3, the
cuffs were deflated.

Statistical analysis

The data are presented as median (25th, 75th percentile)
unless stated otherwise. All the statistical analyses were
performed using R-4.3.1 on Windows (R Core Team
2023, R Foundation for Statistical Computing, Vienna,
Austria). Linear mixed models were used to compare
the course of all respiratory parameters, HR, and RPE
between TRA-65 and BFR-50 and over three sets and
two breaks, adjusted for treatment and period, and with
random intercepts for each participant. Within-patient
differences between the two conditions were used. The
variance—covariance structure for the random effects
was unstructured, as no correlation between partici-
pants was assumed. Restricted maximum likelihood
estimation was used to fit the linear mixed effects mod-
els. Respiratory parameters, SpO,, RPE, and HR data
were averaged across all distinct phases: "Setl," "Set2,"
"Set3," "Breakl," and "Break2"respectively.

To account for the dynamic nature of respiratory
responses observed during submaximal exercise, where
a steady state is not always reached until 2 min into
the exercise, we conducted a supplementary sensitiv-
ity analysis. This analysis used linear mixed models
adjusted for treatment and period and included a ran-
dom intercept for each participant. It involved averag-
ing respiratory parameters, SpO,, RPE, and HR data
over the final 20 s of each respective phase.

To illustrate the dynamic nature of respiratory responses,
we depicted in supplementary figures the kinetics of VE,
VO2, and VCO2 by averaging them over 10-s intervals
during the whole exercise.

We powered our study to detect a moderate effect
(i.e., an effect size of 0.6) in VE between the two exer-
cise training regimens. Setting the power to 80% and
the significance level to 5% led to a sample size of 24
individuals. Dropouts were replaced by new individu-
als who were individually randomized. If a dropout
occurred after completing one of the two conditions in
the first cycle, the available measurement was included
in the analysis. After Visit 1, eligible individuals were
randomly assigned to their exercise sequence with
computer-generated permuted block randomization
with random block sizes of 2 to 4 using the blockrand
package in R [28].
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Period 1 L
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Allocated to BFR-50 / TRA-65 Allocated to TRA-65 / BFR-50
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Fig. 2 Flow chart: Three individuals could not be contacted anymore, and one individual had a hamstring injury that was not associated

Received BFR-50 (n=12)

Lost to follow-up (n=0)

Analyzed (n=14)
Excluded from analysis

(n=0)

with the study. BFR-50: Blood-flow restriction endurance exercise; TRA-65: Traditional endurance exercise

Table 1 Sample characteristics

BFR-50/TRA-65 (n=12)

TRA-65/BFR-50 (n=14)

Overall (n=26)

Sex
Male
Female
Age (years)
BMI (kg/m?)
LOP (mmHg)
Leftleg
Right leg
IPPO (Watt)
VE, ek (I/min)

VO,peak (MI/min/kg)

VO, (I/min)
VCOypeak (I/min)

Heart ratep,. (bpm)

7 (58.3%)
5(41.7%)
30.5[29.0,34.5]
226(214,239]

166 [160, 186]
159153, 180]
309 [241, 336]
130[109, 149]
51.5[43.8,533]
3.70[2.91,3.99]
4.13[3.19,4.49]

177 [157,187]

11 (78.6%)
3(21.4%)
29.51[25.0,32.0]
23.2[223,243]

180 [166, 206]
182 [164, 200]
248219, 295]
128 [108, 154]
45.0[37.5,49.3]
3.30[2.71,3.51]
3.53[3.10,3.99]
184 [176, 188]

18 (69.2%)

8 (30.8%)
30.0[28.0,33.3]
23.1[22.0,24.2]

168 [164, 202]
164 [158, 198]
264219, 322]
129108, 154]
47.0[39.8,52.0]
3.34[2.71,3.90]
3.78[3.10,4.31]
182 [176, 188]

Data are median (25th and 75th percentile) or n (%). BFR-50: low-intensity BFR endurance exercise, TRA-65 Moderate-intensity traditional endurance exercise, BMI

Body mass index, LOP Limb occlusion pressure, IPPO Incremental peak power output, VO, Peak oxygen consumption,

Peak carbon dioxide output at V0,4, Heart rate,, Peak heart rate (beats per minute) at VO,

VE,

pea

« Peak ventilation at VO, e, VCO,peqr
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Fig. 3 Time course of alterations in VE during intermittent cycling exercise as measured by BFR-50 (red) and TRA-65 (green). The annotation displays
mean difference (95% Cl) from linear mixed regression modeling. VE: minute ventilation; BFR-50: Blood-flow restriction endurance exercise; TRA-65:
Traditional endurance exercise. The box plots display the median (line inside the box), interquartile range (IQR, edges of the box), and whiskers
(lines extending from the box). Whiskers represent the range within 1.5 times the IQR from the 25th percentile (Q1—1.5IQR) to the 75th percentile

(Q3+1.51QR)

Results

Sample characteristics

A total of 28 individuals (8 females, 18 males) were
included in the study. Of these, three individuals were
lost to follow-up, and one individual withdrew consent
due to a hamstring injury, which was not related to the
study. Thus, 24 individuals completed all the examina-
tions, and two individuals completed only TRA-65. Over-
all, 26 individuals were included in the analysis (Fig. 2).
The characteristics of the overall study population strati-
fied by test sequence are given in Table 1. No adverse
event associated with this study occurred.

