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Abstract We investigated the combined effect of low-

intensity blood flow restriction and high-intensity resis-

tance training on muscle adaptation. Forty young men

(aged 22–32 years) were randomly divided into four

groups of ten subjects each: high-intensity resistance

training (HI-RT, 75% of one repetition maximum [1-RM]),

low-intensity resistance training with blood flow restriction

(LI-BFR, 30% 1-RM), combined HI-RT and LI-BFR

(CB-RT, twice-weekly LI-BFR and once-weekly HI-RT),

and nontraining control (CON). Three training groups

performed bench press exercises 3 days/week for 6 weeks.

During LI-BFR training sessions, subjects wore pressure

cuffs on both arms that were inflated to 100–160 mmHg.

Increases in 1-RM were similar in the HI-RT (19.9%) and

CB-RT (15.3%) groups and lower in the LI-BFR group

(8.7%, p \ 0.05). Maximal isometric elbow extension

(MVC) increased in the HI-RT (11.3%) and CB-RT (6.6%)

groups; there was no change in the LI-BFR group (-0.2%).

The cross-sectional area (CSA) of the triceps brachii (TB)

increased (p \ 0.05) in the HI-RT (8.6%), CB-RT (7.2%),

and LI-BFR (4.4%) groups. The change in relative iso-

metric strength (MVC divided by TB CSA) was greater

(p \ 0.05) in the HI-RT group (3.3%) than in the LI-BFR

(-3.5%) and CON (-0.1%) groups. Following training,

relative dynamic strength (1-RM divided by TB CSA) was

increased (p \ 0.05) by 10.5% in the HI-RT group and

6.7% in the CB-RT group. None of the variables in the

CON group changed. Our results show that low-intensity

resistance training with BFR-induced functional muscle

adaptations is improved by combining it with HI-RT.

Keywords Vascular occlusion � Neural adaptation �
Muscle hypertrophy � Muscle strength

Introduction

Resistance training is one of most fundamental ways to

increase muscle strength, improve daily physical function-

ing and sports performance, and enhance recovery from

orthopedic injuries (American College of Sports Medicine

1998, 2009; Kraemer and Ratamess 2004). Traditional

high-intensity resistance training (HI-RT, 60–80% of one

repetition maximum [1-RM]) produces the greatest

increases in muscular strength and is associated with

increased muscle size and improved neural adaptation

(Folland and Williams 2007; Sale 1988). Previous studies

evaluating the time course of these changes have demon-

strated the importance of the nervous system in facilitating

the strength gains that are observed during the early phase

of HI-RT (Abe et al. 2000; Ikai and Fukunaga 1970;

Moritani and deVries 1979). The relative increase in muscle

strength was higher than the relative increase in muscle

cross-sectional area (CSA), and, as a result, the relative

strength (maximal voluntary strength per unit muscle CSA)

increased significantly during the early phase (*12 weeks)

of HI-RT (Goto et al. 2004; Ikai and Fukunaga 1970;

Kawakami et al. 1995; Narici et al. 1996). However, the

HI-RT required for muscle adaptation with traditional

resistance exercise may be impractical and even dangerous

if carried out without proper supervision (Haykowsky et al.
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1996; MacDougall et al. 1985; Pollock et al. 1994). In

addition, a previous study (Miyachi et al. 2004) has indi-

cated that HI-RT reduced central arterial compliance in

healthy men. Low arterial compliance contributes to ele-

vations in systolic blood pressure and coronary heart dis-

ease and reductions in arterial baroreflex sensitivity

(Monahan et al. 2001; O’Rourke 1990). Therefore, it would

be advantageous to develop safe and useful methods of

promoting muscle hypertrophy and strength.

In the past decade, several studies have demonstrated

that muscle hypertrophy can be produced with low-inten-

sity resistance training (20–30% 1-RM) combined with

blood flow restriction (BFR). Interestingly, BFR training

does not require a long recovery time between training

sessions (Abe et al. 2005; Yasuda et al. 2008, 2009) owing

to the very low mechanical stress and minimal muscle

damage associated with it (Abe et al. 2005; Fujita et al.

