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Introduction: Androgen deprivation therapy (ADT) is considered the basic treatment for
advanced prostate cancer, but it is highly associated with detrimental changes in muscle
mass and muscle strength. The aim of this meta-analysis was to investigate the effects
of supervised physical training on lean mass and muscle strength in prostate cancer
patients undergoing ADT.
Methods: A systematic literature search was performed using MEDLINE, Embase, and
ScienceDirect until October 2018. Only studies that examined both muscle mass and
strength in prostate cancer patients undergoing ADT were included. Outcomes of interest
were changes in lean body mass (surrogate for muscle mass) as well as upper and lower
body muscle strength. The meta-analysis was performed with fixed-effects models to
calculate mean differences between intervention and no-training control groups.
Results: We identified 8,521 publications through the search of the following key words:
prostate cancer, prostate tumor, prostate carcinoma, prostate neoplasm, exercise, and
training. Out of these studies, seven randomized controlled trials met the inclusion criteria
and where included in the analysis. No significant mean differences for changes in
lean mass were observed between the intervention and control groups (0.49 kg, 95%
CI: −0.76, 1.74; P = 0.44). In contrast, the mean difference for muscle strength was
significant both in chest (3.15 kg, 95% CI: 2.46, 3.83; P < 0.001) and in leg press
(27.46 kg, 95% CI: 15.05, 39.87; p < 0.001).
Conclusion: This meta-analysis provides evidence that low- to moderate-intensity
resistance and aerobic training is effective for increasing muscle strength but may not
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be sufficient to affect muscle mass in prostate cancer patients undergoing ADT. The
underlying mechanisms for this maladaptation may in part be explained by an insufficient
stimulus induced by the training regimens as well as a delayed initiation of training in
relation to the start of ADT. When interpreting the present findings, one should bear
in mind that the overall number of studies included in this review was rather low,
emphasizing the need for further studies in this field.
Keywords: ADT, androgen suppression, lean mass, exercise medicine, strength training, exercise oncology

INTRODUCTION

potential for patients treated with ADT to gain muscle mass,
especially by exercise protocols typically recommended to target
at muscle hypertrophy (i.e., 8–12 repetitions at 70–85% of
maximal strength Kraemer and Ratamess, 2004).
This systematic review and meta-analysis primarily aimed
to investigate whether supervised physical training significantly
increases lean body mass in prostate cancer patients treated with
ADT. Moreover, we investigated whether possible changes in
lean mass were translated into improvements in muscle strength.
To ensure accuracy of our findings, only randomized-controlled
trials with objective measures of lean mass, such as a dual-energy
X-ray absorptiometry (DXA) were considered. Therefore, our
homogeneous analysis differs from a recent systematic review
which was not limited to studies with objective measures for
muscle mass (Gardner et al., 2014), as well as a recent metaanalysis which included prostate cancer patients who were not
required to be treated with ADT (Keilani et al., 2017).

Prostate cancer has become the second most common cancer in
developed countries, affecting especially older men (American
Cancer Society, 2013). Because testosterone exacerbates prostate
cancer, androgen deprivation therapy (ADT) is considered
preferentially as the basic treatment (Pagliarulo et al., 2012;
Crawford and Moul, 2015). Thus, over one million patients
received or are currently receiving ADT in the United States
(Smith, 2007; DeSantis et al., 2014; Tsai et al., 2015; Pagliarulo,
2018), either through surgery (bilateral orchiectomy) or
medication (i.e., by gonadotropin-releasing hormone [GnRH]
agonists or GnRH antagonists; Ahmadi and Daneshmand, 2014).
Anabolic steroids such as testosterone are known to play
a crucial role in muscle growth both in healthy and in
diseased populations (Shabsigh et al., 2009; Bandak et al., 2016).
Consequently, significant reductions of circulating testosterone
concentrations induced by ADT typically lead to serious adverse
events. These include but are not limited to a loss of lean mass
(Vermeulen et al., 1999; Galvão et al., 2008), bone mineral density
(Galvão et al., 2008), and muscle strength (Araujo et al., 2007),
with concomitant increases in fat mass (Vermeulen et al., 1999).
These unfavorable changes may, in turn, have an adverse impact
on overall quality of life and increase the risk of falls and hip
fractures (Shahinian et al., 2005).
Previous studies have well-documented that regular physical
exercise can ameliorate many of the common adverse effects
of ADT (Segal et al., 2003; Galvão et al., 2010; Cormie et al.,
2013). Resistance and/or aerobic training have been shown to
improve muscle strength and aerobic capacity, reduce fatigue,
and improve overall quality of life (Keogh and MacLeod, 2012).
However, few studies have focused on the effects of exercise
on muscular strength and lean body mass in prostate cancer
patients undergoing ADT (Gardner et al., 2014). Recent studies
have shown that muscle mass is an important predictor of overall
survival in patients with various cancer entities (Beuran et al.,
2018; Dolan et al., 2018; Limpawattana et al., 2018), including
prostate cancer (Cushen et al., 2016).
In light of suppressed testosterone concentrations, it remains
questionable whether physical exercise provides a sufficient
stimulus to increase muscle mass in men receiving ADT.
Although anabolic steroids certainly play a crucial role in protein
synthesis, muscle growth might also be induced by other means,
such as other growth factors (e.g., insulin-like growth-factor
I) as well as amino acid or mechanical signaling (Hoppeler,
2016; Wackerhage et al., 2019). Theoretically, this also provides
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METHODS
A systematic literature search was conducted in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) (Liberati et al., 2009) and
was registered at the international database of prospectively
registered systematic reviews in health and social care
(PROSPERO: CRD42018094240).
The search was performed using MEDLINE, Embase, and
ScienceDirect. Databases were searched from their inception
until October 2018 by two independent researchers (CZY,
ZY). Search terms related to prostate cancer (e.g., prostate
tumor, prostate carcinoma, and prostate neoplasm) and exercise
(exercise, training) were used (Table 1). The search process
included removing duplicates and screening titles, abstracts, and
eligible full texts. The reference lists of included studies were also
checked for additionally relevant studies.

