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Low-intensity resistance exercise combined with blood flow restriction has been shown to elicit
hormonal and neuromuscular responses similar to those with high-intensity resistance exercise.
However, muscle fatigue characteristics during resistance exercise with restricted blood flow have not
been clarified. Therefore, we measured maximal voluntary torque values during isokinetic concentric
leg extensions across 30 repetitions at 180°/s either with blood flow restriction (BFR) or without
restriction (CON) in eight healthy adults. The exercise was performed at the rate of either 30
repetitions/minute (BFR30 and CON30) or 15 repetitions/minute (BFR15 and CON15) designed to
allow different rest intervals between contractions. Muscle fatigue was quantified by two methods:
slope of peak isokinetic torque values through the 30th repetition and percent decrease in force from
the first 5 repetitions to the last 5 repetitions. At the rate of 30 repetitions/minute, both fatigue rates
were similar between BFR and control group. On the contrary, both fatigue rates were significantly
higher in BFR15 group than the CON15 group (p<0.05). The results indicate that during resistance
exercise performed with longer inter-repetition rest intervals, blood flow restriction is more effective at
inducing muscle fatigue and thus may increase the training response. Furthermore, inter-repetition
rest intervals of less than 3.5 seconds can increase fatigue level regardless of muscle perfusion.
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INTRODUCTION
Numerous studies have indicated that low-intensity
resistance exercise combined with blood flow
restriction (BFR) leads to significant muscular
hypertrophy (Burgomaster et al., 2000; Takarada et
al., 2002; Takarada et al., 2000). Although the
metabolic and hormonal responses to an acute bout
of BFR have been explored extensively (Fujita et al.,
2007; Takarada et al., 2000), the changes in muscular
force output and fatigue response during BFR
exercise have not been studied thoroughly.
Muscular fatigue is defined as the inability to
sustain maximal force or power, and it may involve a
number of neuromuscular or metabolic impairments
(Allman and Rice, 2002). During maximal isometric
contractions, the maximal force output declines
progressively, and the decline in maximal force is
even greater when the blood flow is restricted by cuff
stenosis (Russ and Kent-Braun, 2003). Isotonic
muscle exercise leads to an increase in blood flow in
order to meet the higher metabolic demand caused
by an elevated hydrolysis of ATP. However, maximal
isokinetic contractions with short rest intervals
between contractions may accelerate muscular
fatigue due to greater metabolic demands and
mechanical compression of the blood vessels as
compared to exercise with longer inter-repetition rest
intervals. As such, blood flow restriction during
repeated maximal voluntary isokinetic contractions

with cuff stenosis may lead to greater muscle fatigue.
It has recently been suggested that the more
fatiguing the exercise, the greater the anabolic
training stimulus(Cook et al., 2007). Muscle fatigue
during a bout of resistance exercise is influenced by
various factors, such as exercise intensity and overall
amount of exercise (Hakkinen and Pakarinen, 1993).
However, one recent study showed that under the
same exercise load, the subject with the highest
fatigue rate also demonstrated the highest increase in
plasma growth hormone concentrations after a bout
of low-intensity resistance exercise with BFR (Pierce
et al., 2006). Since the acute increase in growth
hormone is one of the potent anabolic stimuli for
muscle growth (Healy et al., 2003; Liu et al., 2003;
Pierce et al., 2006), characterizing the fatigue
response associated with exercise with BFR has
important implications. Therefore, the purpose of the
current study was to investigate the muscle fatigue
response during maximal voluntary isokinetic
concentric contractions with blood flow restriction
but different inter-repetition rest intervals.

