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BACKGROUND Despite the widely acknowledged benefit of exercise for patients with cancer, little evidence on the

optimal timing of exercise on adverse effects of cancer treatment is available.

OBJECTIVES The aim of this study was to determine whether an exercise intervention initiated during chemotherapy is

superior to an intervention initiated after chemotherapy for improving long-term cardiorespiratory fitness (peak oxygen

uptake [VO2peak]).

METHODS In this prospective, randomized clinical trial, patients scheduled to receive curative chemotherapy were

randomized to a 24-week exercise intervention, initiated either during chemotherapy (group A) or afterward (group B).

The primary endpoint was VO2peak 1 year postintervention. Secondary endpoints were VO2peak postintervention, muscle

strength, health-related quality of life (HRQoL), fatigue, physical activity, and self-efficacy. Between-group differences

were calculated using intention-to-treat linear mixed-models analyses.

RESULTS A total of 266 patients with breast (n ¼ 139), testicular (n ¼ 95), and colon cancer (n ¼ 30) as well as

lymphoma (n ¼ 2) were included. VO2peak immediately postintervention and 1 year postintervention did not differ

between the 2 groups. Immediately postchemotherapy, patients in group A exhibited significantly lower decreases in

VO2peak (3.1 mL/kg/min; 95% CI: 2.2-4.0 mL/kg/min), HRQoL, and muscle strength and reported less fatigue and more

physical activity than those in group B.

CONCLUSIONS Exercise can be safely performed during chemotherapy and prevents fatigue and decreases in VO2peak,

muscle strength, and HRQoL, in addition to hastening the return of function after chemotherapy. Also, if exercise cannot

be performed during chemotherapy, a program afterward can enable patients to regain the same level of function,

measured 1 year after completion of the intervention. (Optimal Timing of Physical Activity in Cancer Treatment [ACT];

NCT01642680) (J Am Coll Cardiol CardioOnc 2022;4:491–503) © 2022 The Authors. Published by Elsevier on behalf

of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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C ancer treatment frequently leads to
adverse effects, such as reduced
cardiorespiratory fitness, increased

fatigue, and cardiovascular morbidity.1,2

These effects substantially impair health-
related quality of life (HRQoL) and may
even reduce survival. Substantial evidence
indicates that physical exercise intervention
during and after cancer treatment is benefi-
cial to mitigate adverse effects of cancer
treatment and is safe.3,4

As reflected by peak oxygen uptake
(VO2peak), cardiorespiratory fitness is consid-
ered one of the most important independent
predictors of cardiovascular health.5,6 VO2peak
declines up to 25% during cancer treatment.7 A recent
meta-analysis by Scott et al,3 including 48 randomized
controlled trials performed between 2000 and 2018
representing 3,632 patients who were allocated to
either exercise therapy or control or usual-care groups,
showed that exercise therapy was associated with a
significant increase in cardiorespiratory fitness
(þ2.80 mL/kg/min) compared with no change
(þ0.02 mL/kg/min) in the control group (P ¼ 0.001).
Other meta-analyses of patients with breast, colo-
rectal, and testicular cancer and cancer survivors also
showed that a physical exercise intervention during
and after cancer treatment prevents physical deterio-
ration and reduces the decline in VO2peak.4,8

Improvement in physical activity and VO2peak is asso-
ciated with significant decreases in cardiovascular
morbidity, overall mortality, and cancer mortality.9,10

Therefore, preventing the chemotherapy-induced
decrease in VO2peak might lower cardiovascular risk
and mortality in cancer survivors.

Evidence on the optimal timing and dose of a
physical exercise intervention to prevent treatment-
induced toxicity such as VO2peak is sparse.11 We hy-
pothesized that the optimal timing for an exercise
intervention to mitigate chemotherapy-induced
adverse effects is during, not after, chemotherapy. In
a randomized trial, we investigated whether a physical
exercise intervention initiated during chemotherapy
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is superior to one initiated after chemotherapy for
improving long-term VO2peak. The primary endpoint
was the difference in VO2peak 1 year after completing
the intervention. Secondary endpoints were VO2peak

after completion of chemotherapy and directly after
the intervention, muscle strength, and the patient-
reported outcomes HRQoL, fatigue, physical activity,
and self-efficacy at all time points.

