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Abstract

Purpose To determine the macrovascular and microvascular function responses to resistance training with blood flow restric-
tion (BFR) compared to high-load resistance training (HLRT) control group.

Methods Twenty-four young, healthy men were randomly assigned to BFR or HLRT. Participants performed bilateral knee
extensions and leg presses 4 days per week, for 4 weeks. For each exercise, BFR completed 3 X 10 repetitions/day at 30%
of 1-repetition max (RM). The occlusive pressure was applied at 1.3 times of individual systolic blood pressure. The exer-
cise prescription was identical for HLRT, except the intensity was set at 75% of one repetition maximum. Outcomes were
measured pre-, at 2- and 4-weeks during the training period. The primary macrovascular function outcome was heart-ankle
pulse wave velocity (haPWV), and the primary microvascular function outcome was tissue oxygen saturation (StO,) area
under the curve (AUC) response to reactive hyperemia.

Results Knee extension and leg press 1-RM increased by 14% for both groups. There was a significant interaction effect for
haPWYV, decreasing — 5% (A—0.32 m/s, 95% confidential interval [CI] — 0.51 to — 0.12, effect size [ES]= — 0.53) for BFR
and increasing 1% (A0.03 m/s, 95%CI — 0.17 to 0.23, ES =0.05) for HLRT. Similarly, there was an interaction effect for
StO, AUC, increasing 5% (A47%*s, 95%CI — 3.07 to 98.1, ES =0.28) for HLRT and 17% (A159% s, 95%CI 108.23-209.37,
ES =0.93) for BFR group.

Conclusion The current findings suggest that BFR may improve macro- and microvascular function compared to HLRT.

Keywords Arterial stiffness - Blood pressure - Near infrared spectroscopy - Pulse wave velocity - Reactive hyperemia
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Introduction

A major advantage of resistance training with blood flow
restriction (BFR) is that skeletal muscle adaptations can be
induced at low intensities (Madarame et al. 2008; Takada
et al. 2012; Takarada et al. 2000), making this approach
more appealing to those who are previously untrained or
who have orthopedic complications (Roth et al. 2000).
However, the findings are mixed when it comes to the
effects of BFR on vascular function. If low-intensity resist-
ance training with BFR can safely improve vascular func-
tion in addition to conferring increases in muscle strength
and/or volume, this type of exercise may be particularly
useful for populations who cannot safely perform high-
intensity resistance training, such as elderly, orthopedic
patients, or athletes under rehabilitation. In this regard,
it would be more clinically relevant if the experiments
could be conducted in these populations. However, BFR
training should not be recommended for these populations
until it is proven to be safe (Loenneke et al. 2011). Thus,
it is pertinent to confirm that it poses no detriment to the
vasculature, at least, for young, healthy populations.

Two meta-analyses, both published in 2021, have
reported on the overall effect of BFR on macrovascular
function (arterial stiffness or compliance, and vasodila-
tor function), and vascular structure. Compared to high-
load resistance training without BFR, one meta-analysis
reported that low-load resistance training with BFR
improved macrovascular function evaluated by endothe-
lium vasodilation, but, did not affect vascular structure
(Pereira-Neto et al. 2021), and the other reported that low-
load resistance training with BFR showed a positive effect
for arterial stiffness (or compliance), but not for vasodila-
tor function (Liu et al. 2021). These conflicting findings
make it difficult to reach a definitive conclusion. However,
significant heterogeneity was reported for both meta-analy-
ses, likely due in part to age differences across studies, and
the inclusion of individuals with cardiometabolic diseases.
Of note, none of the studies included in the meta-analyses
investigated both macrovascular and microvascular func-
tion. While the macrovasculature is often the primary out-
come of interest, microvascular function is also associated
with the development of cardiovascular disease (Houben
et al. 2017) and may precede macrovascular dysfunction
(Krentz et al. 2009). Proposed mechanisms underlying the
beneficial effects of BFR on vascualr function include the
promotion of the release of vasodilator factors (e.g., nitric
oxide, vascular endothelial growth factor) due to shear
stress in the arterial wall (Paiva et al. 2016), potentially
enhanced by reperfusion upon cuff release (Loenneke et al.
2011; Pereira-Neto et al. 2021).
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Therefore, the aim of the present study was to determine
the effects of resistance training, with and without BFR
on macrovascular and microvascular function in young,
healthy men.