Eligibility Criteria
In line with the aim of this meta-analysis, only studies published
in peer-reviewed scientific journals in English language were
included. The detailed inclusion criteria followed the PICO
(participants, interventions, comparators, outcomes, and study
design; Liberati et al., 2009). The population of this review
included patients currently receiving any form of ADT (i.e.,
bilateral orchiectomy or hormone antagonists), and studies were
required to include at least one group performing supervised
exercise, as well as a no-training control group. All studies
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changes and corresponding standard deviations (SD) from
baseline to the endpoint of each study were calculated. Taking
into account the same outcome and unit of measurement,
study results were pooled by using the mean difference (MD)
for lean body mass and muscle strength, according to Cohen
(1988). In addition, a fixed-effects model was used for the same
measurement of outcomes and similar intervention duration.
Statistical heterogeneity was assessed by a chi-squared test and I 2 .
The I 2 values >50% indicated a large heterogeneity. Publication
bias was assessed by funnel plots. All data was presented with 95%
confidence intervals (CI).

TABLE 1 | Search strategy for each data base.
Databases

Search strategy

MEDLINE

(Prostate cancer*[Title/Abstract])OR (Prostate
tumor*[Title/Abstract])OR (Prostate carcinoma*[Title/Abstract])OR
(Prostate tumor*[Title/Abstract])OR (Prostate neoplasm) AND
(exercise*[Title/Abstract]) OR (Training [Title/Abstract])

Embase

(“prostate cancer”:ab,ti OR “prostate tumor”:ab,ti OR “prostate
carcinoma”:ab,ti OR “prostate tumor”:ab,ti OR “prostate
neoplasms”:ab,ti) AND (“exercise”:ab,ti OR “training”:ab,ti)

ScienceDirect (“Prostate cancer” OR “Prostate tumor” OR “Prostate carcinoma”
OR “Prostate tumor” OR “Prostate neoplasm”) AND (“exercise”
OR “Training”)

Risk of Bias Assessment
The Cochrane Collaboration’s risk of bias assessment tool
(Higgins et al., 2011) was used to evaluate the internal
validity of the included randomized controlled trials (RCTs).
Independently, two authors (CZY, ZY) examined the studies of
interest for the following sources of bias: selection (sequence
generation and allocation concealment), performance (blinding
of participants/personnel), detection (blinding outcome
assessors), attrition (incomplete outcome data), reporting
(selective reporting), and other potential bias (e.g., recall bias).
Although blinding is not feasible in exercise interventions, this
quality criterion was still assessed for integrity and in agreement
with other systematic reviews in the field.

fulfilling these criteria regardless of age, prostate tumor stage, and
other concomitant treatments (e.g., radiology, chemotherapy,
and prostatectomy) were deemed eligible. The outcomes of
interest included measures of both lean mass and muscle
strength. Thus, only studies reporting data of lean mass and
muscle strength both before and after the trial were eligible.
In addition, only randomized-controlled trials (RCT) were
considered appropriate. The detailed inclusion criteria were as
follows: (1) The duration of the exercise intervention was longer
than 3 months; (2) An objective measure of lean mass (e.g., dualenergy X-ray absorptiometry; Pietrobelli et al., 2001) and muscle
strength (e.g., one repetition maximum test) was implemented;
(3) The intervention included exercise training only (i.e., no
nutritional supplementation, or combined exercise and other
treatments); (4) A control group with no supervised physical
training was included, while placebo control conditions including
e.g., psychosocial support as well as stretching and relaxation
were allowed. Studies that did not meet all of these criteria
were excluded.

RESULTS
Study Characteristics
The results of the literature search are summarized in Figure 1.
Eight thousand five hundred and twenty-one records were
retrieved. After removing duplicates, 7,337 eligible articles
remained for further analysis. Following screening of titles and
abstracts, 41 records were deemed relevant to the theme and
retrieved for full-text review. Finally, only seven studies remained
for the present meta-analysis.
All seven studies compared an exercise intervention with a
no-training control group, receiving usual care (Galvão et al.,
2010, 2014; Nilsen et al., 2015), support information (Galvão
et al., 2014; Taaffe et al., 2018), stretching (Winters-Stone et al.,
2015), or maintenance of their normal physical activity and
dietary routine (Wall et al., 2017). Out of these included studies,
in two trials solely supervised whole-body resistance training
was performed by the intervention group (Nilsen et al., 2015;
Winters-Stone et al., 2015), whereas in the five remaining trials,
training consisted of a combination of resistance and aerobic
training (Galvão et al., 2010, 2014; Cormie et al., 2015a; Wall
et al., 2017; Taaffe et al., 2018). Dropout rates ranged from 3
to 21% and were mainly related to non–exercise related adverse
events as well as personal reasons, such as a loss of interest
(Galvão et al., 2010, 2014; Winters-Stone et al., 2015; Wall et al.,
2017; Taaffe et al., 2018), health-related reasons (Nilsen et al.,
2015), and travel constraints (Cormie et al., 2015a).
The meta-analysis was carried out with a total of 468 patients
at a mean age of 69.7 (SD = 7.3) years. Six studies (Galvão
et al., 2010, 2014; Cormie et al., 2015a; Winters-Stone et al.,
2015; Wall et al., 2017; Taaffe et al., 2018) excluded patients

Data Extraction
Basic information on the sample, the type of intervention, and
relevant study outcomes were extracted from each original study
and summarized into draft forms. Points of disagreement were
discussed first and then judged by a third author (MS). In detail,
the following data was extracted from each eligible study: (1) the
general characteristics (e.g., the last name of first author, year
of publication, aim of the study and outcomes); (2) participant
information (e.g., sample size and age); (3) intervention data
for the exercise and control groups (e.g., intervention duration,
types of interventions); (4) specific outcomes (i.e., muscle mass
and muscle strength). Due to the use of different terms to
describe changes in body composition, the following terms
were summarized as muscle mass/lean body mass: total-body
lean mass, whole-body lean mass, total lean mass, lean tissue
mass, and fat-free lean mass. In studies in which the prescribed
intervention continued after the supervised training period, for
example, by home-based exercise, only the duration of supervised
training was included in the analysis.

Data Analysis
The meta-analysis was conducted by Revman 5.3 (version 5.3,
the Nordic Cochrane Centre, Copenhagen, Denmark). Mean
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FIGURE 1 | Screening chart.

Changes in Lean Mass

with bone metastatic disease, and one study (Nilsen et al.,
2015) excluded patients using osteoporosis medication. The ADT
treatment differed between studies, ranging from 6 days to 39
months. Furthermore, the length of the exercise interventions
varied across studies, ranging from 3 to 12 months. The majority
of studies used a training frequency of two sessions per week
(Galvão et al., 2010, 2014; Cormie et al., 2015a; Winters-Stone
et al., 2015; Wall et al., 2017; Taaffe et al., 2018), with the
exception of one study (Nilsen et al., 2015) in which three weekly
sessions were performed. The intensity of aerobic exercise among
the studies ranged from 65 to 90% of maximum heart rate,
whereas strength training was mainly performed with a 6–12
repetition maximum (RM; i.e., the maximal weight that can be
lifted 6–12 times). The training characteristics of included studies
are summarized in Table 2.