2008; Takarada et al. 2000a). A recent study demonstrated

that BFR training, unlike HI-RT, improves muscle size as

well as carotid arterial compliance (Ozaki et al. 2011).

Therefore, BFR training may be a potentially useful

method for promoting muscle hypertrophy with a low risk

of injury. However, those same BFR training studies did

not show significant increases in relative strength (Abe

et al. 2005, 2006; Fujita et al. 2008; Takarada et al. 2000b,

2002; Yasuda et al. 2010b). Kubo et al. (2006) reported no

significant change in relative strength or muscle activation

following low-intensity BFR training, indicating that the

BFR training-induced improvement in muscle strength

must be attributed to muscle hypertrophy, without any

change in neural adaptation. This means that low-intensity

BFR training produces only an insufficient increase in

muscle adaptations.

In general, combined resistance and endurance training

results in the attenuation of the performance improvements

and physiological adaptations typical of single-mode

training (Kraemer et al. 1995; Leveritt et al. 1999; Nader

2006). Nader (2006) reported that activation of adenosine

monophosphate-activated protein kinase (AMPK) by

endurance exercise may inhibit signaling to the protein-

synthesis machinery by inhibiting the activity of the

mammalian target of rapamycin (mTOR) and its down-

stream targets. On the other hand, high- and low-resistance

exercises combined in multiple-mode resistance training do

not mutually inhibit each other and results in higher muscle

adaptations compared with single-mode resistance training

(Goto et al. 2004; Kraemer and Ratamess 2004; Marx et al.

2001). Notably, Fleck (1999) demonstrated that resistance

training using a variety of training loads is most effective in

maximizing muscle strength. Therefore, we hypothesized

that the combination of HI-RT and low-intensity BFR

training would achieve greater strength gains than BFR

training alone. The purpose of the present study was to

investigate the combined effects of HI-RT and BFR

training on muscle size and strength.

Methods

Subjects

Forty young men (aged 22–32 years) volunteered to par-

ticipate in this study. The subjects were classified as

‘‘recreationally active’’; 12 of 40 participated in regular

aerobic-type exercise (walking, jogging, or cycling;

2–3 times/week for approximately 30 min). Nine of the

subjects had light to moderate resistance training experi-

ence performing bench presses, but none of the subjects

had participated in strength/resistance-type training for at

least 6 months prior to the start of the study. All subjects

were nonsmokers, normotensive (blood pressure \135/

85 mmHg), nonobese (body mass index \30 kg/m2), not

taking any medication, and free of overt chronic diseases as

assessed by medical history. Six of the subjects had

experienced both HI-RT and low-intensity BFR resistance

training (LI-BFR), but none of them refused to perform

either HI-RT or LI-BFR. Therefore, all subjects were

randomly divided into four groups: HI-RT (n = 10), LI-

BFR (n = 10), combined HI-RT and LI-BFR training (CB-

RT, n = 10), and nontraining control (CON, n = 10). Each

subject was informed of the risks associated with the

training and measurements and gave written consent to

participate in this study, which was approved by the Ethics

Committee of the University of Tokyo (Japan). Testing was

conducted before the initiation of training (pre) and after

6 weeks of training (post).

Training protocol

The three training groups performed a supervised free-

weight flat bench press exercise 3 days/week (Monday,

Wednesday, and Friday) for 6 weeks. Training intensity

and volume were set at 75% of 1-RM and 30 repetitions

(3 sets of 10 reps, with 2–3 min of rest between sets) for

the HI-RT group and at 30% of 1-RM and 75 repetitions

(30 reps followed by 3 sets of 15 reps, with 30 s of rest

between sets) for the LI-BFR group. This averaged

6–10 min throughout the training during HI-RT and

LI-BFR exercise. In the CB-RT group, subjects performed

LI-BFR twice a week (Monday and Wednesday) and

HI-RT once a week (Friday). The 1-RM strength was

assessed after 3 weeks of training to adjust the training

load for HI-RT exercise sessions. The training load was

constant throughout the LI-BFR training period. In an

attempt to minimize any potential diet-induced variability

in muscle strength and muscle size measurements, subjects
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were encouraged to eat similar diets throughout the

experimental training period. Also, the subjects were

instructed to refrain from ingesting alcohol and caffeine for

24 h before pre- and post-training measurements.