Methods

This study is reported according Consolidated Standards
of Reporting Trials (CONSORT) guidelines (Schulz et al.
2010). All study procedures were approved by the ethical
committee of the Yamanashi Institute of Environmental
Science (current name: Mount Fuji Research Institute) and
were performed in accordance with the guidelines of the
Declaration of Helsinki (ECHE-03-2012). All participants
submitted their written informed consent prior to participat-
ing in the study.

Participants

We recruited young, healthy men between the ages of 18 and
30 years using a flyer at a local community and an adjacent
university. A diagram illustrating our flow of enrollment,
allocation, and analyis is shwon in Fig. 1, according to CON-
SORT guidelines. Young and healthy populations were
selected to minimize confounding effects of age and health
conditions on vascular function (Horiuchi and Stoner 2021,
2022). Additionally, only men participated in this study. This
is because the duration of the training period and evaluation
time points consisted four weeks (see below “Experimental
design”), and thus, we sought to avoid potential effects of
menstrual cycle on our outcomes of interest, which could
occur even if sex was randomized within our experimen-
tal groups. The exclusion criteria were regular engagement
in resistance training and moderate or vigorous physical
activity, such as jogging, running, or stationary bike riding
(120> min/week) (Horiuchi and Stoner 2021, 2022), as rec-
reationally active individuals may exercise regularly in addi-
tion to the exercise training protocol of the present study,
introducing potentially effects on vascular function that may
not be seen in the less active individuals. Additionally, par-
ticipants were excluded if they were a current smoker, had
any known musculoskeletal and cardiometabolic disorders,
or used medications known to affect musculoskeletal or car-
diometabolic function.

Experimental design

This intervention study randomly allocated participants
to one of two experimental groups: (i) a high-load resist-
ance training group (HLRT, n=12) and (ii) a low-intensity
resistance training with blood flow restriction group (BFR,
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Advertisement at a local community and an adjacent university (Fuji-yoshida-city
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Analyzed (n=12)

Fig.1 CONSORT flow diagram

n=12). Participants were stratified by age, height, and body
mass and randomly assigned to the HLRT or BFR group
using a lottery. All participants underwent a familiarization
session to allow them to become accustomed to the train-
ing modes, experimental measurements (e.g., evaluation of
maximal muscle strength to avoid a potential practice effect
during the training period), and procedures. To eliminate
the effects of diurnal variations and food intake (Hakkinen
et al. 1988), all participants visited the laboratory between
9:00 and 12:00 AM, at least 2 h after eating a light break-
fast. Additionally, participants were asked to avoid strenu-
ous physical activity and alcohol for 24 h prior to experi-
mentation. Experimental procedures were conducted in a
quiet, environmentally controlled room, at a constant room
temperature between 23 and 25 °C. The following variables
were measured prior to the training period, at 2 weeks, and

11l

Analysis Analyzed (n=12)

after 4 weeks of training: body weight, thigh circumference,
heart-ankle pulse wave velocity (haPWV), resting heart rate
(HR), four-limb blood pressure (BP), microvascular func-
tion, and maximal strength for knee extension and leg press.
Specifically, these outcomes were assessed approximately 48
hours after 2 and 4 weeks of training. Thigh circumference
was measured with a non-elastic tape scale for both thigh
muscles at the height of the middle portion between the
patella and iliac bone. After 30 min of supine rest, BP cuffs
were applied bilaterally to the upper arms and ankles, and
the legs were placed in commercial vacuum packs to prevent
lower limb movement (Horiuchi and Stoner 2021, 2022).
The cuffs were attached to a commercial vascular screening
system (Vasera-1000; Fukuda-Denshi, Co. Ltd., Japan). To
assess microvascular function, near-infrared spectroscopy
(NIRS) probes (BOM-L1xW; OmegaWave, Tokyo, Japan)
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were attached to the calf muscle, and a pneumatic cuff was
also wrapped around the thigh muscle. Macrovascular,
microvascular, BP, and HR measures were collected in the
supine position following an additional 10 min of rest.

Training protocol

Resistance exercise occurred after the assessment of vascu-
lar function, consisting of bilateral knee extensions and leg
presses. In the HLRT group, each subject performed knee
extensions and leg presses at 75% of one repetition maxi-
mum (1-RM), for 3 sets of 10 reps, with 2 min rest intervals
per one day. In the BFR group, each subject performed these
exercises at 30% of 1-RM with BFR, for 4 sets of 20 reps,
with 30 s rest intervals per one day. This training protocol
was modified based on previous studies (Fahs et al. 2012;
Ozaki et al. 2013) and a preliminary study at our lab. The
intent was to match the training load between conditions
was matched to attempt to isolate the effect of BFR versus
non-BFR on macrovascular and microvascular outcomes.