METHODS

STUDY DESIGN AND PARTICIPANTS. Between
February 2013 and November 2018, eligible patients
were prospectively included in a multicenter, ran-
domized trial, ACT (Optimal Timing of a Tailored
Physical Activity Program During Chemotherapeutic
Cancer Treatment to Reduce Long-Term Cardiovas-
cular Morbidity), at the University Medical Center
Groningen (UMCG), Martini Hospital (Groningen),
and Ommelander Hospital (Scheemda) in the
Netherlands. Adult patients recently diagnosed with
breast cancer, colon cancer, testicular cancer, or B-
cell non-Hodgkin lymphoma scheduled to receive
curative chemotherapy were eligible. Inclusion
criteria were normal blood counts, regulated blood
pressure, respiratory rate < 20 breaths/min, resting
heart rate 50 to 100 beats/min, no fever, and left
ventricular ejection fraction $ 50%. Exclusion criteria
were infections requiring antibiotics, signs of ongoing
bleeding, critical organ impairment or uncontrolled
symptoms due to malignancy, no recovery from
earlier surgical intervention, inability to travel inde-
pendently to the rehabilitation center, a recent car-
diovascular event (<6 months), and a cognitive
disorder or emotional instability. The medical ethics
committee of UMCG approved the trial, and all pa-
tients gave written informed consent (NCT01642680).
Patients were randomized in a 1:1 ratio to an exercise
intervention initiated during (group A) or after (group
B) chemotherapy. Randomization was stratified by
hospital and cancer diagnosis. The randomization
was performed by an independent research assistant
using a table of random numbers generated by a
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FIGURE 1 Design of the ACT Trial

Patients were randomized in a 1:1 ratio to an exercise intervention initiated during (group A) or after (group B) chemotherapy. Randomization was stratified by hospital

and cancer diagnosis. The 24-week physical exercise intervention consisted of 2 components: 12 weeks of supervised exercise followed by 12 weeks of home-based

unsupervised exercise. ACT ¼ Optimal Timing of a Tailored Physical Activity Program During Chemotherapeutic Cancer Treatment to Reduce Long-Term Cardiovascular

Morbidity; VO2peak ¼ peak oxygen uptake; X months ¼ duration varied from 0 to 12 weeks depending on chemotherapy regimen.
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computer. The sequence of allocation was concealed
from the investigators.
PROCEDURES. The intervention consisted of
12 weeks of supervised exercise followed by 12 weeks
of home-based unsupervised exercise (both 36 ses-
sions). Group A initiated the 12-week supervised ex-
ercise intervention during chemotherapy and
continued with the 12-week unsupervised home-
based exercise after completing chemotherapy.
Given the different treatment regimens for the
various cancer types, all patients randomized in
group A initiated the supervised exercise interven-
tion 12 weeks before the end of chemotherapy. Pa-
tients treated with chemotherapy for 12 weeks started
the supervised exercise intervention immediately at
the start of chemotherapy. Patients who underwent
chemotherapy for 18 or 24 weeks started the super-
vised exercise intervention 6 or 12 weeks after
beginning chemotherapy, respectively. Patients in
group B initiated the supervised exercise intervention
approximately 3 weeks after the administration of the
final dose of chemotherapy. The supervised exercise
intervention consisted of 18.95 MET-h/wk, using the
2011 Compendium of Physical Activities: bicycle sta-
tionery (moderate to vigorous effort), 6.8 METs � 1.5
hours ¼ 10.2 MET-h; resistance training (weightlift-
ing, free weight), 6 METs � 1 hour ¼ 6 MET-h; and
badminton, 5.5 METs � 0.5 hours ¼ 2.75 MET-h. More
details on the exercise intervention are described in
the Supplemental Appendix.

Patients visited the outpatient clinic for assess-
ments before the start of chemotherapy, post-
chemotherapy, postintervention, and 1 year
postintervention (Figure 1). Patient characteristics
were derived from medical records, including tumor
characteristics; type of surgery; chemotherapy;
radiotherapy; comorbidities at the start of chemo-
therapy; smoking habit; alcohol consumption; and
use of cholesterol-lowering medications, anticoagu-
lant medications, and antihypertensive medication.

https://doi.org/10.1016/j.jaccao.2022.07.006


FIGURE 2 Consort Diagram of the ACT Trial

In total, 502 patients were screened for eligibility, of whom 100 were deemed ineligible, 130 declined to participate, and 6 could not be screened. A total of 266

patients were included and randomized to group A or group B. In total, 139 patients with breast cancer, 95 patients with testicular cancer, 30 patients with colon

cancer, and 2 patients with B-cell non-Hodgkin lymphoma were included. After randomization, 30 patients dropped out of group A, and 29 patients dropped out of

group B. CT ¼ chemotherapy.
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TABLE 1 Baseline Characteristics

Group A Group B

Baseline characteristics of all patients

Number of patients 133 133

Age, y, mean (range) 45.8 (20-74) 48.3 (21-76)

Gender

Male 57 (43) 56 (42)

Female 76 (57) 77 (58)

BMI, kg/m2, mean (range) 25.4 (17.8-41.4) 26.3 (17.2-41.3)

Smoking

Current 22 (17) 15 (11)

Previous 56 (42) 53 (40)

Never 55 (41) 65 (49)

Baseline characteristics of patients with breast cancer

Number of patients 70 69

Age, y, mean (range) 51 (30-71) 54 (32-72)

Postmenopausal

Yes 28 (40) 33 (49)

No 38 (54) 34 (48)

Unknown/male patient 4 (6) 2 (3)

Tumor type

Ductal 56 (80) 59 (86)

Lobular 9 (13) 7 (10)