Blood flow restriction

Before the experiment, the CB-RT and LI-BFR groups

were trained to wear elastic cuffs (Kaatsu-Master, Sato

Sports Plaza, Tokyo, Japan) at the most proximal region of

both arms. During the acclimatization period, the external

pressure of the cuff (100–130 mmHg) was selected with

regard to the subject’s resting blood pressure as described

previously (Yasuda et al. 2008). During acclimatization, no

sign of discomfort or pain was observed in the subjects,

which was not the case when surgical tourniquet cuffs were

used.

During the LI-BFR training sessions, subjects wore

elastic cuffs (Kaatsu-Master, Sato Sports Plaza, Tokyo,

Japan) around the most proximal region of both arms. On

the first day of training, the cuffs were inflated to a pressure

of 100 mmHg. The pressure was increased by 10 mmHg at

each subsequent training session until a pressure of

160 mmHg was reached. The restriction pressure was

selected in accordance with previous studies (Yasuda et al.

2008, 2009, 2010a, b).

Measurement schedule

Subject testing took place before the start of the study and

3–4 days after the 6-week training period. MRI measure-

ment was obtained first (17:00–19:00). Strength measure-

ment (MVC and 1-RM) was determined on the same day or

the following day after the MRI measurement. All mea-

surements were balanced for the time of day. Care was

taken to allow at least 10–20 min of rest between the first

test (MVC) and the second test 1-RM).

1-RM strength measurement

One week before the start of training, all subjects were

familiarized with the strength-testing equipment. Maximal

dynamic strength (1-RM) was assessed using a free-weight

flat bench press. After a warm-up period, the intensity was

set at about 80% of the predicted 1-RM. Following each

successful lift, the intensity was increased by about 5%

until the subject failed to lift through the entire range of

motion. A test was considered valid only when the subject

used proper form and completed the entire lift in a con-

trolled manner without assistance. On average, five to six

trials were required to complete a 1-RM test. Approxi-

mately 2–3 min of rest were allotted between each attempt

to ensure recovery (Abe et al. 2000). The coefficient

variation (CV) for this measurement from test to retest was

1.7%.

Maximum isometric strength measurement

Maximum voluntary isometric strength [maximum volun-

tary contraction (MVC)] of the elbow extensors was

determined by using an isokinetic dynamometer (Biodex

System 3, Sakai Medical Instruments, Tokyo, Japan). Each

subject was comfortably seated on an adjustable chair, with

the arm positioned on a stable table at chest level with the

elbow bent at an angle of 90� (0� at full extension). The

upper arm was maintained in the horizontal plane (at 90�),

while the wrist was fixed at the end of the dynamometer

lever arm in a position halfway between supination and

pronation. The elbow extension force was measured with a

transducer while the subject’s posture was maintained in a

stationary position. Subjects performed two trials separated

by a 60-s rest interval. If MVC torque for the first two

MVCs varied by more than 5%, up to two additional MVCs

were performed. Subjects were instructed to perform an

MVC as quickly as possible during a period of about 5 s.

The recorded value for the MVC was taken as the highest

and most stable 3 s of the 5-s contraction. The highest

MVC value was used for data analysis. The CV for this

measurement from test to retest was 3.1%.