For the 1-RM measurements, each participant was seated
in the adjustable chair of the knee extension or leg press
apparatus and was stabilized with straps across the waist
to prevent additional body movement. Participants were
instructed to lift the load through the range of motion, pre-
venting assistance from any other body part (e.g., the arm
holding the apparatus, the back). The 1-RM was determined
as a successful contraction on each apparatus, while fol-
lowing these criteria. The 1-RM trials were designed using
increments of 10 kg until 60-80% of the perceived maximum
was reached (Takada et al. 2012). Next, the load was gradu-
ally increased by adding 0.5-5 kg weights until lift failure,
which was defined as the participant’s failure to maintain
proper form or to completely lift the weight. The last accept-
able lift with the highest possible load was determined as
the 1-RM (Takada et al. 2012). These trainings were carried
out 4 days per week over the period of 4 weeks. In the BFR
group, circulatory occlusion was applied using a custom-
built tourniquet reformed by a commercial device (Oscar
2 Ambulatory Blood Pressure Monitor; SunTech Medical,
Inc., NC, USA) (Horiuchi and Stoner 2022) around the both
thigh muscles with a pressure that was 1.3 times the individ-
ual’s ankle systolic blood pressure (Takada et al. 2012). The
cuff was inflated for the entirety of each training session (i.e.,
4 sets including the resting period for knee extension or leg
press) with a commercial cuff (width X length; 11X 85 cm,
SC10™, Hokanson, Inc., WA, USA). All exercise training
was performed under supervision.

We also confirmed that none of our participants experi-
enced any excess discomfort and pain throughout the train-
ing period, which could have led to training interruption or
drop out.
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Cardiovascular outcomes
Macrovascular function measurement

As an indicator of arterial stiffness, haPWV was measured
using a commercial vascular screening system (Vasera-1000;
Fukuda-Denshi, Co. Ltd., Japan) (Spronck et al. 2022). The
VaSera device calculates haPWV using the equation: dis-
tance/pulse transit time. Distance was measured between
the left sternal border (in the second intercostal space) and
the center of the cuff applied to the ankle. To calculate pulse
transit time as the sum of the time interval between the S2
heart sound on phonocardiogram and the dicrotic notch of
the brachial pulse wave was recorded, and time interval
between the foot of the brachial pressure wave to the foot
of the ankle pressure wave. The difference between these
time intervals yields the time required for pulse waves to
travel from the heart (aortic orifice) to the ankle. During
pulse wave measurements, a low cuff pressure from 30 to
50 mm Hg was used to minimize the effect of cuff pressure
on hemodynamics. Thereafter and using the same device,
upper arm and ankle BP (oscillometric method), and HR
(electrocardiography) were measured.

Microvascular function measurement

Microvascular function was quantified as the reperfusion
rate of the medial gastrocnemius after occlusion. Following
haPWV and BP measurements, local tissue oxygenation pro-
files at the calf muscles were measured using NIRS (BOM-
L1TRW; OmegaWave, Tokyo, Japan). This instrument uses
three laser-diodes (780, 810, and 830 nm) and calculates
the relative tissue levels of oxygenated and deoxygenated
hemoglobin according to the modified Beer-Lambert law
(Horiuchi and Stoner 2021, 2022). Given that large vessels
(> 1 mm diameter) contain sufficient hemoglobin to maxi-
mally absorb near-infrared light, the NIRS signals reflect
changes in light absorption caused by hemoglobin in the
small arterioles, capillaries, and venules (Mancini et al.
1994). To guide accurate placement, the NIRS optodes were
placed on the calf muscles after carefully examining the tar-
get muscle using Doppler ultrasound (Logic-e; GE Health-
care, Tokyo, Japan). The NIRS probe was placed unilaterally
along the vertical plane of the central belly of the medial
gastrocnemius at the position of maximum circumference.
The location was marked, and between visits participants
were asked to re-mark themselves each day to ensure identi-
cal site placement. To eliminate the effects of adipose tis-
sue thickness on NIRS signals, adipose tissue and muscle
thickness of calf muscle were also measured using Doppler
ultrasound (Logic-e; GE Healthcare, Tokyo, Japan) for all
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participants. It is known that the measurement depth of the
near-infrared signal is about half of the distance between
the two fiber optic bundles that are placed over the skin,
one comprising the light source and the other the detec-
tor (Patterson et al. 1989). With this in mind, a distance
of 4 cm between probes was used, which would provide a
NIRS signal traversing approximately 20 mm. Therefore,
when NIRS probes were placed over the skin of each muscle,
the near-infrared light was transmitted to the desired muscle
bed (Patterson et al. 1989).

