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Abstract
Background: The purpose of this study was to clarify whether there is a synergistic effect on muscular strength
and hypertrophy when low-intensity resistance training is performed after heat stress.
Methods: Thirty healthy young male volunteers were randomly allocated to either the low-intensity resistance
training with heat stress group or the control group. The control group performed low-intensity resistance training
alone. In the low-intensity resistance training with heat stress group, a hot pack was applied to cover the muscle
belly of the triceps brachii for 20 min before the training. The duration of the intervention was 6 weeks. In both
groups, the training resistance was 30% of the one repetition maximum, applied in three sets with eight repetitions
each and 60-s intervals. The one repetition maximum of elbow extension and muscle thickness of triceps brachii
were measured before and after 6 weeks of low intensity resistance training.
Results: There was no significant change in the one-repetition maximum and muscle thickness in the control
group, whereas there was a significant increase in the muscle strength and thickness in the low-intensity resistance
training with heat stress group.
Conclusion: The combination of heat stress and low-intensity resistance training was an effective method for
increasing muscle strength and volume.
Trial registration: University Hospital Medical Information Network Clinical Trials Registry (UMIN000036167; March 11, 2019).
Keywords: Low-intensity training, Ultrasound, Muscle thickness, Hot pack, One repetition maximum

Background
In clinical settings, resistance training has been prescribed
to prevent muscle atrophy and increase muscle mass. In
general, high-intensity resistance training with at least 60–
80% of one-repetition maximum (1RM) is recommended
to increase muscle mass [1, 2]. However, studies have
pointed out that high-intensity resistance training might
be associated with a risk of orthopedic injury and that it
further markedly increases systolic blood pressure [3–5].
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Recently, studies have reported that low-intensity resistance training with blood flow restriction training or slow
movements and tonic force generation induced a significant increase in muscle mass [6, 7]. In addition, it has to
be considered that not only the training intensity but also
the total work (training intensity × repetitions) performed
is important to increase muscle mass. No significant difference has been found in the increase in muscle mass between low-intensity, high-repetition resistance training,
and high-intensity resistance training when the total work
was the same [8–10]. However, because it is necessary to
increase the number of repetitions or contraction time in
low-intensity resistance training to achieve the same total
work as that in high-intensity resistance training [10],
low-intensity, high-repetition resistance training is not a
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suitable approach in clinical settings because of the lack of
required supervision and time constraint. Therefore, it is
necessary to develop a more effective low-intensity resistance training method for this scenario.
In vitro studies have shown that heat stress can induce
muscle hypertrophy [11, 12]. In animals, the effect of heat
stress is independent of age [13]. An in vivo study demonstrated that heat stress causes an increase in both muscle
mass and strength in young males [14]. Goto et al. investigated the combined effect of low-intensity resistance
training with < 50% 1RM and heat stress in young males,
and they could increase muscle mass and strength [15]. In
the study by Yoon et al. on elderly women, they reported
similar increases in muscle mass and strength with a combination of low-intensity resistance training (40% 1RM)
and heat stress as obtained with moderate-intensity resistance training (60% 1RM) alone [16]. In contrast, Stadnyk
et al. investigated the effect of heat stress during and after
resistance training with 70% 1RM intensity in young subjects, and they reported that there were no effects on
muscle mass and strength [17].
The lack of consensus on the effect of resistance training
combined with heat stress in these studies may be related
to differences in timing. When heat stress was applied
during and after resistance training, as in the study by
Stadnyk et al. (2017), no effect was observed. On the other
hand, the application of heat stress before and during resistance training, as in the studies by Goto et al. (2007)
and Yoon et al. (2017), achieved significant synergistic effects between resistance training and heat stress. Therefore, it might be important to apply heat stress before
resistance training to induce an increase in muscle mass
and strength.
The duration of the heat stress application was 1 [16]
and 8 h [18] in previous studies, which is not realistic in a
clinical setting. Moreover, the resistance training methods
used in these studies were 50% 1RM × 30 repetitions × 3
sets [15] and 30% 1RM × 25 repetitions × 3 sets [16].
Therefore, it is possible that the increase in muscle mass
and strength was in fact caused not by low-intensity but
by high-repetition resistance training.
Therefore, we aimed to investigate the effect of lowintensity resistance training performed after heat stress,
which was applied in a manner that is realistic in clinical
settings (e.g., a heat stress duration of 20 min with 8 repetitions/set), on muscle mass and strength. Thus, the purpose of this study was to clarify whether low-intensity
resistance training performed after heat stress has a synergistic effect on muscle strength and hypertrophy.