Electrolomyography

Electromyograms (EMGs) were recorded from surface

electrodes. The skin was shaved, rubbed with a skin

preparation gel (Skinpure, Nihon Kohden, Japan), and

cleaned with alcohol wipes. During all measurements, skin

impedance was less than 2 kX. The ground electrode was

positioned on the lateral epicondyle. Bipolar electrodes

(Vitrode F, Ag/AgCl, 1-cm diameter, Nihon Kohden,

Tokyo, Japan) were placed over the muscle belly with a

constant interelectrode distance of 20 mm. The electrodes

were connected to a preamplifier in a differential amplifier

having a bandwidth of 0–500 kHz (AB 6216, Nihon

Kohden, Tokyo, Japan). EMG signals were collected from

the biceps brachii (BB) at a sampling rate of 1,024 Hz

using a 12-bit analog-to-digital converter (Macintosh,

Power PC 750, Apple, Japan). To determine integrated

EMGs (iEMGs), signals were fully rectified and integrated

(PowerLab Chart 4 software, ADInstruments, Nagoya,

Japan). The EMGs were collected during each 5-s MVC

and analyzed (iEMG) for the same 3-s period corre-

sponding to the period used to select the MVC (above). To

evaluate the BB antagonist muscle activity (coactivation

level), we measured the iEMG of the BB during elbow

extension MVC. To determine the maximal activation of

the BB, the subjects performed an elbow flexion MVC at
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the same angle (90�). We normalized the iEMG BB value

with respect to the iEMG BB value at the same angle when

acting as agonist at maximal effort. The CV for this mea-

surement from test to retest was 1.9%.

MRI-measured muscle CSA

MRI images were prepared using a 0.2-T scanner (GE

Signa, Milwaukee, Wisconsin, USA). A T1-weighted, spin-

echo, axial plane sequence was performed with a 520-m s

repetition time and a 20-m s echo time. Subjects rested

quietly in the magnet bore in a supine position, with their

arms extended along their trunk. Continuous transverse

images with 10-mm slice thickness were obtained from the

upper right side of the body, including the arm. All MRI

data were transferred to a personal computer for analysis

using specially designed image analysis software (Tomo-

Vision Inc., Montreal, Canada), and skeletal muscle tissue

CSA (cm2) was digitized and calculated. Triceps brachii

(TB) and pectoralis major (PM) muscle CSAs of three

contiguous slices for muscle belly were averaged together

for statistical analysis. The CV for this measurement from

test to retest was less than 1%. All measurements were

completed before (pre) and 3 days after (post) the final

training session.

Ratings of perceived exertion

Ratings of perceived exertion (RPE) were measured using

the Borg scale (Borg 1982) after the final repetition of 1st,

2nd, and last set of every exercise in HI-RT (n = 20,

HI-RT and CB-RT groups) and LI-BFR programs (n = 20,

LI-BFR and CB-RT groups).

Statistical analyses

Results are expressed as the mean ± standard deviation

(SD). A two-way ANOVA with repeated measures was

used to compare four groups, with the effects being group

and time (pre vs. post). Post hoc testing was performed

using Tukey technique when appropriate. Percent changes

from baseline were also compared among groups using

Tukey’s test. Statistical significance was set at p \ 0.05.

The sample size (n = 10) was estimated from a priori

power analysis (Cohen 1988) to detect differences

(a = 0.05) in muscle size or strength measures for the

interventions planned. Statistical power ranged from 0.80

to 1.00 for all comparisons reported.

Results

At baseline, there were no differences (p [ 0.05) among

the four experimental groups for age, anthropometric

variables, muscular strength, and muscle CSA (Table 1).

There was no change in body weight for any of the groups

following training. The total training volumes (lifting

weight 9 repetitions) for all of the sessions were similar in

the HI-RT (19,063 ± 3,398 kg), LI-BFR (19,994 ±

3,546 kg), and CB-RT (20,579 ± 2,379 kg) groups.

Following training, bench press 1-RM strength

increased (p \ 0.01) in the HI-RT, LI-BFR, and CB-RT

groups, but not in the CON group (Fig. 1a). Percent change

in 1-RM strength was greater (p \ 0.01) in both the HI-RT

and CB-RT groups than in the LI-BFR and CON groups.