The results of lean mass were pooled from seven
studies (Galvão et al., 2010, 2014; Cormie et al.,
2015a; Nilsen et al., 2015; Winters-Stone et al., 2015;
Wall et al., 2017; Taaffe et al., 2018; Figure 3). No
statistically significant change in lean mas was observed.
The pooled mean difference in total lean mass was
0.49 kg (95% CI: −0.76, 1.74; P = 0.44), with low
heterogeneity (I 2 = 0%).

Changes in Upper- and Lower-Body
Muscle Strength
The results of chest press were pooled from four studies
(Galvão et al., 2010, 2014; Nilsen et al., 2015; Taaffe et al.,
2018; Figure 4). Among them, only one study (Galvão et al.,
2014) showed a statistically significant increase in chest
press. The pooled estimate of mean difference in chest press
was 3.15 kg (95% CI: 2.46, 3.83; P < 0. 001), with low
heterogeneity (I 2 = 0).

Risk of Bias Assessment
Risk of bias was low in two studies (Cormie et al., 2015a;
Wall et al., 2017), while it was uncertain the remaining studies
(Figure 2; Table 3).
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TABLE 2 | Characteristic information of the included studies.
Number of
patients

ADT duration

Intervention

Taaffe et al., 2018

T: N = 57
EX: N = 28
CON: N =29

6 months:
EX: n = 12
CON: n = 17
18 months:
EX: n = 16
CON: n = 12

6 months
EX: combined
progressive supervised
resistance (whole-body
training) and aerobic
exercise
CON: receiving
physical activity advice
supported with printed
material

Twice per
week (1 h)

Wall et al., 2017

T: N = 97
EX: N = 50
CON: N =47

ADT time, months
median
EX: 3.0 (2.0–4.0)
CON: 2.0 (2.0–3.5)

6 months
EX: resistance
(whole-body training)
and aerobic training
CON: maintaining
normal physical activity
and dietary routine

Nilsen et al., 2015

T: N = 58
EX: N = 28
CON: N =30

Average ADT
EX: high-load strength
duration: 9 months training (whole-body
training) program
CON: usual care

5

References

Supervised Frequency
exercise
(hour)
duration

16 weeks

Intensity

Drop-out
rate

P-value

Resistance training with
Unclear
loading progressing from 6
to 12 repetition maximum
(RM) for two to four sets per
exercise.
The intensity of aerobic
exercise was set at 70–85%
of maximum heart rate and
perceived exertion at 11–13
on the Borg Rating of
Perceived Exertion Scale
(6–20 points).

EX:
Lean body mass: +0.1 KG (SD
change ±6.2)
Chest press: +2.5 KG (SD
change ±9.2)
Leg press: +23.7 KG (SD
change±37.1)
CON: Lean body mass:
−0.1 KG (SD change ±6.5)
Chest press: −0.6 KG (SD
change ±10.4)
3. Leg press: +9.6 KG (SD
change±52.2)

Between group: not
reported
Within group: not reported

Twice per
week (1 h)

21%
The intensity of resistance
exercise was 4-wk cycle,
6–12 RM (e.g., the maximal
weight that can be lifted 6 to
12 times) using one to four
sets per exercise.
The intensity of aerobic
exercise was 70–90% of
each participant’s measured
heart rate at VO2 max.

EX:
Lean body mass: +0.7 KG (SD
change ±8.6)
Body mass: +0.8 KG (SD
change±16.7)
CON: Lean body mass: –0.1 KG
(SD change ±6.0)
Body mass: +1.9 KG (SD
change±12.3)

Between groups:
Lean body mass: 0.015
Body mass:0.055
Within group: not reported
Within group: not reported

Three
sessions per
week

Exercise with low resistance 15%
corresponding to 40–50%
of one RM. Training volume
through the intervention
period: from one to three
sets of 10 RM on Mondays,
and from two to three sets
of 6 RM on Fridays. A sub
maximal session was
carried out on Wednesdays,
with 10 repetitions and
80–90% of 10 RM in 2–3
sets.

EX:
Lean body mass: +0.5 KG (SD
change ±7.2)
Body mass: +0.4 KG (SD
change ±12.4)
Chest press: +5 KG (SD change
±12)
Leg press: +44 KG (SD
change±54.5)
CON: Lean body mass: ±0 KG
(SD change ±6.7)
Body mass: +0.1 KG (SD
change ±12.5)
Chest press: ±0 KG (SD
change±11)
4. Leg press: ±0 KG (SD
change±42)

Between groups:
Lean body mass: 0.175
Body mass: 0.509
Chest press: <0.001
Leg press:<0.001
Within group: not reported

(Continued)
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TABLE 2 | Continued
ADT duration

Intervention

Supervised Frequency
(hour)
exercise
duration

Intensity

Winters-Stone et al., T: N = 58
2015
EX: N = 28
CON: N =30

Average time
undergoing ADT
(months)
EX:39 CON:28.5

EX: resistance
(whole-body training)
and impact training
exercise
CON: stretching
placebo control

12 months

Twice per
week (1 h)

Resistance training used
13% drop
free weights for 1–3 sets per out
exercise at a weight that
could be lifted for 8–12
repetitions (about 60–80%
of one repetition maximum
[1RM]).

Between group: not
EX:
reported
Lean body mass: ±0 KG (SD
Within group: not reported
change ±9.3)
Body mass: –0.4 KG (SD
change±15)
CON: Lean body mass: –0.3 KG
(SD change±6.6)
2. Body mass: +0.6 (SD
change±13.8)

Cormie et al., 2015a

T: N = 63
EX: N = 32
CON: N =31

Average time since
ADT injection
(days) EX:6.2
CON: 5.6

3 months
EX: moderate–high
intensity aerobic and
resistance (whole-body
training) exercise
CON: usual care

Twice per
week (1 h)

12%
The intensity of resistance
exercise was manipulated
from 6–12 repetition
maximum using 1–4 sets
per exercise.
The intensity of aerobic
exercise was set at
approximately 70%−85% of
estimated maximum heart
rate.