Other 4 (6) 3 (4)

Unknown 1 (1) 0

Side

Left 37 (53) 29 (42)

Right 32 (46) 37 (54)

Left and right 1 (1) 3 (4)

ER status (positive) 62 (89) 52 (75)

HER2/neu status (positive) 16 (23) 17 (25)

Type of surgery

Mastectomy 33 (53) 32 (46)

Lumpectomy 37 (47) 37 (54)

Radiotherapy

No 17 (24) 14 (20)

Before chemotherapy 25 (36) 24 (35)

After chemotherapy 28 (40) 31 (45)

Dose of radiotherapy, whole breast, Gy, median (IQR) 46.0 (43.0-46.0) 46.0 (43.0-46.0)

Number of fractions of radiotherapy, median (IQR) 21 (16-21) 21 (16-21)

Type of chemotherapy

With anthracyclines 54 (77) 58 (84)

No anthracyclines 15 (22) 11 (16)

No chemotherapya 1 (1) —

Duration of chemotherapy

12 wk 13 (19) 10 (15)

18-24 wk 57 (81) 59 (85)

Trastuzumab (yes) 17 (24) 16 (23)

Hormonal therapy (yes) 63 (90) 52 (75)

Surgery after completion of chemotherapy

Breast reconstruction 10 (14) 8 (12)

Other 8 (11) 3 (4)

Continued on the next page
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OUTCOMES. The primary outcome, VO2peak, was
determined by cardiopulmonary exercise testing on a
stationary bicycle ergometer (Jaeger Oxycon Pro/
Vyntus CPX, CareFusion). Muscle strength was
assessed by maximal voluntary isometric muscle
force of quadriceps, hamstrings, biceps, and triceps,
which was measured using a handheld dynamometer
(Force Evaluating & Testing [microFET2], Hoggan
Health Industries).12 Details of cardiopulmonary ex-
ercise testing and muscle strength measurements are
described in Supplemental Tables 1 to 4 and
Supplemental Figure 1. Body weight was determined
without wearing shoes to the nearest 0.1 kg on an
electronic scale. Height was measured to the nearest
0.5 cm using a stadiometer. Adherence to the exercise
intervention was expressed as the number of atten-
ded exercise sessions divided by the number of pre-
scribed exercise sessions. Serious adverse events
(SAE) were monitored until the final measurement.
HRQoL was assessed using the validated Dutch
version of the European Organization for Research
and Treatment of Cancer Quality of Life Question-
naire Core 30 (version 3.0).13 Fatigue was determined
using the Multidimensional Fatigue Inventory.14

Physical activity was assessed using the sum score
of the Physical Activity Scale for the Elderly (PASE)
questionnaire.15 Self-efficacy, measuring patients’
expectations of their general capacities, was evalu-
ated using the Dutch version of the General Self-
Efficacy Scale, Algemene Competentie Schaal.16

SAMPLE SIZE AND STATISTICAL ANALYSIS. To
detect a between-group difference of 2.5 mL/kg/min
in VO2peak (SD ¼ 6.38 mL/kg/min) at 1 year post-
intervention, with power of 0.80 and a 2-sided alpha
value of 0.05, we calculated that 103 patients per
group were needed. To account for a potential 30%
dropout rate, 266 patients were included. The SD was
derived from a pilot study including 31 patients that
estimated the intervention’s effect size, conducted
at UMCG.

Descriptive data are presented as mean � SD, me-
dian (IQR), or median (range) for continuous vari-
ables, and count (percentage) for categorical variables
per relevant subgroup (patients with breast cancer,
testicular cancer, and colon cancer).

Intention-to-treat linear mixed-models analyses
were performed to calculate within-group and
between-group differences at 3 time points—post-
chemotherapy, postintervention, and 1 year post-
intervention—in VO2peak, muscle strength, and
patient-reported outcomes. An unstructured covari-
ance structure was used. These models were adjusted
for baseline values and the fixed effects of cancer
type, hospital, group, time, and time-by-group
interaction. Normality of the residuals was checked
using a normal probability plot. Exploratory post hoc
subgroup analyses of within-group and between-
group differences in VO2peak per cancer type were

https://doi.org/10.1016/j.jaccao.2022.07.006
https://doi.org/10.1016/j.jaccao.2022.07.006


TABLE 1 Continued

Group A Group B

Baseline characteristics of patients with colon cancer

Number of patients 14 16

Age, y, mean (range) 63 (46-74) 62 (44-76)

Gender

Male 7 (50) 8 (50)

Female 7 (50) 8 (50)

Dukes stage

III 12 (86) 16 (100)

IV 1 (7) 0

Unknown 1 (7) 0

Type surgery

Laparoscopic 5 (36) 12 (75)

Laparotomic 9 (64) 4 (25)

Type of chemotherapy

FOLFOX (12 courses) 10 (71) 12 (75)

CAPOX (4 or 8 courses) 3 (21) 1 (6)

FOLFOX and CAPOX 1 (7) 3 (19)