Isometric MVC strength increased in the HI-RT and CB-

RT groups, but not in the LI-BFR and CON groups

Table 1 Characteristics of subjects

HI-RT LI-BFR CB-RT CON

n 10 10 10 10

Age (year) 25.3 (2.9) 23.4 (1.3) 23.8 (2.1) 23.6 (1.6)

Standing height (cm) 172.0 (5.1) 171.7 (5.6) 172.7 (6.2) 171.1 (7.3)

Body mass (kg) 63.0 (8.9) 63.9 (7.8) 66.3 (4.6) 62.2 (8.5)

sBP (mmHg) 114.4 (6.9) 120.9 (8.7) 129.4 (11.4) 125.6 (14.6)

dBP (mmHg) 65.6 (6.3) 69.1 (4.1) 71.9 (5.0) 70.9 (9.6)

MVC (Nm) 28.9 (6.6) 31.1 (7.4) 30.5 (5.4) 31.7 (5.1)

1-RM strength (kg) 47.3 (9.5) 49.3 (8.7) 49.8 (5.9) 52.8 (11.3)

TB muscle CSA (cm2) 21.5 (3.8) 20.5 (5.7) 21.6 (3.0) 20.7 (2.8)

PM muscle CSA (cm2) 28.4 (6.3) 31.8 (5.2) 29.7 (2.4) 30.3 (4.7)

Data are presented as the mean with standard deviation in parentheses

CB-RT combination HI-RT and LI-BFR training, CON non-training, CSA cross-sectional area; dBP diastolic blood pressure, HI-RT high-

intensity resistance training, LI-BFR low-intensity resistance training with blood flow restriction, MVC maximal voluntary contraction, N number

of subjects, PM pectoralis major, sBP systolic blood pressure, TB triceps brachii
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(Fig. 1b). Percent change in MVC was greater (p \ 0.01)

in both the HI-RT and CB-RT groups than in the LI-BFR

or CON groups. TB and PM muscle CSA increased

(p \ 0.01) in the HI-RT, LI-BFR and CB-RT groups, but

not in the CON group (Fig. 2). Percent change in TB

muscle CSA was greater (p \ 0.01) in the HI-RT group

(8.6%) than in the LI-BFR (4.9%) and CON (-1.1%)

groups. Percent change in PM muscle CSA was greater

(p \ 0.01) in the HI-RT group (17.6%) than in the LI-BFR

(8.3%), CB-RT (10.5%, p \ 0.05) or CON (0.0%) groups.

Change in relative isometric strength (MVC divided by

TB muscle CSA) was greater (p \ 0.05) in the HI-RT group

(3.3%) than in the LI-BFR (-3.5%) and CON (-0.1%)

groups. Following training, relative dynamic strength (1-RM

divided by TB muscle CSA) was increased (p \ 0.05) 10.5%

in the HI-T group and 6.7% in the CB-T group. Change in

relative dynamic strength was greater (p \ 0.05) in the HI-

RT group (10.5%) than in the LI-BFR (4.0%) and CON

(2.7%) groups. In the CB-RT group, change in relative

dynamic strength tended to be greater (p = 0.09) than in the

CON group (Table 2). There were no changes (p [ 0.05)

between pre- and post-training co-activation level of BB

muscle (HI-RT group, 8.0 ± 4.5 vs. 8.5 ± 4.5%; LI-BFR

group, 5.9 ± 4.7 vs. 6.2 ± 2.9; CB-RT group, 7.4 ± 4.2 vs.

7.3 ± 2.7%; CON group, 5.5 ± 2.5 vs. 6.1 ± 3.3%).

RPE increased progressively in both LI-BFR and HI-RT

exercises and was (p \ 0.05) greater than LI-BFR exercise

with HI-RT exercise in the 1st (12.9 ± 0.8 and 14.7 ±

1.6), 2nd (14.0 ± 0.9 and 15.8 ± 1.9), and last set

(15.9 ± 1.5 and 17.6 ± 2.3).