Microvascular function was quantified as area under the
curve (AUC; units: %es) of the medial gastrocnemius tis-
sue oxygen saturation (StO,) (Horiuchi and Okita 2020;
Horiuchi and Stoner 2022; Soares and Murias 2018; Soares
et al. 2017). Reactive hyperemia was induced by inflating a
custom-built tourniquet reformed by a commercial device
(Oscar 2 Ambulatory Blood Pressure Monitor; SunTech
Medical, Inc., NC, USA) wrapped around the thigh to
220 mmHg for 5 min (Horiuchi and Stoner 2022). The same
cuff (SCIOTM, Hokanson, Inc., WA, USA) used for exercise
training was adopted for this evaluation. Measurements
were made in duplicate, separated by 10 min, and the mean
value was calculated. We confirmed that the resting baseline
(pre-occlusion) value was apparent prior to initiation of the
subsequent trial (Horiuchi and Okita 2020; Horiuchi and
Stoner 2022). Total hemoglobin was calculated as the sum
of oxygenated and deoxygenated hemoglobin. Next, StO,
was calculated by dividing the oxygenated hemoglobin by
the total hemoglobin (represented as a percentage) and used
for further analysis (Horiuchi and Okita 2020; Horiuchi and
Stoner 2022).

Sample size

As there is no consensus regarding how BFR training
impacts vascular function, sample size calculation was based
on muscle strength, for which we could obtain comparable
effects of BFR training for effect size estimation. A pre-
vious study reported that 10 weeks of low-intensity resist-
ance training with BFR (twice per week) increased muscle
strength by ~20% (Madarame et al. 2008). To detect a ben-
eficial (or detrimental) effect at 90% statistical power with
the maximum chances of a type-I error controlled at 5%,
approximately 7 participants were required for each group.
We recruited 12 participants for each group to mitigate the
possible risk of drop-out during the exercise training period.

Statistical analyses

Statistical analyses were performed using the R program-
ming language (RKWard, version 0.7.2). Only participants
who had complete data for the primary outcomes were

included in the analyses. Raw data are presented as mean
[standard deviation, SD], and mixed model data are pre-
sented as mean (95% confidential interval: [95%CI]) and
standard error. The corresponding author had full access to
the data in the study and was responsible for the integrity of
the data set and the data analyses. The o level was set a priori
for main effects at 0.05, and for interaction effects at 0.10.
Model assumptions were tested using Q—Q plots to diagnose
normal distribution, and by plotting residual against fitted
values to inspect bias.

An unpaired ¢ test was used to compare the total exercise
training workload between HLRT and BFR. The effects of
time (pre vs post) and condition (HLRT vs. BRF) on haPWV
and StO, AUC were analyzed using linear mixed models,
with subject (intercept) specified as a random effect and time
(slope), and condition specified as fixed effects. To limit
within-subject variance, the models were adjusted for base-
line values as specified by Kenward and Roger (Kenward and
Roger 2010). Baseline differences between HLRT and BFR
were compared using Student’s unpaired ¢ test. Effect size
(ES) was calculated according to Cohen’s d levels, defined as
a trivial (<0.2), small (0.2), moderate (0.5), and large (0.8)
(Hopkins et al. 2009). For the mixed models, Cohen’s d was
calculated as the effect p divided by SD.

Results
Participants

We recruited 24 young men for the study, of which 12 were
randomized to BFR (age: 22 [SD: 2] years, body mass index:
21.7[1.1] kg'(mz)_]) and 12 to HLRT (22 [SD: 2] years,
and 21.6 [1.1] kg (m?)~!. All participants successfully com-
pleted both experimental trials, with no missing data.

Exercise training workload

Total training volumes of knee extension were 1396 + 143 kg
for HLRT and 1451 + 158 kg for BFR with no difference
between the two groups (P=0.38). Similarly, those of leg
press were 2892 +316 kg for HLRT and 2979 +401 kg for
BFR with no difference between the two groups (P =0.56).

