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CHAPTER 1
GENERAL INTRODUCTION
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Chapter 1

The global cancer burden is rapidly growing with over 28 million new cancer cases
1
being expected in 2040 . This is a 47% increase in 20 years, as worldwide 19 million new
1
cancer cases and almost 10 million cancer-related deaths occurred in 2020 . Despite
the ever increasing incidence, mortality rates are decreasing due to advances in early
2,3
detection and novel treatment approaches . In The Netherlands, the 5-year survival
4
rate has increased from 48% in the late eighties to 65% in 2013- 2018 (Figure 1) . As a
consequence of the increased incidence and survival rates, more people are living with
and beyond a cancer diagnosis, meaning that more patients live with the consequences
5
of cancer and its treatment .
Cancer survivors (i.e., any patient living with, through and beyond cancer) often
experience cancer-and treatment-related side effects, including fatigue, reduced
physical fitness, anxiety and depression, which compromise quality of life. Of these
side effects, fatigue has been recognized as the most prevalent and burdensome side
6–8
effect and may even persist for months or years after completion of treatment .
Yet, (high-quality) survivorship care is still in its infancy. Therefore, efforts to improve
management of cancer- and treatment related side effects is highly needed.
2017:
Melanoma 92%
Prostate cancer 89%
Breast cancer 88%
Cervical cancer 68%
Colon cancer 62%

All cancer types
Ovarian cancer 38%
Esophageal cancer 23%
Stomach cancer 23%
Lung cancer 20%
Pancreas cancer 5%
Figure 1. Improvement in 5-year survival rates for the most common types of cancer. Adapted
from KWF and based on data of IKNL (www.cijfersoverkanker.nl)

8
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PHYSICAL EXERCISE AFTER A CANCER DIAGNOSIS
Exercise effects on important health-related outcomes
There is ample evidence that exercise is safe and well-tolerated during and after cancer
treatment and elicits beneficial effects on a wide variety of important health-related
outcomes. The last decade (2010-2018), the number of randomized controlled trials
(RCTs) investigating exercise effects in cancer survivors significantly increased by 281%
9
to over 2500 published trials . Meta-analyses of these trials confirm that exercise
10–18
. Beyond
significantly improves fatigue, both during and after cancer treatment
fatigue, exercise has other important health benefits, including reduced anxiety and
9,19,20
depressive symptoms, and improved physical fitness and quality of life
.

1

Exercise guidelines
The increasing evidence base allowed for the development of specific exercise guidelines
9
to improve cancer- and treatment related side effects . In general, these guidelines state
that one should avoid inactivity and should aim to achieve the current physical activity
guidelines to improve general health (i.e., 150 min/week aerobic exercise and 2x/week
9
resistance training) . These guidelines were formulated during the second American
College of Sports Medicine Roundtable in 2018 and if sufficiently strong evidence was
available, then the exercise prescriptions for specific health outcomes were advanced
towards more detailed prescriptions (i.e., conform the FITT (frequency, intensity, time
and type) formula) (Figure 2).
The current evidence does not allow for further detailing exercise prescriptions
according to severity of cancer- or treatment-related side effects, cancer type, type
of cancer treatment or timing of cancer treatment. To shift from an ‘one-size-fits-all’
approach to a more tailored exercise intervention, it is important to gain more insight
into which exercise interventions work, for whom and under what circumstances. With
the availability of an effective intervention for improving health-related outcomes,
recent studies investigated whether exercise effects differ across subgroups of cancer
survivors (i.e., moderators of exercise effects). In addition, it is important to attain
deeper knowledge of how exercise interventions elicit beneficial effects on healthrelated outcomes (i.e., mediators of exercise effects). This knowledge can be used to
further optimize exercise programs, improve health-related outcomes and further detail
exercise prescriptions.

9
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Figure 2. Exercise prescriptions for cancer survivors specific to health outcomes
10
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Moderators of exercise effects
The magnitude of exercise effects found in RCTs is often small to moderate. One
explanation might be that exercise interventions are offered to a diverse group of cancer
survivors and are therefore insufficiently targeted to specific subgroups of patients. In
order to determine whether there is heterogeneity in exercise effects across subgroups,
potential moderators (i.e., factors such as socio- demographic factors or treatment
characteristics) can be added as interaction term to a statistical model. In general, single
RCTs are underpowered to detect moderators of treatment effects. Meta- analysis of
aggregated data is limited to using published group-level summary statistics, resulting
in a high risk of ecological bias since it cannot properly take patient-level characteristics
into account. Therefore, an individual participant data meta-analysis has been suggested
as ‘gold- standard’ to identify moderators of treatment effects. These meta-analyses
secure raw data per participant of each study that is identified through a systematic
search, thereby providing more statistical power to disentangle study- and participant21
level sources of heterogeneity in treatment effects (Figure 3).

1

The international ‘Predicting OptimaL cAncer RehabIlitation and Supportive care’
(POLARIS) study was designed to evaluate exercise effects on several health-related
22
outcomes and identify moderators of these exercise effects in cancer survivors . The
POLARIS study comprises individual participant data from 34 RCTs that evaluated the
effects of exercise in adult patients with cancer. Results of this individual participant
data meta-analysis indicate that an exercise intervention has beneficial effects on
fatigue, quality of life and physical functioning across all subgroups of patients (i.e.,
18,19
irrespective of demographic and clinical characteristics) (Table 1) . Exercise effects
on fatigue, quality of life and physical functioning were larger when performed under
18,19
supervision . In addition, beneficial exercise effects were found on measures of
physical fitness (i.e., upper and lower body muscle strength, lower body muscle function
20
and aerobic fitness) . These effects were moderated by demographic, interventionand exercise related characteristics, including age, marital status, intervention timing
(during vs. after cancer treatment), delivery mode, frequency, type and duration of the
20
exercise session (Table 1) . Furthermore, larger intervention effects were observed in
patients with a high symptom burden (i.e., with higher levels of fatigue or lower physical
23
functioning) . As a results, the POLARIS study provided additional evidence to support
the implementation of exercise as integral part of cancer care.

11
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Table 1. Summary of findings of the POLARIS study: Effects and moderators of the effects of
exercise on important health outcomes.
Health outcome
18
Fatigue
Delivery mode
Unsupervised
Supervised
Baseline fatigue
<1 SD below mean
1 SD below mean to mean
Mean to 1 SD above mean
>1 SD above mean
19
Quality of life
Delivery mode
Unsupervised
Supervised
19
Physical functioning
Delivery mode
Unsupervised
Supervised
Baseline physical functioning
<1 SD below mean
1 SD below mean to mean
Mean to 1 SD above mean
>1 SD above mean
20
Upper body muscle strength
Timing of intervention
During treatment
After treatment
Delivery mode
Unsupervised
Supervised
20
Lower body muscle strength
Marital status
Partnered
Divorced/living alone
Delivery mode
Unsupervised
Supervised

Exercise effect (β (95% CI))
-0.17 (-0.22 to -0.12)*

a

-0.04 (-0.13 to 0.04)
-0.23 (-0.29 to -0.17)*
-0.03 (-0.13 to 0.08)
-0.17 (-0.25 to -0.09)*
-0.20 (-0.30 to -0.11)*
-0.22 (-0.37 to -0.07)*
0.15 (0.10 to 0.20)*
0.06 (-0.02 to 0.14)
0.20 (0.14 to 0.25)*
0.18 (0.13 to 0.23)*
0.11 (0.03 to 0.19)*
0.22 (0.16 to 0.27)*
0.27 (0.11 to 0.42)*
0.22 (0.11 to 0.34)*
0.19 (0.12 to 0.25)*
0.03 (-0.07 to 0.12)
0.20 (0.14 to 0.26)*
0.26 (0.17 to 0.36)*
0.13 (0.06 to 0.21)*
0.11 (−0.06 to 0.28)
0.23 (0.17 to 0.30)*
0.29 (0.23 to 0.35)*
0.22 (0.14 to 0.30)*
0.37 (0.23 to 0.51)*
0.13 (−0.17 to 0.44)
0.30 (0.25 to 0.36)*