Methods
Subjects

In total, 30 healthy male volunteers who were nonathletes
participated in this study [mean ± standard deviation (SD):
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age, 20.9 ± 0.4 years; height, 170.2 ± 5.3 cm; and weight,
62.8 ± 4.2 kg]. All subjects participated in sports at a recreational level and had not been involved in any regular resistance or flexibility training. In addition, the subjects
were instructed to not start a new resistance or flexibility
training during the training intervention period. Subjects
with a history of neuromuscular disease or a musculoskeletal injury of the upper extremities were excluded. Written informed consent was obtained from all subjects. The
study was approved by the Ethics Committee of the Niigata University of Health and Welfare, Niigata, Japan
(17678), and it followed the CONSORT recommendations. The study was registered with the University Hospital Medical Information Network Clinical Trials
Registry (UMIN000036167; March 11, 2019).
Study protocol

This study followed a randomized, controlled design (Fig 1).
After baseline measurements, the subjects were randomly
allocated to the combined low-intensity resistance training
with heat stress group (heat group; N = 15) or control group
(N = 15) using a computerized random number function in
Microsoft Excel (Microsoft Corp., Washington, WA, USA).
In the heat group, low-intensity resistance training was performed after 20-min heat stress. In the control group, lowintensity resistance training was performed without heat
stress. For each subject, 1RM for elbow extension was measured 1 week before the training session, and the resistance
training load was set to 30% 1RM. The 1RM measurements
were repeated every 2 weeks during the intervention, and
the resistance training load was readjusted based on the actual 1RM value.
Resistance training program

The triceps brachii of the dominant arm was investigated
in this study because previous studies have reported that
the triceps brachii shows high responsiveness to resistance
training aimed at an increase in muscle volume [19]. The
resistance training comprised lying triceps extension with
a dumbbell. The subjects laid in the supine position with
the shoulder and elbow both in 90° flexion, and they were
instructed to extend the elbow concentrically for 2 s, then
eccentrically for 2 s, and finally isometrically for 1 s at an
angle of 90°. In both groups, the training load was 30%
1RM and the resistance training comprised 3 sets with 8
repetitions and 60-s intervals. The resistance training was
performed 3 days per week for 6 weeks (18 sessions).
Muscle strength measurement

Each subject was instructed to perform a warm-up of 5 repetitions with a 3.5-kg dumbbell and 2 repetitions with a
5.0-kg dumbbell [20, 21]. After the warm-up, 1RM measurements were performed and the initial load was selected
by each subject. The load was increased until the subject
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Fig. 1 Flow chart of the study protocol

could not lift the weight anymore through a range of motion (elbow flexion from 90° to full extension) with the
proper form. To avoid the effect of fatigue on 1RM, the rest
period between two measurements was > 90 s. The 1RM
measurements were performed at preintervention week 1
and postintervention weeks 2, 4, and 6.
Measurements of muscle thickness

The thickness of the triceps brachii muscle was measured using B-mode ultrasonography (Aplio 500;
Toshiba Medical Systems, Tochigi, Japan) with a 5–14MHz linear probe. The measurement point was halfway
on a line from the acromial process of the scapula to the
lateral epicondyle of the humerus [20, 21]. The subjects
were instructed to lie in the prone position on a desk
with their arms placed at their sides and the wrist pronated. Measurements were taken from the inner edge of
the fascia to the humerus. Muscle thickness was measured before and after resistance training intervention.
Measurements were performed > 48 h after the last resistance training session to avoid errors due to acute
edema. All measurements were performed by the same
experienced investigator.
Heat stress application

A hot pack was placed on the dominant upper arm for the
application of heat stress. The subjects lied in the prone
position, and the hot pack was applied to cover the muscle

belly of the triceps brachii. Before application, the hot
pack was heated to 75 °C in an hydrocollator and wrapped
in a towel [18].
In a pilot study, we measured muscle temperature in
13 healthy males (mean ± SD: age, 21.2 ± 0.8 years;
height, 171.7 ± 5.4 cm; and weight, 62.8 ± 4.3 kg) with a
surface-type deep body thermometer (Core temp CTM210; Telmo, Tokyo, Japan). The results showed that
muscle temperature increased from 34.2 °C ± 1.0 °C
(mean ± SD) before intervention to 36.9 °C ± 0.5 °C
(mean ± SD) after low-intensity resistance training with
heat stress using the same protocol as used in the heat
group.
Statistical analysis