METHODS
Eight healthy subjects (4 females and 4 males)
agreed to participate in the study. Each subject
performed unilateral, isokinetic leg extension exercise
across total of 30 repetitions with or without blood
flow restriction using two different inter-repetition
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intervals of either 15 or 30 repetitions/minute. Each
subject was tested for all experimental conditions
on separate occasions. Unilateral leg extension
exercise was carried out on a Biodex 3 isokinetic
dynamometer (Biodex, Shirley, NY). Subjects were
seated upright with a 100° hip angle on the
dynamometer chair. Velcro straps were applied
tightly across the thorax and pelvis with the distal leg
fixed to the dynamometer lever arm. The axis of
rotation of the dynamometer was aligned to the
lateral femoral condyle, indicating the anatomical
joint axis of the knee. Subjects performed a set of 30
maximum voluntary unilateral concentric leg
extension at 180°/s angular velocity within a 100°
range of motion (0°: full leg extension) while the
torque was measured and recorded instantaneously.
For blood flow restriction, a lower extremity
pressure cuff (Kaatsu-Master Mini, Sato Sports Plaza,
Tokyo, Japan) was placed around the most proximal
portion of exercising leg. While the subject was
seated on a chair, the pressure cuff was inflated to
120 mmHg for 30 seconds, and the air pressure was
released. The pressure cuff was then inflated four
more times with each period being increased by 20
mmHg. Each period lasted 30 seconds and then the
cuff was released for a 10 seconds between periods
until a final pressure of 200 mmHg was reached.
With the pressure maintained at 200 mmHg, the
subjects then performed the set of leg extension
exercises. For the control condition, the same
exercise protocol was performed but without blood
flow restriction.

Muscle fatigue was determined by two methods of
calculation: the slope and fatigue index. The slope
was determined by linear regression analysis of the
peak torques for each repetition across the 30
contractions for each protocol. The slope from the
calculated regression equation (N·m/rep) was used to
quantify the muscle fatigue. The fatigue index (F.I.)
was determined by the following formula to yield a
percent decrease in isokinetic torque:
F.I.(%)=100−[(last 5 repetitions/first 5 repetitions)
×100]
All subjects gave informed, written consent before
participating in the study, which was approved by the
Ethics Committee for Human Experiments, The
University of Tokyo.
All values were expressed as mean ± SEM.
Comparison between gender on peak torque, F.I. and
slope was performed with unpaired t-test. One-way
analysis of variance (ANOVA) with repeated
measures was used to compare the peak torque
across 30 repetitions within each group. The fatigue
rates (the slope and F.I.) between groups were
assessed with one-way ANOVA. Post-hoc analysis
with Tukey was performed when appropriate.

RESULTS
The age, height, body weight, and BMI of the eight
subjects (4 females and 4 males) were 31±4 yr, 168±3
cm, 62.8±3.8 kg, and 22.1±0.8 kg/m2, respectively.
Gender differences in the single highest peak torque
across 30 contractions were observed in two of the

Table 1. Single highest peak torque across 30 contractions (i.e. peak torque), slope, and

Fatigue Index (F.I.) during maximal isokinetic leg extension exercise at 30 reps/min and
15 reps/min with blood flow restriction (BFR30 and BFR 15) as well as 30 reps/min and
15 reps/min without blood flow restriction (CON30 and CON15) between genders.
* Significantly different from males (P<0.05) Values are means ± SEM.

CON30

Peak torque (N·m)
Slope (N·m/rep)
F.I. (%)

164
-2.00
33

Males
± 17
± 0.43
± 4

Fe males
109 ± 10*
-1.37 ± 0.23
31 ± 6

CON15

Peak torque (N·m)
Slope (N·m/rep)
F.I. (%)

151
-0.72
14

± 15
± 0.34
± 1

109
-0.53
12

± 9
± 0.06
± 6

0.054
0.600
0.776

BFR30

Peak torque (N·m)
Slope (N·m/rep)
F.I. (%)

157
-2.24
41

± 21
± 0.56
± 3

104
-1.70
35

± 10
± 0.24
± 4

0.066
0.410
0.339

BFR15

Peak torque (N·m)
Slope (N·m/rep)
F.I. (%)

155
-1.22
25

± 21
± 0.50
± 3

100
-0.97
21

± 7*
± 0.14
± 6

0.048
0.640
0.632

P value
0.030
0.240
0.624
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the initial contraction during maximal isokinetic leg extension
exercise at 30 reps/min and 15 reps/min with blood flow
restriction (BFR30 and BFR15) as well as 30 reps/min and 15
reps/min without blood flow restriction (CON30 and
CON15). Values are means ± SEM.