12
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Table 1 Continued
Health outcome
Exercise effect (β (95% CI))
20
Lower body muscle function
0.16 (0.08 to 0.24)*
No moderators of exercise on lower body muscle function.
20
0.28 (0.23 to 0.34)*
Aerobic fitness
Age
Age <50
0.41 (0.31 to 0.52)*
Age 50-70
0.22 (0.15 to 0.29)*
0.23 (0.07 to 0.40)*
Age >70
Delivery mode
0.19 (0.07 to 0.32)*
Unsupervised
0.34 (0.28 to 0.40)*
Supervised
Intervention duration (weeks)
0.38 (0.30 to 0.46)*
≤12 weeks
0.27 (0.17 to 0.38)*
12-24 weeks
0.14 (−0.02 to 0.30)
>24 weeks

a

1

a

Exercise effects are presented as between-group difference in z- scores to allow pooling of
different measurement scales. Z-scores correspond to a Cohen’s d effect size. A z-score of 0.231
0.5 is considered a small effect, 0.5-0.8 moderate and ≥0.8 large .
*Statistically significant
SD Standard deviation

13
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Chapter 1

Potential moderator (e.g., sex)
Figure 3. A graphical representation of ecological bias in an aggregated data meta-analysis.
Each circle represents a study. The green lines are from the individual participant data metaanalysis and the slope indicates whether there is a difference in treatment effect between groups
(e.g., men vs. women). Based on the green lines, it can be suggested that there is little difference
between men and women, whereas the slope of the dashed line from the aggregated data metaanalysis suggests a large difference between men and women. This is an example of ecological
bias in aggregated data meta-analysis, which can be caused by confounding across trials.

Mediators of exercise effects
Investigating mechanisms that underlie an observed exercise effect can provide
useful information and insight into how to adapt future exercise programs to improve
effectiveness. A mediator is a variable that helps to explain how a certain intervention
works. Specifically, a mediator is an intermediate variable that explains how an
independent variable (i.e., exercise) relates to a dependent variable (e.g., fatigue) in a
24
causal pathway . However, the mechanisms that underlie exercise effects on healthrelated outcomes remain largely unknown.
The past decade, an increasing number of single studies investigated the multifactorial
nature of fatigue in particular. Several mechanisms have been proposed to play a role,
including inflammation, anemia, loss of skeletal muscle mass, hypothalamic-pituitaryadrenal (HPA) axis dysfunction, disruption of circadian rhythms and psychological
25,26
25,27,28
factors . To date, inflammation gained most empirical attention and support
. As
a result, inflammation has been proposed as potential underlying mechanism and might
14
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(partially) explain the observed exercise effects on fatigue due to its anti-inflammatory
effects.
29

Unfortunately, most trials are underpowered to detect meaningful mediation effects ,
thereby increasing the chance of finding spurious mediation effects. Additionally,
30
mediation analyses are often conducted as secondary analysis and not predefined ,
which make them more prone to publication bias and poses a threat to the validity of
the published results. Meta-analysis may therefore offer a promising opportunity to
increase sample size and improve the overall quality of mediation analyses.

1

Due to aforementioned reasons (i.e., ecological bias), meta-analysis of published
mediation effects does not appear very promising. Furthermore, problems arise when
published mediation effects are selectively or poorly reported, presented differently
across studies or when different studies adjust for different sets of confounders. Instead,
meta-analysis of individual participant data can help overcome many of these problems.
To date, no approaches to assess mediation effects, while using individual participant
data, have been proposed in the literature. Therefore, an important next step would
be to develop individual participant data meta-analysis approaches to assess mediation
effects. As a result, this will enable researchers to further expand our current knowledge
on underlying mechanisms of exercise effects in cancer survivors. This knowledge could
be used to further optimize exercise programs, improve health-related outcomes and
improve the implementation of exercise programs in clinical practice.

FUTURE STEPS: IMPLEMENTATION OF EXERCISE IN CANCER
CARE
Despite substantial evidence that exercise, and in particular exercise with a supervised
component, effectively improves health-related outcomes, and the development of
specific exercise guidelines, exercise programs have not yet been implemented as
integral part of cancer care. To promote implementation of exercise in daily clinical
practice, the current knowledge should be expanded beyond the (moderators of)
general exercise effects in patients with cancer.
A first barrier to successful implementation is that patients participating in randomized
controlled exercise trials are not completely representative for the broader population
of cancer survivors.
15
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Patients enrolled in studies usually meet stringent inclusion criteria, resulting in a
study sample that has a positive attitude towards exercise, less comorbidities, higher
32–34
physical function, and report lower levels of fatigue and a better quality of life
.
Hence, patients who decline participation maybe individuals that are in greatest need
of an exercise intervention. Identifying characteristics of patients who are less likely
to be physically active or participate in exercise interventions could provide valuable
information about how we might tailor recruitment strategies of future exercise
interventions to specifically target patients who are less inclined to participate.
Second, the current guidelines are mainly based on literature in the most common
9
cancers, including early stage breast and prostate cancer . This precludes generalizability
of results to other (less common) types of cancer or advanced cancer, since patient
characteristics and treatment complexity might differ. More research is needed to
further detail prescriptions to other cancer types and advanced cancers.
A third barrier might be that the majority of studies investigated short-term effects of
exercise on patient outcomes. Since cancer treatment is known to have long-lasting side
effects, it is important to gain more insight into the long-term effects of exercise. To
date, only a small number of studies investigated long-term exercise effects, suggesting
that engaging in exercise during cancer treatment and maintaining a physically active
lifestyle into survivorship might be important for enhanced well-being in the long
35–37
term
.
Last, as described above, the mechanisms that underlie exercise effects on healthrelated outcomes, such as fatigue are largely unknown. By filling the existing knowledge
gap on the underlying mechanisms, cancer exercise programs can be further optimized
and cancer outcomes of patients can be improved. As a result, this might improve the
implementation of exercise programs in clinical practice.

AIM AND OUTLINE OF THIS THESIS
In the first part of this thesis (Part I: who?), we aim to identify characteristics of cancer
survivors engaging in physical activity. In Chapter 2, we used data of the ‘Optimal
Training for Women with Breast Cancer’ (OptiTrain) study, a RCT investigating the effects
of two different exercise modalities in patients with breast cancer during adjuvant
38
chemotherapy . We examined the sense of coherence of patients participating in this
16
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study, which refers to a person’s ability to use resources to cope with stressful situations
39
to maintain and improve health , and assessed whether patients with a high sense of
coherence are more capable of adhering to the OptiTrain exercise program. In Chapter
3, we aimed to identify socio-ecological correlates of physical activity in breast and
colon cancer survivors 4 years after participation in an 18-week exercise program during
adjuvant chemotherapy. To this end, we used data of the Physical Activity during Cancer
40
Treatment (PACT) study , which investigated the effects of this 18-week supervised
aerobic and resistance exercise program on quality of life and fatigue directly after the
intervention, and 9 months and 4 years after participation in the study.

1

The second aim of this thesis (Part II: what?) is to study the (long-term) effects of exercise
on quality of life and fatigue in cancer survivors. In the earlier randomized controlled
PACT study, we found beneficial effects of the 18-week supervised exercise program on
fatigue in patients with newly diagnosed breast or colon cancer undergoing adjuvant
41,42
treatment . Since cancer treatment is known to have long-lasting side effects, it is
important to gain more insight into the effects of exercising during cancer treatment
on fatigue years after completion of cancer treatment. Therefore, we assessed longterm effects of the exercise program on levels of fatigue and physical activity 4 years
after participation in the PACT study. Results of this follow-up study are presented in
Chapter 4. Then, we conducted the Physical ExeRcise Following Esophageal Cancer
Treatment (PERFECT) study. Since patient and treatment characteristics of patients
with esophageal cancer are different, results of previous studies may not be directly
generalizable to this understudied patient population. Therefore, we investigated the
effects of a 12-week combined aerobic and resistance exercise program in the first year
43
following esophageal cancer treatment . The main results are presented in Chapter 5.
The third aim of this thesis (Part III: how?) is to expand our current knowledge on
underlying mechanisms of cancer-related side effects, including fatigue, quality of
life and physical functioning, and the potential working mechanisms of exercise. Loss
of skeletal muscle mass is a common clinical finding in patients with cancer, which
negatively affects clinical and patient- reported outcomes including muscle strength,
44,45
functional impairment, fatigue and quality of life . In Chapter 6, we present the
results of a meta-analysis and systematic review that aimed to quantify the effect
of chemotherapy, more specifically doxorubicin, on skeletal muscle and report the
molecular mechanisms leading to doxorubicin-induced muscle atrophy in animal
models. In Chapter 7, we focus on the working mechanisms of exercise by investigating
the effects of the OptiTrain exercise program on markers of systemic inflammation
in patients with breast cancer undergoing adjuvant chemotherapy. Furthermore, we
examined whether changes in inflammation mediate the beneficial effects of exercise
17
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46