Physical characteristics

Baseline calf adipose tissue (HLRT: 4.8 [0.6] mm vs. BFR:
5.0 [0.8] mm, P> 0.05) and muscle thickness (HLRT: 18.2
[1.3] mm vs. BFR: 17.7 [1.6] mm, P >0.05) were not signifi-
cantly different between groups. Changes in body composi-
tion and muscle strength at each timepoint are reported in
Table 1. There were non-significant interaction and condi-
tion effects for all variables, but there were moderate-large

@ Springer



2184

European Journal of Applied Physiology (2023) 123:2179-2189

Table 1 Changes in physical characteristics and muscle strength during 4 weeks of high-load resistance training (HLRT) and low-intensity
resistance with blood flow restriction training (BFR) (n=12 for each group)

Time course

Linear mixed model results

Pre 2 weeks 4 weeks Interaction  Time Condition

Body weight, kg HLRT 64.6+6.7 64.8+6.8 65.0+6.7 B —0.02 034 -0.13
BFR 64.3+6.4 64.6+6.5 64.5+6.7 P 0.81 <.001 0.37

ES - 0.04 070 -0.14

BMI, kg (m?)~! HLRT 21.6+1.2 21712 21.7+1.2 B —0.01 0.11 —0.05
BFR 21.7+1.1 21.8+1.1 21.8+1.2 P 0.82 <.001 0.30

ES - 0.04 069 -0.14

Circumference, cm  HLRT 51.3+2.2 51.6+2.1 52.0+2.2 B —0.07 0.68 -0.10
BFR 51.0+2.7 51.3+2.8 51.7+2.7 P 0.36 <.001 0.65

ES -0.14 1.50 -0.11

Knee extension, kg HLRT 62.0+6.4 66.4+6.1 71.1+£6.5 B —0.60 8.61 —0.81
BFR 60.4+6.6 64.4+6.0 68.7+4.9 P 0.34 <.001 0.72

ES -0.15 259  -0.12

Leg press, kg HLRT 129+14.1 140+13.9 147+13.5 5 —-2.83 16.25 —3.67
BFR 124 +16.7 152+15.3 139+13.9 P 0.052 <.001 0.22

ES - 031 209 -0.24

Values are mean =+ standard deviation (SD). BMI body mass index; ES effect size. Circumference indicates thigh circumference

Table 2 Changes in central hemodynamic variables and arterial stiffness indices during 4 weeks of the HLRT and the BFR groups (n=12 for

each group)

Time course

Linear mixed model results

Pre 2 weeks 4 weeks Interaction Time Condition
MAP, mmHg  HLRT  84+2 85+2 84+2 g - 025 -036 —-0.55
BFR 84+3 84+2 83+3 P 0.60 0.045 0.76
ES —0.08 -0.15 —0.11
HR, bpm HLRT 63+5 63+6 63+6 g -0.14 0.71 -0.42
BFR 65+8 65+8 65+7 P 0.74 0.20 0.88
ES —0.05 0.25 -0.07

Values are mean +SD. MAP mean arterial pressure; HR heart rate; bpm beats per minute

time effects for all variables, including a 14% increase
(A8.6 kg, 95% CI 7.6-9.6) in knee extension 1-RM, a 13%
(A16.3 kg, 95% CI 14.0-18.5) increase in leg press strength
1-RM, and a 1.3% (A0.7 cm, 95% CI 0.5-0.8) in thigh
circumference.

Cardiovascular outcomes

Cardiovascular outcomes are reported in Table 2. The
interaction effect for mean arterial pressure (MAP,
P=0.763) and HR (P =0.884) were both non-signif-
icant. MAP did not significantly differ by condition
(A —0.3 mmHg, 95%%CI — 1.2 to 0.7) but there was
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a negligible, significant decrease of 1% with time (A
-0.4 mmHg, 95%%CI — 1.1 to 0.4, ES=0.2). For HR,
both the condition and time effects were non-significant.
The haPWV and StO, AUC data are reported in Figs. 2
and 3. There was a marginal interaction effect (P =0.087)
for haPWV. The haPWV slightly decreased by 5% (A
-0.32m s}, 95%CI — 0.51 to — 11.8, ES =0.50) for BFR
and increased by 1% (A—0.03 mm s71, 95%CI — 0.17 to
0.23 ES =—- 0.05) for HLRT (Fig. 2). There was a sig-
nificant interaction effect for StO, AUC (P =0.013),
which increased by 16.6% (A159% s, 95%CI 108-209,
ES=0.93) and 4.9% (A47.5%"s, 95%CI — 3.07 to 98.1,
ES =0.23) for BFR and HLRT, respectively (Fig. 3).
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Interaction: B =-0.29 (95%CI: -0.56 to -0.01)
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Fig.2 Heart-ankle pulse wave velocity (haPWV) response to
4 weeks of exercise training: (i) high-load resistance training (HLRT)
or (ii) low-intensity resistance training with blood flow restric-
tion (BFR). (n=12 for each group, data points=72=12 partici-
pants X 2 groups X 3 measurement points). In the line graph, data are
mean + standard error of the mean (SE). ES effect size. Circles indi-
cate individual data