EX:
Lean body mass: –0.6 KG (SD
change ±6.4)
Body mass: –1.2 KG (SD change
±13.3)
Chest press: +2.4 KG (SD
change ±13.0)
Leg press: +23.6 KG (SD
change±51.5)
CON: Lean body mass: –1.4 KG
(SD change ±6.5)
Body mass: –0.6 (SD change
±10.3)
Chest press: –3 KG (SD
change±15.8)
Leg press: –1.9 KG (SD
change±48.3)

Between group: not
reported Within group:
EX: Lean body mass: 0.168
Body mass: 0.170
Chest press: <0.001
Leg press:0.038
CON: Lean body mass:
<0.001
Body mass: 0.061
Chest press: 0.012
Leg press:0.369

Galvão et al., 2014

T: N = 100
EX: N = 50
CON: N =50

Average previous
ADT duration
(months)
EX:12.9
CON:11.0

EX: resistance (whole
body training) and
aerobic exercise
CON: printed
educational material

Twice per
week (total
time not
reported)

13% drop
The intensity of resistance
out
exercises was set at 6–12
repetition maximum (RM) for
two to four sets per
exercise.
The intensity of aerobic
exercise was set at 70–85%
maximum heart rate and
perceived exertion at 11–13
(6–20 point Borg scale).

EX:
Lean body mass: +0.1 KG (SD
change ±6.2)
Body mass: −0.3 KG (SD
change ±12.4)
Chest press: +2.6 KG (SD
change±1.8)
CON: Lean body mass: −0.1KG
(SD change ±6.5) Body mass:
−0.6KG (SD change ±11.9)
Chest press: −0.5KG (SD
change ±1.8)

Between group:
Lean body mass: 0.290
Body mass: 0.777
Chest press:0.004
Within group: no report

References

Number of
patients

6
6 months

Drop-out
rate
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The results of leg press were pooled from four studies (Galvão
et al., 2010; Cormie et al., 2015a; Nilsen et al., 2015; Taaffe
et al., 2018; Figure 5). Among them, three studies showed
significantly increased leg press strength (Galvão et al., 2010;
Cormie et al., 2015a; Nilsen et al., 2015), whereas one study
(Taaffe et al., 2018) did not found significant changes after the
intervention. The pooled estimate of mean difference in leg
press was 27.46 kg (95% CI: 15.05, 39.87; p < 0. 001), with low
heterogeneity (I 2 = 0).

DISCUSSION
In this meta-analysis, we examined the effects of supervised
exercise on muscle mass and strength in cancer patients
undergoing ADT. The main findings indicated that supervised
exercise does not statistically affect total lean mass compared
to usual care, whereas the pooled mean difference for upperand lower-body muscle strength was significant in favor of the
training interventions.
Over the past decade, evidence of the importance of physical
exercise as a supportive therapy for the management of cancer
has considerably increased (Bourke et al., 2016). Exercise is
known to be safe and feasible for prostate cancer patients
(Cormie et al., 2015b) and widely accepted as an effective
adjuvant therapy (Richman et al., 2011; Ashcraft et al., 2016;
Galvão et al., 2016; Peisch et al., 2017) by ameliorating many
of the side effects induced by the medical treatment. Our metaanalysis adds to previous knowledge by highlighting that the
positive effects of physical exercise do not necessarily induce
changes in lean mass in patients receiving ADT.
The underlying causes for our findings may be manifold.
ADT is known to cease testosterone production by the
testicles. Testosterone, in turn, is considered one of the most
potent androgens, critically controlling muscle protein synthesis
(Vermeulen et al., 1999; Vingren et al., 2010). For example, in
healthy elderly people, declines in muscle mass (i.e., sarcopenia)
are typically associated with reductions in anabolic hormone
concentrations (Doherty, 1985; Morley et al., 2001; Shin et al.,
2018). Furthermore, previous studies have shown that muscle
growth induced by strength training is hindered when the
testosterone production was inhibited by a GnRH analog
(Kvorning et al., 2006). Therefore, our present findings are well in
line with previous studies, but it should be noted that the pooled
mean of muscle mass difference in the present analysis was close
to 0. This actually indicates that in the control group no major
declines in muscle mass occurred, making it difficult to detect
significant difference between the groups.
Of note is that in the majority of studies (Galvão et al.,
2010, 2014; Nilsen et al., 2015; Winters-Stone et al., 2015; Wall
et al., 2017; Taaffe et al., 2018), patients had already been
treated with ADT for more than 6 months prior to the exercise
intervention. A recent study by Taaffe et al. (2019) showed that
lean mass was preserved when strength training and concomitant
supplementation of calcium and vitamin D was initiated at the
same time as ADT, whereas the same training was no longer
effective when it was commenced after 6 months. Moreover,

In the control group, no supervised physical training was performed. RM, repetition maximum; T, Total; EX, exercise training group; CON, control group; SD, standard deviation.

Between group:
Lean body mass: 0.047
Body mass: 0.163
Chest press: 0.018
Leg press: <0.001
Within group: no report
EX:
Lean body mass: +0.7 KG (SD
change ±6.8)
Body mass: +0.7 KG (SD
change ±10.5)
Chest press: +3.8 KG (SD
change ±11.3)
Leg press: +36.2 KG (SD
change±48.6)
CON: Lean body mass: ±0 KG
(SD change ±9.5)
Body mass: ±0 KG (SD change
±14.4)
Chest press: +0.5 KG (SD
change±12.9)
Leg press: +7 KG (SD
change±53.7)
EX: resistance
(whole-body training)
and aerobic exercise
CON: usual care
T: N = 57
EX: N = 29
CON: N =28
Galvão et al., 2010

Average AST time,
months
EX:18.2
CON:10.1

12 weeks

Twice per
week (total
time not
reported)

The resistance exercise
3%
program was designed to
progress from 6–12
repetition maximum (RM) for
two to four sets per
exercise.
The intensity of aerobic
exercise was set at 65–80%
maximum heart rate and
perceived exertion at 11–13
(6–20 point, Borg scale).

