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ABSTRACT

HOUBEN, L. H. P., M. OVERKAMP, P. VANKRAAIJ, J. TROMMELEN, J. G. H. VANROERMUND, P. DEVRIES, K. DE LAET, S. VAN

DERMEER, U. R. MIKKELSEN, L. B. VERDIJK, L. J. C. VAN LOON, S. BEIJER, and M. BEELEN. Resistance Exercise Training Increases

MuscleMass andStrength in Prostate Cancer Patients onAndrogenDeprivationTherapy.Med. Sci. Sports Exerc., Vol. 55,No. 4, pp. 614-624, 2023.

Purpose: This study aimed to assess the effects of 20 wk resistance exercise training with or without protein supplementation on body com-

position, muscle mass, muscle strength, physical performance, and aerobic capacity in prostate cancer patients receiving androgen deprivation

therapy (ADT).Methods: Sixty prostate cancer patients receivingADTwere randomly assigned to perform 20wk of resistance exercise train-

ing with supplementation of 31 g whey protein (EX + PRO, n = 30) or placebo (EX + PLA, n = 30), consumed immediately after exercise and

every night before sleep. A separate control group (CON, n = 36) only received usual care. At baseline and after 20 wk, body composition

(dual-energy x-ray absorptiometry), muscle mass (computed tomography scan), muscle strength (1-repetition maximum strength tests), phys-

ical performance (Timed Up and Go Test, 30-Second Chair Stand Test, and Stair Climb Test), aerobic capacity (cardiopulmonary exercise

test), and habitual dietary intake (food diary) were assessed. Data were analyzed using a two-factor repeated-measures ANOVA. Results:

Over time, muscle mass and strength increased in EX + PRO and EX + PLA and decreased in CON. Total fat mass and fat percentage in-

creased in EX + PRO and CON, but not in EX + PLA. Physical performance did not significantly change over time in either group. Aerobic

capacity was maintained in EX + PLA, but it decreased in EX + PRO and CON. Habitual protein intake (without supplements) averaged

>1.0 g·kg body weight−1·d−1, with no differences over time or between groups. Conclusions: In prostate cancer patients, resistance exercise

training counteracts the adverse effects of ADT on body composition, muscle mass, muscle strength, and aerobic capacity, with no additional

benefits of protein supplementation. Key Words: HORMONE THERAPY, PROTEIN SUPPLEMENTATION, BODY COMPOSITION,

PHYSICAL PERFORMANCE, AEROBIC CAPACITY
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ndrogen deprivation therapy (ADT) forms the corner-
Astone in the treatment of localized high-risk, locally
advanced, and metastatic prostate cancer (PCa) (1,2).

It is estimated that approximately 50% of all PCa patients will
be treated with ADT in the course of their disease trajectory
(3). The working mechanism of ADT is based on reducing an-
drogen levels to castration level, because androgens are known
to drive prostate tumor growth. Although ADT substantially
improves survival, the decline in androgen levels has numer-
ous adverse effects, including the loss of lean body mass and
an increase in body fat mass (FM) (4–6).

It has been well established that resistance exercise training
can be applied effectively to counteract the age-related loss of
muscle mass and strength in healthy older adults (7–11). For
PCa patients on ADT, randomized controlled trials (RCT)
consistently show that resistance exercise training increases
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appendicular lean mass and muscle strength (12–17). The effi-
cacy of resistance exercise training to reduce FM, increase
physical performance, and improve aerobic capacity in PCa
patients undergoing ADT is less evident (12–17). However,
recent meta-analyses on the effect of prolonged resistance ex-
ercise training have reported positive results for these out-
comes in the population of PCa patients, not restricted to
ADT treatment only (18,19). We hypothesized that prolonged
resistance exercise training represents an effective adjuvant
treatment to attenuate the decline in muscle mass, reduce
FM accrual, and increase strength and physical performance
in PCa patients on ADT.

Protein supplementation during prolonged resistance exer-
cise training has been shown to result in greater gains in mus-
cle mass and strength in both young and older adults (10,20)
compared with no protein supplementation. It could be specu-
lated that dietary protein supplementation may also augment
the anabolic effects of resistance exercise training in PCa pa-
tients on ADT. In support, protein ingestion during recovery
from exercise has been shown to increase muscle protein syn-
thesis rates in PCa patients on ADT (21). However, pilot work
by Dawson et al. (17) failed to confirm the benefits of protein
supplementation to further increase gains in muscle mass,
strength, or physical performance after 12 wk of resistance ex-
ercise training in these patients. Clearly, more work is needed
to determine the proposed benefits of protein supplementation
on the prevention of muscle mass and strength loss in PCa pa-
tients on ADT. We hypothesized that protein supplementation
augments the benefits of prolonged resistance exercise training
to attenuate the decline in muscle mass, reduce FM accrual,
and increase strength and physical performance in PCa pa-
tients on ADT.

To test our hypotheses, we enrolled PCa patients (starting)
with ADT. Throughout their treatment, we assessed the effect
of 20 wk of resistance exercise training with and without addi-
tional protein supplementation on body composition, muscle
strength, physical performance, and aerobic capacity. To ade-
quately assess the various changes in body composition and
muscle mass, we applied both whole-body dual-energy x-ray
absorptiometry (DXA) and leg computed tomography (CT),
and quantified performance by both cardiopulmonary exercise
testing and various strength and functional performance tests.
METHODS

Patients. Between September 2017 and February 2021,
PCa patients starting or continuing treatment with gonadotrophin-
releasing hormone agonist or antagonist, with or without anti-
androgens, for a least 6 months were recruited. Patients were
excluded if they were unable to participate in the exercise
training regimen, had comorbidities severely compromising
physical activity, exposed a high risk for pathological fractures
due to bone metastases (as estimated by their treating urolo-
gist), had an estimated life expectancy <1 yr, were lactose in-
tolerant or had a whey protein allergy, showed cognitive disor-
ders or severe emotional instability, or were unable to speak,
RESISTANCE EXERCISE TRAINING DURING ADT
understand, or read the Dutch language. Potential participants
were identified by their urologist or urology nurse and referred
to the investigators who provided them with the full oral and
written study information. Interested patients were invited
for a screening visit to obtain informed consent and confirm
eligibility. Their medical history and in- and exclusion criteria
were evaluated and a cardiopulmonary exercise test was per-
formed. All patients were cleared by a sports physician to per-
form the exercise training program.

