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Background: Blood flow restriction (BFR) training is becoming a popular form of exercise. Walking exercise in combination with
pressurized wide-rigid (WR) cuffs elicits higher cardiac workload and a vascular dysfunction due presumably to reperfusion injury
to the endothelium. In contrast, narrow-elastic (NE) BFR bands may elicit different hemodynamic effects. Therefore, we compared
the acute cardiovascular responses to two distinct forms of BFR training during light-intensity exercise. Methods and Results: 15
young healthy participants (M=9, F=6) performed 5 bouts of 2-minute walking intervals at 0.9 m/s with a 1-minute rest and
deflation period with either WR, NE, or no bands placed on upper thighs. Cuff pressure was inflated to 160 mmHg in WR cuffs and
300 mmHg in NE bands while no cuffs were used for the control. Increases in heart rate and arterial blood pressure were greater
(p<0.05) in the WR than the NE and control conditions. Double product increased to a greater extent in the WR than in the NE and
control conditions. Increases in perceived exertion and blood lactate concentration were greater (p<0.05) in the WR compared
with the NE and control conditions (p<0.05), while no differences emerged between the NE and control conditions. There were no
changes in arterial stiffness or brachial artery flow-mediated dilation after all three trials. Conclusion: Use of wide-rigid BFR cuffs
resulted in a marked increase in blood pressure and myocardial oxygen demand compared with narrow-elastic BFR bands,
suggesting that narrow-elastic bands present a safer alternative for at-risk populations to perform BFR exercise. Clinical Trial
Registration: This study was registered in the Clinicaltrials.gov (NCT03540147).

Contribution to the field

Attached please find our manuscript entitled “Walking with leg blood flow restriction: Wide-rigid cuffs vs. narrow-elastic bands”
submitted to the Journal of the American Heart Association. This manuscript represents results of original work that have not
been published elsewhere (except as an abstract in conference proceedings). This manuscript has not and will not be submitted for
publication elsewhere until a decision is made regarding its acceptability for publication in the Journal of the American Heart
Association. If accepted for publication, it will not be published elsewhere. Over the past two decades, blood flow restriction (BFR)
training has increased in popularity among athletes and has been increasingly prescribed to older patients with cardiovascular
diseases. Concern has been raised over the use of BFR in at-risk populations. One such complication could be an augmentation of the
exercise pressor reflex, which is exaggerated in certain at-risk populations. We found that use of wide-rigid BFR cuffs resulted in
a marked increase in blood pressure and myocardial oxygen demand compared with narrow-elastic BFR bands, suggesting that
narrow-elastic bands present a safer alternative for at-risk populations to perform BFR exercise.
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Background: Blood flow restriction (BFR) training is becoming a popular form of exercise. Walking
exercise in combination with pressurized wide-rigid (WR) cuffs elicits higher cardiac workload and a
vascular dysfunction due presumably to reperfusion injury to the endothelium. In contrast, narrow-
elastic (NE) BFR bands may elicit different hemodynamic effects. Therefore, we compared the acute
cardiovascular responses to two distinct forms of BFR training during light-intensity exercise.
Methods and Results: 15 young healthy participants (M=9, F=6) performed 5 bouts of 2-minute
walking intervals at 0.9 m/s with a 1-minute rest and deflation period with either WR, NE, or no
bands placed on upper thighs. Cuff pressure was inflated to 160 mmHg in WR cuffs and 300 mmHg
in NE bands while no cuffs were used for the control. Increases in heart rate and arterial blood
pressure were greater (p<0.05) in the WR than the NE and control conditions. Double product
increased to a greater extent in the WR than in the NE and control conditions. Increases in perceived
exertion and blood lactate concentration were greater (p<0.05) in the WR compared with the NE and
control conditions (p<0.05), while no differences emerged between the NE and control conditions.
There were no changes in arterial stiffness or brachial artery flow-mediated dilation after all three
trials. Conclusion: Use of wide-rigid BFR cuffs resulted in a marked increase in blood pressure and
myocardial oxygen demand compared with narrow-elastic BFR bands, suggesting that narrow-elastic
bands present a safer alternative for at-risk populations to perform BFR exercise. Clinical Trial
Registration: This study was registered in the Clinicaltrials.gov (NCT03540147).

1 Introduction

Over the past two decades, blood flow restriction (BFR) training has increased in popularity
among athletes, researchers, and physical therapists (1). During this form of training, users place
pressurized cuffs/bands or non-pressurized straps/wraps on the most proximal portion of the limb in
order to restrict venous blood flow while maintaining varying degrees of arterial inflow (2). The
restriction of venous blood flow while performing light-weight exercises leads to venous pooling and
local metabolic changes that together stimulate systemic adaptations similar to those achieved with
heavy exercise (3, 4). Since BFR used in combination with low-intensity walking exercise can confer
significant improvements in muscle strength and hypertrophy (3, 5), there is great potential for use
with clinical populations for fitness and rehabilitation.