P-value
Drop-out
rate
Intensity
Supervised Frequency
(hour)
exercise
duration
Intervention
ADT duration
Number of
patients
References

TABLE 2 | Continued
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interventions in the studies included in this review differed from
3 to 12 months. However, due to the low heterogeneity calculated
by our fixed model, a meta-regression was not deemed necessary.
Therefore, the small differences in effect sizes between the studies
indicate that the duration of the training intervention beyond
3 months does not seem to have a major effect on changes in
lean mass.
In addition to the timing of the training, other variables such
as the type (Stewart et al., 2014), intensity, (Fyfe et al., 2014), and
frequency (Kemmler and von Stengel, 2013) of exercise training
need to be considered. Strength training protocols used in the
eligible studies included in our meta-analysis mainly consisted
of 6–12 repetition maximum. In fact, such a training regimen
is well in line with exercise guidelines for healthy populations,
which typically recommend intensity ranges from 65 to 85% of 1
RM to optimize muscle hypertrophy (American College of Sports
Medicine, 2009; Lasevicius et al., 2018). Similarly, the training
frequency (i.e., 2–3 weekly sessions) applied in the majority of
the included studies was in agreement with previous studies in
healthy populations (Sayers and Gibson, 2012; Filho et al., 2013;
Turpela et al., 2017). Therefore, the training characteristics do
not seem to aid explanation that the present findings found no
significant changes in muscle morphology.
Interestingly, the majority of eligible studies used a
combination of aerobic and strength training (Galvão et al., 2010,
2014; Nilsen et al., 2015; Wall et al., 2017; Taaffe et al., 2018).
Over the past decades, it has been extensively discussed whether
performing aerobic and resistance training within the same
exercise program may hinder hypertrophic adaptations (Wilson
et al., 2012). This was thought to be mainly due to an inhibition of
the mammalian target of rapamycin (mTOR) signaling pathway
through AMP-activated protein kinase (AMPK), activated by
endurance exercise (Hawley, 2009). For healthy populations, this
hypothesis has recently been challenged with studies actually
indicating rather additive effects on lean mass when aerobic and
strength training are combined (Harber et al., 1985; Konopka
et al., 2010; Murach and Bagley, 2016). This is especially in light
of the rather low volume of aerobic training performed in the
included studies (2–3 times per week, 20–30 min of continues or
interval bouts at 70–85% of maximal heart rate) which is unlikely
to have a negative impact on morphological adaptations (Hawley,
2009). However, investigating neuromuscular interference was
beyond the scope of the present meta-analysis. Future studies
may investigate potentially negative adaptations by comparing
combined training with strength training only in prostate cancer
patients receiving ADT.
When interpreting the present data, one should bear in
mind that we purposefully excluded studies in which the
intervention included nutritional supplementation, to elucidate
the sole effects of exercise training on muscle mass and
muscle strength. It is well-known that the synergistic effects
of combined training and protein supplementation are much
greater than the exercise training stimulus alone for muscle
hypotrophy (Tang and Phillips, 2009). It has been shown that
ADT reduces basal and protein feeding–induced rises in muscle
protein synthesis, whereas concomitant exercise and protein
supplementation may reverse these effects (Hanson et al., 2017;

FIGURE 2 | Summary of risk of bias assessment.

TABLE 3 | Summarized risk of bias for all included studies.
References

Results of bias assessment

Cormie et al., 2015a

Low risk

Galvão et al., 2010

Unclear risk

Galvão et al., 2014

Unclear risk

Nilsen et al., 2015

Unclear risk

Taaffe et al., 2018

Unclear risk

Wall et al., 2017

Low risk

Winters-Stone et al., 2015

Unclear risk

during the first 6 months of ADT, significant reductions in
lean mass were observed in the no-training control group,
highlighting the importance of the timing of physical exercise.
This finding was in line with the study by Cormie et al. (2015a),
in which lean mass was preserved when combined aerobic
and strength training was initiated concomitantly with ADT.
In addition, it should be noted that the duration of training
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FIGURE 3 | Forest plots for pooled mean differences in lean mass with corresponding 95% CI.

FIGURE 4 | Forest plots for pooled mean differences in chest press strength with corresponding 95% CI.

FIGURE 5 | Forest plots for pooled mean differences in leg press strength with corresponding 95% CI.

present findings, it should be noted that out of seven studies
included in this review, muscle strength was assessed in only
five studies, including a total of 331 patients. Thus, further
studies are warranted to confirm the associations of muscle
hypertrophy and maximal strength in prostate cancer patients
undergoing ADT.
There are number of limitations to be considered when
interpreting our findings. Unlike previous reviews on a
similar field (e.g., Kraemer and Ratamess, 2004; Gardner
et al., 2014), we focused on a very homogenous sample of
studies and included only RCT’s. Controlled-trials without
randomization bear a potential risk of bias due to preferential
allocation of patients. Moreover, we decided to include only
studies in English language, assuming that the peer-review
process is more rigorous in renowned international journals.

Dawson et al., 2018). Thus, even though testosterone plays a
major role in maintaining muscle mass, it may not be required for
robust responses of muscle protein synthesis following exercise
(Hanson et al., 2017).
Despite showing no significant changes in muscle
hypertrophy, our meta-analysis indicated positive changes
in both lower- and upper-body maximal strength, as has
been shown in a previous review, including prostate cancer
patients undergoing a variety of treatments (Bourke et al.,
2016). Typically, changes in muscle strength are associated with
morphological changes, but increases in muscle strength may
also occur due to neural improvements, such as an enhanced
central motor drive, increased motor neuron excitability, and
reduced presynaptic inhibition (Moritani and deVries, 1979;
Ahtiainen et al., 2003). Although this aids in explaining our
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mechanisms by which prostate cancer patients receiving
ADT may still be able to gain lean body mass. This, in
turn, will help to optimize training recommendations for
this population.

Lastly, the main criteria for inclusion into our analysis
was a non-training control group. However, actually only
in three studies (Galvão et al., 2010; Cormie et al., 2015a;
Nilsen et al., 2015) a true control group with usual care
was used, while in the remaining studies placebo-control
were implemented (i.e., providing educational material,
stretching etc.).

DATA AVAILABILITY
All datasets generated or analyzed for this study are included in
the manuscript and/or the supplementary files.

CONCLUSION

AUTHOR CONTRIBUTIONS

Our meta-analysis provided evidence that exercise training
alone may be effective for increasing muscle strength but
may not be sufficient to affect muscle mass in prostate cancer
patients undergoing ADT. To maximize the effects of exercise
training on muscle hypertrophy, future studies should focus
on combined training and nutritional interventions as well
as the timing of exercise in relation to the ADT treatment.
Moreover, studies should aim at identifying underlying

ZC, SC, and MS contributed conception and design of the
study. ZC and YZ searched the databases. ZC performed the
statistical analysis and wrote the first draft of the manuscript.
MS, SC, CL and HZ modified sections of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version.