Baseline characteristics of patients with testicular cancer

Number of patients 48 47

Age, y, mean (range) 33 (20-48) 35 (21-62)

Diagnosis

Seminoma 19 (40) 14 (30)

Nonseminoma 29 (60) 31 (66)

Other — 2 (4)a

Royal Marsden stage

I 1 (2) —

II 37 (77) 33 (70)

III 3 (6) 4 (9)

IV 7 (15) 8 (17)

Other — 2 (4)

IGCCCG prognosis group

Good 46 (98) 41 (87)

Intermediate 1 (2) 3 (6)

Poor — 1 (2)

Other — 2 (4)

Pulmonary metastases (yes) 9 (19) 8 (17)

Chemotherapy regime

BEP/EP 45 (94) 43 (91)

Other 2 (4) 4 (9)

No chemotherapyb 1 (2) —

Courses of chemotherapy

3 35 (73) 32 (68)

4 12 (25) 14 (30)

Other 1 (2) 1 (2)

Cumulative dose of bleomycin, USP, median (range) 270 (30-330) 270 (60-360)

Cumulative dose of cisplatin, mg/m2, median (range) 300 (300-700c) 300 (100-700c)

RPLND after completion of chemotherapy 7 (15) 2 (4)

Values are n (%) unless indicated otherwise. In group A, exercise intervention was initiated during chemotherapy;
in group B, exercise intervention was initiated after chemotherapy. aIn one patient, abnormalities on electro-
cardiography during the cardiorespiratory exercise test were found. This patient was considered a dropout at
time 0. bIn one patient, tumor markers normalized without treatment. This patient was considered a dropout at
time 0. cTwo patients received additional paclitaxel, ifosfamide, and cisplatin chemotherapy. Therefore, the
cumulative dose of cisplatin was 700 mg/m2.

BEP ¼ bleomycin, etoposide, and cisplatin combination chemotherapy; BMI ¼ body mass index;
CAPOX ¼ capecitabine and oxaliplatin combination chemotherapy; EP ¼ etoposide and cisplatin combination
chemotherapy; ER ¼ estrogen receptor; FOLFOX ¼ 5-fluorouracil and oxaliplatin combination chemotherapy;
HER2 ¼ human epidermal growth factor receptor 2; IGCCCG ¼ International Germ Cell Cancer Collaborative
Group; RPLND ¼ retroperitoneal lymph node dissection; USP ¼ United States Pharmacopeia.
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performed. Two-sided P values <0.05 were consid-
ered to indicate statistical significance. Statistical
analyses were performed using SPSS Statistics version
22.0 (IBM).

RESULTS

From February 2013 until November 2018, 502 pa-
tients were screened for eligibility, of whom 100 were
deemed ineligible, 130 declined to participate, and 6
could not be screened (Figure 2). A total of 266 pa-
tients were included and randomized to group A
(n ¼ 133) or group B (n ¼ 133). In total, 139 patients
with breast cancer, 95 patients with testicular cancer,
30 patients with colon cancer, and 2 patients with
B-cell non-Hodgkin lymphoma were included. After
randomization, 30 patients dropped out of group A,
and 29 patients dropped out of group B. Patient
characteristics are depicted in Table 1.

The median adherence rate to the supervised ex-
ercise of patients in group A was 75.0% (range: 3%-
103%). In group B, the median adherence rate was
83.3% (range: 0%-100%). Adherence to the super-
vised exercise intervention was not statistically
significantly different between the groups (P ¼ 0.11).
Training logs were kept by 141 of the 215 patients
(65.6%) who completed the home-based exercise
intervention with data on adherence to this compo-
nent. Adherence to the home-based exercise inter-
vention was 82% in group A (range: 0%-133%; n ¼ 70
patients) and 83% in group B (range: 0%-144%; n ¼ 71
patients).

No between-group differences were found post-
intervention or 1 year postintervention in VO2peak.
From baseline to postchemotherapy, VO2peak declined
significantly in both groups A and B, with within-
group differences of �2.8 mL/kg/min (95% CI: �3.5
to �2.0 mL/kg/min) and �5.8 mL/kg/min (95%
CI: �6.6 to �5.1 mL/kg/min), respectively (means and
within-group differences are depicted in Table 2 and
between-group differences in Table 3 and Central
Illustration A). This decline was less in group A than
in group B (adjusted between-group difference
3.1 mL/kg/min; 95% CI: 2.2 to 4.0; P < 0.001). In the
exploratory analysis of the separate diagnosis groups
(breast cancer, colon cancer, and testicular cancer),
patients in both groups regained baseline levels of
VO2peak immediately postintervention and remained
stable at 1 year postintervention. Immediately post-
chemotherapy, the adjusted between-group differ-
ences in patients with testicular cancer, breast cancer
and colon cancer were 4.4 mL/kg/min (95% CI:
2.7-6.1 mL/kg/min; P < 0.001), 2.2 mL/kg/min (95% CI:



TABLE 2 Peak Oxygen Uptake Postchemotherapy, Postintervention, and 1-Year Postintervention

Baseline Postchemotherapy Postintervention 1 Year Postintervention

Mean � SD n Mean � SD n

Within-Group
Difference vs Baseline

(95% CI) Mean � SD n

Within-Group
Difference vs Baseline

(95% CI) Mean � SD n

Within- Group
Difference vs Baseline

(95% CI)

All

Group A 30.4 � 8.2 132a 28.3 � 6.7 108 �2.8 (�3.5 to �2.0) 31.5 � 7.9 106 þ0.2 (�0.5 to 1.0) 32.0 � 8.4 102 þ0.5 (�0.4 to 1.3)

Group B 29.7 � 8.4 132b 24.1 � 7.2 118 �5.8 (�6.6 to �5.1) 30.9 � 9.2 99 þ0.6 (�0.1 to 1.4) 30.5 � 9.5 103 þ0.2 (�0.7 to 1.0)

Testicular cancer

Group A 36.3 � 7.9 48 32.5 � 6.8 40 �4.4 (�5.8 to �3.1) 36.8 � 7.8 40 �0.2 (�1.6 to 1.2) 38.2 � 7.9 40 þ1.2 (�0.4 to 2.8)

Group B 37.6 � 7.6 47 28.8 � 7.6 42 �9.1 (�10.4 to �7.8) 38.9 � 8.4 35 þ0.9 (�0.6 to 2.4) 39.0 � 8.4 36 þ0.5 (�1.2 to 2.1)

Breast cancer

Group A 28.0 � 6.2 69a 25.9 � 5.6 59 �2.6 (�3.4 to �1.9) 28.6 � 6.1 56 �0.1 (�1.0 to 0.7) 28.6 � 5.8 54 �0.3 (�1.3 to 0.7)

Group B 25.3 � 5.1 68b 21.1 � 5.4 63 �4.5 (�5.3 to �3.8) 26.5 � 6.3 54 þ0.2 (�0.7 to 1.0) 25.6 � 6.4 56 �0.5 (�1.4 to 0.5)

Colon cancer

Group A 22.3 � 3.2 14 25.4 � 2.5 9 þ1.8 (0.1 to 3.6) 25.9 � 5.5 10 þ3.1 (0.7 to 5.5) 24.6 � 5.5 8 þ1.3 (�1.2 to 3.8)

Group B 25.4 � 5.4 16 23.6 � 5.7 13 �1.6 (�3.1 to �0.1) 26.1 � 5.6 10 þ1.8 (�0.6 to 4.1) 27.4 � 5.7 11 þ2.4 (0.2 to 4.6)

The shown within-group differences are estimates extracted from the linear mixed-effects models. In group A, exercise intervention was initiated during chemotherapy; in group B, exercise intervention was
initiated after chemotherapy. a1 baseline measurement of peak oxygen uptake had to be stopped early because the patient did not tolerate the mouthpiece. This patient was considered a dropout at time 0. b1
baseline measurement was not measured correctly because of technical difficulties.
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1.1-3.3 mL/kg/min; P < 0.001), and 3.5 mL/kg/min
(95% CI: 1.2-5.7 mL/kg/min; P ¼ 0.004), respectively
(Table 2). Significant between-group differences in
both patients with breast cancer who were treated
with chest radiotherapy (n ¼ 107) and who did not
receive chest radiotherapy (n ¼ 32) were found
in favor of the exercise groups (1.6 mL/kg/min
[95% CI: 0.6-2.7 mL/kg/min; P ¼ 0.004] and 3.8 mL/
kg/min [95% CI: 0.9-6.7 mL/kg/min; P ¼ 0.011],
respectively).
TABLE 3 Linear-Mixed Effects Model Results of VO2peak Postchemoth

Postchemotherapy Postintervention
1-Year

Postintervention

LSM � SE LSM � SE LSM � SE
LSM

All

Group A 26.3 � 1.4 29.3 � 1.5 29.5 � 1.5 3.1

Group B 22.7 � 1.4 29.1 � 1.5 28.7 � 1.5

Testicular

Group A 31.9 � 1.0 36.2 � 1.2 37.5 � 1.2 4.4

Group B 28.4 � 1.0 38.5 � 1.2 38.0 � 1.2

Breast

Group A 25.0 � 0.9 27.6 � 1.0 27.3 � 1.0 2.2

Group B 20.5 � 0.9 25.2 � 1.0 24.5 � 1.0

Colon

Group A 23.4 � 1.7 24.7 � 1.9 22.9 � 1.8 3.5

Group B 23.4 � 1.3 26.7 � 1.6 27.4 � 1.5

P value for mixed-model between-group measures comparing changes in groups A and
baseline values, diagnosis, and center (adjusted baseline values: all patients, 30.8; testicu
linear mixed-effects models, which means that these are adjusted for the baseline value,
exercise intervention was initiated after chemotherapy.