Concern has been raised over the use of BFR in at-risk populations (e.g., hypertensive, obese,
atherosclerotic) due to the potential for deep vein thrombosis, rhabdomyolysis, pulmonary emboli (6,
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Hemodynamics with Different BFR Bands

7) and other serious complications associated with occluding arterial flow and performing skeletal
muscle contractions. One such complication could be an augmentation of the exercise pressor reflex,
which is exaggerated in certain at-risk populations (8), and is normally elicited during exercise by the
stimulation of group III and IV afferents (local mechano- and metaboreceptors), resulting in a
sympathetically-mediated elevation in blood pressure and heart rate. Since BFR training leads to an
accumulation of metabolites and exerts high pressures on blood vessels and contracting muscle
tissue, it seems likely to elicit an exaggerated blood pressure response (9). Indeed, wide-rigid BFR
cuffs can cause painful compression of tissues, increases in systemic vascular resistance, acute
vascular dysfunction, and increased myocardial demand even at low exercise intensities (10, 11).

However, a multitude of Japanese athletes, seniors, clinicians, and trainers have been using
BFR in the form of Kaatsu for over 30 years with an extremely low incidence of serious
complications (6, 7). The more recent findings and resulting concerns may be due to a shift from the
original narrow-elastic design present in the Kaatsu bands to wide-rigid nylon cuffs adapted from
surgical tourniquets and blood pressure cuffs. The wide-rigid cuffs are easily available, but have the
potential to inhibit the expansion of muscle upon increased blood flow accompanying exercise and
muscle contraction while the narrow-elastic bands do not prevent the expansion.

To elucidate the potentially differing effects of these two distinct forms of BFR, we assessed
the acute hemodynamic responses of fifteen young healthy individuals during low-intensity walking
exercise while using wide-rigid cuffs or narrow-elastic bands. We hypothesized that the wide-rigid
cuffs would elicit greater pressor responses and myocardial oxygen demand compared with the
narrow-elastic bands during light-intensity aerobic exercise. Additionally, we hypothesized that
systemic endothelial function and arterial stiffness will not be affected by an acute bout of BFR
walking exercise, regardless of cuff type. If discovered that the narrow-elastic bands do not elicit the
same heightened blood pressure responses to BFR, they may present a safer alternative for at-risk
populations predisposed to exhibit exaggerated hemodynamic responses during exercise. We studied
young healthy adults as they are the biggest users of BFR and to first determine whether the
hemodynamic responses observed were within safe ranges before extending the studies to more
vulnerable populations.

BFR using wide-rigid cuffs may induce an ischemia-reperfusion injury to the distal vessels
upon the release of ischemia (10). One of the hallmark features of the ischemia-reperfusion injury is
endothelial dysfunction leading to arterial stiffening. These vascular changes induced by the BFR
exercise could be unfavorable or even detrimental to those with compromised cardiovascular
conditions. Indeed our previous investigation (10) found a reduction in popliteal FMD after
performing submaximal walking bouts with wide-rigid cuffs placed on thighs. Accordingly, we
determined whether this effect was systemic in nature or localized to the occluded artery by assessing
brachial endothelial function after the BFR exercise with cuffs placed on thighs.

2 Methods

2.1 Participants

A total of 15 young healthy sedentary and recreationally active adults (9 males and 6 females)
between the ages of 18 and 35 years participated in this study. Exclusion criteria for participation,
assessed via medical history questionnaire, included (1) uncontrolled hypertension; (2) smoking within
the last 6 months; (3) a history of heart disease, kidney disease, peripheral artery disease, and other
known cardiovascular issues; (4) obesity as defined by a body mass index (BMI) >30 kg/m?; (5) a
history of diabetes or other metabolic dysfunction; (6) major operations within the last 6 months; (7)
advised to avoid exercise by a physician; (8) part of a vulnerable population (unable to consent,
pregnant women, osteoporotic, etc.): or (9) currently performing BFR training. All participants
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Hemodynamics with Different BFR Bands

submitted their written informed consent prior to participation. The Institutional Review Board
reviewed and approved this study.

2.2 Procedures

Participants visited the laboratory on 2 separate occasions for 2 hours per visit. During the first visit,
anthropometric measures of height, body weight, and body fatness were taken. Body fatness was
estimated using the 7-site skinfold technique with Lange skinfold calipers (Beta Technology, Santa
Cruz, CA). Participants fasted for at least 8 hours, did not consume alcohol or caffeine for 12 hours,
and abstained from strenuous exercise for 24 hours prior to each experimental session.