The study was approved by the local Medical Ethical Com-
mittee of Maastricht University Medical Centre + (MUMC+)
and confirmed to the principles outlined in the latest version
of the Declaration of Helsinki for use of human subjects and
tissue. This trial was registered at www.trialregister.nl as
NL6258. The study was independently monitored by the Clin-
ical Trial Center Maastricht.

Study design. This study was a multicenter partly RCT,
comparing two intervention groups with a separately recruited
control group. Patients were recruited in hospitals in the south-
ern part of the Netherlands. For both intervention groups, pa-
tients were recruited in the MUMC+, the Zuyderland Medical
Centre (Zuyderland MC), and the Máxima Medical Centre
(MMC) between September 2017 and March 2020. Patients
for the control group (CON) were recruited in the Jeroen Bosch
Hospital (JBZ) and Canisius–Wilhelmina Hospital (CWZ) be-
tween June 2018 and February 2021, as well as in theMUMC+
and ZuyderlandMC betweenOctober 2020 and February 2021.
Patients for CONwere asked to participate in a study about the
side effects of ADT and were not informed about the exercise
intervention.

At baseline and after 20 wk, an experimental test day was
planned (inMUMC+ for patients of theMUMC+ and Zuyderland
MC, MMC for patients of the MMC, and JBZ for patients of
the JBZ and CWZ). Anthropometric measurements, whole-body
DXA, and leg CT were performed. After providing a lunch,
physical performance tests and maximal strength assessments
were performed. The screening and baseline measurements
were preferably separated by at least 7 d, in which patients
wore an accelerometer and kept a food diary. At the end of
the baseline test day, patients recruited for the intervention
groups were randomly allocated in a double-blinded fashion
to resistance exercise training with protein supplementation
(EX + PRO) or with placebo supplementation (EX + PLA).
An independent researcher performed the randomization by
means of computer generated random numbers in stratified
permuted blocks of 4.

After 20 wk of intervention or usual care, all procedures
from the baseline test day and the cardiopulmonary exercise
test were repeated. The cardiopulmonary exercise test was per-
formed at least 48 h before or after the test day, to prevent any
influence on the other outcome measurements. Furthermore,
during the last week of the intervention or control period, pa-
tients again wore the accelerometer and filled in the food di-
ary. Protein or placebo allocation was concealed from the re-
search team and patients until all patients had performed their
postmeasurements.
Medicine & Science in Sports & Exercise® 615
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Exercise intervention program. Patients in the exercise
groups performed a supervised progressive whole-body resis-
tance exercise training program (60 min, twice a week) for
20 wk. Training started and ended with 5-min warm-up and
cooling down on a cycle ergometer, interspersed by training
on the leg press and leg extension separated by two upper body
exercises. On the leg press and leg extension, 2 warm-up sets
and 4 working sets were performed. Upper body exercises
were paired (chest press with lateral pulldown and shoulder
press with horizontal row) and were performed in an alternat-
ing manner between training sessions, with 1 warm-up set,
followed by 3 working sets. All sets consisted of 10 repetitions
with 1.5 and 3min rest between sets and exercises, respectively.
For lower body exercises, one-repetition maximum (1RM) was
determined at the baseline test day; for upper body exercises,
1RM was determined during the first training week (as this
was not an outcome measure). The training program was di-
vided into cycles of 4 wk. During weeks 1–3 of the first cycle,
the workload on each machine was gradually increased from
60% to 70% 1RM. In weeks 1–3 of the following cycles, the
workload was increased from 65% to 70% 1RM. Every fourth
week, workload was reduced to 60% 1RM to allow for proper
recovery and to minimize the risk of injury. After 4, 8, 12, and
16 wk of training, 1RMwas estimated using the multiple-repetition
testing procedure (indirect 1RM) to progressively adjust the
workload of the training sessions. For patients experiencing
medical complications (e.g., treatment-related issues or inju-
ries), training load was adjusted. Patients received a personal-
ized training log for every training session, in which the actual
training program/load was registered. Training adherence was
calculated as the amount of performed exercise sets divided by
the amount of prescribed sets.

Protein and placebo supplementation. Patients in the
exercise groups ingested either a protein or a placebo supple-
ment directly after every exercise session and each night be-
fore sleep. The protein supplement contained 31 g whey pro-
tein (Lacprodan® HYDRO.Rebuild, degree of hydrolysis 10%),
13 g carbohydrate, and 1.0 g fat, providing 774 kJ of energy
(Arla Foods Ingredients Group P/S, Viby J, Denmark). The
placebo supplement contained 1 g protein, 12 g carbohydrate,
and 0.4 g fat, providing 234 kJ of energy (Arla Foods Ingredi-
ents Group P/S). Supplement provision was performed in a
double-blinded fashion by an independent researcher. Patients
received sachets containing dried contents, which needed to
be dissolved in 250 mL water. All beverages were chocolate
flavored to mask their contents. Adherence to the supplement
ingestion was assessed by counting returned (full and empty)
supplement sachets.