on fatigue . RCTs are rarely powered to investigate mechanisms of intervention effects.
Meta-analysis of individual participant data may offer a promising opportunity to
increase sample size and improve the overall quality of mediation analyses. However,
it is unknown how methods for meta-analyzing individual participant data translate to
mediation analysis. In Chapter 8, we compare different statistical models and provide
guidance to assess mediation in a meta-analysis of individual participant data. This will
be an important first step to investigate mediators of exercise effects on fatigue in the
aforementioned POLARIS study.
Finally, in Chapter 9, main findings of this thesis and future directions are discussed.
Despite the enormous number of studies observing beneficial effects of exercise after
a cancer diagnosis, the implementation of exercise programs for cancer survivors
in clinical practice remains challenging. In order to successfully implement exercise
programs in the future, we discuss how this thesis adds to the growing body of evidence
and how we can get clinicians involved by presenting a referral decision tree based on
existing (inter)national literature and increase patient empowerment.

18
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ABSTRACT
Background Having a physically active lifestyle after cancer diagnosis is beneficial for
health, and this needs to be continued into survivorship to optimize long-term benefits.
We found that patients, who participated in an 18-week exercise intervention, reported
significant higher physical activity (PA) levels 4 years after participation in a randomized
controlled trial of supervised exercise delivered during chemotherapy (PACT study).
This study aimed to identify social-ecological correlates of PA levels in breast and colon
cancer survivors 4 years after participation in the PACT study.
Methods Self-reported PA levels and potential correlates (e.g. physical fitness, fatigue,
exercise history, and built environment) were assessed in 127 breast and colon cancer
survivors shortly after diagnosis (baseline), post-intervention and 4 years later.
Multivariable linear regression analyses were performed to identify social-ecological
correlates of PA 4 years post-baseline.
Results The final model revealed that lower baseline physical fatigue (β = -0.25, 95%
CI -0.26; -0.24) and higher baseline total PA (0.06, 95% CI, 0.03; 0.10) were correlated
with higher total PA levels 4 years post-baseline. Higher baseline leisure and sport PA
(0.02, 95% CI 0.01; 0.03), more recreational facilities within a buffer of 1 km (4.05, 95%
CI = 1.28; 6.83), lower physical fatigue at 4-year follow-up (-8.07, 95% CI -14.00; -2.13),
and having a positive change in physical fatigue during the intervention period (0.04,
95% CI 0.001; 0.07) were correlates of sport and leisure PA levels 4 years post-baseline.
Conclusions This study suggests that baseline and 4-year post-baseline physical fatigue,
and past exercise behavior, were significant correlates of PA 4 years after participation
in an exercise trial. Additionally, this study suggests that the built environment should
be taken into account when promoting PA. Understanding of socio-ecological correlates
of PA can provide insights into how future exercise interventions should be designed
to promote long-term exercise behavior.
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INTRODUCTION
Increasing evidence supports the role of physical activity (PA), both during and after
cancer treatment, as an effective intervention to enhance health-related quality of
1
2
3
life (HRQoL) , improve cardiorespiratory fitness , decrease cancer-related fatigue ,
4,5
and possibly even to improve survival and reduce the risk of recurrence . Despite
compelling evidence that PA is beneficial for cancer survivors, the proportion of breast
and colon cancer survivors that do meet the exercise guidelines of performing at least
150 minutes per week of moderate-to-vigorous physical activity, varies from 15% to
6–8
44% . Even up to 5–10 years post-diagnosis, both breast and colon cancer survivors
9,10
have not fully returned to their pre-diagnosis level of PA .

2

7

Since sufficient evidence exists regarding the beneficial effects of exercise , effective
interventions to maintain sufficient levels of PA during cancer survivorship should
be pursued. Understanding of characteristics that influence long-term PA levels may
facilitate the development of more effective and targeted exercise interventions or
advices designed to promote long-term behavior change.
Characteristics that influence exercise behavior have been of interest to many
researchers. Theoretical frameworks, such as the Theory of Planned Behavior (TPB)
and Social Cognitive Theory, have been employed to examine correlates of exercise
11,12
11
behavior. These studies reported that younger age , lower body mass index ,
11
12
11
higher self-efficacy , positive attitude towards PA , and more social support were
significantly associated with higher PA levels in breast cancer survivors, whereas
13
14
younger age , sufficient baseline PA levels , planning and intention as part of the
13
13
TPB framework , and higher education were significantly associated with higher PA
levels in colon cancer survivors. While these correlates do have merit in explaining
exercise behavior, increasing evidence has shown that exercise behavior might also
be influenced by environmental factors. Proximity to potential destinations and the
presence of bicycle lanes and parks have been most consistently associated with PA
15,16
participation in the general population .
Hence, it would be more informative to adopt a broader theoretical framework, such
17
as the social-ecological framework, to identify correlates of PA in this population .
Specifically, the social-ecological framework emphasizes the environmental context
of exercise behavior, while incorporating psychosocial, demographical and physical
influences to identify multiple correlates of PA. So far, studies have largely focused
on the individual aspects of the social-ecological model with little emphasis on the
objective built environment. Besides, little research has been performed on correlates
29
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of PA levels years after completion of cancer treatment. Mutrie et al. (2012) found that
those who maintained a physically active lifestyle 5 years after cancer treatment still
18
benefit in terms of higher levels of HRQoL and lower levels of depression . Since cancer
treatment is known to have long-lasting side effects, this physically active lifestyle needs
to be maintained in order to optimize long-term benefits.
In the ‘Physical Activity during Cancer Treatment’ (PACT) study, a randomized controlled
exercise trial, we demonstrated that an 18-week supervised exercise intervention
(i.e. moderate-to-high intensity aerobic and resistance training), delivered during
adjuvant cancer treatment, had significant beneficial short-term effects on physical
fatigue, submaximal cardiorespiratory fitness and muscle strength in breast and colon
19,20
cancer patients . Furthermore, we found that patients, who participated in the PACT
exercise intervention, reported significant higher physical activity levels four years after
21
participation in the PACT study compared to the usual care group . The purpose of
the present study was to explore socio-demographic, clinical, psychosocial, physical
and environmental correlates of subjectively assessed PA in breast and colon cancer
survivors on average 4 years after participation in the PACT study.

METHODS
Setting and participants
22
A detailed description of the PACT study design has been published previously . In
short, the original study was conducted in seven hospitals in the Netherlands between
2010 and 2013. This multicenter controlled trial randomly assigned 204 breast and
33 colon cancer patients to either usual care while maintaining their current PA
pattern (n = 118) or to supervised aerobic and muscle strength training in addition
to usual care (n = 119). Inclusion criteria were: a histological diagnosis of cancer less
than six (breast cancer) or ten (colon cancer) weeks before study recruitment; stage
M0; scheduled for chemotherapy; age 25–75 years; not treated for any cancer in the
preceding 5 years (except basal skin cancer); able to read and understand the Dutch
language; Karnovsky Performance Status of ≥60; able to walk 100 meter or more; and no
contra-indications for PA (as assessed through the Revised Physical Activity Readiness
Questionnaire). After written informed consent was obtained, a concealed computergenerated randomization, following a 1:1 ratio and stratified for age (25–40, 40–65 and
65–75 years), adjuvant treatment (radiotherapy yes/no before chemotherapy), use of
tissue expander (for patients with breast cancer), tumor type and hospital, was used
30
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to allocate patients to the two groups. The study was approved by the Medical Ethics
Committee of the University Medical Centre Utrecht and the local Ethical Boards of the
participating hospitals (07-271/O).
Three to four years after inclusion in the original PACT study, the treating physician
approached 197 PACT participants again for information on their current health
status. The present study was originally not planned when participants were recruited
for the former PACT study and consent was asked again. Eleven participants were
deceased or otherwise considered not healthy enough to participate by the treating
oncologist (Figure 1). We did not invite participants who indicated not to be willing
to fill in questionnaires at subsequent time points (n = 29). Participants who dropped
out during the original PACT study, but indicated to be willing to fill in questionnaires
at all subsequent time points were invited. Participants, who signed written informed
consent, were asked to fill in questionnaires at home.