After 20 minutes of supine rest in a quiet, temperature-controlled room (23-27°C), baseline
measurements, including heart rate, blood pressure using an automated sphygmomanometer, arterial
stiffness using a pulse-wave velocity index, and brachial endothelial function via flow-mediated
dilation, were conducted. After undergoing baseline measurements, each participant performed one of
three randomly-assigned walking exercise conditions; walking with pressurized wide-rigid cuffs (WR),
walking with pressurized narrow-elastic bands (NE), or walking without cuffs/bands (control).
Cuffs/bands were placed on both legs and subsequently inflated when performing one of the BFR
conditions while no cuffs were used when performing the control. In men, visits were separated by at
least three days. In women, visits were scheduled ~ 1 month apart during the early follicular phase of
the menstrual cycle approximately 1-5 days following the start of menstruation. All participants
performed the three conditions in a randomized order on three separate days. In addition to taking
plasma lactate samples immediately before and after exercise, we assessed RPE before, mid-way
through, and after exercise. During the exercise, we recorded beat-by-beat blood pressure and heart
rate continuously via finger plethysmography. Once the participant completed the exercise, measures
of vascular functions were repeated within a 15-minute period and then one hour after the completion
of the exercise.

2.3 Measurements

Heart rate at rest, brachial blood pressure, and arterial stiffness as assessed by cardio-ankle
vascular index (CAVI) were measured in the supine position using the automated vascular screen
device (VaSera, Fakuda Denshi, Tokyo, Japan) as previously described (12).

Flow-mediated dilation (FMD), a measure of vascular endothelium-dependent vasodilation was
assessed using a semi-automated diagnostic ultrasound system with a semi-automated probe, which
self-adjusts to provide clear images of the intimal layer for baseline artery diameter measurements (EF-
38G, UNEX corporation, Nagoya, Japan) (13). While participants rested in the supine position, a
pneumatic cuff was placed on the right forearm. Then cross-sectional and longitudinal images of the
brachial artery were acquired 6-8 cm proximal to the cuff. In order to occlude blood flow, the cuff was
subsequently inflated to 50 mmHg above resting systolic blood pressure for a period of five minutes.
Upon cuff deflation, blood flow velocity and artery diameter were measured for an additional two
minutes.

Blood lactate concentration was measured immediately before and between 90 and 120 seconds
after the walking protocol. Using disposable lancets, we punctured the finger-tip and collected a blood
droplet on a disposable lactate test-strip. We did not warm the fingers prior to the finger-prick as it was
not necessary for this population. All blood samples were analyzed using a portable lactometer
(LactatePro, Arkray; Kyoto, Japan).

Ratings of perceived exertion were assessed before, during, and after the walking protocol.
Participants were familiarized with the scale prior to the beginning of the test and asked to score their
perceived exertion using the original Borg scale.
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In order to record hemodynamics during the walking protocol, beat-to-beat arterial blood
pressure waveforms were continuously measured via finger plethysmography (Portapres Model 2,
TNO TPD Biomedical Instruments, Netherlands) placed on the middle finger of the left hand of each
participant. Following standard procedure in order to control for potential changes in hydrostatic
pressure due to variable hand position, participants were instructed to keep the left hand at heart level
during the entirety of the exercise session. The participant’s right hand was free to move in a normal
walking fashion or to stabilize themselves during a trip or fall. Heart rate was calculated from the finger
blood pressure waveform using the validated model-flow method (BeatScope 1.0 software, TNO TPD
Biomedical Instrumentation, Amsterdam, The Netherlands). Double product, an index of myocardial
oxygen demand, was calculated by systolic blood pressure x heart rate. The hemodynamic values
represent the average values during the 2-minute walking bout, excluding the 1-minute rest interval.

2.4 Exercise Protocol

The walking exercise test consisted of five bouts of 2-minute walking intervals at 0.9 m/s with
a 1-minute rest and deflation period between each bout with either wide-rigid cuffs, narrow-elastic
bands, or no cuffs placed on the upper thighs (10, 11, 14). The chosen treadmill speed has been used
in previous investigations in our laboratory as a means to evoke a submaximal effort, and is a typical
speed used during cardiac rehabilitation programs (10, 11, 14). We used two commercially-available
cuffs as representatives of wide-rigid cuffs and narrow-elastic bands. For the wide-rigid cuff condition,
we used wide rapid-inflation pneumatic tourniquets (Hokanson, CC17, Bellevue, WA; 18 cm wide x
108 cm long). We used a one-size-fits-all thigh-cuff typically used by people performing lower limb
BFR, and did not observe any differences in responses between smaller and larger participants. For the
narrow-elastic band condition, we used pneumatically-controlled BFR leg bands (BStrong, Park City,
UT; 5 cm wide x 50 cm long). Following previous protocols (10, 14), and in order to familiarize the
participant with the wide-rigid cuff, we initially inflated the cuff'to 120 mmHg for 30 seconds, released
it for 10 seconds, re-inflated to 140 mmHg for 30 seconds, released for 10 seconds, and then re-inflated
to the final pressure of 160 mmHg. Standing baseline heart rate and blood pressure was recorded via
finger plethysmography for 1-minute before beginning the walking exercise. For the narrow-elastic
condition, we gradually inflated the bands to 300 mmHg, which is the recommended and commonly-
used pressure for leg BFR according to the company supplying the equipment. These same standard
pressures were used for all individuals for comparative purposes. Once the desired pressure was
reached, the participants began the walking exercise. After completion of each 2-minute bout, we
rapidly deflated both cuffs for 1-minute before the next bout. After the fifth bout, we continued
recording blood pressure and heart rate for one additional minute. In the control session, participants
performed the same exercise protocol without the application or inflation of either cuff.