REFERENCES

Cormie, P., Newton, R. U., Taaffe, D. R., Spry, N., Joseph, D., et al. (2013).
Exercise maintains sexual activity in men undergoing androgen suppression for
prostate cancer: a randomized controlled trial. Prostate Cancer Prostatic Dis. 16,
170–175. doi: 10.1038/pcan.2012.52
Crawford, E. D., and Moul, J. W. (2015). ADT risks and side effects in
advanced prostate cancer: cardiovascular and acute renal injury. Oncology 29,
55–8, 65–66.
Cushen, S. J., Power, D. G., Murphy, K. P., McDermott, R., Griffin, B. T., Lim,
M., et al. (2016). Impact of body composition parameters on clinical outcomes
in patients with metastatic castrate-resistant prostate cancer treated with
docetaxel. Clin. Nutr. ESPEN 13, e39–e45. doi: 10.1016/j.clnesp.2016.04.001
Dawson, J. K., Dorff, T. B., Todd Schroeder, E., Lane, C. J., Gross, M. E., and DieliConwright, C. M. (2018). Impact of resistance training on body composition
and metabolic syndrome variables during androgen deprivation therapy for
prostate cancer: a pilot randomized controlled trial. BMC Cancer 18:368.
doi: 10.1186/s12885-018-4306-9
DeSantis, C. E., Lin, C. C., Mariotto, A. B., Siegel, R. L., Stein, K. D., Kramer, J. L.,
et al. (2014). Cancer treatment and survivorship statistics, 2014. CA Cancer J.
Clin. 64, 252–271. doi: 10.3322/caac.21235
Doherty, T. J. (1985). Invited review: aging and sarcopenia. J. Appl. Physiol. 95,
1717–1727. doi: 10.1152/japplphysiol.00347.2003
Dolan, R. D., Almasaudi, A. S., Dieu, L. B., Horgan, P. G., McSorley, S. T., and
McMillan, D. C. (2018). The relationship between computed tomographyderived body composition, systemic inflammatory response, and survival in
patients undergoing surgery for colorectal cancer. J. Cachexia Sarcopenia
Muscle 10, 111–122. doi: 10.1002/jcsm.12357
Filho, J. C., Gobbi, L. T., Gurjão, A. L., Gonçalves, R., Prado, A. K., and
Gobbi, S. (2013). Effect of different rest intervals, between sets, on muscle
performance during leg press exercise, in trained older women. J. Sports Sci.
Med. 12, 138–143.
Fyfe, J. J., Bishop, D. J., and Stepto, N. K. (2014). Interference between concurrent
resistance and endurance exercise: molecular bases and the role of individual
training variables. Sports Med. 44, 743–762. doi: 10.1007/s40279-014-0162-1
Galvão, D. A., Spry, N., Denham, J., Taaffe, D. R., Cormie, P., Joseph, D., et al.
(2014). A multicentre year-long randomised controlled trial of exercise training
targeting physical functioning in men with prostate cancer previously treated
with androgen suppression and radiation from TROG 03.04 RADAR. Eur. Urol.
65, 856–864. doi: 10.1016/j.eururo.2013.09.041
Galvão, D. A., Spry, N. A., Taaffe, D. R., Newton, R. U., Stanley, J., Shannon,
T., et al. (2008). Changes in muscle, fat and bone mass after 36 weeks
of maximal androgen blockade for prostate cancer. BJU Int. 102, 44–47.
doi: 10.1111/j.1464-410X.2008.07539.x

Ahmadi, H., and Daneshmand, S. (2014). Androgen deprivation therapy for
prostate cancer: long-term safety and patient outcomes. Patient Relat. Outcome
Meas. 5, 63–70. doi: 10.2147/PROM.S52788
Ahtiainen, J. P., Pakarinen, A., Alen, M., Kraemer, W. J., and Häkkinen, K. (2003).
Muscle hypertrophy, hormonal adaptations and strength development during
strength training in strength-trained and untrained men. Eur. J. Appl. Physiol.
89, 555–563. doi: 10.1007/s00421-003-0833-3
American Cancer Society (2013). Cancer Facts and Figures 2013. Atlanta, GA:
American Cancer Society.
American College of Sports Medicine (2009). American College of Sports
Medicine position stand. Progression models in resistance training for healthy
adults. Med. Sci. Sports Exerc. 41, 687–708. doi: 10.1249/MSS.0b013e31819
15670
Araujo, A. B., Esche, G. R., Kupelian, V., O’Donnell, A. B., Travison, T. G.,
Williams, R. E., et al. (2007). Prevalence of symptomatic androgen deficiency
in men. J. Clin. Endocrinol. Metab. 92, 4241–4247. doi: 10.1210/jc.2007-1245
Ashcraft, K. A., Peace, R. M., Betof, A. S., Dewhirst, M. W., and Jones, L. W. (2016).
Efficacy and mechanisms of aerobic exercise on cancer initiation, progression,
and metastasis: a critical systematic review of in vivo preclinical data. Cancer
Res. 76, 4032–4050. doi: 10.1158/0008-5472.CAN-16-0887
Bandak, M., Jørgensen, N., Juul, A., Vogelius, I. R., Lauritsen, J., Kier, M. G., et al.
(2016). Testosterone deficiency in testicular cancer survivors - a systematic
review and meta-analysis. Andrology 4, 382–388. doi: 10.1111/andr.12177
Beuran, M., Tache, C., Ciubotaru, C., Vartic, M., Hostiuc, S., Prodan, A., et al.
(2018). Sarcopenia is a predictive factor for postoperative morbidity and
mortality in patients having radical gastrectomy for cancer. Chirurgia (Bucur)
113, 678–686. doi: 10.21614/chirurgia.113.5.678
Bourke, L., Smith, D., Steed, L., Hooper, R., Carter, A., Catto, J., et al. (2016).
Exercise for men with prostate cancer: a systematic review and meta-analysis.
Eur. Urol. 69, 693–703. doi: 10.1016/j.eururo.2015.10.047
Cohen, J. (1988). Statistical Power Analysis for the Behavioural Sciences, 2nd Edn.
Hillsdale, NJ: Laurence Erlbaum Associates, Inc.
Cormie, P., Galvão, D. A., Spry, N., Joseph, D., Chee, R., Taaffe, D. R., et al. (2015a).
Can supervised exercise prevent treatment toxicity in patients with prostate
cancer initiating androgen-deprivation therapy: a randomised controlled trial.
BJU Int. 115, 256–266. doi: 10.1111/bju.12646
Cormie, P., Newton, R. U., Spry, N., Joseph, D., Taaffe, D. R., and Galvão,
D. A. (2015b). Safety and efficacy of resistance exercise in prostate
cancer patients with bone metastases. Prostate Cancer Prostatic Dis. 18:196.
doi: 10.1038/pcan.2015.6

Frontiers in Physiology | www.frontiersin.org

10

July 2019 | Volume 10 | Article 843

Chen et al.