Acute cardiorespiratory and perceptual response

The cardiorespiratory parameters and RPE data exhibit
a characteristic zigzag pattern throughout the interval

(See figure on next page.)

sets and rest periods, owing to the intermittent nature
of the cycling protocol. After exercise, the cardiorespira-
tory, SpO,, and RPE values recovered at Postl and Post2,
as depicted in Figs. 3, 4 and 5, respectively. Supplemental
figures S1 (VE), S2 (VCO,) and S3 (VO,) display the time
course of alternation in VE, VCO, and VO, using means
out of 10 s intervals throughout the exercise.

Compared with TRA-65, BFR-50 was associated with
lower VE (-3.1 I/min [-4.4 to -1.7]), VO, (-2.66 ml/min/kg
[-3.44 to -1.87]), VO, (-0.22 I/min [-0.28 to -0.16]), VCO,
(-0.25 I/min [-0.29 to -0.20]), VT (-0.20 1 [-0.29 to -0.15]),
HR (-6.0 bpm [-8.6 to -3.4]), SpO, (-0.6% [-0.8 to -0.4])
and RPE breathing (-0.9 points [-1.2 to -0.6]) (Table 2).
Moreover, the RPE of the leg (1.3 points [1.0 to 1.7]) and
BR (1.3 breaths/min [0.5 to 2.2]) were higher during BFR-
50 than during TRA-65.

Fig. 4 Time course of alterations in oxygen consumption (VO,) (A), carbon dioxide output (VCO,) (B), tidal volume (VT) (C), and breathing rate

(BR) (D) during intermittent cycling exercise, represented by BFR-50 (red) and TRA-65 (green). The annotation displays mean difference (95% Cl)
from linear mixed regression modeling. BFR-50: Blood-flow restriction endurance exercise; TRA-65: Traditional endurance exercise. The box plots
display the median (line inside the box), interquartile range (IQR, edges of the box), and whiskers (lines extending from the box). Whiskers represent
the range within 1.5 times the IQR from the 25th percentile (Q1—1.5IQR) to the 75th percentile (Q3 + 1.5IQR)
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Discussion

This is the first study investigating the acute cardiores-
piratory response between low-intensity BFR endurance
exercise and moderate-intensity traditional endurance
exercise in healthy subjects. We observed significantly
less VE and RPE breathing during BFR-50 than during
TRA-65. Additionally, the RPE of the leg was significantly
higher during BFR-50 than during TRA-65.

Our findings indicate a lower level of respiratory work
in BFR-50 compared to TRA-65, despite marginal differ-
ences in exercise intensity between the two conditions.
It appears reasonable to infer that BFR-50 demands less
cardiorespiratory effort than does TRA-65, primar-
ily attributable to the reduced intensity associated with
BFR-50. However, it is essential to acknowledge that
while prior research indicates that the application of BFR
during exercise leads to an augmented cardiorespiratory
demand in comparison to the same exercise performed
without BFR [15-17], our study specifically aimed to
compare the cardiorespiratory responses between BFR-
50 and TRA-65 exercises. This distinction is crucial
because BFR is typically recommended for use at 50% of
IPPO, whereas 65% of IPPO is commonly used during
rehabilitation in patients with cardiorespiratory limita-
tions [4, 29]. Prior to our study, it was unclear whether
BFR-50 elicits a diminished cardiorespiratory response
compared to TRA-65 in healthy subjects. Had we
observed a higher cardiorespiratory demand during BFR-
50, concerns about its suitability in rehabilitation settings
in patients with cardiorespiratory limitations would have
increased. Our study’s findings can be generalized to
healthy adults who engage in low- and moderate-inten-
sity endurance exercises, providing valuable insights into
the differential cardiorespiratory demands of BFR and
traditional endurance exercise protocols.