repetitions/minute (reps/min) conditions. Peak
torque was significantly higher in males for control
exercise at 30 reps/min (CON30; p<0.05) and blood
flow restriction exercise at 15 reps/min (BFR15;
p<0.05) whereas the peak torque tended to be higher
for control exercise at 15 reps/min (CON15; p=0.054)
and exercise during blood flow restriction at 30
reps/min (BFR30; p=0.066) (Table 1). On the
contrary, no significant gender difference in fatigue
rates were observed when assessed by either slope of
peak torque values (slope) or Fatigue Index (F.I.)
(p=NS; Table 1). Therefore, both genders were
combined for further comparison between 4 exercise
protocols. No significant difference in single highest
peak torque was observed for the combined gender
data between groups (136±14, 130±11, 130±15, and
128±15 N·m for CON30, CON15, BFR30, and BFR15,
respectively; p=NS). The peak torque decreased
progressively across 30 contractions in all 4 groups
(Figure 1).
Percent decrease in peak isokinetic leg extension
torque across 30 repetitions (F.I.) was significantly
attenuated when the leg extension was performed at
15 reps/min as compared to 30 reps/min during
blood flow restriction (23±3 and 38±3%, for BFR15
and BFR30, respectively; p<0.05) (Figure 2-A).
Similarly F.I. was significantly lower in CON15 than
CON30 (13±3 and 32±3%, respectively; p<0.05).
Although there was no difference in F.I. between
control and BFR group when the exercise was
performed at 30 reps/min, F.I. was significantly higher
in BFR when the leg extension was performed at 15
reps/min (p<0.05).
Slopes of isokinetic peak torque values (slope)

Slope (N⋅m⋅rep-1)

Figure 1. The percent change in maximal force output from
-0.5

-1.0

-1.5

-2.0

P<0.05
-2.5

NS
Figure 2. Percent decline in isokinetic torque (Fatigue Index.;

Figure 2-A) and slope of peak torque across 30 repetitions
(Slope; Figure 2-B) at 30 reps/min and 15 reps/min with
blood flow restriction (BFR30 and BFR15) as well as 30
reps/min and 15 reps/min without blood flow restriction
(CON30 and CON15). CON30 and BFR30 are significantly
different from CON15 and BFR15 for both F.I. and slope (i.e.
CON30 vs. CON15, CON30 vs. BFR15, BFR30 vs. BFR15,
BFR30 vs. CON15; P<0.05) Values are means ± SEM.

during leg extension exercise are shown in Figure 2B, which was mirror image of F.I. Slope was
significantly greater at 30 reps/min as compared to
exercise at 15 reps/min for both control and BFR
group. Whereas no significant difference was
observed in slope between CON30 and BFR30, slope
was significantly greater in BFR15 than CON15
(p<0.05; Figure 2-B).