SPSS (version 24.0; IBM Corp., Armonk, NY, USA) was
used for statistical analysis. Potential differences between
the heat and control groups for 1RM and muscle thickness before measurements were assessed with an unpaired
t-test. For all variables, a split-plot analysis of variance
(ANOVA) using two factors [group (heat vs. control
group) and test time (before vs. after measurements)] was
used to analyze the interaction and main effect. When a
significant interaction was observed, the Bonferroni multiple comparison test was used to determine the differences in 1RM among the pre intervention measurements
as well as postintervention weeks 2, 4, and 6 measurements. Paired t-test was used to determine the differences
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in muscle thickness between the before and after measurements in the heat and control groups. The differences
were considered significant at an alpha level of 0.05. Descriptive data are shown as mean ± SD.

Results
The changes in 1RM in both groups are presented in
Table 1. No significant differences were found between
these group in terms of 1RM before intervention using
unpaired t-test (p = 0.873). In addition, split-plot
ANOVA indicated a significant interaction effect (F =
5.012, p = 0.003, ηp2 = 0.152). Regarding the heat group,
post hoc tests revealed that 1RM at post intervention
weeks 2, 4, and 6 was significantly higher than that before intervention. In addition, 1RM at post intervention
week 6 was significantly higher than that at post intervention weeks 2 and 4. There were no significant differences in the control group in this regard.
The changes in the thickness of the triceps brachii in
both groups are presented in Fig. 2. No significant differences were found between these group in terms of pre
intervention measurements using unpaired t-test (p = 0.
299). In addition, the split-plot ANOVA indicated a significant interaction effect (F = 7.5, p = 0.011, ηp2 = 0.211).
The post hoc test revealed that muscle thickness after
the intervention was significantly greater than that before the intervention in the heat group (p = 0.012),
whereas there was no significant difference in muscle
thickness before and after intervention in the control
group (p = 0.289).
Discussion
In this study, we investigated the effect of low-intensity
resistance training combined with heat stress on the triceps brachii in healthy subjects. The main finding of this
study was a significant increase in muscle strength and
thickness after low-intensity resistance training (30%
1RM × 8 repetitions × 3 sets) preceded by 20-min heat
stress, but no significant difference in terms of these parameters was observed after low-intensity resistance
training alone.
Previous studies [14–16] that have investigated the effect of low-intensity resistance training with heat stress
Table 1 Muscle strength before, during, and after resistance
training intervention
kg

PRE

2 weeks

4 weeks

6 weeks

Control group

11.6 ± 2.0

11.8 ± 1.9

12.2 ± 1.9

12.4 ± 2.1

Heat group

11.4 ± 2.4

12.4 ± 2.1a

12.9 ± 2.0a

13.8 ± 2.3a, b,

Heat group: heat stress before training; PRE: before resistance
training intervention
a: significant difference compared to PRE measurement
b: significant difference compared to measurement after 2 weeks
c: significant difference compared to measurement after 4 weeks

c

and reported increases in muscle strength and mass
employed either long-duration heat application or highrepetition training. To the best of our knowledge, this is
the first study to investigate the effect of low-intensity
resistance training with heat stress on muscle strength
and thickness wherein a mode of heat application and
repetition that is practical in a clinical setting were used.
Goto et al. reported that heat application of 38 °C for
> 45 min caused muscle hypertrophy [22], which might
be due to the expression of heat-shock proteins caused
by heat stress [23, 24]. It has been reported that heat
stress supports muscle hypertrophy induced by mechanical stress [24, 25]. This suggests that in the heat group
in our study, the effect of low-intensity resistance training was enhanced by the molecular chaperone function
of heat-shock proteins after heat stress. This is supported by the finding that there was no significant
change in muscle strength and thickness in the control
group. However, a previous in vitro study reported that
heat-shock protein 72 did not induce muscle hypertrophy at a muscle temperature of < 38 °C [22]. In our
pilot study, we showed that muscle temperature increased from 34.2 °C ± 1.0 °C (mean ± SD) before intervention to 36.9 °C ± 0.5 °C (mean ± SD) after lowintensity resistance training with heat stress (no subject
had muscle temperature of > 38 °C). Therefore, it is possible that there was no expression of heat-shock proteins
after low-intensity resistance training combined with
heat stress. Because we did not measure heat-shock proteins in this study, future studies are needed to measure
these proteins to clarify the exact mechanism underlying
the increase in muscle strength and thickness after lowintensity resistance training preceded by heat stress.
Remarkably, Goto et al. reported that heat stress alone
increased both muscle strength and volume [14]. They
applied heat stress for 6 h, and muscle temperature increased from 34.9 °C ± 0.5 °C (mean ± SD) to 38.3 °C ±
0.1 °C (mean ± SD) [14]. This muscle temperature of >
38.0 °C explains why heat stress alone could induce the
described changes. On the other hand, in our study, heat
stress was applied for only 20 min, which resulted in a
muscle temperature of 36.9 °C ± 0.5 °C (mean ± SD).
Therefore, we ascribe the observed positive effect on
muscles to the combination of heat stress and lowintensity resistance training and not only to heat stress.
Generally, 60–80% 1RM training intensity is recommended to increase muscle strength and mass [1, 2].
However, previous studies have pointed out that highintensity resistance training might be associated with a
risk of orthopedic injury and marked increases in systolic blood pressure [3–5]. Therefore, low-intensity resistance training is preferable for clinical populations
and the elderly. Our study suggests that low-intensity resistance training with heat stress is an effective training
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Fig. 2 Muscle thickness before and after 6 weeks of resistance training. Control group: Resistance training only; Heat group: heat stress applied
before resistance training; PRE: before resistance training intervention