LSM ¼ least squares mean.
At 1 year postintervention and postintervention,
the strength of all muscle groups regained baseline
values, without between-group differences. Immedi-
ately postchemotherapy, muscle strength of the
quadriceps, biceps, and triceps declined less in group
A compared with group B, with the following
between-group differences for these respective mus-
cles: 17.9 N (95% CI: 3.9-32.0 N; P ¼ 0.012), 11.0 N (95%
CI: 2.9-19.1 N; P¼ 0.008), and 6.3 N (95% CI: 0.5-12.1 N;
P ¼ 0.033) (Supplemental Table 1).
erapy, Postintervention, and 1 Year Postintervention

Between-Group
Difference

Postchemotherapy

Between-Group
Difference

Postintervention

Between-Group
Difference

1-Year Postintervention

Difference
(95% CI) P Value

LSM difference
(95% CI) P Value

LSM difference
(95% CI) P Value

(2.2 to 4.0) <0.001 �0.3 (�1.3 to 0.8) 0.64 0.5 (�0.7 to 1.7) 0.43

(2.7 to 6.1) <0.001 �1.3 (�3.3 to 0.7) 0.19 0.5 (�1.8 to 2.7) 0.68

(1.1 to 3.3) <0.001 0.0 (�1.2 to 1.2) 1.00 0.5 (�0.9 to 1.8) 0.52

(1.2 to 5.7) 0.004 1.4 (�2.0 to 4.8) 0.40 �1.1 (�4.6 to 2.5) 0.53

B from baseline to postchemotherapy, postintervention, and 1 year postintervention, adjusted for
lar cancer, 37.6; breast cancer, 27.4; colon cancer, 24.0). The LSMs are estimates extracted from the
center and diagnosis. In group A, exercise intervention was initiated during chemotherapy; in group B,

https://doi.org/10.1016/j.jaccao.2022.07.006
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At 1 year postintervention, HRQoL was higher in both
group A and group B compared with baseline (within-
group differences 8.2 [95% CI: 4.5 to 11.8] and 4.4
[95% CI: 0.9 to 7.9], respectively). At 1 year post-
intervention and postintervention, no between-group
differences were found in HRQoL. Immediately
postchemotherapy, HRQoL (Central Illustration B) and
the physical functioning subscale declined less in
group A than in group B (adjusted between-group
differences 6.1 [95% CI: 1.0 to 11.2; P ¼ 0.027] and
5.5 [95% CI: 0.6 to 10.4; P ¼ 0.027]). The dyspnea and
appetite loss subscales favored group A; adjusted
between-group differences were �8.4 (95% CI: �16.0
to �0.7; P ¼ 0.032) and �6.6 (95% CI: �12.7 to �0.6;
P ¼ 0.033) (Supplemental Table 2, Figure 3).

At 1 year postintervention and postintervention,
no between-group differences were found in general
fatigue and physical fatigue. Immediately post-
chemotherapy, patients in group A experienced less
general fatigue and physical fatigue and scored
higher on the reduced activity subscale than patients
in group B. Adjusted between-group differences
were �2.1 (95% CI: �3.3 to �0.8; P ¼ 0.001) for general
fatigue, �2.9 (95% CI: �4.3 to �1.5; P < 0.001) for
physical fatigue, and �1.5 (95% CI: �2.9 to �0.1;
P ¼ 0.030) for reduced activity (Central Illustration C,
Supplemental Table 3).

In both groups A and B, self-reported physical ac-
tivity was similar at baseline compared with the
measurement directly after chemotherapy (the mean
� SE PASE sum scores of group A were 132 � 9 at
baseline and 136 � 9 immediately postchemotherapy;
in group B, these scores were 119 � 9 and 108 � 8,
respectively). Immediately postchemotherapy and 1
year postchemotherapy, the PASE sum score had
increased in both groups (group A, 173 � 10 and 167 �
10; group B, 148 � 10 and 154 � 10, respectively).

No significant between-group differences were
found in the PASE sum score at 1 year post-
intervention between groups A and B. Immediately
postintervention and postchemotherapy, the PASE
sum score was higher in group A compared with
group B (adjusted between-group differences 27.8
[95% CI: 7.1-48.4; P ¼ 0.009] and 28.0 [95% CI:
CENTRAL ILLUSTRATION Continued

This randomized clinical trial in patients with breast, testicular, and colon

chemotherapy. In the first weeks during chemotherapy, groups A and B

related quality of life, and (C) general fatigue. However, at the comple

whereas the values in group B continued to decline. Three months afte

vention, the values were similar in both groups. HRQoL ¼ health-relate
11.2-44.8; P ¼ 0.001], respectively) (Supplemental
Table 4).

Self-efficacy did not differ between the groups at 1
year postintervention, postintervention, and post-
chemotherapy (Supplemental Table 4).