Habitual dietary intake and physical activity. Pa-
tients were instructed to refrain from exhaustive physical ac-
tivity 48 h before the test days and to arrive at the study loca-
tion by car or public transportation after an overnight fast. The
week before both test days, patients recorded their dietary in-
take and their physical activity to gain insight into their habit-
ual activity pattern and to identify potential changes during the
intervention period. To assess dietary intake, patients kept a
616 Official Journal of the American College of Sports Medicine
3-d food dairy (on two weekdays and one weekend day). Av-
erage daily energy intake (MJ), energy percentages (En%) of
protein, carbohydrate and fat, and protein intake relative to bo-
dyweight (g·kg body weight−1·d−1) were calculated using
Web-based software (Eetmeter; Voedingscentrum, Den Haag,
The Netherlands). To assess physical activity, patients wore a
small-sized triaxial accelerometer (ActiGraph wGT3X-BT;
ActiGraph, Pensacola, FL) on the waist during wakefulness
for 7 d. Accelerometer data were analyzed with ActiLife (ver-
sion 6.13.4, ActiGraph), and average daily step count and per-
centage of time spent sedentary or in light, moderate, and
(very) vigorous activity intensity were calculated. Data were
included if the accelerometer was worn for ≥5 d and ≥10 h·d−1.

Body composition. Body weight was measured wearing
underwear and directly after voiding using a digital scale to the
nearest 0.1 kg. Height was measured by a fixed stadiometer to
the nearest 0.5 cm. Body mass index (BMI) was calculated as
kilograms per square meter. Waist circumference was mea-
sured twice at the midpoint between the top of the iliac crest
and the lower margin of the lowest palpable rib at the end of
a normal expiration using a stretch-resistant tape. A difference
between both measurements of ≤1 cm was accepted and aver-
aged to the nearest 0.5 cm. Whole-body and regional lean
mass and FMwere measured with whole-body DXA (Discov-
ery A, Hologic, Marlborough, MA [MUMC+ and MMC]; or
LUNAR iDXA, GE Healthcare, Chicago, IL [JBZ]).

Skeletalmusclemass. Skeletal muscle mass was assessed
with a single-slice CT scan (SOMATOM Definition Flash,
Siemens, München, Germany [MUMC+ and JBZ]; or Ingenuity
CT, Philips Medical Systems, Eindhoven, The Netherlands
[MMC]) to determine the anatomic cross-sectional area (CSA)
of the quadriceps muscle, as described previously (22). A
single-slice image was made 15 cm proximal to the top of the
patella of both legs. Quadriceps muscle CSA of the dominant
leg was calculated by manual tracing using ImageJ software
(version 1.52p; National Institutes of Health, Bethesda, MD).

Muscle strength. Maximal strength was assessed by
1RM strength tests on the leg press and leg extension ma-
chines (Technogym, Milan, Italy). Patients started with a short
warm-up on a cycle ergometer. Thereafter, proper lifting tech-
nique was demonstrated and practiced, and a specific warm-up
of 10 and 5 repetitions on ~50% and 70% of the predicted
1RMwas performed. This also served as practice session to fa-
miliarize the patients with the exercise. Subsequently, 1RM
was determined by increasing the load after each successful
single lift until failure. A 3-min rest between attempts was
allowed. A repetition was valid if the entire lift was completed
in a controlled manner without assistance.

Physical performance. Physical performance was assessed
by three consecutive performance tests, always performed in
the same order. The Timed Up and Go Test measures the time
it takes to get up from a standard arm chair, walk 3 m on a
comfortable pace, turn around, walk back, and sit down again
(23). The 30-Second Chair Stand Test assesses howmany times
the patient can stand upright and sit down from a standard chair
with his arms folded across the chest, over a 30-s period (24).
http://www.acsm-msse.org
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The Stair Climb Test measures the time it takes to ascend and
descend a flight of stairs as quickly as possible but in a safe
manner (using the handrail was mandatory).

Aerobic capacity. Aerobic capacity was tested with a
cardiopulmonary exercise test to exhaustion with continuous
electrocardiography and respiratory gas analysis. Tests were
performed on a cycle ergometer (Lode Corival, Groningen,
the Netherlands [MUMC+]; or Ergoline, Bitz, Germany [MMC
and JBZ]). Ventilatory parameters were measured breath by
breath (Carefusion, San Diego, CA [MUMC+, MMC]; or
Geratherm Respiratory, Bad Kissingen, Germany [JBZ]). Af-
ter 3 min of unloaded cycling, the workload was increased ac-
cording to an individualized ramp protocol aiming at a total
test duration of 8–12 min (25). Patients were instructed to cy-
cle with a pedaling rate of >60 rpm. The test was ended when
the patient stopped cycling or was not able to maintain the re-
quired pedaling frequency. Maximal workload (Wmax), peak
oxygen uptake (V̇O2peak), and peak respiratory exchange ratio
(RERpeak) were recorded as the final 30-s averaged value of
the test.

Sample size calculation and statistical analysis.
Our initial sample size estimates of 72 patients in each exercise
group and 64 in the control group were not feasible anymore
FIGURE 1—CONSORT flow diagram.CONSORT,Consolidated Standards of Re

RESISTANCE EXERCISE TRAINING DURING ADT
because of the COVID-19-induced lockdown and its subse-
quent limitations. Therefore, we performed a new sample size
calculation based on our already collected data. To detect a dif-
ference in quadriceps CSA (primary outcome) between groups
over time, 15 patients per group were required (G-Power;
power = 90%, alpha = 0.05, calculated Cohen’s f effect
size = 0.24).