method for increasing muscle strength and mass in these
target groups.
There are certain limitations to this study. First, we
did not determine the nutritional status of the subjects.
Thus, the true effectiveness of the training programs
cannot be evaluated properly. Second, we investigated
the effect of low-intensity resistance training with heat
stress on the triceps brachii in healthy young males. A
future study should investigate the effect of low-intensity
resistance training after heat stress on lower limb muscles in clinical populations and the elderly.
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Conclusion
In this study, we investigated the effect of 6-week heat
stress followed by low-intensity resistance training (30%
1RM × 8 repetitions × 3 sets) on the triceps brachii in
young healthy males, and we showed a significant increase
in muscle strength and thickness that was not observed
with low-intensity resistance training alone.
Abbreviations
ANOVA: Analysis of variance; RM: Repetition maximum
Acknowledgements
The authors would like to thank Enago (http://www.enago.jp/) for editorial
assistance with the manuscript.
Declaration of conflicting interests
The authors declare that there is no conflict of interest.
Authors’ contributions
MN contributed to study design and data correction, and drafted the
manuscript; TY, RK, SS, NT contributed to data analysis and made critical
revisions to the manuscript. All authors approved the final version of the
manuscript and agreed to be accountable for all aspects of the work.
Funding
This work was funded by the Japanese Physical Therapy Association
Research Grant in 2017 for MN. The funders had no role in study design,
data collection and analysis, decision to publish, nor in writing the
manuscript.

References
1. American College of Sports M: American College of Sports Medicine
position stand. Progression models in resistance training for healthy adults.
Med Sci Sports Exerc. 2009;41(3):687–708.
2. Wernbom M, Augustsson J, Thomee R. The influence of frequency, intensity,
volume and mode of strength training on whole muscle cross-sectional
area in humans. Sports Med. 2007;37(3):225–64.
3. Liu CJ, Latham N. Adverse events reported in progressive resistance
strength training trials in older adults: 2 sides of a coin. Arch Phys Med
Rehabil. 2010;91(9):1471–3.
4. Fleck SJ. Cardiovascular adaptations to resistance training. Med Sci Sports
Exerc. 1988;20(5 Suppl):S146–51.
5. MacDougall JD, Tuxen D, Sale DG, Moroz JR, Sutton JR. Arterial blood
pressure response to heavy resistance exercise. J Appl Physiol. 1985;58(3):
785–90.
6. Takarada Y, Sato Y, Ishii N. Effects of resistance exercise combined with
vascular occlusion on muscle function in athletes. Eur J Appl Physiol. 2002;
86(4):308–14.
7. Tanimoto M, Ishii N. Effects of low-intensity resistance exercise with slow
movement and tonic force generation on muscular function in young men.
J Appl Physiol. 2006;100(4):1150–7.
8. Harris C, DeBeliso MA, Spitzer-Gibson TA, Adams KJ. The effect of resistancetraining intensity on strength-gain response in the older adult. J Strength
Cond Res. 2004;18(4):833–8.
9. Moore DR, Young M, Phillips SM. Similar increases in muscle size and
strength in young men after training with maximal shortening or
lengthening contractions when matched for total work. Eur J Appl Physiol.
2012;112(4):1587–92.
10. Ikezoe T, Kobayashi T, Nakamura M, Ichihashi N. Effects of low-load, higherrepetition versus high-load, lower-repetition resistance training not