Cardiorespiratory responses exhibit characteris-
tic kinetics during constant-load exercise [30]. Simply
averaging data across intervals may obscure important
differences between experimental conditions. There-
fore, we analyzed the final 20sec of each phase ("Setl”,
"Set2”, "Set3”, "Breakl”, "Break2”, "Postl” and "Post2”)
and applied LMM to these data (Table S1). Overall, all
respiratory parameters, SpO,, RPE, and HR followed
similar trends and exhibited values consistent with our
presented data in Table 2. Additionally, post hoc pairwise

(See figure on next page.)
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comparisons between conditions and each phase of exer-
cise are provided in Table S2.

We found significantly lower VE, VO,, and VCO, with
BFR-50 compared to TRA-65. Interestingly, the findings
of our study align with prior research examining the dis-
parities between low-intensity BFR endurance exercise
and high-intensity traditional endurance exercise [15, 17,
19]. Notably, despite the reduction in the intensity of tra-
ditional endurance exercise and increase in the intensity
of BFR endurance exercise compared to previous studies,
a diminished cardiorespiratory response was observed
in BFR-50 as compared to TRA-65. This finding demon-
strated that despite the addition of BFR, a 15% absolute
difference in exercise intensity still elicits significantly
reduced ventilatory effort in healthy subjects. Future
research may aim to identify the specific intensity and
LOP at which BFR and traditional endurance exercise
start to deflect in terms of cardiorespiratory demands.

The lower VE in BFR-50 was accompanied by sig-
nificantly less RPE breathing compared to TRA-65. This
finding is consistent with previous work in healthy indi-
viduals investigating BFR endurance training vs. traditional
endurance training to task failure [18].The difference in
VE between BFR-50 and TRA-65 can be attributed to the
smaller VT observed in BFR-50, as both groups exhibited
minimal differences in breathing rate (BR) between experi-
mental conditions. Further, group III-IV muscle afferents
play a crucial role in exercise-induced sympathoexcitation,
hyperpnea, and BR [31]. The accumulation of metabolites
during BFR-50 may have led to greater activation of the
leg muscles compared to TRA-65 [32]. This could explain
the increase in BR but lower VT observed during BFR-50,
reflecting a lower mechanical demand compared to TRA-
65. However, the increase in BR in BFR-50 compared to
TRA-65 is clinically irrelevant.

Overall the interpretation of the magnitude of the dif-
ference in VE between BFR-50 and TRA-65 in healthy
adults is challenging due to the absence of empirical
investigations. However, BFR-50 is interesting for reha-
bilitation settings, with the aim of making endurance
exercise more comfortable. For example, it has been
established in individuals with chronic obstructive pul-
monary disease (COPD) that a difference of 0.04 (I/min)
in peak oxygen uptake is clinically meaningful [33].

In contrast to lower RPE breathing, BFR-50 had a more
pronounced effect on the RPE leg than TRA-65. This

Fig. 5 Time course of alterations in the rating of perceived exertion breathing (RPE breathing) (A), the rating of perceived exertion leg (RPE leg)

(B), and heart rate (HR) (C) during intermittent cycling exercise as BFR-50 (red) and TRA-65 (green). The annotation displays mean difference (95%
Cl) from linear mixed regression modeling. BFR-50: Blood-flow restriction endurance exercise; TRA-65: Traditional endurance exercise. The box plots
display the median (line inside the box), interquartile range (IQR, edges of the box), and whiskers (lines extending from the box). Whiskers represent
the range within 1.5 times the IQR from the 25th percentile (Q1—1.5IQR) to the 75th percentile (Q3 + 1.5IQR)
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Table 2 Mixed linear models on mean difference in VE and secondary end-points between traditional endurance exercise (TRA-65)

and blood-flow restriction endurance exercise (BFR-50)

TRA-65 (n=26) BFR-50 (n=24) Mean differences (n=24) % Differences P-Value
Primary end point
VE L/min 51.0(11.33) 47.8(11.26) -3.1 (-44t0-1.7) -6.1 (-8.62 t0-3.38) <0.001
Secondary end points
VO, mL/min/kg 24.86 (5.97) 22.02(5.10) -2.66 (-344t0-1.87) -12.2(-89t0-15.6) <0.001
VO, L/min 1.82 (0.44) 1.59 (0.40) -0.22 (-0.28 t0-0.16) -14.1 (-164t0-11.9) <0.001
VCO, L/min 1.78 (0.42) 1.52(0.35) -0.25 (-0.29 t0 -0.20) -8.7 (-10.7 to -6.8) <0.001
VTL 2.07(0.51) 1.88(0.51) -0.20 (-0.25 t0 -0.15) 39(1t06.8) <0.001
BR (breaths per min) 254 (4.9) 26.6 (6.1) 13(0.5t02.2) -4.5 (-6.6 t0 -2.5) 0.003
Heart rate (bpm) 130.7 (14.0) 124.7 (17.6) -6.0 (-8.6t0-34) 0.6 (0410 0.8) <0.001
SpO, (%) 95.1(1.2) 95.7 (1.3) -0.6 (-0.8t0-04) 353(27t0353) <0.001
RPE leg (0-10) 45(1.6) 59.2.1) 1.3(1.0t01.7) -19.8 (-34.7 t0 -4.5) <0.001
RPE breathing (0-10) 46(14) -36(1.5) -09 (-1.2t0-0.6) -12.2(-891t0-15.6) <0.001