Discussion

The findings from the present study support our hypothesis

that improvement in muscle strength was significantly

greater in the CB-RT combined training program (LI-BFR

and HI-RT). The improvement was similar to that achieved

by HI-RT alone but not to that achieved by LI-BFR alone.

An increase in relative dynamic (1-RM) strength per unit

muscle CSA was found in both HI-RT and CB-RT, while

MVC per unit muscle CSA improved significantly with

HI-RT only. The difference in improvement in relative

strength between HI-RT and CB-RT may be attributed to

unequal neural adaptations.

Fig. 1 Dynamic (bench press one repetition maximum [1-RM]

strength) (a) and maximum isometric strength (MVC) of the elbow

extensors; (b) responses following a 6-week training period. Data are

presented as the mean ± standard deviation. CB-RT combination

HI-RT and LI-BFR resistance training; CON non-training; HI-RT high-

intensity resistance training; LI-BFR low-intensity resistance training

with blood flow restriction. *Different from pre-training, p \ 0.05

Fig. 2 Cross-sectional area (CSA) of the triceps brachii (a) and

pectoralis major muscles (b) following a 6-week training period. Data

are presented as the mean ± standard deviation. CB-RT combination

HI-RT and LI-BFR resistance training; CON non-training; HI-RT
high-intensity resistance training, LI-BFR low-intensity resistance

training with blood flow restriction. *Different from pre-training,

p \ 0.05
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Muscle adaptations through HI-RT or LI-BFR training

alone

Our results showed that HI-RT-induced muscle adaptations

are consistent with the results of previous HI-RT studies

(Abe et al. 2000; Hartmann et al. 2009; McLester et al.

2000), namely that there are similar magnitudes of

increases in muscle size and isometric and 1-RM strength.

Increases in muscle protein synthesis after a single bout of

exercise are observed in high-intensity resistance exercise

(Phillips et al. 1997; Yarasheski et al. 1999) as well as in

low-intensity BFR resistance exercise (Fry et al. 2010;

Fujita et al. 2007). Interestingly, the same laboratory using

the same technique reported that 70% 1-RM intensity knee

extension exercise without BFR increased vastus lateralis

muscle protein synthesis (48% at 2 h post-exercise)

through the mTOR signaling pathway in young men

(Dreyer et al. 2006). It also reported that 20% 1-RM

intensity knee extension exercise with BFR increased

muscle protein synthesis (40–50% at 3 h post-exercise)

through the mTOR pathway in both young and old men

(Fry et al. 2010; Fujita et al. 2007). These anabolic

responses may contribute to LI-BFR- and HI-RT-induced

muscle hypertrophy. Therefore, it would seem that a sim-

ilar magnitude of significant muscle hypertrophy was

achieved by HI-RT and LI-BFR training.

Most previous studies (Abe et al. 2000; Ikai and

Fukunaga 1970; Moritani and deVries 1979) as well as the

current study indicated that HI-RT increased relative

strength, but LI-BFR training did not. Our results showed

that muscle size and dynamic 1-RM strength are increased

following 6 weeks of LI-BFR training. These findings are

similar to results from previously reported low-intensity

BFR training studies (Abe et al. 2006; Fujita et al. 2008;

Kubo et al. 2006; Takarada et al. 2000b, 2002). A finding

of no change in relative strength in the LI-BFR group was

also similar to the findings of previous studies (Abe et al.

2006; Fujita et al. 2008; Kubo et al. 2006; Takarada et al.

2000b, 2002). For previously untrained subjects, the

training load required to increase maximal strength is fairly

low since they are not proficient in the proper form and

technique. In general, training loads of 45–50% 1-RM are

needed to increase dynamic muscle strength for untrained

subjects (ACSM 2009; Rhea et al. 2003). In fact, relative

strength was increased when BFR training was performed

at a training load of 50% 1-RM (Moore et al. 2004). Thus,

it appears that LI-BFR training of 20–30% 1-RM rarely

produces increases in neural adaptation. These findings

indicated that the LI-BFR training-induced increase in

muscle strength was due to the muscle hypertrophy only,

unlike HI-RT training.