Nakamura et al. BMC Musculoskeletal Disorders

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

(2019) 20:603

performed to failure on muscle strength, mass, and echo intensity in
healthy young men: a time-course study. J Strength Cond Res. [in press].
Uehara K, Goto K, Kobayashi T, Kojima A, Akema T, Sugiura T, Yamada S,
Ohira Y, Yoshioka T, Aoki H. Heat-stress enhances proliferative potential in
rat soleus muscle. Jpn J Physiol. 2004;54(3):263–71.
Kobayashi T, Goto K, Kojima A, Akema T, Uehara K, Aoki H, Sugiura T, Ohira
Y, Yoshioka T. Possible role of calcineurin in heating-related increase of rat
muscle mass. Biochem Biophys Res Commun. 2005;331(4):1301–9.
Ohno Y, Yamada S, Goto A, Ikuta A, Sugiura T, Ohira Y, Yoshioka T, Goto K.
Effects of heat stress on muscle mass and the expression levels of heat
shock proteins and lysosomal cathepsin L in soleus muscle of young and
aged mice. Mol Cell Biochem. 2012;369(1–2):45–53.
Goto K, Oda H, Kondo H, Igaki M, Suzuki A, Tsuchiya S, Murase T, Hase T,
Fujiya H, Matsumoto I, et al. Responses of muscle mass, strength and gene
transcripts to long-term heat stress in healthy human subjects. Eur J Appl
Physiol. 2011;111(1):17–27.
Goto K, Oda H, Morioka S, Naito T, Akema T, Kato H, Fujiya H, Nakajima Y,
Sugiura T, Ohira Y, et al. Skeletal muscle hypertrophy induced by lowintensity exercise with heat-stress in healthy human subjects. J Jpn J Aerosp
Environ Med. 2007;44(1):13–8.
Yoon SJ, Lee MJ, Lee HM, Lee JS. Effect of low-intensity resistance training
with heat stress on the HSP72, anabolic hormones, muscle size, and
strength in elderly women. Aging Clin Exp Res. 2017;29(5):977–84.
Stadnyk AMJ, Rehrer NJ, Handcock PJ1, Meredith-Jones KA, Cotter JD. No
clear benefit of muscle heating on hypertrophy and strength with
resistance training. Temperature. 2017 7;5(2):175–83.
Draper DO, Harris ST, Schulthies S, Durrant E, Knight KL, Ricard M. Hot-pack
and 1-MHz ultrasound treatments have an additive effect on muscle
temperature increase. J Athl Train. 1998;33(1):21–4.
Kawakami Y, Abe T, Kuno SY, Fukunaga T. Training-induced changes in
muscle architecture and specific tension. Eur J Appl Physiol Occup Physiol.
1995;72(1–2):37–43.
Akagi R, Tanaka J, Shikiba T, Takahashi H. Muscle hardness of the triceps
brachii before and after a resistance exercise session: a shear wave
ultrasound elastography study. Acta Radiol. 2015;56(12):1487–93.
Akagi R, Shikiba T, Tanaka J, Takahashi H. A six-week resistance training
program does not change shear Modulus of the triceps Brachii. J Appl
Biomech. 2016;32(4):373–8.
Goto K, Kojima A, Kobayashi T, Uehara K, Morioka S, Naito T, Akema T,
Sugiura T, Ohira Y, Yoshioka T. Heat stress as a countermeasure for
prevention of muscle atrophy in microgravity environment. J Jpn J Aerosp
Environ Med. 2005;42(2):51–9.
Goto K, Honda M, Kobayashi T, Uehara K, Kojima A, Akema T, Sugiura T,
Yamada S, Ohira Y, Yoshioka T. Heat stress facilitates the recovery of
atrophied soleus muscle in rat. Jpn J Physiol. 2004;54(3):285–93.
Goto K, Okuyama R, Sugiyama H, Honda M, Kobayashi T, Uehara K, Akema T,
Sugiura T, Yamada S, Ohira Y, et al. Effects of heat stress and mechanical
stretch on protein expression in cultured skeletal muscle cells. Pflugers Arch.
2003;447(2):247–53.
Yamashita-Goto K, Ohira Y, Okuyama R, Sugiyama H, Honda M, Sugiura T,
Yamada S, Akema T, Yoshioka T. Heat stress facilitates stretch-induced
hypertrophy of cultured muscle cells. J Gravit Physiol. 2002;9(1):P145–6.

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

Page 6 of 6