2.5 Statistical Analyses

Parametric statistics were used as the data were normally distributed as determined by a
Levene’s test. Since baseline measures for systemic hemodynamics were not different, one-way
repeated measures ANOVA was used to identify significant effects across the three conditions. For
ratings of perceived exertion, blood lactate, CAVI, and flow-mediated dilation, two-way repeated
measures ANOVA was used. After determining whether significant main effects or interactions
(p<0.05) were present, we ran post-hoc multiple comparison t-tests (p<0.05) using a Bonferroni
correction to identify the significant differences between conditions. Data are presented as
means+SEM unless stated otherwise.

3 Results
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Selected participant characteristics are presented in Table 1. Participants were young, healthy, and
exhibited normal body weight and composition. Absolute values for selected hemodynamic variables
before and during each 2-minute walking bout are presented in Table 2. Changes in arterial blood
pressure from baseline during each 2-minute walking bout are presented in Figure 1. At baseline, no
differences existed in any of the variables between the three conditions. Increases in blood pressure
were greater (p<0.05) in the wide-rigid cuff condition than the narrow-elastic band and control
conditions while increases in systolic and mean arterial blood pressure were greater in the control
compared with the narrow-elastic condition (p<0.05). As presented in Figure 2, increases in double
product were greater (p<0.05) in the wide-rigid cuff condition than the narrow-elastic band and
control conditions and increases were greater in the control compared with the narrow-elastic
condition (p<0.05). Increases in heart rate were greater (p<0.05) in the wide-rigid condition than the
narrow-elastic and control conditions and were not different between the narrow-elastic condition
and control (p>0.05). Blood lactate concentrations measured before and immediately after walking
are presented in Figure 3. Increases in blood lactate concentrations were greater (p<0.05) in the wide-
rigid cuff condition than the narrow-elastic band and control conditions. As shown in Figure 4,
ratings of perceived exertion were greater (p<0.05) in the wide-rigid condition than the control
condition immediately post-exercise. Cardio-ankle vascular index (CAVI) and flow-mediated
dilation (FMD) did not change across all three conditions (Figure 5).

4 Discussions

The present study aimed to evaluate hemodynamic responses between two distinct forms of
BFR training commonly used by trainers, physical therapists, and researchers. In agreement with
previous investigations (10, 11), the use of wide-rigid BFR cuffs elicited markedly increased blood
pressure responses and heightened myocardial oxygen demands during light intensity walking
compared with the narrow-elastic bands and control conditions. In contrast, the use of narrow-elastic
bands did not elicit increased hemodynamic responses compared to control, suggesting that narrow-
elastic BFR does not appear to pose additional risk to users than light-intensity walking without BFR.
In fact, systolic blood pressure, mean arterial blood pressure, and double product values were greater
in the control condition compared with the narrow-elastic condition. None of the conditions induced
acute measurable changes in cardio-ankle vascular indices or flow-mediated dilation, suggesting that
these forms of BFR do not promote systemic vascular dysfunction or arterial stiffening. These
findings are novel and suggest that narrow-elastic BFR may present a safe option for at-risk
populations to perform BFR as a mode of exercise and rehabilitation.

The mechanisms underlying the differing hemodynamic and metabolic responses to the two
forms of BFR exercise remain elusive and beyond the scope of this investigation as these variables
were not measured in the present study due to technical issues. However, it is clear that the width and
material of the cuff have profound effects on systemic hemodynamics. This is likely due to varying
degrees of arterial occlusion and compression of muscle tissue leading to variable increases in blood
pressure, systemic vascular resistance, and local mechanoreceptor stimulation (2, 9). In particular, the
use of wide-rigid cuffs results in highly compressive forces over a large area of the limb, inhibiting
the muscle from expanding with an increase in blood flow accompanying exercise. In contrast, a
narrow-elastic design appears to minimize how much working muscle is compressed during repeated
muscle contractions, allowing the muscle to swell upon increased blood flow. This is evidenced by
the slight drop in diastolic blood pressure observed during the control and narrow-elastic conditions.