2

31

Prod_AEH_4.indd 31

15/09/2021 13:47:29

Chapter 2

Figure 1. Flow of participants through the PACT study.

Intervention (2010–2013)
The exercise intervention consisted of an 18-week supervised aerobic and muscle
strength exercise program in addition to the usual care. Participants attended two
1-hour sessions per week, supervised by a physiotherapist. The aerobic and muscle
strength exercises were individualized to the participants’ preferences and fitness
levels as assessed by means of a cardiopulmonary exercise test and one repetition
maximum muscle strength tests. In addition to the intervention, participants were asked
32
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to be physically active for at least 30 minutes a day, on three other days of the week,
23,24
according to the Dutch Physical Activity Guidelines 2011 . Principles of Bandura’s
social cognitive theory were incorporated to promote maintenance of a physically active
25
lifestyle . This theory emphasizes the role of cognitive processes in determining health
behavior such as exercise. The most important construct of this theory is self-efficacy,
which beliefs are based on actual/mastery experience, vicarious/observational learning,
verbal persuasion and emotional arousal. In the PACT supervised exercise program, we
22
addressed the first three determinants .
Participants in the control group received usual care and were asked to maintain their
habitual PA pattern up to week 18. Thereafter, they were allowed, for ethical reasons,
to participate in exercise programs offered in the Netherlands to cancer patients after
completion of primary treatment.

2

Outcome measure
Physical activity
PA levels 4-years after participation in the PACT study were assessed using the Short
26
Questionnaire to Assess Health-enhancing physical activity (SQUASH) . This validated
4-item self-report instrument contains questions about commuting, leisure time and
sports, and household activities and activities at work and school. For each activity,
duration, frequency and intensity is assessed. Minutes per week of moderate-to-high
intensity total PA and leisure and sport activity were calculated. Moderate-to-high
27
intensity PA was defined as ≥4 metabolic equivalent (MET) .
Candidate correlates
In order to explore correlates of PA 4 years post-diagnosis in breast and colon cancer
survivors, data of the intervention and control group were combined. The intervention
was added as a correlate to the model. Candidate correlates were selected based on
literature and clinical reasoning and divided into four categories according to the
social-ecological framework (Figure 2): (1) socio-demographic and clinical variables,
(2) psychosocial, (3) physical, and (4) environmental factors.

33
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Socio-demographic and clinical factors
Socio-demographic factors were collected using a self-reporting questionnaire and
included age at baseline (in years), marital status (married or single), education (low (i.e.,
elementary and lower vocational education), intermediate (i.e., secondary (vocational)
education), and high (i.e., higher vocational and university education)), and employment
status at 4-year follow-up. Clinical data were retrieved from medical records and
included body mass index (BMI), tumor site, previous treatment with chemotherapy
or in combination with radiotherapy and allocation to the exercise group or usual care.
Psychosocial factors
Patient reported outcome measures included fatigue, HRQoL, and anxiety and
depression. Fatigue was measured using the validated Dutch version of the
28
Multidimensional Fatigue Inventory (MFI) . The MFI is a 20-item questionnaire and
consists of five dimensions: general fatigue, physical fatigue, reduced activity, reduced
motivation and mental fatigue. The minimum and maximum scores are respectively 4
and 20, with higher scores indicating more fatigue.

2

The HRQoL was assessed using the validated 30-item European Organization for
29
Research and Treatment of Cancer Quality of Life Questionnaire (EORTC-QOL-C30) . The
EORTC-QOL-C30 incorporates five functional scales (physical, role, emotional, cognitive
and social functioning), one quality of life scale and one symptom scale (including pain
and fatigue). All scales ranging from 0 to 100. A high scale score represents a higher
response level.
Anxiety and depression were assessed using the validated Dutch version of the Hospital
Anxiety and Depression Scale (HADS), with scores ranging from 0–21 and higher scores
30
indicating more anxiety and depression .
Physical fitness
Correlates related to physical fitness included baseline PA, aerobic capacity, muscle
strength of the quadriceps and handgrip strength. Baseline PA was assessed in the
same way as the outcome by using the SQUASH and we asked participants to fill in
their PA level for a usual week in the months preceding study entry. Aerobic capacity
was determined during a cardiopulmonary exercise test with continuous breathing gas
analysis. Peak oxygen uptake (VO2peak) was calculated by taking the mean of VO2-values
measured in the last 30 seconds before exhaustion. Muscle strength of the quadriceps
was assessed using a Cybex dynamometer at an angular velocity of 60°/s for both legs.
The highest peak torque of three repetitions was calculated. Handgrip strength of both
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hands was recorded in kilogram force (kgF) by a mechanical handgrip dynamometer.
Handgrip strength was obtained by taking the best score of two attempts.
Built environment
Postal codes of participants’ home were obtained through a questionnaire. Coordinates
of these postal codes were uploaded in ArcGIS, and Euclidean buffers of 1 and 5 km
were drawn around each coordinate. Objective physical environmental characteristics
of these buffers were obtained from the 2012 Land Use data from the Statistics
Netherlands and Accommodation Monitor Sport (AMS) data from the Mulier Institute,
using ArcGIS software. The percentage of land area comprised of both total green and
open spaces for recreation, and residential area, and the number of private recreation
facilities were determined within both buffers.
Green and open spaces included public parks, forest, playgrounds, nature trails,
green belts, beaches and dunes, whereas residential area included primary housing
facilities. Private recreation facilities, including accommodations where PA could occur
and required payment (e.g. fitness centers, swimming pools and dance studios), were
identified and geocoded using data from the Mulier Institute. Accommodations for
physical education purposes only, motorsports, indoor skiing, martial arts and extreme
sports were excluded from this database. For each participant, the number of private
recreation facilities within a 1- and 5-km buffer of their home was calculated.
Measurement points
The outcome and candidate correlates were assessed at baseline (shortly after
diagnosis), 18 weeks (post-intervention) and 36 weeks (post-baseline) in the original
PACT study. In addition, follow-up measurements of the outcome and candidate
correlates, except for correlates related to physical fitness, were performed at a median
of 4 year post-baseline. In the present study, only correlates assessed at baseline, postintervention and 4 years post-baseline were taken into account. Change scores were
computed for all continuous variables by subtracting the baseline score from the postintervention score. These scores were also considered candidate correlates.
Missing data
Relatively little data was missing on the outcome PA (2.4% on both total and leisure
and sport PA) and candidate correlates (4.7%); no data were missing on correlates of
built environment. Nonetheless, to address potential selection bias, missing values
31
were imputed by chained equations using R package MICE . In this case, the Missing
at Random assumption was found to be plausible. In total, 20 complete datasets were
produced and subsequently analyses were conducted in each of the imputation sets.
36
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Estimates from each of these sets were combined using Rubin’s rules to account for
variation within and between datasets.
Statistical analysis
Baseline demographics were summarized for all breast and colon cancer patients
27
together and compared for inactive, intermediate active and active participants . The
minutes per week spent on both moderate-to-high intensity total PA and moderateto-high intensity leisure and sport activity, measured 4 year post-baseline, were
considered the main outcomes. Since the distribution of these continuous variables
was highly skewed, with the presence of many zeroes and extreme scores, the normality
assumption was violated. Therefore, the outcomes were transformed using the Box32
Cox method .

2

Univariable associations between candidate correlates and total and leisure and sport
PA were estimated with linear regression analyses. Relevant correlates of PA levels were
33
selected when p < 0.20 . Prior to multivariable regression analyses, multicollinearity
between the selected correlates was checked. The multivariable linear regression
analyses included a backward stepwise selection procedure to identify correlates for
the final multivariable model. Selection was based on a p-value of 0.05. Correlates
for the final multivariable model were selected using the majority method, which
34
means that included correlates were selected in at least 10 of 20 imputation sets .
Based on our previous finding that patients, who participated in an 18-week exercise
intervention, reported significant higher PA levels 4 years after participation in the
21
PACT study , randomization was a priori added to the multivariable model. The
regression coefficients of the multivariable model were estimated in each imputation
set separately and combined using Rubin’s rules in order to produce the regression
coefficients of the final multivariable model. Accordingly, the regression coefficients
2
(β) with corresponding 95% confidence interval and the explained variance (R ) of the
final models were reported. All statistical analyses were performed in R version 3.3.2.