Data are presented as means and standard deviations, mean differences with corresponding 95% confidence intervals and percent differences with corresponding
95%. Positive coefficients indicate that traditional exercise gave larger measurements than BFR exercise

Abbreviations: VE Ventilation, VO, Oxygen consumption, VCO, Carbon dioxide output, VT Tidal volume, BR Breathing rate, SpO, Peripheral oxygen saturation, RPE
leg Rating of perceived leg exertion on a scale of 0 to 10 (0 no fatigue; 10 maximum fatigue), RPE breathing Ratings of perceived breathing on a scale of 0 to 10 (0 no

shortness of breath; 10 maximum shortness of breath)

finding is in line with previous work that emphasized the
modulation of the RPE leg in BFR endurance exercise
by cuft pressure [15, 17, 19, 34, 35]. Higher cuff pressure
results in a greater RPE leg [15, 17, 19, 34, 35]. Generally,
the RPE leg is greater during exercise with BFR compared
to exercise without BFR. Nevertheless, when comparing
low-intensity BFR with high-intensity traditional exer-
cise, the RPE leg appears to be similar or less [17, 19].
Additionally, an increase in the RPE leg is also associated
with the application of cuff pressure and the width of the
cuff [35].

In our study, we observed a slightly lower HR (mean
difference of -6.0 bpm) in BFR-50 compared to TRA-65.
Hence, it can be assumed that the potential for endur-
ance performance adaptations may be constrained
because the prerequisites for the enhancement of VO, .,
are an elevated HR and cardiac output during endur-
ance training [36]. Prior studies have provided evidence
of higher HR in BFR endurance exercise compared to
work-matched traditional endurance exercise [15, 37,
38]. Ozaki et al. [38] reported that adding a standardized
LOP of 200 mmHg during low- and moderate-intensity
cycling exercise at 20%, 40%, and 60% of VO, resulted
in a 10% increase in HR in healthy people. In our study,
additional visits with traditional exercise at 50% IPPO
provided information on the specific magnitude of HR
increase due to BFR.

Nevertheless, it should be noted that endurance adap-
tations in BFR training are not solely associated with an
elevated HR. BFR endurance training has been shown
to induce VO,,,,, augmentation and delays the onset of

blood lactate accumulation through metabolic and vas-
cular stimuli [39]. Accordingly, future research should
investigate the metabolic and vascular adaptations asso-
ciated with BFR-50 and TRA-65.

Limitations

This study has several limitations. First, we matched BFR-
50 and TRA-65 by increasing time according to the dif-
ference in workload. An alternative approach would have
been to account for the total work completed during the
intervals, which would have resulted in 2 min 36 s sets for
BFR-50. However, pilot testing of our protocol showed
that a substantial number of participants would not toler-
ate BFR while cycling for>30 s longer and we therefore
applied the present approach.

Second, the comparison between TRA-65 and BFR-50
was performed by continuously applying 50% LOP. Cuft
pressure might influence acute physiological responses.
Therefore, whether similar acute cardiorespiratory
responses are observed if either lower or higher cuff pres-
sures or intermittent occlusions are used remains to be
investigated. For this study, we derived the intensity and
the LOP from best practice guidelines [4]. However, it
would be meaningful to determine the minimal LOP at
which BFR-50 and TRA-65 start to elicit distinct cardi-
orespiratory responses. Furthermore, the systolic pres-
sure and mean arterial pressure typically increase during
exercise, and the cuff pressure remains at 50% of the
initially determined LOP. This may result in less pro-
portional blood flow obstruction during exercise com-
pared to rest [40]. Future studies could aim to quantify
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the precise reduction during BFR exercise to provide
a clearer understanding of its restriction effects dur-
ing exercise. Third, we did not assess the activity lev-
els or prior BFR training experience of the participants.
As a result, we cannot determine if cardiorespiratory
responses differ across varying activity levels or if prior
experience with BFR impacts these responses. Future
studies should consider assessing and reporting these
variables to provide a more detailed context for interpret-
ing the findings.