Physical Training and Prostate Cancer

Murach, K. A., and Bagley, J. R. (2016). Skeletal muscle hypertrophy with
concurrent exercise training: contrary evidence for an interference effect. Sports
Med. 46, 1029–1039. doi: 10.1007/s40279-016-0496-y
Nilsen, T. S., Raastad, T., Skovlund, E., Courneya, K. S., Langberg, C.
W., Lilleby, W., et al. (2015). Effects of strength training on body
composition, physical functioning, and quality of life in prostate cancer
patients during androgen deprivation therapy. Acta Oncol. 54, 1805–1813.
doi: 10.3109/0284186X.2015.1037008
Pagliarulo, V. (2018). Androgen deprivation therapy for prostate cancer. Adv. Exp.
Med. Biol. 1096, 1–30. doi: 10.1007/978-3-319-99286-0_1
Pagliarulo, V., Bracarda, S., Eisenberger, M. A., Mottet, N., Schröder, F. H.,
et al. (2012). Contemporary role of androgen deprivation therapy for prostate
cancer. Eur. Urol. 61, 11–25. doi: 10.1016/j.eururo.2011.08.026
Peisch, S. F., Van Blarigan, E. L., Chan, J. M., Stampfer, M. J., and Kenfield,
S. A. (2017). Prostate cancer progression and mortality: a review of diet
and lifestyle factors. World J. Urol. 35, 867–874. doi: 10.1007/s00345-0161914-3
Pietrobelli, A., Heymsfield, S. B., Wang, Z. M., and Gallagher, D. (2001).
Multicomponent body composition models: recent advances and
futuredirections. Eur. J. Clin. Nutr. 55, 69–75. doi: 10.1038/sj.ejcn.
1601105
Richman, E. L., Kenfield, S. A., Stampfer, M. J., Paciorek, A., Carroll, P. R.,
and Chan, J. M. (2011). Physical activity after diagnosis and risk of prostate
cancer progression: data from the cancer of the prostate strategic urologic
research endeavor. Cancer Res. 71, 3889–3895. doi: 10.1158/0008-5472.CAN10-3932
Sayers, S. P., and Gibson, K. (2012). Effects of high-speed power training on muscle
performance and braking speed in older adults. J. Aging Res. 2012:426278.
doi: 10.1155/2012/426278
Segal, R. J., Reid, R. D., Courneya, K. S., Malone, S. C., Parliament, M. B.,
Scott, C. G., et al. (2003). Resistance exercise in men receiving androgen
deprivation therapy for prostate cancer. J. Clin. Oncol. 21, 1653–1659.
doi: 10.1200/JCO.2003.09.534
Shabsigh, R., Crawford, E. D., Nehra, A., and Slawin, K. M. (2009). Testosterone
therapy in hypogonadal men and potential prostate cancer risk: a systematic
review. Int. J. Impot. Res. 21, 9–23. doi: 10.1038/ijir.2008.31
Shahinian, V. B., Kuo, Y. F., Freeman, J. L., and Goodwin, J. S. (2005). Risk of
fracture after androgen deprivation for prostate cancer. N. Engl. J. Med. 352,
154–164. doi: 10.1056/NEJMoa041943
Shin, M. J., Jeon, Y. K., and Kim, I. J. (2018). Testosterone and Sarcopenia. World
J. Mens. Health 36, 192–198. doi: 10.5534/wjmh.180001
Smith, M. R. (2007). Androgen deprivation therapy for prostate cancer: new
concepts and concerns. Curr. Opin. Endocrinol. Diabetes Obes. 14, 247–254.
doi: 10.1097/MED.0b013e32814db88c
Stewart, V. H., Saunders, D. H., and Greig, C. A. (2014). Responsiveness of
muscle size and strength to physical training in very elderly people: a
systematic review. Scand. J. Med. Sci. Sports 24, e1–e10. doi: 10.1111/sms.
12123
Taaffe, D. R., Buffart, L. M., Newton, R. U., Spry, N., Denham, J., Joseph,
D., et al. (2018). Time on androgen deprivation therapy and adaptations
to exercise: secondary analysis from a 12-month randomized controlled
trial in men with prostate cancer. BJU Int. 121, 194–202. doi: 10.1111/bju.
14008
Taaffe, D. R., Galvão, D. A., Spry, N., Joseph, D., Chambers, S. K., Gardiner, R.
A., et al. (2019). Immediate versus delayed exercise in men initiating androgen
deprivation: effects on bone density and soft tissue composition. BJU Int. 123,
261–269. doi: 10.1111/bju.14505
Tang, J. E., and Phillips, S. M. (2009). Maximizing muscle protein anabolism:
the role of protein quality. Curr. Opin. Clin. Nutr. Metab. Care 12, 66–71.
doi: 10.1097/MCO.0b013e32831cef75
Tsai, H. T., Penson, D., Luta, G., Lynch, J. H., Zhou, Y., and Potosky, A. L. (2015).
Adoption of intermittent androgen deprivation therapy for advanced prostate
cancer: a population based study in american urology practice. Urol. Pract. 2,
190–198. doi: 10.1016/j.urpr.2014.11.001
Turpela, M., Häkkinen, K., Haff, G. G., and Walker, S. (2017). Effects of different
strength training frequencies on maximum strength, body composition and
functional capacity in healthy older individuals. Exp. Gerontol. 98, 13–21.
doi: 10.1016/j.exger.2017.08.013