37
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RESULTS
Participants
Figure 1 shows the CONSORT flow diagram of the PACT study. Between January 2010
and December 2012, a total of 237 patients with breast and colon cancer were included
in the original PACT study. Four years post-baseline, 197 PACT participants were eligible
and approached to participate in the 4 year post-baseline measurements, and 127 (64%)
participants signed informed consent. Sixteen PACT participants refused to participate
in the 4-year post-baseline measurements and 54 PACT participants did not respond
for unknown reasons, also after one reminder had been sent. Baseline characteristics
were not significantly different between participating patients and non-participating
21
eligible patients (p > 0.05) .
Characteristics of all PACT breast and colon cancer survivors, who participated in the 4
year post-baseline measurements, are presented in Table 1 according to three PA levels
(i.e., inactive, semi-active and active based on the Dutch Physical Activity Guidelines
27
2011 (≥150 min per week of moderate-to-vigorous physical activity) ). Being inactive
was defined as not engaging in any physical activity, whereas semi-active and active
were defined as being active on a moderate-to-vigorous intensity on 1–4 days per
27
week and on at least 5 days per week, respectively . The 127 study participants were
predominantly diagnosed with breast cancer (85.8%), married (81.1%), employed
(64.6%) and had a mean age of 55.8 (SD = 8.2) years. The median number of minutes per
week spent on moderate-to-vigorous intensity total PA was 420 (range 160.0 to 810.0),
whereas the median number of minutes per week spent on moderate-to-vigorous sport
and leisure PA was 194 (range 120.0 to 380.0). Based on the Dutch Physical Activity
Guidelines 2011, 6 (4.7%) participants were categorized as being inactive, 47 (37.0%) as
being intermediate active and 74 (58.3%) as being active.
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Table 1. Characteristics of PACT breast and colon cancer survivors according to PA levels
approximately 4 years post-diagnosis.
Inactive
All
participants participantsa
(n= 127)
(n = 6)

Semi-active
participantsb
(n = 47)

Active
participantsc
(n = 74)

Socio-demographical characteristics
Age (years)

55.8 ± 8.2

56.0 ± 6.0

56.1 ± 8.9

55.5 ± 7.9

Sex (female %)

117 (92.1)

6 (100.0)

39 (83.0)

72 (97.3)

Married

103 (81.1)

5 (83.3)

41 (87.2)

57 (77.0)

Single

24 (18.9)

1 (16.7)

6 (12.8)

17 (23.0)

Low

10 (7.9)

0 (0.0)

6 (12.8)

4 (5.4)

Medium

58 (45.7)

3 (50.0)

18 (38.3)

37 (50.0)

Marital status

2

Education

59 (46.5)

3 (50.0)

23 (48.9)

33 (44.6)

BMI (kg/m )

High

26 ± 4.1

25.6 ± 6.1

25.7 ± 3.7

26.2 ± 4.1

Employed

82 (64.6)

5 (83.3)

32 (68.1)

45 (60.8)

Breast cancer

109 (85.8)

6 (100.0)

38 (80.9)

65 (87.8)

Colon cancer

18 (14.2)

0 (0.0)

9 (19.1)

9 (12.2)

Radiotherapy

79 (62.2)

2 (33.3)

28 (59.6)

49 (66.2)

Triple negative

19 (15.0)

1 (16.7)

7 (14.9)

11 (14.9)

Her2+, ER or PR

15 (11.8)

0 (0.0)

3 (6.4)

12 (16.2)

Her2+, ER & PR-

9 (7.1)

0 (0.0)

5 (10.6)

4 (5.4)

Her2-, ER or PR+

66 (52.0)

5 (83.3)

23 (48.9)

38 (51.4)

2

Clinical characteristics
Tumor site

Tumor receptor status

Psychosocial characteristics
Multidimensional Fatigue Inventory
General fatigue

9.8 ± 4.1

10.2 ± 5.9

10.3 ± 4.2

9.4 ± 4.0

Physical fatigue

9.4 ± 4.2

10.2 ± 5.7

9.7 ± 4.2

9.1 ± 4.2

Reduced activity

8.5 ± 4.0

9.5 ± 6.4

8.9 ± 3.9

8.1 ± 3.8

EORTC QLQ C-30
Global health status

77.4 ± 16.9

70.8 ± 28.3

76.8 ± 16.1

78.4 ± 16.4

Physical functioning

88.6 ± 12.7

76.0 ± 28.9

88.9 ± 10.2

89.2 ± 12.3

Social functioning

89.4 ± 18.0

77.8 ± 40.4

89.4 ± 16.5

90.4 ± 16.2

Emotional functioning

83.3 ± 19.3

73.6 ± 37.8

82.8 ± 18.8

84.5 ± 17.6
39
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Table 1. Characteristics of PACT breast and colon cancer survivors according to PA levels
approximately 4 years post-diagnosis. Continued
Inactive
All
participants participantsa
(n= 127)
(n = 6)

Semi-active
participantsb
(n = 47)

Active
participantsc
(n = 74)

15.4 ± 21.8

30.6 ± 37.1

12.4 ± 21.0

16.0 ± 20.5

Moderate-to-vigorous
intensity total PA
(min/week)

420.0
(160.0810.0)

20.0 (0.050.0)

240.0 (130.0300.0)

615.0
(420.01222.5)

Moderate-to-vigorous
intensity leisure and
d
sport PA (min/week)

195.0
(120.0380.0)

10.0 (0.027.5)

120.0 (50.0180.0)

360.0
(186.8480.0)

9.5 ± 7.5

9.0 ± 7.1

9.6 ± 7.2

9.5 ± 7.8

Residential area

37.3 ± 19.2

47.0 ± 15.4

32.4 ± 15.5

39.6 ± 21.0

Total green and open
space (median, IQR)

5.3 (2.410.2)

7.3 (4.0-13.6)

5.3 (2.5-9.3)

5.7 (2.210.2)

Usual care

58 (45.7)

4 (66.7)

21 (44.7)

33 (44.6)

Exercise intervention

69 (54.3)

2 (33.3)

26 (55.3)

41 (55.4)

Pain
Physical characteristics
SQUASH (median, IQR)

Environmental characteristics
Number of private
recreation facilities <1km
Land usee (%)

Group allocation

Abbreviations: BMI Body Mass Index, PA physical activity, IQR interquartile range.
Continuous variables are presented as mean ± SD, whereas dichotomous or categorical variables
are presented as n (%) unless stated otherwise.
a
b
Inactive is defined as ‘0 days/week of 30 min activity’, semi-active is defined as ‘1-4 days/
c
27 d
week of 30 min activity’, and active is defined as ‘≥5 days/week of 30 min activity’ . Including
e
work, leisure and sport activities. Land use indicates the percentage socioeconomic use of land
within a buffer (i.e., < 1km)

Correlates of physical activity 4 years post-baseline
The results of the univariable and multivariable linear regression analyses are presented
in Supplement 1 and Table 2, respectively. Figure 3 provides a graphical overview of the
multivariable models to facilitate interpretation.
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Two correlates were identified to be associated with total PA: lower baseline physical
fatigue (β = -0.25, 95% CI -0.26; -0.24) and higher baseline total PA (0.06, 95% CI, 0.03;
0.10). Collectively, the correlate randomization together with these two correlates
explained 31.2% of the variance in total PA.
The multivariable model revealed that experiencing less physical fatigue at 4 year
follow-up (-8.07, 95% CI -14.00; -2.13), having a positive change in physical fatigue
during the intervention period (0.04, 95% CI 0.001; 0.07), having a higher number of
private recreational facilities within a buffer of 1 km (4.05, 95% CI 1.28; 6.83), and being
physically active at baseline (0.02, 95% CI 0.01; 0.03) were correlates of sport and leisure
PA at 4 year follow-up. Collectively, the correlate randomization together with these
four variables explained 29.0% of the variance in the outcome variable.