Conclusion

In healthy subjects, BFR endurance exercise at 50% IPPO
and 50% LOP resulted in lower cardiorespiratory work
and perceived breathing effort compared to traditional
endurance exercise at 65% IPPO. BFR-50 could be an
attractive alternative for TRA-65, eliciting less respira-
tory work and perceived breathing effort while augment-
ing perceived leg muscle effort.
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BFR-50  Low-intensity blood-flow restriction endurance exercise
BR Breathing rate

CPET Cardiopulmonary exercise test

HR Heart rate

IPPO Incremental peak power output

LOP Limb occlusion pressure

RPE Ratings of perceived exertion

RPM Revolutions per minute

SD Standard deviation

SpO, Peripheral oxygen saturation

TRA-65  Moderate-intensity traditional endurance exercise
VCO, Carbon dioxide output

VE Minute Ventilation

VT Tidal volume

VO, Oxygen consumption

VO,pes  Peak oxygen uptake

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513102-024-00951-0.

Additional file 1: Figure S1.Time course of alterations in VE during intermit-
tent cycling exercise, as measured by BFR-50and TRA-65. The line plot was
created using means out of 10 s intervals throughout the exercise. VE:
minute ventilation; BFR-50: Blood-flow restriction endurance exercise; TRA-
65: Traditional endurance exercise

Additional file 2: Figure S2. Time course of alterations in VCO, during inter-
mittent cycling exercise, shown as BFR-50and TRA-65. The line plot was
created using means out of 10 s intervals throughout the exercise. VCO,:
Carbon dioxide output; BFR-50: Blood-flow restriction endurance exercise;
TRA-65: Traditional endurance exercise.

Additional file 3: Figure S3.Time course of alterations in VO, during
intermittent cycling exercise in the BFR-50and TRA-65. The line plot was
created using means out of 10 s intervals throughout the exercise. VO,:
Oxygen consumption; BFR-50: Blood-flow restriction endurance exercise;
TRA-65: Traditional endurance exercise.

Additional file 4
Additional file 5

(2024) 16:172

Page 11 of 12

Authors’ contributions

CFC,DK,N.AS,TR. and MK. conceived and designed the research; AK, BA.,
and M.K. performed the experiments; SRH. M.L, LCM. and MK. analyzed the
data; CFC, DK, N.AAS, TR, LCM. and MK. interpreted the results of the experi-
ments; MK. and AK. prepared the figures; M.K. drafted the manuscript; CFC,
DK, N.AS, TR. LCM, MK.and S.R.H edited and revised the manuscript; and
CFC,DK,NAS, LCM, TR, SRH, M.L, AK. MK, L.LCM. and BA. approved the
final version of the manuscript.

Funding

Lunge Zurich (03-2021); Recipients: Dario Kohlbrenner and Christian F.
Clarenbach.

Heubergstiftung (09-2022); Recipient: Manuel Kuhn.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author, Dario Kohlbrenner, upon request.

Declarations

Ethics approval and consent to participate

The study was conducted in accordance with the Declaration of Helsinki, and
all subjects provided written informed consent. The Ethics Committee of the
Canton of Zurich approved the study (2021-02038). The study is registered on
clinicaltrials.gov (NCT05163600). All methods were carried out in accordance
with relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests

N. A. Sievi, D. Kohlbrenner, A. Kldy, M. Lichinger, B. Andrist, T. Radtke, S. R. Haile,
L.C. Mayer and M. Kuhn have no conflicts of interest. C. F. Clarenbach received
advisory fees from Roche, Novartis, Boehringer, GSK, Astra Zeneca, Sanofi,
Vifor, OM Pharma, CSL Behring, Grifols, Daiichi Sankyo and MSD within the

last 36 months. M. Kohler is a board member of Deep Breath Intelligence AG,

a company that provides services in the field of breath analysis and reports
consulting fees from Novartis and GSK. The results of the study are presented
clearly, honestly, and without fabrication, falsification, or inappropriate data
manipulation.

Author details

'Faculty of Medicine, University of Zurich, Zurich, Switzerland. “Department
of Pulmonology, University Hospital Zurich, Raemistrasse 100, 8091 Zurich,
Switzerland. *Epidemiology, Biostatistics and Prevention Institute, University
of Zurich, Zurich, Switzerland.

Received: 24 May 2024 Accepted: 19 July 2024
Published online: 15 August 2024

References

1. Bennett H, Slattery F. Effects of blood flow restriction training on aerobic
capacity and performance: a systematic review. J Strength Cond Res.
2018;33:1. https://doi.org/10.1519/JSC.0000000000002963.

2. Conceigcao MS, Junior EMM, Telles GD, Libardi CA, Castro A, Andrade ALL,
et al. Augmented anabolic responses after 8-wk cycling with blood flow
restriction. Med Sci Sports Exerc. 2019;51(1):84-93. https://doi.org/10.
1249/mss.0000000000001755.