DISCUSSION
The current study indicates that maximal force
output decreases progressively during maximal
voluntary leg extension exercise. Fatigue rates were
significantly higher when the exercise was performed
at 30 reps/min as compared to 15 reps/min.
Furthermore, while the rate of fatigue was greater
during blood flow restriction (BFR) when the exercise
was performed at 15 reps/min, BFR did not further
increase the fatigue rate when the exercise was
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performed at 30 reps/min.
Investigations using 31P-NMR have indicated that
during short-duration, high-intensity muscular
contraction, muscle relies heavily on intramuscular
phosphocreatine (PCr) for the source of high energy
phosphates (Gaitanos et al., 1993; Yoshida and
Watari, 1993). In the reaction, PCr ↔ creatine +
inorganic phosphate (Pi), the forward reaction is
controlled by myosin ATPase and sarcomere creatine
kinase (CK), whereas reverse reaction is controlled by
aerobic metabolism and mitochondrial CK (Mole et
al., 1985). Consequently, hydrolysis of PCr and
accumulation of inorganic phosphate (Pi) is further
accelerated when the blood flow to the working
muscle is restricted by a pressure cuff (Greiner et al.,
2005; Greiner et al., 2007). Recent studies have
indicated that the accumulation of Pi reduces the
cross-bridge force production (Cooke and Pate, 1985;
Millar and Homsher, 1990) and may contribute to
muscular fatigue. Therefore, reduction in oxygen
availability and Pi buffering capacity with limited
muscular blood flow during exercise may contribute
to greater muscular fatigue.
Muscular contraction at the rate of 30 reps/min
induced significantly greater fatigue rates than 15
reps/min as indicated by the slope and F.I.
Considering the exercise speed of 180°/s, each muscle
contraction is about 0.5 second long, and there is
about 3.5 sec rest period between contractions when
the exercise was performed at 15 reps/min protocols.
On the contrary, there is only 1.5 sec rest period
between contractions at 30 reps/min. Therefore, it is
possible that the exercising muscles were already in
an ischemic condition at 30 reps/min due to a short
rest interval between contractions. This may explain
why further blood flow restriction during exercise
had no significant impact on fatigue rates at 30
reps/min. On the contrary, rest intervals between
contractions at 15 reps/min allowed greater muscular
blood flow and recovery time in control group as
compared to BFR group where the blood flow
restriction persisted and accelerated the fatigue.
In the current study, we used two different indices
of muscular fatigue, i.e. slope (N·m/rep) and fatigue
index (F.I.). Since F.I. is calculated from the ratio of
the average torque of the last five repetitions to the
first five repetitions, variability in initial five torques
may have considerable effect on F.I., hence the
reliability of F.I. is questionable (Pincivero et al., 2003;
Wretling and Henriksson-Larsen, 1998). In our
current study, both calculations of fatigue rates drew
essentially the same results.
Several studies indicated that the muscle fatigue
may be influenced by gender. In the current study
we did not observe a significant gender difference in
fatigue response during maximal isokinetic leg
extension exercise, as assessed by two different
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calculations. Studies using muscle biopsies of the
vastus lateralis have indicated that males show higher
activities of several glycolytic enzymes than females
(Hargreaves et al., 1998; Jaworowski et al., 2002;
Melanson et al., 2002; Simoneau et al., 1985),
whereas women exhibit greater activities of enzymes
associated with carbohydrate (Melanson et al., 2002)
and lipid oxidation (Hargreaves et al., 1998;
Melanson et al., 2002). As such, females are more
fatigue resistant than males at submaximal isometric
or concentric contractions (Hunter and Enoka, 2001;
Maughan et al., 1986), while gender difference in
fatigue during maximal contractions tends to decline
(Edwards et al., 1977; Maughan et al., 1986). On
the contrary, one recent study demonstrated higher
fatigue rates for knee extensor muscle during
maximal concentric leg extension and flexion
exercise across 30 contractions (Pincivero et al.,
2003). In the current study, there was a significant
correlation between the single highest peak torque
and fatigue rates for CON30 (r=-0.87, p=0.049), and
the single highest peak torque was greater in males
than females. It is possible that in the current study
we did not have enough statistical power to detect a
gender difference in slope since we had only 4
subjects in each gender. Regardless, the impact of
gender difference in fatigues should be minimal since
each subject performed all four protocols.
In summary, the current study indicates that BFR
during leg extension exercise elicits a higher
decrement in maximal voluntary torque as compared
to the control exercise when the contraction was
performed at the rate of 15 reps/min. However, at a
higher exercise rate (i.e. 30 reps/min), no effect of
BFR was apparent. Thus it appears that when
performing exercises with longer inter-repetition rest
intervals (i.e. only 15 reps/min), blood flow
restriction effectively increases the level of fatigue and
thus may enhance the training effect. A secondary
finding, which applies to resistance training in
general, is that inter-repetition rest intervals of less
than 3.5 seconds and in the range of 1.5 seconds can
increase the fatigue level and potentially the training
stimulus.
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