No differences between groups A and B were found
in the number of patients with breast cancer or
testicular cancer who received reduced doses of
chemotherapy. In patients with breast cancer, 35 of
69 patients in group A (50.7%) and 34 of 69 patients in
group B (49.3%) received reduced chemotherapy
doses (P ¼ 0.87). In patients with testicular cancer, 8
of 47 patients in group A (17.0%) and 9 of 47 patients
in group B (19.1%) received reduced chemotherapy
doses (P ¼ 0.79). Because of low patient numbers, we
did not calculate difference in the received dose of
chemotherapy in patients with colon cancer.

A total of 53 SAE occurred in 49 patients, 27 SAE in
group A and 26 SAE in group B. One of the 53 SAE was
probably related to the intervention (vasovagal
syncope, group A), and 1 was related (biceps
tendon rupture, group B) (Supplemental Appendix).

DISCUSSION

The randomized multicenter clinical ACT trial
showed that patients with breast cancer, testicular
cancer, or colon cancer who engaged in an exercise
program regained their baseline cardiorespiratory
fitness 1 year after completing the exercise interven-
tion, irrespective of timing. This suggests that phys-
ical fitness remains at a stable level once patients
resume participation in daily life and the associated
physical activities. Indeed, we found that the
self-reported physical activity in both groups was
significantly higher after completion of the exercise
intervention and at 1-year follow-up compared with
baseline. Additionally, the passage of time also con-
tributes to the recovery of patients. These findings
are in line with previous studies examining the ef-
fects of exercise during chemotherapy.17-19

In the first weeks during chemotherapy, patients in
groups A and B declined similarly in terms of VO2peak,
muscle strength, HRQoL, and general fatigue.
cancer examined effects of physical exercise initiated during or after

declined similarly in terms of (A) peak oxygen uptake, (B) health-

tion of chemotherapy, these parameters in group A had increased,

r completion of chemotherapy and 1 year after the exercise inter-

d quality of life; VO2peak ¼ peak oxygen uptake.
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However, at the completion of chemotherapy, after
group A had been exercising for 3 months, these pa-
rameters for group A had increased, whereas the
values for group B continued to decline. Three
months after completion of chemotherapy (after
completion of supervised exercise in group B and
after completion of home-based exercise in group A),
the values were similar in both groups. The additional
home exercise in group B seemed not to increase
these values. One year after stopping exercise, the
values were similar in both groups and compared
with the baseline values. These findings suggest that
the optimal timing of physical exercise is during
chemotherapy. However, initiating a physical exer-
cise program after chemotherapy is a viable alterna-
tive when exercising during chemotherapy is not
possible. Our study has thus provided more data on
the timing of initiating physical exercise therapy as
part of anticancer treatment.

We found that the level of VO2peak 1 year after
completion of the exercise program recovered in both
groups to baseline values. The level of self-reported
physical activity before the start of chemotherapy is
lower compared with postintervention and at 1 year
postintervention, measured using the PASE ques-
tionnaire. After chemotherapy, the level of physical
activity is comparable with baseline. In previous
studies in which patients did not attend an exercise
intervention during or after adjuvant treatment
(chemotherapy, radiotherapy, or hormonal therapy),
a decline of up to 25% in VO2peak was found compared
with healthy, sedentary women, which frequently did
not recover.7,20 VO2peak and physical activity levels
are strongly associated with cardiovascular risk.9,10

The level of physical activity can be expressed as
METs, defined as the number of kilocalories burned
per kilogram body weight per hour (MET-h).21 In 2
population-based cohort studies of 2,973 patients
with nonmetastatic breast cancer, it was found that
engaging in 11 to 24.5 MET-h/wk and >24.5 MET-h/wk
resulted in risk reductions of 21% (HR: 0.79; 95% CI:
0.66-0.96) and 35% (HR: 0.65; 95% CI: 0.53-0.80) for
developing cardiovascular events.22 Therefore,
regaining VO2peak and the level of physical activity to
baseline values might lower the risk for cardiovas-
cular events in cancer survivors.

Regarding specific outcomes, fatigue is considered
one of the most distressing adverse effects of cancer
therapy and occurs in up to 80% of patients treated
with chemotherapy.23 Fatigue can negatively affect
reintegration, social relationships, and participation
in daily activities.23 In this trial, we found a clinically
significant difference in general and physical fatigue
between the groups in favor of the group that



FIGURE 3 Continued

Between-group changes from baseline were calculated using intention-to-treat linear

mixed-models analyses, adjusted for baseline values, cancer type, and hospital. The

dotted lines denote the threshold for a clinical meaningful difference. An adjusted mean

difference that is positive suggests that the measure was greater in group A. After

chemotherapy, HRQoL and the physical functioning subscale declined significantly less

in group A than in group B. The dyspnea and appetite loss subscales favored group A.