3. de Oliveira MF, Caputo F, Corvino RB, Denadai BS. Short-term low-
intensity blood f low restricted interval training improves both aerobic
fitness and muscle strength. Scand J Med Sci Sports. 2016;26(9):1017-25.
https://doi.org/10.1111/sms.12540.

4. Patterson SD, Hughes L, Warmington S, Burr J, Scott BR, Owens J, et al.
Blood Flow Restriction Exercise: Considerations of Methodology, Applica-
tion, and Safety. Front Physiol. 2019;10(533). https://doi.org/10.3389/
fphys.2019.00533.


https://doi.org/10.1186/s13102-024-00951-0
https://doi.org/10.1186/s13102-024-00951-0
https://doi.org/10.1519/JSC.0000000000002963
https://doi.org/10.1249/mss.0000000000001755
https://doi.org/10.1249/mss.0000000000001755
https://doi.org/10.1111/sms.12540
https://doi.org/10.3389/fphys.2019.00533
https://doi.org/10.3389/fphys.2019.00533

Kuhn et al. BMC Sports Science, Medicine and Rehabilitation

20.

21.

22.

23.

Hwang PS, Willoughby DS. Mechanisms behind blood flow-restricted
training and its effect toward muscle growth. J Strength Cond Res.
2019;33:5167-79.

Scott BR, Loenneke JP, Slattery KM, Dascombe BJ. Exercise with blood
flow restriction: an updated evidence-based approach for enhanced
muscular development. Sports Med. 2015;45(3):313-25. https://doi.org/
10.1007/540279-014-0288-1.

Formiga MF, Fay R, Hutchinson S, Locandro N, Ceballos A, Lesh A, et al.
Effect of aerobic exercise training with and without blood flow restriction
on aerobic capacity in healthy young adults: a systematic review with
meta-analysis. Int J Sports Phys Ther. 2020;15(2):175-87.

Christiansen D, Eibye KH, Rasmussen V, Voldbye HM, Thomassen M,
Nyberg M, et al. Cycling with blood flow restriction improves perfor-
mance and muscle K+ regulation and alters the effect of anti-oxidant
infusion in humans. J Physiol. 2019;597(9):2421-44. https://doi.org/10.
1113/jp277657.

Sundberg CJ, Eiken O, Nygren A, Kaijser L. Effects of ischaemic training
on local aerobic muscle performance in man. Acta Physiol Scand.
1993;148(1):13-9. https://doi.org/10.1111/j.1748-1716.1993.tb09526 X.
Christiansen D, Murphy RM, Bangsbo J, Stathis CG, Bishop DJ. Increased
FXYD1 and PGC-1a mRNA after blood flow-restricted running is related
to fibre type-specific AMPK signalling and oxidative stress in human
muscle. Acta Physiol (Oxf). 2018;223(2):e13045. https://doi.org/10.1111/
apha.13045.

. Esparza BN. The Effects of a Short-Term Endurance Training Program with

Blood Flow Restriction Cuffs Versus ACSM Recommended Endurance
Training on Arterial Compliance and Muscular Adaptations in Recreation-
ally Active Males. Theses and Dissertations. 2017. p. 144.

Kim D, Singh H, Loenneke JP, Thiebaud RS, Fahs CA, Rossow LM, et al.
Comparative effects of vigorous-intensity and low-intensity blood flow
restricted cycle training and detraining on muscle mass, strength, and
aerobic capacity. J Strength Cond Res. 2016;30(5):1453-61. https://doi.
0rg/10.1519/jsc.0000000000001218.

Park S, Kim JK, Choi HM, Kim HG, Beekley MD, Nho H. Increase in maximal
oxygen uptake following 2-week walk training with blood flow occlusion
in athletes. Eur J Appl Physiol. 2010;109(4):591-600. https://doi.org/10.
1007/500421-010-1377-y.

. Liguori G, Feito Y, Fountaine C, Roy B. ACSM's guidelines for exercise test-

ing and prescription. Eleventh edition ed. Philadelphia: Wolters Kluwer;
2021.

. Silva JCG, Domingos-Gomes JR, Freitas EDS, Neto GR, Aniceto RR,

Bemben MG, et al. Physiological and Perceptual Responses to Aerobic
Exercise With and Without Blood Flow Restriction. J Strength Cond Res.
2021;35(9):2479-85. https://doi.org/10.1519/jsc.0000000000003178.

. Silva JCG, Pereira Neto EA, Pfeiffer PAS, Neto GR, Rodrigues AS, Bemben

MG, et al. Acute and Chronic Responses of Aerobic Exercise With Blood
Flow Restriction: A Systematic Review. Front Physiol. 2019;10:1239. Epub
20191004, https://doi.org/10.3389/fphys.2019.01239.