2

Table 2. Correlates of moderate-to-vigorous total and sport and leisure PA levels 4 years postbaseline.
Correlates at baseline, during the
intervention, and 4 year follow-up
β (95% CI)
Correlates of Total PA
Randomization to usual care

-1.03 (-5.89; 3.82)

MFI – Baseline physical fatigue

-0.25 (-0.26; -0.24)

Total PA at baseline
R

a

0.06 (0.03; 0.10)

2

31.2

Correlates of Sport and Leisure PA
Randomization to usual care
MFI – Physical fatigue at 4 year follow-up

-0.99 (-5.84; 3.87)
b

-8.07 (-14.00; -2.13)

MFI – Change in physical fatigue during the
intervention period
Number of private recreation facilities <1km
Sport and Leisure PA at baseline
R

2

0.04 (0.001; 0.07)
b

4.05 (1.28; 6.83)
0.02 (0.01; 0.03)
29.0

Abbreviations: PA physical activity, MFI multifactorial fatigue inventory
a
b
Baseline total PA was transformed using the box-cox method, whereas physical fatigue at 4
year follow-up and the number of private recreation facilities <1 km were log transformed.
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Figure 3. Correlates of both total and sport and leisure PA 4 years post-diagnosis.
Graphical representation of the association between correlates and (A.) moderate-to-vigorous
sport and leisure and (B.) total physical activity levels (min/week) to simplify interpretation. All
correlates have their own x- and y-axes. Note that the x-axes also contain extreme values.
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DISCUSSION
The present study explored psychosocial, physical and environmental correlates of
moderate-to-vigorous total and sport and leisure PA levels 4 years after participation
in a randomized controlled trial of supervised exercise delivered during chemotherapy
in breast and colon cancer patients. Our results indicate that higher levels of moderateto-vigorous total PA 4 years post-baseline were more likely among breast and colon
cancer survivors who were less fatigued shortly after diagnosis (baseline) and had higher
baseline total PA levels. Yet, higher levels of moderate-to-vigorous leisure and sport
PA were more likely among breast and colon cancer survivors who were less fatigued
at 4 year follow-up, had a positive change in physical fatigue during the intervention
period, had a higher number of private recreation facilities in the neighborhood and
higher baseline sport and leisure PA levels.

2

Furthermore, this study showed that breast and colon cancer survivors reported
spending 195 (120–380) min/week on moderate-to-vigorous sport and leisure PA and
420 (160–810) min/week on moderate-to-vigorous total PA 4 years after participation in
the PACT study. A recent meta-analysis of 19 interventions targeting physical activity in
cancer survivors reported that the majority of included studies observed lower levels of
35
moderate-to-vigorous total PA . At 6-month to 5-year follow-up, the minutes per week
spent on moderate-to-vigorous total PA varied from 37 to 556 min/week. It should be
noted that the majority of studies, contrary to our study, excluded patients based on
current activity levels (e.g. <150 min/week) and that different types of interventions
were investigated in terms of setting, mode of delivery, and length of the intervention.
As a consequence, direct comparison of PA levels might be hampered.
12,14,36,37

Consistent with earlier findings in cancer survivors
, the strongest correlate of
PA at 4 year follow-up in our study was baseline PA. It is not surprising that breast and
colon cancer survivors who participated in physical activities prior to chemotherapy
would be more likely to return to their habitual PA level after chemotherapy, since preand post-trial exercise are more likely to be self-motivated, whereas exercise during the
intervention period was supervised. In our recent publication, we showed that patients
who participated in the PACT exercise intervention, reported significant higher physical
21
activity levels four years after participation in the PACT study . Please note that in the
current univariable analyses, randomization was not a significant correlate of PA. This
can be attributed to the fact that we only included participants who participated in
the 4 year post-baseline measurements instead of all PACT participants in our previous
publication. Furthermore, in our primary analysis, intention-to-treat mixed linear
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regression models were used to model PA over time, adjusted for the baseline value
21
of the outcome and other prognostic factors .
Another finding of our study was that baseline physical fatigue was a significant
correlate of total PA levels at 4 year follow-up and that baseline and 4 year postbaseline physical fatigue was a correlate of sport and leisure PA levels. Comparable
with these findings, Courneya et al. (2009) reported that post-intervention fatigue was
associated with PA levels at 6 months follow-up in a longitudinal study, whereas Lee et
al. (2016) observed that baseline fatigue was associated with PA maintenance 6 months
12,38
post-intervention . Furthermore, we found that cancer survivors who experience a
positive change in physical fatigue during the intervention period are more likely to
be physically active at 4 year follow-up. This result demonstrates the importance of
exercising during chemotherapy. Given that maintenance of sufficient PA is important
for the effectiveness of an exercise intervention, it would be essential for clinicians
and physiotherapists to provide targeted support to those with high baseline fatigue
based on these findings.
Finally, this study suggests that the built environment should be taken into account
when promoting physical activity. Specifically, the number of private recreation facilities
in the neighborhood was a significant correlate of sport and leisure PA levels. However,
it should be noted that the association between the built environment and sport
and leisure PA may be confounded by direct (i.e. preference for neighborhoods with
recreational facilities) and indirect self-selection measures (socio-economic status).
Our finding parallels results from previous studies in the general population where the
presence of destinations linked to PA (e.g., indoor and outdoor recreational facilities)
16
was associated with higher PA levels . Other studies in healthy adults have found
different environmental correlates of PA levels, including the spatial accessibility of
16
39
15
shops and recreational facilities , safe bicycle and walking routes , greenness and
15
walkability . In contrast to James et al. (2017), this study did not observe an association
between total green and open space and PA, which might be due to the use of a
different definition of green space exposure.
A few comparable studies in cancer survivors examined the correlates of meeting
PA guidelines or PA levels. Trinh et al. (2016) found that meeting PA guidelines was
associated with the perceived presence of many retail shops in the neighborhood in
40
kidney cancer survivors . Lynch et al. (2010) observed that the built environment was
41
associated with achieving sufficient levels of PA 5 months post-diagnosis , whereas
Kampshoff et al. (2016) showed that breast cancer survivors from urban areas were
more likely to be physically active compared to breast cancer survivors from rural
44
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areas . These findings support the theory that environments which facilitate PA may
motivate people to be more physically active.
The remaining correlates that were considered in the present study showed no
significant association with PA levels, including age, marital and employment status,
level of education and treatment-related characteristics. Previous studies examining
socio-demographical and clinical characteristics and physical activity report mixed
11,12,40,42
results
. The fact that these socio-demographic and clinical variables are not
associated with PA levels suggest that, based on the correlates included in this study, no
additional subgroups at risk for low PA levels can be identified. In addition, one might
argue that the incorporation of the principles of Bandura’s social cognitive theory in
the PACT exercise intervention might have helped participants to maintain a physically
active lifestyle after study participation. As a result, physical activity might have become
a habit independent of socio-demographical or clinical characteristics.

2

The final multivariable models explained 31.2% of the variance in moderate-to-vigorous
total PA and 29.0% of the variance in moderate-to-vigorous sport and leisure PA,
indicating that part of the variance in the outcome could be explained by the socialecological correlates in the models. Nonetheless, it also indicates that there might be
other variables explaining PA levels, for instance financial situation and the presence
of safe bicycle lanes and walking routes, that were not included in the present study,
but are important to explain differences in PA levels among breast and colon cancer
survivors.
Our results should be viewed within the context of important strengths and limitations.
This is the first study to prospectively examine the correlates of PA 4 years after
participation in an exercise trial in breast and colon cancer survivors. Most of the work
in this field relies on cross-sectional studies in which causal relationships cannot be
implied. Future studies should consider a longitudinal study design to get more insight
into the social-ecological correlates of PA levels, and to verify the findings of this study.
Another strong feature of this study is the assessment of a broad range of correlates by
adopting a theoretical social-ecological framework. Limitations of our study include the
reliance on self-reported measures of PA, since it is prone to over-reporting. Objective
measurement of PA would overcome this limitation and would provide a more valid
estimate of PA in future studies. Nonetheless, subjectively measured PA using the
26
SQUASH has been shown to be reliable . Given the large number of comparisons made
in this exploratory study and the relatively small sample size, this may have increased
the chance of finding spurious correlates. Nevertheless, many of these findings are
consistent with previous research examining correlates of PA among patients with
45
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cancer. Finally, the transformation of the outcome could have introduced complexity
in the substantive interpretation of the final model as this changed the nature of
the variables. Due to the non-linear relationship between the correlates and PA, we
provided a graphical overview of the multivariable models to facilitate interpretation.
Conclusions
The present study contributes to new insights on how social-ecological correlates
are related to PA levels 4 years after participation in an exercise trial in breast and
colon cancer survivors. In this study population, PA levels were explained by a range
of variables including psychosocial, physical and environmental variables. These
characteristics should be considered when designing future exercise interventions or
advices to promote long-term exercise behavior in breast and colon cancer survivors,
and subsequently, to optimize long-term benefits of PA.
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CHAPTER 3
Sense of coherence of women
participating in an exerciseoncology trial
Sense of coherence and its relationship to participation, cancer-related fatigue,
symptom burden, and quality of life in women with breast cancer participating in
the OptiTrain exercise trial