As already 30 patients in each exercise group had finished
their 20 wk measurements, this number was enough to show
the effect of the exercise intervention. Furthermore, including
more patients would not result in identifying an effect of the
protein supplementation, as the interim data showed abso-
lutely no indication of any difference between both exercise
groups (Cohen’s d = −0.035). Therefore, to end up with three
groups of equal sizes, patient inclusion was continued in the
control group only to reach a minimal inclusion of 36 patients
(taking into account potential dropouts).

Data were expressed as mean ± SD, or as frequency and per-
centages. Baseline characteristics between groups were compared
using one-way ANOVA with post hoc Bonferroni corrections
(for continuous variables) or a chi-square test (for categorical
variables). Data were analyzed on an intention-to-treat basis.
A two-factor repeated-measures ANOVA time x treatment
portingTrials. aNot all outcomemeasurements are available for all patients.

Medicine & Science in Sports & Exercise® 617
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with time (baseline vs 20 wk) as a within-subjects factor
and treatment group (EX + PLA vs EX + PRO vs CON) as
a between-subjects factor was used. In case of a significant
time–treatment interaction, paired-samples t-tests were performed
to detect within-group changes over time. Additionally, uni-
variate general linear models with post hoc Bonferroni correc-
tions were used to detect between-group differences over time.
For muscle strength, absolute 1RM values could not be com-
pared due to slight differences in leg press and leg extension
equipment at the different study locations. Therefore, percentage
changes over time were calculated and compared between groups
with univariate general linearmodelswithpost hocBonferroni cor-
rections. Effect sizes were calculated using partial eta squared
(ηpartial

2 ). Significance was set at P < 0.05. All analyses were
performed with the use of IBM SPSS Statistics (version 27.0;
IBM Corp., Armonk, NY).
RESULTS

Patients. In total, 134 patients were screened to participate
in the study, 126 patients were included, and 96 patients fin-
ished the study. Of the 30 patients that did not finish the study,
26 dropped out due to training and testing restrictions during
the COVID-19-induced lockdown, 1 due to screening failure,
and 3 for medical reasons (Fig. 1).

Patients’ baseline characteristics are presented in Table 1.
Patients were 71 ± 7 y old and were slightly overweight
(BMI = 26.9 ± 3.5 kg·m−2). Average time since PCa diagnosis
was 24 months, 48% of all patients had bone metastases at study
enrollment, and mean ADT treatment duration was 107 ± 206 d.
Baseline characteristics did not differ between groups, except
forADTduration,whichwas significantly higher inEX+PLA
compared with CON, and the number of patients receiving
previous chemotherapy (n= 3 inEX+PLA, none inEX+PRO
TABLE 1. Baseline patients’ characteristics.

EX + PLA
(n = 30)

EX + PRO
(n = 30)

CON
(n = 36)

Age (yr) 71 ± 7 73 ± 7 71 ± 7
Body weight (kg) 84.5 ± 11.1 82.2 ± 13.5 83.0 ± 12.8
BMI (kg·m−2) 27.5 ± 3.3 26.7 ± 3.4 26.7 ± 3.7
Total body fat % (%) 30 ± 4 30 ± 5 31 ± 6
ADT duration (d)a 190 ± 282b 107 ± 208 37 ± 49
Time since PCa diagnosis (months) 12 ± 18 36 ± 52 23 ± 39
Gleason score 8.4 ± 1.0 7.9 ± 1.1 8.3 ± 1.0
Bone metastases, n (%) 14 (50.0) 11 (39.3) 19 (52.8)
Previous prostatectomy, n (%) 7 (23.3) 5 (16.7) 10 (27.8)
Previous radiation, n (%) 4 (13.3) 9 (30.0) 6 (16.7)
Previous chemotherapy, n (%)a 3 (10) 0 (0) 0 (0)
No. of comorbidities, n (%)c

0 5 (17.2) 3 (10.0) 10 (28.6)
1 12 (41.4) 11 (36.7) 10 (28.6)
≥2 12 (41.4) 16 (53.3) 15 (42.9)

Values are presented as mean ± SD, or n (%) of participants. Not all data are available for all
patients. Data available for time since PCa diagnosis: n = 35 (CON); for Gleason score: n = 35
(CON); for bone metastases: n = 28 (EX + PLA), n = 28 (EX + PRO); for number of comor-
bidities: n = 29 (EX + PLA), n = 35 (CON).
aSignificantly different between groups (P < 0.05).
bSignificantly different from CON (P < 0.05).
cComorbidity assessed by the adapted Self-administered Comorbidity Questionnaire.
EX + PLA, exercise training group with placebo supplementation; EX + PRO, exercise train-
ing group with protein supplementation; CON, control group.
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and CON). During the study period of 20 wk, 42 patients re-
ceived additional chemotherapy (CTx) or radiation therapy
(RTx) (EX + PLA: CTx n = 6, RTx n = 8; EX + PRO: CTx
n = 2, RTx n = 7; CON: CTx n = 7, RTx n = 12), with no sig-
nificant differences between groups (CTx, P = 0.264; RTx,
P = 0.652). All statistical analyses were performed with and
without “ADT duration at baseline” as covariate, and the un-
adjusted results are shown. In case of differences, both results
are described.

Adherence and safety.Overall adherence to the training
sessions was 84% ± 18% and 79% ± 23% in EX + PLA and
EX + PRO, respectively, and did not differ between groups.
Adherence to the intake of the supplements was 94% ± 8%
and 86% ± 23% in EX + PLA and EX + PRO, respectively,
with no differences between groups. During the exercise train-
ing, one patient experienced a collapse requiring admission to
the emergency department for further cardiac examination. No
abnormalities were found. No other serious adverse events
during the exercise training or supplemental intake occurred.