Galvão, D. A., Taaffe, D. R., Spry, N., Gardiner, R. A., Taylor, R., Risbridger, G. P.,
et al. (2016). Enhancing active surveillance of prostate cancer: the potential of
exercise medicine. Nat. Rev. Urol. 13, 258–265. doi: 10.1038/nrurol.2016.46
Galvão, D. A., Taaffe, D. R., Spry, N., Joseph, D., and Newton, R. U. (2010).
Combined resistance and aerobic exercise program reverses muscle loss in
men undergoing androgen suppression therapy for prostate cancer without
bone metastases: a randomized controlled trial. J. Clin. Oncol. 28, 340–347.
doi: 10.1200/JCO.2009.23.2488
Gardner, J. R., Livingston, P. M., and Fraser, S. F. (2014). Effects of exercise on
treatment-related adverse effects for patients with prostate cancer receiving
androgen-deprivation therapy: a systematic review. J. Clin. Oncol. 32, 335–346.
doi: 10.1200/JCO.2013.49.5523
Hanson, E. D., Nelson, A. R., West, D. W., Violet, J. A., O’Keefe, L., Phillips, S. M.,
et al. (2017). Attenuation of resting but not load-mediated protein synthesis in
prostate cancer patients on androgen deprivation. J. Clin. Endocrinol. Metab.
102, 1076–1083. doi: 10.1210/jc.2016-3383
Harber, M. P., Konopka, A. R., Undem, M. K., Hinkley, J. M., Minchev,
K., Kaminsky, L. A., et al. (1985). Aerobic exercise training induces
skeletal muscle hypertrophy and age-dependent adaptations in myofiber
function in young and older men. J. Appl. Physiol. 113, 1495–1504.
doi: 10.1152/japplphysiol.00786.2012
Hawley, J. A. (2009). Molecular responses to strength and endurance
training: are they incompatible? Appl. Physiol. Nutr. Metab. 34, 355–361.
doi: 10.1139/H09-023
Higgins, J. P., Altman, D. G., Gotzsche, P. C., Juni, P., Moher, D., Oxman, A. D.,
et al. (2011). The Cochrane Collaboration’s tool for assessing risk of bias in
randomised trials. BMJ 343:d5928. doi: 10.1136/bmj.d5928
Hoppeler, H. (2016). Molecular networks in skeletal muscle plasticity. J. Exp. Biol.
219(Pt 2), 205–213. doi: 10.1242/jeb.128207
Keilani, M., Hasenoehrl, T., Baumann, L., Ristl, R., Schwarz, M., Marhold, M., et al.
(2017). Effects of resistance exercise in prostate cancer patients: a meta-analysis.
Support. Care Cancer 25, 2953–2968. doi: 10.1007/s00520-017-3771-z
Kemmler, W., and von Stengel, S. (2013). Exercise frequency, health risk
factors, and diseases of the elderly. Arch. Phys. Med. Rehabil. 94, 2046–2053.
doi: 10.1016/j.apmr.2013.05.013
Keogh, J. W., and MacLeod, R. D. (2012). Body composition, physical fitness,
functional performance, quality of life, and fatigue benefits of exercise for
prostate cancer patients: a systematic review. J. Pain Symptom Manage. 43,
96–110. doi: 10.1016/j.jpainsymman.2011.03.006
Konopka, A. R., Douglass, M. D., Kaminsky, L. A., Jemiolo, B., Trappe, T. A.,
Trappe, S., et al. (2010). Molecular adaptations to aerobic exercise training in
skeletal muscle of older women. J. Gerontol. A Biol. Sci. Med. Sci. 65, 1201–1207.
doi: 10.1093/gerona/glq109
Kraemer, W. J., and Ratamess, N. A. (2004). Fundamentals of resistance training:
progression and exercise prescription. Med. Sci. Sports Exerc. 36, 674–688.
doi: 10.1249/01.MSS.0000121945.36635.61
Kvorning, T., Andersen, M., Brixen, K., and Madsen, K. (2006). Suppression
of endogenous testosterone production attenuates the response to
strength training: a randomized, placebo-controlled, and blinded
intervention study. Am. J. Physiol. Endocrinol. Metab. 291, E1325–E1332.
doi: 10.1152/ajpendo.00143.2006
Lasevicius, T., Ugrinowitsch, C., Schoenfeld, B. J., Roschel, H., Tavares, L. D., De
Souza, E. O., et al. (2018). Effects of different intensities of resistance training
with equated volume load on muscle strength and hypertrophy. Eur. J. Sport
Sci. 18, 772–780. doi: 10.1080/17461391.2018.1450898
Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gøtzsche, P. C.,
Ioannidis, J. P., et al. (2009). The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that evaluate health care
interventions: explanation and elaboration. J. Clin. Epidemiol. 62, e1–e34.
doi: 10.1016/j.jclinepi.2009.06.006
Limpawattana, P., Theerakulpisut, D., Wirasorn, K., Sookprasert, A., Khuntikeo,
N., and Chindaprasirt, J. (2018). The impact of skeletal muscle mass on
survival outcome in biliary tract cancer patients. PLoS ONE 13:e0204985.
doi: 10.1371/journal.pone.0204985
Moritani, T., and deVries, H. A. (1979). Neural factors versus hypertrophy in the
time course of muscle strength gain. Am. J. Phys. Med. 58, 115–130.
Morley, J. E., Baumgartner, R. N., Roubenoff, R., Mayer, J., and Nair, K. S. (2001).
Sarcopenia. J. Lab. Clin. Med. 137, 231–243. doi: 10.1067/mlc.2001.113504

Frontiers in Physiology | www.frontiersin.org

11

July 2019 | Volume 10 | Article 843

Chen et al.

Physical Training and Prostate Cancer

J. Strength Cond. Res. 26, 2293–2307. doi: 10.1519/JSC.0b013e3182
3a3e2d
Winters-Stone, K. M., Dieckmann, N., Maddalozzo, G. F., Bennett, J. A., Ryan, C.
W., and Beer, T. M. (2015). Resistance exercise reduces body fat and insulin
during androgen-deprivation therapy for prostate cancer. Oncol. Nurs. Forum
42, 348–356. doi: 10.1188/15.ONF.348-356

Vermeulen, A., Goemaere, S., and Kaufman, J. M. (1999). Testosterone, body
composition and aging. J. Endocrinol. Investig. 22, 110–116.
Vingren, J. L., Kraemer, W. J., Ratamess, N. A., Anderson, J. M., Volek, J. S.,
and Maresh, C. M. (2010). Testosterone physiology in resistance exercise
and training: the up-stream regulatory elements. Sports Med. 40, 1037–1053.
doi: 10.2165/11536910-000000000-00000
Wackerhage, H., Schoenfeld, B. J., Hamilton, D. L., Lehti, M., and
Hulmi, J. J. (2019). Stimuli and sensors that initiate skeletal muscle
hypertrophy following resistance exercise. J. Appl. Physiol. 126, 30–43.
doi: 10.1152/japplphysiol.00685.2018
Wall, B. A., Galvão, D. A., Fatehee, N., Taaffe, D. R., Spry, N., Joseph,
D., et al. (2017). Exercise improves V. O2max and body composition
in androgen deprivation therapy-treated prostate cancer patients.
Med. Sci. Sports Exerc. 49, 1503–1510. doi: 10.1249/MSS.00000000000
01277
Wilson, J. M., Marin, P. J., Rhea, M. R., Wilson, S. M., Loenneke,
J. P., and Anderson, J. C. (2012). Concurrent training: a metaanalysis examining interference of aerobic and resistance exercises.

Frontiers in Physiology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Chen, Zhang, Lu, Zeng, Schumann and Cheng. This is an openaccess article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

12

July 2019 | Volume 10 | Article 843