Interaction: B =111 (95%CI: 39.7 to 183)

BFR: B =159 (95%CI: 108 to 209)
HLRT: B = 47.5 (95%Cl: 3.07 to 98.1)
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Fig.3 Area under the curve (AUC) of tissue oxygen saturation
(StO,) to 4 weeks of exercise training: (i) high-load resistance train-
ing (HLRT) or (ii) low-intensity resistance training with blood flow
restriction (BFR). (n=12 for each group, data points=72=12 par-
ticipants X2 groups X3 measurement points). In the line graph, data
are mean + standard error of the mean (SE). ES effect size. Circles
indicate individual data

Discussion

Macrovascular function (haPWV) improved by 5% follow-
ing BFR, but did not significantly change following HLRT.
Additionally, microvascular function StO, AUC improved
for both BFR and HLRT, but significantly more so for
BFR (17%) compared to HLRT (5%). Collectively, these
findings suggest that, at least in young, healthy men, BFR
may improve macro- and microvascular function compared
to HLRT.

Macrovascular function

In the present study, we found that BFR training led to
an improvement in macrovascular function, as quanti-
fied by a decrease in haPWV (A —0.32 m s~!, ES=0.50)
for BFR, whereas no such change resulted from HLRT
(A=0.03 ~!, ES = — 0.05). While the stimuli for macro-
vascular adaptations are multi-factorial, it is thought that
the major stimulus for macrovascular improvements is
shear stress (Cunningham and Gotlieb 2005; Zhou et al.
2014). Hypothetically, restricting blood flow to the lower
limbs induces metabolite accumulation, thereby stimu-
lating local vasodilation and a sustained post-exercise
increases in blood flow-induced shear stress (Kooijman
et al. 2008), which is shown as a hypothetical illustration
(Fig. 4). In support, low-intensity exercise training with
BFR decrease leg (femoral-tibial)- but not arm (carotid-
radial) or central (carotid-femoral)- PWV (Karabulut et al.
2020). Nonetheless, our choice to evaluate macrovascular
function with only haPWV should be further discussed.
Different segments used in PWV measurements represent
varying degrees of contributions from central elastic arter-
ies and peripheral muscular arteries (Kim et al. 2018). Ide-
ally, macrovascular function should be evaluated at central
arteries such as carotid—femoral, heart-carotid, or heart-
femoral PWV. The device used in the present study evalu-
ates haPWV and brachial-ankle (ba)PWYV, and both indices
include the central aorta and peripheral muscular arteries.
However, anatomically, haPWYV is a direct combination of
these arteries, while baPW'V is not a simple unidirectional
pathway for arterial pulse waves, resulting in the potential
loss of some segments of central and peripheral arteries
may be lost (Kim et al. 2018). Moreover, previous studies
found less variability in haPWV than baPWV measure-
ments when measured simultaneously (Liao et al. 2016;
Lin et al. 2012). Although future studies measuring vari-
ous segments of PWV may be required, especially, central
artery only, the current findings clearly demonstrated that
BFR may have a positive effect on macrovascular func-
tion. With respect to HLRT, it is possible that while this
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Fig.4 A hypothetical illustra-
tion which explains hemody-
namic at rest during exercise,
and after exercise with BFR. BP
blood pressure

Tourniquet

Thigh muscle /V/

Blood flow 1

Vascular conductance 1

condition likely induced a greater blood-flow-induced
shear stress response during the exercise bout, there would
have been a lesser post-exercise hyperemic response, i.e.,
less of a sustained increase in shear stress.