Habitual dietary intake and physical activity. Habit-
ual daily dietary intake and physical activity data are presented
in Table 2. For total energy, protein, carbohydrate, and fat in-
take, no baseline differences between groups or changes over
time were found. Overall habitual protein intake averaged
1.1 ± 0.3 g·kg body weight−1·d−1, with no differences between
groups nor changes over time. Protein supplementation increased
daily protein intake in EX-PRO by an average 34.5 ± 9.3 g·d−1,
resulting in a daily protein intake of 1.4 ± 0.4 g·kg body
weight−1·d−1. The total protein intake including placebo sup-
plementation in EX-PLA averaged 1.1 ± 0.2 g·kg body
weight−1·d−1.

Body composition.Body composition parameters are pre-
sented in Table 3. No baseline differences between groups were
observed. Over time, patients gained on average 1.5 ± 3.1 kg
body weight (time effect, P < 0.001), resulting in 1.9% ± 3.9%
increase in BMI (time effect, P < 0.001) and 1.0 ± 3.4 cm in-
crease in waist circumference (time effect, P < 0.005), with no
differences between groups. For DXA measurements, signifi-
cant differences over time between groups were found for total
lean mass, appendicular lean mass, total FM, and fat percent-
age (fat%). For total lean mass and appendicular lean mass,
within-group analyses showed no significant changes over time
in any of the three groups. However, between-group compari-
sons showed a significant difference (P = 0.039) in the change
in appendicular lean mass over time between EX + PLA
(+0.3 ± 1.0 kg) and CON (−0.4 ± 1.3 kg), which was no longer
significant after adjusting for “ADT duration at baseline”
(EX + PLA vs CON +0.7 ± 0.3 kg, P = 0.039 [unadjusted],
and +0.7 ± 0.3 kg, P = 0.084 [adjusted]). For lean mass,
between-group comparisons showed a strong trend (P = 0.053)
toward a difference in the changes between EX + PLA
(+0.6 ± 2.0 kg) and CON (−0.7 ± 2.4 kg). For FM and fat%,
within-group analyses showed no significant changes over
time in EX+PLA,whereas FMand fat% significantly increased
over time in EX + PRO (FM = +1.1 ± 1.6 kg, fat% = +0.8 ±
1.6%, both P < 0.05) with even larger increases in CON
http://www.acsm-msse.org
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TABLE 2. Changes in habitual dietary intake and habitual physical activity over time.

EX + PLA (n = 28a) EX + PRO (n = 30a) CON (n = 34a)

Baseline 20 wk Baseline 20 wk Baseline 20 wk

Habitual dietary intake
Energy intake (MJ·d−1) 9.2 ± 2.0 9.3 ± 2.2 9.0 ± 1.9 8.6 ± 1.8 9.4 ± 1.8 9.1 ± 1.7
Protein intake (g·kg body weight−1·d−1) 1.1 ± 0.3 1.1 ± 0.2 1.0 ± 0.3 1.0 ± 0.3 1.1 ± 0.3 1.1 ± 0.3
Protein intake (% of energy) 16 ± 2 16 ± 3 16 ± 3 16 ± 3 16 ± 3 17 ± 3
Carbohydrate intake (% of energy) 38 ± 9 39 ± 8 42 ± 6 40 ± 7 40 ± 8 39 ± 6
Fat intake (% of energy) 38 ± 7 38 ± 7 36 ± 5 38 ± 6 36 ± 7 36 ± 6

Habitual physical activity
Average steps per day (steps per day)b 6212 ± 2901 5708 ± 2451 5586 ± 2774 5246 ± 2914 7008 ± 2216 5807 ± 1709
% Time sedentary per day (%)c 77 ± 7 77 ± 6 79 ± 7d 78 ± 9 73 ± 7 74 ± 7
% Time in light activity per day (%)c 19 ± 6 19 ± 5 18 ± 6 18 ± 6 21 ± 6 21 ± 6
% Time in moderate activity per day (%)b,c 5 ± 3 4 ± 2 4 ± 3d 4 ± 3 6 ± 3 5 ± 2
% Time in vigorous and very vigorous activity per day (%) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Values are presented asmean ± SD. No time–treatment interaction was observed for any of the variables. The physical activity levels are assessedwith the “Freedson Adult (1998)” filter, using the
following cutoff points: sedentary, 0–99 counts per minute; light, 100–1951 counts per minute; moderate, 1952–5724 counts per minute; vigorous, 5725–9498 counts per minute; very vig-
orous, 9499 counts per minute and above.
aFor habitual physical activity data, n = 29 (EX + PLA), n = 26 (EX + PRO), n = 35 (CON).
bSignificant time effect (P < 0.05).
cSignificantly different between groups at baseline (P < 0.05).
dSignificantly different at baseline from CON (P < 0.05).
EX + PLA, exercise training group with placebo supplementation; EX + PRO, exercise training group with protein supplementation; CON, control group.
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(FM = +2.1 ± 1.7, fat% = +1.8 ± 1.8%, both P < 0.001). In ac-
cordance, between-group comparisons showed significant dif-
ferences in the changes in FM and fat% between EX + PLA
and CON, which became smaller after adjusting for “ADT du-
ration at baseline” (FM: EX + PRO vs CON, −1.0 ± 0.5 kg,
P = 0.138 [unadjusted], and −0.8 ± 0.5 kg, P = 0.328 [ad-
justed]; EX + PLA vs CON, −1.7 ± 0.5 kg, P = 0.002 [unad-
justed], and −1.2 ± 0.5 kg, P = 0.034 [adjusted]; fat%:
EX + PRO vs CON, −1.0 ± 0.4%, P = 0.064 [unadjusted], and
TABLE 3. Changes in body composition over time.