225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

Hemodynamics with Different BFR Bands

It appears that narrow-elastic BFR systems provide a wide range of pressures in which one can avoid
arterial occlusion, while sufficiently restricting venous outflow to create a disturbance of homeostasis
in working muscle. With wide-rigid BFR systems, due to the rigid outer material that cannot expand,
the cuff is not able to accommodate the increase in cross-sectional area when muscle contracts and
increases its cross-sectional area—pressures spike in the tissues contained by the cuff, arteries
become occluded, and veins remain closed. Thus, the wide-rigid BFR system stops functioning
correctly and complications like peripheral nerve injury, rhabdomyolysis, and deep venous thrombi
(DVT’s) become more likely.

The elastic nature of bands enables the distal portion of the muscle to force blood past the
intermittent venous blockade, minimizing the degree of pain, arterial occlusion, and mechanical
compression of tissues. Furthermore, since BFR can be equally effective at inducing hypertrophy and
strength gains at 40% and 90% arterial occlusion with the use of wide-rigid cuffs (15), the percent
arterial occlusion does not appear to be of primary concern for an effective BFR session. This is of
considerable importance given that an increase in systemic vascular resistance, which is elevated
when occluding any percentage of arterial inflow, leads to increases in blood pressure and heart rate
(9). In contrast, during aerobic exercise of varying intensities, systemic vascular resistance decreases
slightly due to a vasodilatory response in the working muscle to exercise (16). Therefore, the
observed increases in systemic vascular resistance during BFR (10, 17) are likely a result of the
mechanical constriction of muscle and other tissues beneath the cuff that functionally inhibits tissue
expansion and reduces the effect of the local vasodilatory response elicited during aerobic exercise.
When using narrow-elastic bands, this mechanically-mediated rise in systemic vascular resistance
appears to be absent as muscle contractions are able to intermittently pump blood past the venous
impediment and induce peripheral vasodilation. This is primarily evidenced by the considerable
increase in diastolic pressure while using the wide-rigid cuffs compared with the narrow-elastic and
control conditions. This suggests that the exercise pressor reflex only becomes exaggerated when
using wide-rigid cuffs at a commonly-used pressure of 160 mmHg, prompting the need for
individualized pressures and/or use of narrow-elastic bands with at-risk populations.

The lower systolic and mean blood pressure in the narrow elastic band condition compared
with the control condition that we observed in the present study is perplexing. In the present study,
heart rate was not different between the narrow-elastic band and the control conditions. Since
systolic blood pressure is driven by changes in stroke volume (18), it is possible that the narrow-
elastic band somehow facilitated venous blood pooling, which in turn reduced venous return, preload,
stroke volume resulting in lower systolic blood pressure. Indeed the previous investigation (10) found
that increases in stroke volume were attenuated in the BFR condition compared with the control.

In addition to exaggerated hemodynamic responses, the wide-rigid cuffs elicited significantly
higher ratings of perceived exertion and increases in plasma lactate concentrations. This suggests a
greater accumulation of metabolites in the muscle during the wide-rigid condition than the narrow-
elastic and control conditions given the same absolute workload. Although speculative, this could be
due to a greater degree of arterial impediment leading to more anaerobic metabolism, and more
venous blood pooling as the skeletal muscle pump is unable to push metabolite-rich blood past the
occluding cuff. This may be useful for healthy individuals performing low loads in a highly
controlled environment such as a physical therapist clinic. However, it also poses the risk of an
augmentation of the exercise pressor reflex, leading to unnecessary increases in blood pressure to
achieve the desired BFR stimulus.

In agreement with a past investigation (19), participants frequently complained of pain from
the compression of the cuff when using the wide-rigid cuffs while there were no complaints when
using the narrow-elastic bands. This may have confounded the ratings of perceived exertion seen in
the wide-rigid condition as pain can augment relative measures of effort during certain types of
exercise (20). However, pain also stimulates sympathetic activity, which could lead to an even
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greater augmentation of the exercise pressor reflex (9). Therefore, more investigation into the use of
narrow-elastic bands during intense exercise, and the subsequent increase in muscle pain is warranted
to determine the mechanism responsible for the differences observed.

In a previous study (10), walking in combination with wide-rigid cuffs acutely decreased
endothelial function as assessed via flow-mediated dilation of the popliteal artery. To determine
whether the acute endothelial dysfunction previously observed was localized to the vasculature that
was exposed to ischemia and reperfusion or a sign of systemic endothelial dysfunction, we measured
brachial artery diameter changes in response to post-occlusive reactive hyperemia. The flow-
mediated dilation values remained unchanged across all conditions and time points, suggesting that
the acute decrease in popliteal flow-mediated dilation previously observed was likely a consequence
of local ischemia-reperfusion injury to the vascular endothelium distal to the cuff, and not a drop in
systemic endothelial function.