AE Hiensch, KA Bolam, S Mijwel, AM May, Y Wengström
Support Care Cancer. 2020 Nov;28(11):5371-5379.
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ABSTRACT
Purpose This study examined the Sense of Coherence (SOC) of patients participating in
the randomized controlled 'Optimal Training for Women with Breast Cancer' (OptiTrain)
study and assessed how patient characteristics were associated with SOC. Secondary
aims were to assess the association between SOC and patients' participation in this
study and to determine whether SOC moderates the effect of the 16-week exercise
intervention on fatigue, quality of life (QoL), and symptom burden in women with breast
cancer undergoing chemotherapy.
Methods Modified Poisson regression analyses were conducted to determine the
relative risk of weak-normal SOC versus strong SOC in terms of exercise session
attendance, study and intervention dropout, and long absence rates. Analyses of
covariance were performed to assess whether SOC moderated the effect of the exercise
intervention (pinteraction ≤ 0.10).
Results Two hundred and forty women with early breast cancer (mean age 53 ± 10)
participated in the OptiTrain study. Women with strong SOC reported less fatigue, lower
symptom burden, and higher QoL. Women with weak-normal SOC were significantly
more likely to drop out from the OptiTrain study and tended to have slightly poorer
exercise session attendance. Women with breast cancer and weaker SOC benefitted
as much from the exercise intervention, in terms of fatigue and QoL, as those with
stronger SOC (pinteraction > 0.10).
Conclusions Strong SOC appears to be associated with a more positive subjective state
of health. Women with weak-normal SOC may need additional support to encourage
participation and adherence in exercise trials. Assessing SOC may assist clinicians to
identify and provide extra support for participants with weak SOC, who may be less
inclined to participate in exercise programs.
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INTRODUCTION
An increasing number of studies have examined the effects of exercise on cancer
and treatment-related side effects. Conclusions from meta-analyses of randomized
controlled trials (RCTs) support the notion that exercise interventions, delivered during
1,2
adjuvant systemic cancer treatment, can significantly reduce cancer-related fatigue ,
1,3,4
3,5
and improve physical fitness and quality of life (QoL) .
The efficacy of an exercise intervention largely depends on patients’ participation,
attrition, and exercise session attendance rates. In general, a limited proportion of
eligible patients take part in exercise trials. In addition, a major problem in RCTs is loss
6
to follow-up . It can be argued that patients who choose to volunteer for exercise trials
are not completely representative of the target population (i.e., all patients with cancer
undergoing chemotherapy). As a consequence of selective participation and dropout,
the observed intervention effect might underestimate or overestimate the true effect
in the target population.

3

Modifiable (e.g., psychosocial) as well as non-modifiable (e.g., demographical)
participant characteristics might explain participation, attrition, and attendance rates
in exercise interventions. Insight into relevant participant characteristics enables us
to optimize attendance in randomized controlled exercise trials. It also allows us to
have a better understanding of the bias that might be introduced by selective dropout. Additionally, it provides information about how we might adapt future exercise
intervention studies to identify and make contact with those patients who are less
inclined to participate, and how to motivate those patients who are more likely to drop
out from the intervention; eventually, this may facilitate successful implementation of
exercise interventions.
In order to improve our understanding of participation, drop-out, and attendance in
exercise interventions, behavioral models of determinants that might explain exercise
7,8
behavior should be taken into account . Specifically, one theoretical construct, a
sense of coherence (SOC) can be potentially helpful in explaining exercise behavior in
patients with cancer. According to Antonovsky’s salutogenesis theory, the SOC scale
appears to be relatively steady over time and refers to an enduring, though dynamic,
attitude that one’s internal and external environment are structured, consistent,
9,10
and understandable . The SOC questionnaire measures how people cope with
9
stressful situations to both maintain and improve their health . Strong SOC implies
successful management of stressors to maintain and improve an individuals’ wellbeing.
11
Correspondingly, those with stronger SOC may more actively pursue healthy activities
57
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and may therefore more actively engage in exercise interventions. In summary, it can
be assumed that SOC may affect participation, drop-out, and attendance in exercise
interventions.
Accumulating evidence supports a direct and indirect association between strong
11
SOC and perceived health (i.e., QoL, symptom burden and distress) . However, it is
unclear whether patients with strong SOC also benefit more from health-promoting
interventions such as exercise interventions.
In the randomized controlled ‘Optimal Training for Women with Breast Cancer’
(OptiTrain) study, we demonstrated that combined resistance and aerobic high-intensity
interval training during chemotherapy had a significant beneficial effect on cancer12
related fatigue . The main objective of the present study was to examine the SOC of
patients participating in the OptiTrain trial and to assess how patient characteristics
are associated with SOC. Secondary aims were (1) to assess the association between
SOC and patients’ exercise session attendance, study and intervention dropout, and
long-term absence during the intervention period, and (2) to determine whether
SOC moderates the effect of the 16-week exercise intervention on fatigue, QoL, and
symptom burden in women with breast cancer undergoing chemotherapy.

METHODS
Study design and participants
13
A detailed description of the OptiTrain study design has been published previously . In
short, this 16-week in-clinic randomized controlled exercise trial was conducted at the
Karolinska University Hospital, Södersjukhuset, Stockholm, Sweden, between March
2013 and August 2016. Inclusion criteria were women (aged 18–70 years) diagnosed
with I–IIIa stage breast cancer, scheduled for adjuvant chemotherapy. Exclusion criteria
were as follows: advanced disease, heart or lung disease, cognitive dysfunction,
other health problems that would prevent safe participation in the exercise testing
or training as determined by their medical doctor, or not being able to understand
the Swedish language. The referring oncologist invited all consecutive patients, who
met the inclusion criteria, to participate in the study. Interested patients filled out
a questionnaire about their cardiovascular health history and underwent a resting
echocardiogram. If no relevant health issues were identified, the patients were deemed
fully eligible for participation in the study and written informed consent was obtained.
58
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Participants were randomly allocated to either moderate-intensity aerobic and highintensity interval training (AT-HIIT), resistance and high-intensity interval training (RTHIIT), or usual care (UC) following a 1:1:1 ratio using a computer-generated program.
Ethical permission was obtained from the Regional Ethical Review Board in Stockholm
(Dnr 2012/1347-31/1, 2012/1347-31/2, 2013/7632-32 and 2014/408-32).
Intervention
Participants in the exercise intervention groups started the exercise training program
3 days after the second chemotherapy session. Participants were asked to attend
60-min exercise sessions, twice-weekly, on non-consecutive weekdays for 16 weeks.
Exercise sessions were supervised by an oncology nurse or exercise physiologist at the
exercise clinic of Karolinska University Hospital. All exercise sessions commenced with
a warm-up (5 min) on a cycle ergometer or treadmill at a rating of perceived exertion
14
(RPE) of 10–12 on the Borg scale and ended with a cool-down (10 min) consisting of
dynamic muscle stretching. The exercise sessions of the AT-HIIT-group started with
20 min of continuous aerobic exercise at a RPE of 13–15 (i.e., moderate intensity) on
a cycle ergometer, an elliptical ergometer, or a treadmill. This was followed by 3 × 3
min bouts of intermittent aerobic exercise at a RPE of 16–18 (i.e., high intensity)
on a cycle ergometer interspersed with 1 min of low-intensity active recovery. The
RT-HIIT-group completed 8 resistance exercises as well as the same high intensity
intermittent aerobic exercise as AT-HIIT during each session. The resistance training
component consisted of exercises targeting the major muscle groups and included
leg press, biceps curls, squat jumps, triceps extensions, lunges, bench press, sit-ups or
Russian-weighted abdominal twists, shoulder press, and prone-lying back extensions.
Participants completed 2–3 sets of 8–12 repetitions at an initial intensity of 70% of the
patients’ 1 repetition maximum (1-RM) strength, increasing to 80% of the estimated
1-RM when more than 12 repetitions could be correctly performed. To ensure overload,
new estimated 1-RM tests were performed when participants were able to perform
more than 12 repetitions of their 80% 1-RM The UC-group received written information
about exercise recommendations for patients with cancer according to the American
15
College of Sports Medicine guidelines .