Baseline 20 wk Time Eff

n Mean ± SD Mean ± SD P

Body weight (kg) <0.001
EX + PLA 30 84.5 ± 11.1 85.4 ± 10.4
EX + PRO 30 82.2 ± 13.5 83.8 ± 13.9
CON 36 83.0 ± 12.8 85.0 ± 13.3

BMI (kg·cm−2) <0.001
EX + PLA 30 27.5 ± 3.3 27.8 ± 3.1
EX + PRO 30 26.7 ± 3.4 27.2 ± 3.4
CON 36 26.7 ± 3.7 27.3 ± 3.9

Waist circumference (cm) 0.005
EX + PLA 30 104.6 ± 10.5 105.0 ± 9.6
EX + PRO 30 103.5 ± 11.9 104.3 ± 11.4
CON 36 102.3 ± 10.6 104.0 ± 10.3

Total lean mass (kg) 0.466
EX + PLA 30 57.6 ± 6.9 58.3 ± 6.6
EX + PRO 28 55.4 ± 7.0 55.9 ± 7.4
CON 31 55.5 ± 6.6 54.8 ± 6.6

Appendicular lean mass (kg) 0.913
EX + PLA 30 25.0 ± 3.3 25.3 ± 3.1
EX + PRO 28 23.5 ± 3.2 23.7 ± 3.4
CON 31 24.4 ± 3.0 23.9 ± 3.0

Total FM (kg) <0.001
EX + PLA 30 25.6 ± 6.0 26.0 ± 5.4
EX + PRO 28 25.6 ± 7.8 26.7 ± 7.6
CON 31 26.9 ± 7.9 29.0 ± 8.4

Fat percentage <0.001
EX + PLA 30 29.5 ± 4.5 29.7 ± 4.0
EX + PRO 28 30.1 ± 5.1 30.9 ± 4.6
CON 31 31.6 ± 5.3 33.4 ± 5.5

Values are presented as mean ± SD. No significant differences were observed between groups at b
aChanges over time are borderline significantly different from changes over time in CON (P = 0.053
bChanges over time are significantly different from changes over time in CON (P < 0.05).
EX + PLA, exercise training group with placebo supplementation; EX + PRO, exercise training grou

RESISTANCE EXERCISE TRAINING DURING ADT
−0.9 ± 0.4%, P = 0.155 [adjusted]; EX + PLA, −1.6 ± 0.4%,
P < 0.001 [unadjusted], and −1.3 ± 0.4%, P = 0.014 [adjusted]).

Skeletalmusclemass.At baseline, no significant differ-
ences in quadriceps CSAwere observed between groups. How-
ever, changes over time were significantly different between
groups (time–treatment P < 0.001). Within groups, quadriceps
CSA increased over time in EX + PLA (+2.0 ± 3.0 cm2,
P = 0.001) and EX + PRO (+1.9 ± 2.7 cm2, P < 0.001) and de-
creased in CON (−1.2 ± 2.5 cm2, P = 0.008). Between-group
ect Time–Treatment Interaction Within-Group Changes over 20 wk

P (ηpartial
2 ) Mean ± SD P

0.291 (0.026)
0.8 ± 3.5
1.6 ± 2.5
2.1 ± 3.3

0.327 (0.024)
0.3 ± 1.1
0.5 ± 0.8
0.7 ± 1.1

0.251 (0.029)
0.4 ± 3.5
0.8 ± 3.1
1.7 ± 3.4

0.032 (0.077)
0.6 ± 2.0a 0.088
0.5 ± 1.9 0.161
−0.7 ± 2.4 0.125

0.028 (0.080)
0.3 ± 1.0b 0.104
0.2 ± 1.1 0.378

−0.4 ± 1.3 0.072
0.003 (0.127)

0.4 ± 2.2b 0.311
1.1 ± 1.6 0.001
2.1 ± 1.7 <0.001

0.001 (0.145)
0.2 ± 1.7b 0.544
0.8 ± 1.6 0.011
1.8 ± 1.8 <0.001

aseline.
).

p with protein supplementation; CON, control group.
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FIGURE 2—Changes in quadriceps CSA over the 20-wk intervention period. *Changes over time are significantly different from changes over time in CON
(P < 0.001).
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comparisons revealed significant differences in the changes
over time between both EX + PLA (P < 0.001) and EX + PRO
(P < 0.001), when compared with CON, with no differences
between both exercise groups (Fig. 2).

Leg strength. In both exercise groups, 1RM leg press and
1RM leg extension increased over time (EX + PLA, +12%± 14%
and +19% ± 15%, respectively; EX + PRO, +13% ± 11% and
+15% ± 19%, respectively). In CON, 1RM leg press (−5% ±
11%) and leg extension (−6% ± 15%) decreased over time. For
both exercise groups, changes over time in legmuscle strengthwere
significantly different from the changes in CON (both P < 0.001),
with no differences between both exercise groups (Fig. 3).