Microvascular function

In the present study, improvements in macrovascular func-
tion, as quantified by StO, AUC, occurred within both
the BFR (A159%-s, ES=0.93) and HLRT (A47.5%"s,
ES =0.23) groups, but greater improvements resulted from
BFR training. This improvement in microvascular function
post-BFR training is intuitive, as the stimuli for microvas-
cular adaptations include hypoxia, increased myocellular
metabolism, shear stress, and/or dynamic stretching of the
vascular wall (Egginton 2009), all of which can be expected
after ischemic exercise. The current literature appears to sup-
port the hypothesis that BFR leads to greater hypoxia relative
to exercise without occlusion, and therefore a more robust
stimulus for angiogenesis; one study has shown an acute
angiogenic signaling response (i.e., increases in endothelial
nitric oxide synthase, vascular endothelial growth factor, and
hypoxia-inducible factor 1o« mRNA expression) to low-load
BFR training (Ferguson et al. 2018). Another study showed
that short-term BFR training of the calves enhanced calf
filtration capacity, which could be due to increased capil-
larization (Evans et al. 2010; Hunt et al. 2013). Therefore,
we theorize that hypoxia resulted in angiogenesis post-BFR,
leading to a greater StO, AUC.
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Clinical implications

The aim of this study was to progress the current literature
pertaining to the impacts of BFR training on vascular func-
tion, as there is currently no clear consensus on the safety
and efficacy of this modality. We aimed to assess vascular
function more comprehensively by including measurements
of both macro- and microvascular function. Contrary to a
previous study (Credeur et al. 2010), we found that BFR
training yielded improvements in both measurements. While
we cannot fully ascertain the physiological mechanisms
explaining these results, these preliminary findings do sug-
gest that BFR is more effective than HLRT (and further-
more, safe) in the short-term.

It remains unknown whether BFR training is safe in the
long-term, or if it is the optimal long-term modality for gain-
ing strength. Therefore, BFR cannot currently be recom-
mended as the sole optimal training modality for all popu-
lations. However, it may be efficacious in the rehabilitation
process, or for previously untrained individuals, and those
with orthopedic complications. Future studies should inves-
tigate the long-term impact of this training in such popula-
tions, to ensure these benefits remain consistent.

Limitations and strengths
First, we recruited only male participants, and thus,

our results cannot be currently applied to women.
Although future studies may be needed, a previous study
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demonstrated that post exercise-induced hyperemia with
blood flow restriction does not differ between the sexes
(Dankel et al. 2017). Second, we measured adipose tissue
thickness (ATT) of calf muscle at only pre-training, and
did not assess at 2- and 4- weeks of the training period.
Moreover, we did not perform a correction that was previ-
ously used as a phantom model (Lin et al. 2000). Thus,
we cannot completely rule out the effects of ATT, particu-
larly resistance training-induced changes in ATT. How-
ever, the aim of this measurement was simply to confirm
any differences in ATT between the two groups. Also, the
exercise training protocol consisted of knee extension and
leg press which mainly recruit thigh muscles. Addition-
ally, while static StO, values may be influenced by ATT,
dynamic changes in StO, during the hypermic phase after
cuff deflation should not be affected by ATT, as changes
in StO, are independent of absolute values (Bopp et al.
2011, 2014). Thus, our results may not be strongly affected
by ATT. Third, we did not change training load through-
out the 4-weeks training period. Thus, it may be possible
that relative exercise load was different across the par-
ticipants (i.e., during the latter 2 weeks period). However,
improvements in knee extension and leg press strength
from baseline to the 2-week time point were not markedly
different between the groups (approximately 7% for each
group, Table 1). Finally, while the applied occlusive pres-
sure was 130% that of systolic blood pressure, we did not
confirm that blood flow was ablated. Similarly, as we did
not measure heart rate and blood pressure during exercise,
we are unable to ascertain whether the BFR induced a
pressor reflex.

Conclusion

Prior to the current study, the effect of BFR training on
macro- and microvascular function was unknown, with
mixed meta-analytic findings. The present study fills this
gap in the knowledge by demonstrating that low-intensity
resistance training with BFR may improve macrovascular
(haPWV) and microvascular function (StO, responses). In
contrast, high-intensity resistance training without BFR did
not affect the vascular function of healthy young men. Both
training modalities significantly increased muscle strength,
with no differences between the groups. These data support
the notion that short-term local resistance training with BFR
may improve macro- and microvascular function, at least, in
the downstream vasculature of the healthy male population
in this study.
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