Muscle adaptations through combined HI-RT

and LI-BFR training

To the best of our knowledge, this is the first study to

investigate the combined effects of LI-BFR and HI-RT

training (CB-RT) on relative strength per unit muscle CSA.

Most previous studies (Abe et al. 2006; Fujita et al. 2008;

Kubo et al. 2006; Takarada et al. 2000b, 2002) as well as

the current study indicated that LI-BFR alone did not

change relative isometric and dynamic strength. Following

the CB-RT program in the present study, improvement in

relative dynamic strength, but not relative isometric

strength, was elicited. In contrast, increases in relative

isometric and dynamic strength were observed following

HI-RT in previous studies as well as ours. The difference

between CB-RT and HI-RT was the frequency of HI-RT

sessions—once a week for CB-RT and 3 times a week for

HI-RT—which may be associated with the relative strength

results. To improve dynamic strength, once-weekly

dynamic resistance training is effective, as reported pre-

viously (Hunter et al. 2001; McLester et al. 2000). Ruth-

erford and Jones (1986) demonstrated that dynamic

resistance training produces a greater relative increase in

dynamic strength compared with isometric strength, since

there is task specificity involved in neural adaptation.

Therefore, it would appear that the CB-RT–induced

increase in relative dynamic strength was due to the task

specificity of the HI-RT program.

On the other hand, relative isometric strength was

improved following the dynamic HI-RT program, sug-

gesting that task specificity alone does not fully account for

neural adaptation. Previously, resistance training-induced

improvement in relative isometric strength was thought to

Table 2 Changes in relative isometric or dynamic strength following

a 6-week training or control period

HI-RT LI-BFR CB-RT CON

Relative isometric strength (Nm/cm2)

Pre 1.34 (0.11) 1.59 (0.42) 1.43 (0.18) 1.53 (0.17)

Post 1.38 (0.10) 1.53 (0.45) 1.42 (0.21) 1.53 (0.20)

%D 3.3#,} -3.5 -0.7 -0.1

Relative dynamic strength (kg/cm2)

Pre 2.20 (0.21) 2.53 (0.61) 2.34 (0.29) 2.54 (0.35)

Post 2.43 (0.25)* 2.63 (0.63) 2.50 (0.26)* 2.61 (0.32)

%D 10.5#,} 4.0 6.7 2.7

Data are presented as the mean with standard deviation in parentheses

CB-RT combination HI-RT and LI-BFR training, CON non-training,

HI-RT high-load resistance training, Relative dynamic strength 1-RM

strength divided by triceps brachii muscle cross-sectional area, Rel-
ative isometric strength maximum voluntary contraction divided by

triceps brachii muscle cross-sectional area, LI-BFR low-load resis-

tance training with blood flow restriction

* Different from Pre, p \ 0.05; #Different from CON, p \ 0.05;
}Different from LI-BFR, p \ 0.05
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be due to changes in agonist and/or antagonist co-activa-

tion levels (Folland and Williams 2007). In the present

study, the antagonist co-activation level was unchanged

after the training in each group, although the agonist acti-

vation was not evaluated. Previous studies have reported

that untrained subjects cannot maximally activate their

agonist during MVC even when fully motivated (Dudley

et al. 1990; Moritani and deVries 1979; Westing et al.

1988), and the level of agonist activation was increased

following an HI-RT program, with a training frequency of

three times a week (Erskine et al. 2010). It is possible that

improvement in relative isometric strength in the HI-RT

group may be caused by the increase in agonist activation

(i.e., motor unit recruitment, firing frequency, and syn-

chronization), while the CB-RT program, with its once-

weekly HI-RT session, may not lead to significant change.

More work is needed to understand how different training

programs affect improvement in relative strength.

Perceived pain and safety of LI-BFR training

Apart from the beneficial effects of LI-BFR training, there

exists the concern that LI-BFR may only be limited to highly

motivated individuals (Hollander et al. 2010; Loenneke et al.