. Thomas HJ, Scott BR, Peiffer JJ. Acute physiological responses to low-

intensity blood flow restriction cycling. J Sci Med Sport. 2018;21(9):.969—
74. https://doi.org/10.1016/j.jsams.2018.01.013.

. Smith NDW, Peiffer JJ, Girard O, Scott BR. Self-paced cycling at the highest

sustainable intensity with blood flow restriction reduces external but not
internal training loads. Int J Sports Physiol Perform. 2022;17(8):1272-9.
https://doi.org/10.1123/ijspp.2022-0021.

. Kilgas MA, Yoon T, McDaniel J, Phillips KC, EImer SJ. Physiological

Responses to Acute Cycling With Blood Flow Restriction. Front Physio.
2022;13. https//doi.org/10.3389/fphys.2022.800155.

Lauver JD, Moran A, Guilkey JP, Johnson KE, Zanchi NE, Rotarius TR. Acute
Responses to Cycling Exercise With Blood Flow Restriction During Various
Intensities. J Strength Cond Res. 2022,;36(12):3366-73. https://doi.org/10.
1519/js¢.0000000000004099.

Dwan K, Li T, Altman DG, Elbourne D. CONSORT 2010 statement: exten-
sion to randomised crossover trials. BMJ. 2019;366:14378. https://doi.org/
10.1136/bmj.J4378.

Sherman WM. Recovery from endurance exercise. Med Sci Sports Exerc.
1992;24(9 Suppl):5336-9.

Medicine ACoS. ACSM's Guidelines for Exercise Testing and Prescrip-
tion, 8th Ed + ACSM's Certification Review, 3rd ed. Lippincott Williams &
Wilkins; 2010.

(2024) 16:172

Page 12 of 12

24. Vogler AJ, Rice AJ, Gore CJ. Validity and reliability of the Cortex Meta-
Max3B portable metabolic system. J Sports Sci. 2010;28(7):733-42.
https://doi.org/10.1080/02640410903582776.

25. Thavagnanam S, H'ng SY, Nathan AM, Eg KP, Chinna K, Hajar bte Turbirin
S, Anne de Bruyne J. WRISTOX2 is a reliable tool to diagnose obstructive
sleep apnoea syndrome. Int J Pediatr Otorhinolaryngol. 2021;151:110930.
https://doi.org/10.1016/j.ijporl.2021.110930.

26. Schaffarczyk M, Rogers B, Reer R, Gronwald T. Validity of the Polar H10
Sensor for Heart Rate Variability Analysis during Resting State and Incre-
mental Exercise in Recreational Men and Women. Sensors. 2022:22(17)
https://doi.org/10.3390/522176536.

27. Borg E, Borg G, Larsson K, Letzter M, Sundblad BM. An index for breath-
lessness and leg fatigue. Scand J Med Sci Sports. 2010;20(4):644-50.
https://doi.org/10.1111/j.1600-0838.2009.00985 x.

28. Snow G (2020). blockrand: Randomization for Block Random Clinical
Trials_. R package version 1.5, https://CRAN.R-project.org/package=block
rand.

29. Gloeckl R, Marinov B, Pitta F. Practical recommendations for exercise train-
ing in patients with COPD. Eur Respir Rev. 2013;22(128):178-86. https://
doi.org/10.1183/09059180.00000513.

30. Ferretti G, Fagoni N, Taboni A, Bruseghini P, Vinetti G. The physiology of
submaximal exercise: the steady state concept. Respir Physiol Neurobiol.
2017;246:76-85. https://doi.org/10.1016/j.resp.2017.08.005.

31. Dempsey JA, Blain GM, Amann M. Are type llIl-IV muscle afferents required
for a normal steady-state exercise hyperpnoea in humans? J Physiol.
2014;592(3):463-74. https://doi.org/10.1113/jphysiol.2013.261925.

32. Mannozzi J, Al-Hassan M-H, Kaur J, Lessanework B, Alvarez A, Massoud L,
et al. Blood flow restriction training activates the muscle metaboreflex
during low-intensity sustained exercise. J Appl Physiol. 2023;135(2):260-
70. https://doi.org/10.1152/japplphysiol.00274.2023.

33. Puente-Maestu L, Palange P, Casaburi R, Laveneziana P, Maltais F, Neder
JA, et al. Use of exercise testing in the evaluation of interventional
efficacy: an official ERS statement. Eur Respir J. 2016;47(2):429-60. https://
doi.org/10.1183/13993003.00745-2015.