Physical performance and aerobic capacity. Re-
sults are presented in Table 4. On the physical performance
tests, no differences in baseline values or changes over time
between groups were observed. For aerobic capacity, baseline
differences between groups were found for Wmax, Wmax·kg
body weight−1, and V̇O2peak (all P < 0.05). Changes over time
were significantly different between groups for Wmax·kg body
weight−1, V̇O2peak, and V̇O2peak·kg body weight

−1 (all P < 0.05).
Subsequent within-group analyses showed no changes over time
in EX + PLA for all cardiopulmonary exercise test variables,
whereas in EX + PRO V̇O2peak and V̇O2peak·kg body weight−1

decreased (both P < 0.05). Furthermore, in CON, V̇O2peak and
V̇O2peak·kg body weight−1 declined even more, and Wmax·kg
body weight−1 declined as well (all P < 0.001). As a result,
changesover timewere significantlydifferent betweenEX+PLA
andCON (allP< 0.05). Changes inRERpeak values did not differ
between and within groups over time.
FIGURE 3—Percentage changes in 1RM leg press (A) and leg extension
(B) strength over the 20-wk intervention period. *Changes over time are
significantly different from changes over time in CON (P < 0.001).
DISCUSSION

The present study showed that 20 wk of resistance exercise
training was feasible, safe, and well tolerated, and effectively
counteracted the negative effect of ADT treatment on body
composition, muscle mass, leg strength, and aerobic capacity
620 Official Journal of the American College of Sports Medicine
in men with advanced PCa. Protein supplementation did not
further augment the benefits of resistance exercise training.

ADT is an important strategy in the treatment of advanced
PCa. However, ADT is accompanied by detrimental side ef-
fects. In our control group in which patients only received
usual care, total body weight and FM increased, whereas leg
muscle mass, leg muscle strength, and aerobic capacity de-
creased. These findings are in line with previous studies on
http://www.acsm-msse.org
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TABLE 4. Changes in physical performance tests and cardiopulmonary exercise tests over time.

Baseline 20 wk Time Effect Time–Treatment Interaction Within-Group Changes Over 20 wk

n Mean ± SD Mean ± SD P P (ηpartial
2 ) Mean ± SD P

Physical performance tests
Timed Up and Go Test (s) 0.993 0.653 (0.009)
EX + PLA 30 9.6 ± 1.5 9.6 ± 1.5
EX + PRO 28 9.6 ± 1.5 9.7 ± 1.7
CON 36 9.3 ± 1.0 9.2 ± 1.3

30-Second Chair Stand Test (times) 0.011 0.092 (0.052)
EX + PLA 29 12.7 ± 2.9 13.9 ± 3.5 1.2 ± 2.6
EX + PRO 27 11.6 ± 2.3 12.5 ± 2.8 1.0 ± 2.2
CON 36 13.4 ± 3.3 13.3 ± 4.0 −0.1 ± 2.8

Stair Climb Test (s) 0.024 0.862 (0.003)
EX + PLA 29 9.4 ± 3.2 9.8 ± 3.9 0.3 ± 2.3
EX + PRO 28 10.7 ± 3.3 11.1 ± 3.8 0.4 ± 1.4
CON 36 9.7 ± 2.2 10.3 ± 2.5 0.6 ± 1.6

Cardiopulmonary exercise test
Wmax (W)a <0.001 0.054 (0.070)
EX + PLA 28 156 ± 48 153 ± 43 −4 ± 21
EX + PRO 24 130 ± 38b 124 ± 41 −6 ± 18
CON 32 164 ± 38 149 ± 34 −15 ± 15

Wmax (W·kg BW−1)a <0.001 0.015 (0.100)
EX + PLA 28 1.84 ± 0.52 1.77 ± 0.47 −0.07 ± 0.26c 0.149
EX + PRO 24 1.58 ± 0.46b 1.49 ± 0.52 −0.09 ± 0.22 0.065
CON 31 2.01 ± 0.51 1.78 ± 0.46 −0.23 ± 0.18 <0.001

V̇O2peak (mL·min−1)a <0.001 0.008 (0.122)
EX + PLA 28 1832 ± 459 1811 ± 408 −21 ± 239c 0.653
EX + PRO 23 1615 ± 365 1510 ± 363 −106 ± 199 0.018
CON 27 1886 ± 353 1672 ± 324 −215 ± 225 <0.001

V̇O2peak (mL·min−1·kg BW−1) <0.001 0.004 (0.139)
EX + PLA 28 21.5 ± 4.7 21.0 ± 4.1 −0.6 ± 2.8c 0.284
EX + PRO 23 19.5 ± 4.3 18.0 ± 4.6 −1.5 ± 2.3 0.004
CON 26 23.1 ± 3.6 20.1 ± 3.6 −3.0 ± 2.7 <0.001

RERpeak 0.204 0.294 (0.032)
EX + PLA 28 1.18 ± 0.11 1.17 ± 0.08
EX + PRO 23 1.18 ± 0.09 1.15 ± 0.08
CON 27 1.19 ± 0.11 1.20 ± 0.10

Values are presented as mean ± SD.
aSignificantly different between groups at baseline (P < 0.05).
bSignificantly different at baseline from CON (P < 0.01).
cChanges over time are significantly different from changes over time in CON (P < 0.05).
EX + PLA, exercise training group with placebo supplementation; EX + PRO, exercise training group with protein supplementation; CON, control group; Wmax, maximal workload; V̇O2peak, peak
oxygen uptake; BW, body weight.
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undesirable changes in body composition (4–6) and perfor-
mance capacity (26,27) in men with PCa receiving ADT.

To combat these adverse effects, we subjected 60 PCa pa-
tients on ADT to 20 wk of supervised progressive resistance
exercise training. The exercise training program was effective
to counteract the most prominent ADT-induced side effects.
In agreement with previous RCT on the effects of resistance ex-
ercise training in PCa patients on ADT (15–17), we showed im-
provements in appendicular lean mass. Furthermore, resistance
exercise training effectively increased total lean mass and di-
minished FM gains during ADT treatment. The latter observa-
tions have not generally been reported in earlier RCT perform-
ing resistance training only during ADT (12–15,17). In addition
to body composition measurements using DXA, we directly
assessed quadriceps muscle mass by upper leg CT. We ob-
served a significant ~3% increase in quadriceps muscle CSA
in response to the resistance exercise training program. This
was accompanied by ~10%–20% increase in leg press and leg
extension strength. In comparison, in the control group, we
observed ~2% decrease in quadriceps muscle CSA and ~5%
decline in leg strength. Our data seem in line with previous
findings reporting a 16% increase in quadriceps muscle thick-
ness (28) and 6.4% increase in thigh muscle volume (29) as
RESISTANCE EXERCISE TRAINING DURING ADT
assessed by ultrasound and CT, respectively, after vigorous
progressive resistance training interventions. A small pilot
study applying a less conventional resistance exercise training
program, however, failed to detect changes in quadriceps mus-
cle volume with magnetic resonance imaging (30).