HRQoL ¼ health-related quality of life.
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exercised during treatment, measured directly after
chemotherapy, which might accelerate the return to
everyday life.24,25 This is in line with previous
research demonstrating less fatigue in patients
attending an exercise intervention during cancer
treatment.26

In our study, we found that exercise during and
after chemotherapy is safe. Our study’s supervised
physical exercise intervention consisted of personal-
ized aerobic and strength training, gradually
increasing in intensity during the program. This
intervention differs from a recent study in which
patients with testicular cancer were randomized to 2
supervised high-intensity interval training (HIIT)
sessions (85%-95% of peak heart rate) per week dur-
ing chemotherapy or control group patients, who
were asked not to initiate HIIT and to maintain their
baseline exercise levels.27 Three of the first 9 patients
in the intervention group developed severe throm-
boembolic events during chemotherapy. Possibly,
HIIT increases vascular shear stress and causes rela-
tive dehydration, inducing higher blood viscosity. In
healthy, sedentary men who performed high-
intensity physical exercise, thrombus formation, and
coagulation activity were increased, whereas
moderate-intensity exercise did not affect thrombus
formation.28,29

Including a nonexercise control group would have
been informative to compare the effects of exercise
during and after chemotherapy to no exercise at all.
However, in the period when the study protocol was
written (2012), it was already known that VO2peak

declines during chemotherapy, that physical exercise
during and after treatment with chemotherapy has
evident beneficial effects on various chemotherapy-
related adverse effects, and that physical training
was beneficial on several outcomes such as physical
fitness, fatigue, and quality of life.30-32 In addition,
exercise programs appeared to be safe. However,
knowledge of the timing of the physical exercise
training was lacking. Therefore, we considered it
unethical to include a nonexercise control group.

STUDY LIMITATIONS. The strengths of our trial are
the multicenter randomized design, the relatively
large sample size, the high adherence rate, and the
personalized and supervised training schedule fol-
lowed by a home-based physical exercise plan.
Although the inclusion of understudied cancer types
was a strength of the study, the study sample allowed
only explorative analyses by cancer type. Explorative
subgroup analyses showed comparable beneficial ef-
fect sizes for VO2peak immediately postchemotherapy
in patients with breast, colon, and testicular cancer
who exercised compared with no exercise during
chemotherapy. This effect was largest in patients
with testicular cancer, who were on average younger
and all men compared with patients with breast or
colon cancer. As no adjustment for type 1 error was
performed, these results should be interpreted with
caution. In line with our findings, a large meta-
analysis showed that the exercise effect on VO2peak

in patients without severe chronic diseases is largest
in men and individuals younger than 50 years
(regardless of sex).33 Another meta-analysis investi-
gated moderators of demographic characteristics on
the effects of exercise on physical functioning in
cancer patients and did not identify age and sex as
moderators.34 However, this meta-analysis did not
include patients with testicular cancer, and physical
function was measured using a questionnaire instead
of VO2peak.

Data on physical activity in this trial were
measured using the self-reported PASE question-
naire. In future studies, it would be interesting to
more objectively measure physical activity with, for
example, accelerometers or smart phone applications
that more accurately measure daily physical activity
in the period after the intervention for maintenance
of physical activity. Another limitation concerns pa-
tients’ unexpectedly high dropout rate (29% instead
of 15%) and the long inclusion period. To account for
this, we amended the protocol, which resulted in a
larger sample size, and patients with B-cell non-
Hodgkin lymphoma were included as an additional
patient group; unfortunately, only 2 patients with B-
cell non-Hodgkin lymphoma were included. The pa-
tients with B-cell non Hodgkin lymphoma were
included in the analysis, but no conclusions from the
analysis were drawn from these patients. This high
dropout rate may have been due to the frequent and
intensive exercise sessions and study measurements.
We experienced a significant challenge for patients
participating in a supervised exercise program during
and after chemotherapy during the trial. This was
mainly because of logistic hurdles, such as time re-
strictions, returning to work, childcare commitments,
and even in highly motivated patients. It should be



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: If

possible, initiating a physical exercise program during

instead of after chemotherapy would be preferred to

reduce fatigue and decreases in VO2peak, muscle

strength, and HRQoL in the period of active treat-

ment. Initiating an exercise program after completion

of chemotherapy is a viable alternative, as patients in

both groups regained the same level of function

measured 1 year after completion of the intervention.

TRANSLATIONAL OUTLOOK: Prospective ran-

domized studies per cancer diagnosis are needed to

further investigate the effects of timing of an exercise

program on VO2peak and long-term adverse effects of

chemotherapy.
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taken into account that it is not self-evident to inte-
grate an exercise program as standard care during and
after cancer treatment. Finally, we included patients
interested in a healthy lifestyle, making the data less
generalizable for less motivated patients.

The findings of our study contribute to the evi-
dence of the benefits of exercise therapy as part of
anticancer treatment and should motivate health care
providers to inform and guide patients to engage in
physical exercise programs during the period of
anticancer treatment.

CONCLUSIONS

Exercise can be performed during chemotherapy,
prevents fatigue and decreases in VO2peak, muscle
strength, and HRQoL, and hastens the return of
function after chemotherapy. Also, if exercise cannot
be performed during chemotherapy, a program af-
terward can allow patients to regain the same level of
function, measured 1 year after completion of the
intervention.
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