2010; Wernbom et al. 2006, 2008, 2009). In general, wide

and/or non-elastic cuffs around the limbs are used in ortho-

pedic surgeries to maintain complete occlusion of the blood

flow. Therefore, LI-BFR by a surgical tourniquet (i.e.,

135 mm width for thighs) may cause neural impairment and

a suppression of lactate clearance, resulting in serious per-

ceptual pain (Wernbom et al. 2006, 2009). On the other hand,

a previous study reported that narrow and elastic cuffs

(30 mm width) at 300 mmHg for arms also caused a com-

plete occlusion of blood flow and serious perceptual pain

(Yasuda et al. 2009). However, since most LI-BFR studies

were using narrow and elastic cuffs (30 mm width for arms,

33–50 mm width for thighs) to compress at 100–160 mmHg

for arms and at 160–240 mmHg for thighs, the arterial blood

flow was reduced by no more than 40–70% of the baseline

value (Iida et al. 2007; Takano et al. 2005; Yasuda et al.

2010a). In the present study, we did not record the perceptual

pain using a pain scale, but there were no incidents of any

pain reported. In addition, RPE was lower in LI-BFR com-

pared with HI-RT. Furthermore, LI-BFR was performed by

narrow and elastic cuffs at 100–160 mmHg, which suggests

that our LI-BFR moderately restricted the blood flow.

Therefore, in the present study, it can be speculated that LI-

BFR with the use of narrow and elastic cuffs does not require

any special effort from the subjects due to the absence of pain

unlike LI-BFR with the use of surgical tourniquets which

induces perceptual pain and is only accepted by willing

subjects who are capable of tolerating the discomfort.

Since the mechanisms of muscle adaptation by LI-BFR

are not fully understood, there is a controversy concerning

the safety of the LI-BFR method. Previous studies have

shown that severe restrictions or complete occlusions of

blood flow may cause the thrombus formation, and induce

microvascular occlusions after releasing the BFR, which

results in muscle cell damage and necrosis (Harmon 1948,

Kawada and Ishii 2005; Strock and Majno 1969). Therefore,

LI-BFR always requires paying attention to the side effects.

Recently, it has been demonstrated that LI-BFR has no

impact on the blood clotting function as assessed by the

changes in fibrin D-dimer and fibrin degradation products

after exercise or training (Clark et al. 2010; Fujita et al. 2008;

Madarame et al. 2010). Also, Clark et al. (2010) reported that

in several clinical assessments, LI-BFR did not negatively

alter peripheral vascular stiffness and peripheral nerve con-

duction after 4 weeks of training. Furthermore, Nakajima

et al. (2006) surveyed 13,000 people (45.4% males and

54.6% females) that the use of BFR training on a population

of different age groups, including ages of over 70 years, to

examine the observed incidences and occurrences of side

effects in BFR training. In total, more than 30,000 BFR

training sessions were conducted, where the most frequent

side effects were subcutaneous hemorrhage (13.1%), tem-

porary numbness (1.3%), and lightheadedness (0.3%). Only

in very few cases, more serious adverse effects were

observed: venous thrombosis (0.06%), deterioration of

ischemic heart disease (0.016%), cerebral infarction

(0.008%), rhabdomyolysis (0.008%), and pulmonary

embolism (0.008%). All these findings suggest that LI-BFR

is a relatively safe training method, but it should be noted that

the possibilities of side effects cannot be denied completely.

Conclusion

Training-induced improvements in isometric and dynamic

strength brought about by combining LI-BFR with HI-RT

(CB-RT program) were higher than those seen with LI-

BFR alone, which were similar to those of HI-RT alone.

Although the TB and PM muscle CSA increased signifi-

cantly following three training sessions, relative strength

improved with HI-RT and CB-RT, but not with LI-BFR.

Therefore, BFR training–induced functional muscle adap-

tations are improved by combining BFR with HI-RT.

Given the health risks and strength improvement associated

with resistance training, a combination of HI-RT and LI-

BFR may be an effective training program for promoting

strength adaptations in practical applications.
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