There were several limitations to this study. As the purpose of this study was to acutely
determine the relative safety among different forms of BFR in young healthy individuals, there was
no measure of the degree of efficacy between cuffs. Additionally, the responses of young healthy
individuals do not necessarily translate to more vulnerable populations. Moreover, since this study
only assessed acute responses to walking exercise with BFR, we cannot definitely say whether these
responses would be the same for long-term aerobic or resistance training. Clearly, there is a need for
further research investigating the cardiovascular effects of various forms of BFR and exercise
protocols.

There are several opportunities to further elucidate the mechanisms for the observed responses
in the present study as well as the use of BFR in various populations and protocols. Firstly, as the
present study assessed differences between wide-rigid and narrow-elastic cuffs, further research
showing the potential differences between narrow-rigid and wide-elastic cuffs are needed to further
elucidate the cause of the increased pressor response. Although hemodynamic responses to various
forms of BFR have been investigated at rest (21), the same measures need to be conducted during
exercise. In addition, there is a need for more research on BFR as a rehabilitation tool for hypertensive
patients. Although several researchers have found evidence of an attenuation of hypertension after a
BFR training program (17, 22-24), more investigation into the precise mechanism as well as the use of
a variety of training protocols is necessary. There is a spectrum of BFR equipment that can elicit the
desired stimulus at various pressures and intensities (25), so individually determining the optimal type
of equipment and exercise protocols could provide opportunities for a wide range of the population to
use BFR. In conclusion, the main finding in the present study is that the use of wide-rigid BFR cuffs
elicited markedly increased pressor responses and a heightened myocardial oxygen demand during
low-intensity walking compared with the narrow-elastic bands or control. It appears that an
exaggerated blood pressure response should be expected when using wide-rigid BFR cuffs that increase
systemic vascular resistance by occluding arterial inflow, compressing tissues, and reducing the ability
of the skeletal muscle pump to function. Therefore, we conclude that wide-rigid cuffs may only be safe
within a narrow window of pressures and should be conducted in a setting in which continuous
hemodynamics are monitored. In contrast, the narrow-elastic bands do not seem to elicit an augmented
exercise pressor response compared to control. These findings suggest that at-risk populations can
perform BFR without fear of overt cardiovascular risk. By nature of its width and material, it is difficult
to minimize the risks associated with wide-rigid cuffs when occluding any amount of arterial blood
flow, and as such, it should be prescribed carefully.

5 Conflict of Interest

A potential conflict of interest was declared by Sten Stray-Gundersen, whose family members are
employed by BStrong™, Park City, Utah. For the remaining authors, none were declared. The results

7



321
322

323

324
325
326
327

328

329

330

331
332

333

334
335
336

337

338
339
340

341

342
343
344
345

346

347
348
349

350

351
352
353
354

355

Hemodynamics with Different BFR Bands

of the present study do not constitute endorsement by ACSM. The results of the study are presented
clearly, honestly, and without fabrication, falsification, or inappropriate data manipulation.

6 Author Contributions

SG was responsible for data collection, data analysis, authoring of the manuscript, and generation of
figures and tables. SW aided in data collection, data acquisition, and data analysis. HT was
responsible for study design, overseeing the entirety of the project, editing and reviewing the
manuscript, and provided final formatting of the document.

7 Funding
This study was not funded.
8 Acknowledgements

We would like to thank our undergraduate assistant, Chandler Nguyen, for his time and

contribution to the project.
9 References

1. Pope ZK, Willardson JM, Schoenfeld BJ. Exercise and blood flow restriction. J Strength Cond
Res. 2013 Oct;27(10):2914-26. Epub 2013/02/01. doi:10.1519/JSC.0b013e3182874721. Cited in:
Pubmed; PMID 23364292.

2. Loenneke JP, Thiebaud RS, Fahs CA, Rossow LM, Abe T, Bemben MG. Effect of cuff type on
arterial occlusion. Clin Physiol Funct Imaging. 2013 Jul;33(4):325-7. Epub 2013/05/23.
doi:10.1111/cpf.12035. Cited in: Pubmed; PMID 23692624.

3. Takarada Y, Takazawa H, Sato Y, Takebayashi S, Tanaka Y, Ishii N. Effects of resistance exercise
combined with moderate vascular occlusion on muscular function in humans. J Appl Physiol (1985).
2000 Jun;88(6):2097-106. Epub 2000/06/14. doi:10.1152/jappl.2000.88.6.2097. Cited in: Pubmed;
PMID 10846023.