34. McClean ZJ,Young A, Pohl AJ, Fine NM, Burr JF, Maclnnis M, Aboodarda
SJ. Blood flow restriction during high-intensity interval cycling exacer-
bates psychophysiological responses to a greater extent in females than
males. J Appl Physiol. 2023. https://doi.org/10.1152/japplphysiol.00567.
2022.

35. Spitz RW, Wong V, Bell ZW, Viana RB, Chatakondi RN, Abe T, Loenneke JP.
Blood flow restricted exercise and discomfort: a review. J Strength Cond
Res. 2022;36(3):871-9. https://doi.org/10.1519/jsc.0000000000003525.

36. Maclnnis MJ, Gibala MJ. Physiological adaptations to interval training and
the role of exercise intensity. J Physiol. 2017;595(9):2915-30. https://doi.
org/10.1113/jp273196.

37. AbeT, Kearns CF, Sato Y. Muscle size and strength are increased following
walk training with restricted venous blood flow from the leg muscle,
Kaatsu-walk training. J Appl Physiol. 2006;100(5):1460-6. https://doi.org/
10.1152/japplphysiol.01267.2005.

38. Ozaki H, Brechue WF, Sakamaki M, Yasuda T, Nishikawa M, Aoki N, et al.
Metabolic and cardiovascular responses to upright cycle exercise with
leg blood flow reduction. J Sports Sci Med. 2010;9(2):224-30.

39. Smith NDW, Scott BR, Girard O, Peiffer JJ. Aerobic Training With Blood
Flow Restriction for Endurance Athletes: Potential Benefits and Consid-
erations of Implementation. J. Strength Cond. Res. 2022;36(12).

40. Crossley KW, Porter DA, Ellsworth J, Caldwell T, Feland JB, Mitchell U, et al.
Effect of cuff pressure on blood flow during blood flow-restricted rest
and exercise. Med Sci Sports Exerc. 2020;52(3):746-53. https://doi.org/10.
1249/mss.0000000000002156.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1007/s40279-014-0288-1
https://doi.org/10.1007/s40279-014-0288-1
https://doi.org/10.1113/jp277657
https://doi.org/10.1113/jp277657
https://doi.org/10.1111/j.1748-1716.1993.tb09526.x
https://doi.org/10.1111/apha.13045
https://doi.org/10.1111/apha.13045
https://doi.org/10.1519/jsc.0000000000001218
https://doi.org/10.1519/jsc.0000000000001218
https://doi.org/10.1007/s00421-010-1377-y
https://doi.org/10.1007/s00421-010-1377-y
https://doi.org/10.1519/jsc.0000000000003178
https://doi.org/10.3389/fphys.2019.01239
https://doi.org/10.1016/j.jsams.2018.01.013
https://doi.org/10.1123/ijspp.2022-0021
https://doi.org/10.3389/fphys.2022.800155
https://doi.org/10.1519/jsc.0000000000004099
https://doi.org/10.1519/jsc.0000000000004099
https://doi.org/10.1136/bmj.l4378
https://doi.org/10.1136/bmj.l4378
https://doi.org/10.1080/02640410903582776
https://doi.org/10.1016/j.ijporl.2021.110930
https://doi.org/10.3390/s22176536
https://doi.org/10.1111/j.1600-0838.2009.00985.x
https://CRAN.R-project.org/package=blockrand
https://CRAN.R-project.org/package=blockrand
https://doi.org/10.1183/09059180.00000513
https://doi.org/10.1183/09059180.00000513
https://doi.org/10.1016/j.resp.2017.08.005
https://doi.org/10.1113/jphysiol.2013.261925
https://doi.org/10.1152/japplphysiol.00274.2023
https://doi.org/10.1183/13993003.00745-2015
https://doi.org/10.1183/13993003.00745-2015
https://doi.org/10.1152/japplphysiol.00567.2022
https://doi.org/10.1152/japplphysiol.00567.2022
https://doi.org/10.1519/jsc.0000000000003525
https://doi.org/10.1113/jp273196
https://doi.org/10.1113/jp273196
https://doi.org/10.1152/japplphysiol.01267.2005
https://doi.org/10.1152/japplphysiol.01267.2005
https://doi.org/10.1249/mss.0000000000002156
https://doi.org/10.1249/mss.0000000000002156

	Exploring immediate cardiorespiratory responses: low-intensity blood flow restricted cycling vs. moderate-intensity traditional exercise in a randomized crossover trial
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusion 
	Trial registration 

	Introduction
	Materials and methods
	Individuals
	Experimental design
	Cardiopulmonary exercise testing (Visit 1)
	Main exercise trial (Visits 2 and 3)
	Measurements during exercise training
	Limb occlusion pressure (LOP)
	Statistical analysis

	Results
	Sample characteristics
	Acute cardiorespiratory and perceptual response

	Discussion
	Limitations

	Conclusion
	References