Despite the observed increases in leg muscle mass and
strength, no significant improvements were observed on the
physical performance tests. This seems to be in line with other
(13,17) but certainly not all (15) studies on the effect of exer-
cise training on physical performance in PCa patients on ADT.
The absence of improvements in physical functioning is likely
attributed to the limited sensitivity of the various tests used to
assess physical function combined with insensitivity to detect
changes in a well-performing population (ceiling effect). How-
ever, optimizing muscle mass and strength is unarguably
important as strong associations between low muscle
mass and strength to poorer clinical outcomes in cancer pa-
tients have been reported (31,32).

It has been well established that protein supplementation can
further augment exercise-induced gains in muscle mass and
strength (10,20,33). Previously, we observed that protein
supplementation was required to allow measurable gains in
fat-free mass during prolonged resistance exercise training
Medicine & Science in Sports & Exercise® 621
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in prefrail older adults (10). In the present study, we observed
no surplus benefits of protein supplementation on any of the
outcome parameters. A plausible reason could be the already
sufficient habitual protein intake in our population (1.1 ± 0.3 g·kg
bodyweight−1·d−1). This is in line with earlier studies in which
we also reported no additional benefits of protein supplemen-
tation during prolonged exercise training in healthy, older
populations habitually consuming ample protein (9,34,35).
Furthermore, based on Dawson et al. (17), it could be specu-
lated that the provided protein dose was insufficient to com-
pensate for the anabolic resistance likely caused by inactivity
and testosterone deprivation in this PCa patient population
(21,36). Nonetheless, it seems safe to conclude that protein sup-
plementation is not required to achieve gains in muscle mass and
strength during a period of resistance exercise training in PCa
patients. However, it should be evident that nutritional inter-
ventions to allow sufficient dietary protein intake should be
considered in older PCa patients with a poor nutritional status.

Besides improvements in body composition, muscle mass,
and strength, our intervention diminished the ADT-induced de-
crease in aerobic capacity. Similar findings have been reported
in studies applying a combined endurance and resistance exer-
cise training program (37–39). However, we only offered resis-
tance exercise training, indicating that even resistance exercise
training can effectively offset the negative effects of ADT on
skeletal muscle oxidative capacity. This provides further sup-
port to advocate resistance exercise training as an adjuvant treat-
ment strategy during and/or after ADT. In addition, the positive
effects of resistance exercise training on oxidative capacity and
body composition provide important health benefits, as both a
decreased oxidative capacity as a higher fat% are associated
with poorer oncologic prognosis (40–42) and a higher risk
of comorbidities like cardiovascular disease (43–45).

In our study, all exercise sessions were supervised and group
based. This enabled us to provide patients with optimal guid-
ance and to tailor the program to variations in their daily con-
dition (e.g., during chemotherapy), which is important for the
prevention of injuries and optimizing the training load. Our
exercise intervention was feasible, safe, and well tolerated, with
an overall adherence score of 82% ± 21%. In agreement with
previous studies (46), we experienced that the group-based set-
ting of the exercise training enabled social interactions, pro-
vided unconstrained peer support, and increased pleasure. This
all could have contributed to the excellent adherence and com-
pliance to our exercise training program. However, our study
also has limitations. The shorter ADT treatment duration in
the control group could have potentially affected the outcome.
Furthermore, because of the COVID-19 pandemic, the total
group of included patients was 96 instead of the initially aimed
208 patients. As a consequence, we were underpowered to de-
tect small but potentially clinically relevant differences between
the protein supplemented and the placebo group.

Despite these limitations, our study clearly shows the many
benefits of resistance exercise training that completely offset
the negative side effects of ADT onmuscle mass and function.
Combined with a high compliance and adherence to the exercise
622 Official Journal of the American College of Sports Medicine
program, we strongly advise the implementation of personalized
and supervised resistance exercise training in PCa patients treated
with ADT. Exercise should become part of the standard urologi-
cal care for these patients. Therefore, specialists should actually
prescribe exercise to all patients (starting) with ADT, including
patients with bone metastases. Although it was no specific goal,
our study adds evidence to earlier studies (47–49) that a
well-designed resistance exercise program can be applied safely
in patients with bonemetastases, providing that there are nomed-
ical objections (e.g., high risk for pathological fractures). We ad-
vise an exercise program supervised by an exercise physiologist
with PCa-specific expertise, delivered in small PCa-specific
groups. Resistance exercise training should be a major compo-
nent of this program, but the addition of an aerobic component
might possibly have added value.

CONCLUSIONS

In conclusion, resistance exercise training is safe, feasible,
and well tolerated in patients with advanced PCa on ADT. Re-
sistance exercise training overcomes the negative side effects
of ADT on body composition, muscle mass, muscle strength,
and aerobic capacity in men with advanced PCa. Protein sup-
plementation is not required to further augment gains in mus-
cle mass and strength after resistance exercise training in PCa
patients who habitually consume ample protein (>1.0 g·kg
body weight−1·d−1).
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