4. Fujita T, Brechue WF, Kurita K, Sato Y, Abe T. Increased muscle volume and strength following
six days of low-intensity resistance training with restricted muscle blood flow. International Journal
of KAATSU Training Research. 2008;4(1):1-8. doi:10.3806/ijktr.4.1.

5. Abe T, Yasuda T, Midorikawa T, Sato Y, Kearns CF, Inoue K, Koizumi K, Ishii N. Skeletal
muscle size and circulating IGF-1 are increased after two weeks of twice daily
&ldquo;KAATSU&rdquo; resistance training. International Journal of KAATSU Training Research.
2005;1(1):6-12. doi:10.3806/ijktr.1.6.



356
357
358

359

360
361
362

363

364
365
366
367

368

369
370
371
372

373

374
375
376

377

378
379
380

381

382
383
384

385

386
387
388

389

390
391
392
393

Hemodynamics with Different BFR Bands

6. Nakajima T, Kurano M, lida H, Takano H, Oonuma H, Morita T, Meguro K, Sato Y, Nagata T,
Group KT. Use and safety of KAATSU training:Results of a national survey. International Journal of
KAATSU Training Research. 2006;2(1):5-13. doi:10.3806/ijktr.2.5.

7. Yasuda T, Meguro M, Sato Y, Nakajima T. Use and safety of KAATSU training: Results of a
national survey in 2016. International Journal of KAATSU Training Research. 2017 01/01;13:1-9.
doi:10.3806/ijktr.13.1.

8. Manisty CH, Francis DP. Increased mechanoreceptor/metaboreceptor stimulation explains the
exaggerated exercise pressor reflex seen in heart failure. J Appl Physiol (1985). 2007 Jan;102(1):501;
author reply 504-5. Epub 2007/01/30. doi:10.1152/japplphysiol.01247.2006. Cited in: Pubmed;
PMID 17260417.

9. Spranger MD, Krishnan AC, Levy PD, O'Leary DS, Smith SA. Blood flow restriction training and
the exercise pressor reflex: a call for concern. Am J Physiol Heart Circ Physiol. 2015
Nov;309(9):H1440-52. Epub 2015/09/06. doi:10.1152/ajpheart.00208.2015. Cited in: Pubmed;
PMID 26342064.

10. Renzi CP, Tanaka H, Sugawara J. Effects of leg blood flow restriction during walking on
cardiovascular function. Med Sci Sports Exerc. 2010 Apr;42(4):726-32. Epub 2009/12/03.
doi:10.1249/MSS.0b013e3181bdb454. Cited in: Pubmed; PMID 19952840.

11. Sugawara J, Tomoto T, Tanaka H. Impact of leg blood flow restriction during walking on central
arterial hemodynamics. Am J Physiol Regul Integr Comp Physiol. 2015 Oct;309(7):R732-9. Epub
2015/08/08. doi:10.1152/ajpregu.00095.2015. Cited in: Pubmed; PMID 26246503.

12. Lim J, Pearman M, Park W, Alkatan M, Tanaka H. Interrelationships Among Various Measures
of Central Artery Stiffness. Am J Hypertens. 2016 Sep;29(9):1024-8. Epub 2016/05/05.
doi:10.1093/ajh/hpw045. Cited in: Pubmed; PMID 27143395.

13. Fico BG, Zhu W, Tanaka H. Does 24-h ambulatory blood pressure monitoring act as ischemic
preconditioning and influence endothelial function? J Hum Hypertens. 2019 Nov;33(11):817-820.
Epub 2019/06/30. doi:10.1038/s41371-019-0214-y. Cited in: Pubmed; PMID 31249371.

14. Abe T, 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 (1985). 2006
May;100(5):1460-6. Epub 2005/12/13. doi:10.1152/japplphysiol.01267.2005. Cited in: Pubmed;
PMID 16339340.



394

395
396
397
398

399

400
401

402

403
404
405

406

407
408
409
410

411

412
413
414
415

416

417
418
419
420

421

422
423
424
425

426

427
428
429

430

Hemodynamics with Different BFR Bands

15. Counts BR, Dankel SJ, Barnett BE, Kim D, Mouser JG, Allen KM, Thiebaud RS, Abe T,
Bemben MG, Loenneke JP. Influence of relative blood flow restriction pressure on muscle activation
and muscle adaptation. Muscle Nerve. 2016 Mar;53(3):438-45. Epub 2015/07/04.
doi:10.1002/mus.24756. Cited in: Pubmed; PMID 26137897.

16. Laughlin MH. Cardiovascular response to exercise. Am J Physiol. 1999 Dec;277(6 Pt 2):S244-
59. Epub 2000/01/22. doi:10.1152/advances.1999.277.6.5244. Cited in: Pubmed; PMID 10644251.

17. Pinto RR, Polito MD. Haemodynamic responses during resistance exercise with blood flow
restriction in hypertensive subjects. Clin Physiol Funct Imaging. 2016 Sep;36(5):407-13. Epub
2015/06/23. doi:10.1111/cpf.12245. Cited in: Pubmed; PMID 26095652.

18. Tanaka H, Heiss G, McCabe EL, Meyer ML, Shah AM, Mangion JR, Wu J, Solomon SD, Cheng
S. Hemodynamic Correlates of Blood Pressure in Older Adults: The Atherosclerosis Risk in
Communities (ARIC) Study. J Clin Hypertens (Greenwich). 2016 Dec;18(12):1222-1227. Epub
2016/08/21. doi:10.1111/jch.12898. Cited in: Pubmed; PMID 27543132.

19. Rossow LM, Fahs CA, Loenncke JP, Thiebaud RS, Sherk VD, Abe T, Bemben MG.
Cardiovascular and perceptual responses to blood-flow-restricted resistance exercise with differing
restrictive cuffs. Clin Physiol Funct Imaging. 2012 Sep;32(5):331-7. Epub 2012/08/04.
doi:10.1111/5.1475-097X.2012.01131.x. Cited in: Pubmed; PMID 22856338.

20. Hollander DB, Durand RJ, Trynicki JL, Larock D, Castracane VD, Hebert EP, Kraemer RR.
RPE, pain, and physiological adjustment to concentric and eccentric contractions. Med Sci Sports
Exerc. 2003 Jun;35(6):1017-25. Epub 2003/06/05. doi:10.1249/01.MSS.0000069749.13258.4E.
Cited in: Pubmed; PMID 12783051.

21. Loenneke JP, Kim D, Fahs CA, Thiebaud RS, Abe T, Larson RD, Bemben DA, Bemben MG.
The effects of resistance exercise with and without different degrees of blood-flow restriction on
perceptual responses. J Sports Sci. 2015;33(14):1472-9. Epub 2015/01/03.
doi:10.1080/02640414.2014.992036. Cited in: Pubmed; PMID 25555163.

22. Cezar M, De Sa C, Corralo V, Copatti S, Santos G, Da Silva-Grigoletto M. Effects of exercise
training on blood pressure in medicated hypertensive patients with blood flow restriction. Motriz :
Revista de Educacao Fisica. 2016 04/01;22:9. doi:10.1590/S1980-6574201600020002.

10



431
432
433
434
435

436
437
438

439

440
441
442
443

444

445

Hemodynamics with Different BFR Bands

23. Shimizu R, Hotta K, Yamamoto S, Matsumoto T, Kamiya K, Kato M, Hamazaki N, Kamekawa
D, Akiyama A, Kamada Y, Tanaka S, Masuda T. Low-intensity resistance training with blood flow
restriction improves vascular endothelial function and peripheral blood circulation in healthy elderly
people. Eur J Appl Physiol. 2016 Apr;116(4):749-57. Epub 2016/01/30. doi:10.1007/s00421-016-
3328-8. Cited in: Pubmed; PMID 26822582.

24. Vanwye W, Weatherholt A, Mikesky A. Blood Flow Restriction Training: Implementation into
Clinical Practice. International Journal of Exercise Science. 2017 09/01;10:649-654.

25. Wilk M, Krzysztofik M, Gepfert M, Poprzecki S, Golas A, Maszczyk A. Technical and Training
Related Aspects of Resistance Training Using Blood Flow Restriction in Competitive Sport - A
Review. J Hum Kinet. 2018 Dec;65:249-260. Epub 2019/01/29. doi:10.2478/hukin-2018-0101. Cited
in: Pubmed; PMID 30687436.

11



g o
T 9

A Systolic BP (mmHg)
W
T

-oF“Cohifol
-2 Narrow Elastic
-+ Wide Rigid

A Mean BP (mmHg)

N
T

A Diastolic BP (mmHg)
3 o 3
| | |

| | | | |
1 2 3 4 5

Walking Exercise Bout



Figure 2.JPEG

-©- Control

-2 Narrow Elastic
—— \Wide Rigid

3000 - l%j/l
i

iy s=SE]

A Double Product (mmHg x bpm)

10-

0 | | | | |
Pre 1 2 3 4 5

Walking Exercise Bout




.
|

2
1

Blood Lactate (mmol/L)
- X
| 1

Figure 3.JPEG

[ PRE
B POST

wid

Control Narrow Elastic Wide Rigid




16-

Figure 4.JPEG

-~ Control

- Narrow
-+ Wide Rigid

Pre 5 min

T
Post




Figure 5.JPEG

-~ Control
-= Narrow Elastic
-+ \Wide Rigid

=t

| |
Pre Post 1 hr Post