3

Data collection
The participant’s SOC was measured at baseline (1 week prior to the second
chemotherapy session), whereas the endpoints fatigue, QoL, and symptom burden
were measured at baseline and at 16 weeks.
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Sense of coherence
SOC was measured using the Swedish version of Antonovsky’s short 13-item
9
questionnaire . Three SOC dimensions are included: comprehensibility, manageability,
and meaningfulness. Participants scored each item on a seven-point Likert scale, where
1 and 7 reflected extreme feelings about statements about how one’s life is experienced.
One total SOC score was calculated, ranging from 13 to 91 and a higher score indicated
16
stronger SOC . This score was divided into three categories according to Langius et al.
(2007): weak (score ranging between 13 and 45), normal (46–74), and strong SOC score
17
(75–91) . The categories weak and normal SOC were combined due to too few people
with weak SOC. The SOC-13 questionnaire is a valid and reliable self-report instrument
18
with high internal consistency (Cronbach’s α ranging from 0.70 to 0.92) .
Outcome measures
Session attendance data were collected from exercise training logs completed by the
exercise physiologist or oncology nurse. Session attendance was calculated by dividing
the number of exercise sessions attended by the number of exercise sessions scheduled.
Since session attendance was not normally distributed, it was dichotomized based
on the median to facilitate meaningful interpretation. Drop-out from the exercise
intervention was defined as any participant leaving the exercise intervention 1 month
prior to post-intervention testing, but showing up at the post-intervention test. Longterm absence during the intervention period was defined as any participant missing
more than 4 consecutive weeks of the exercise intervention, but coming back to the
exercise sessions prior to post-intervention testing. Drop-out from the study was
defined as any participant leaving the exercise intervention after baseline and not
showing up at the post-intervention test.
Cancer-related fatigue was self-assessed using the validated Swedish version of the
19,20
Piper Fatigue Scale . This 22-item questionnaire was used to subjectively measure
four dimensions of fatigue: behavior/daily life, emotional/affective, sensory/physical,
and cognitive. Each item is scored on a scale from 0 to 10, with a low score indicating
a low level of fatigue.
Health-related Quality of Life (HRQoL) was assessed using the global quality of life
subscale of the validated European Organization for Research and Treatment of Cancer
21
Quality of Life questionnaire (EORTC QLQ-C30) .
Distress, severity, and frequency of 32 physical and psychological cancer-related
symptoms were assessed using the validated Swedish version of the Memorial Symptom
22,23
Assessment Scale (MSAS) . The total symptom score was calculated by taking the
60
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average of all 32 symptoms, with higher scores indicating greater frequency, more
severity, and higher distress.
Statistical analysis
Statistical analyses were performed using SPSS statistics version 21.0. Sample size
calculations were performed for the original OptiTrain study with fatigue as the primary
outcome measure. In order to detect a medium effect size of 0.53, and anticipating
an attrition rate of ~20%, a sample size of 80 participants per group was required
(alpha = 0.05, power = 0.80). Due to loss to follow-up during the intervention period
and stratification for the SOC level, we were only able to detect large effects.
Characteristics of the whole study population were summarized using descriptive
statistics. In addition, these characteristics were stratified for weak-normal and strong
SOC. All analyses were performed according to the intention-to-treat principle and
24
missing values were replaced using the expectation-maximization method . The
expectation-maximization method was based on group change and the individual
baseline score. Since this method requires a baseline score, all participants who were
randomized and turned up at baseline testing were included in the analyses. Participants
that dropped out after baseline testing and did not complete the baseline questionnaires
were excluded from the analysis (n = 2). The modified Poisson regression (i.e., Poisson
25,26
regression with a robust error variance) procedure
was applied to determine the
relative risk (RR) of low exercise session attendance, study and intervention drop-out,
and long-absence rates for patients with weak-normal SOC relative to that of patients
with strong SOC.

3

Analyses of covariance (ANCOVA) analyses were performed to assess the effect of the
exercise intervention on fatigue, QoL and symptom burden, controlled for baseline
scores of the outcome, chemotherapy treatment (taxanes/no taxanes), and menopausal
status. If appropriate, the Bonferroni post hoc test for multiple comparisons was
conducted to confirm where the differences occurred between groups. To test whether
SOC moderated the exercise intervention effects, an interaction term was added to the
model. SOC was considered a potential moderator when the p value of the interaction
term was ≤ 0.10.
Standardized effect sizes (ES) were calculated by dividing the between-group difference
of the post-intervention mean by the pooled baseline standard deviation. According to
Cohen, ESs of < 0.2, 0.2–0.5, 0.5–0.8, and > 0.8 indicate no, small, medium, and large
27
effects, respectively . Statistical significance was set at a probability of p < 0.05 for all
analyses, except for the interaction term.
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RESULTS
Participants
In total, 240 women signed informed consent and 182 (76%) participants completed
12
both baseline and follow-up testing (Supplement 1) . Two hundred and forty women
with breast cancer undergoing chemotherapy were randomly allocated to either ATHIIT (n = 80), RT-HIIT (n = 79), or UC (n = 81). Participants who did and those who did
not complete the study and were comparable with regard to all baseline characteristics
(e.g., age, education, menopausal status, and tumor profile) (p > 0.05).
Baseline demographic, clinical, and psychosocial characteristics, stratified for SOC, are
presented in Table 1. Mean total SOC score was 70.4 (standard deviation (SD) = 10.5,
range 26–91). Five participants (2.4%) reported low SOC, whereas 120 (58.3%) and
81 (39.3%) participants reported normal and strong SOC, respectively. In this study
population, the internal consistency of the SOC-scale was adequate; Cronbach’s α = 0.85.
At baseline, characteristics of participants with strong SOC and weak-normal SOC were
comparable, except that participants with strong SOC were more often married or
partnered (70.4% vs. 52.0%) and had a higher education (72.8% vs. 57.6%). Moreover,
on average, they reported significantly less fatigue (− 1.26, 95% confidence interval (CI)
− 2.06; − 0.45), lower symptom burden (− 0.39, 95% CI − 0.58; − 0.20), and higher QoL
(10.36, 95% CI 4.11; 16.61).
Table 1. Participant characteristics at baseline.
Participants with
weak-normal SOC
(n = 125)

Participants with
strong SOC
(n = 81)

Mean ± SD

Mean ± SD

P-value

Age (years)

52.6 ± 10.6

54.3 ± 9.0

0.23

Body weight (kg)

68.9 ± 11.1

67.8 ± 12.9

0.52

Height (cm)

165.4 ± 7.1

166.4 ± 6.0

0.30

2

BMI (kg/m )

25.2 ± 4.0

24.5 ± 4.7

0.24

Symptom burden

0.9 ± 0.7

0.6 ± 0.6

<0.01

Global HRQoL (QLQ-C30)

62.1 ± 22.4

72.4 ± 22.2

<0.01

Fatigue

3.0 ± 3.0

1.8 ± 2.6

<0.01

a
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Table 1 Continued

Married or partnered

Participants with
weak-normal SOC
(n = 125)

Participants with
strong SOC
(n = 81)

n (%)

n (%)

65 (52.0)

57 (70.4)

Education level completed

0.01

Primary school

28 (22.4)

5 (6.2)

Secondary school

18 (14.4)

16 (19.8)

Tertiary education

72 (57.6)

59 (72.8)

7 (5.6)

3 (3.7)

Current smoker

0.09

Menopausal status

0.58

3

0.52

Premenopausal

48 (38.4)

36 (44.4)

Postmenopausal

76 (60.8)

45 (55.6)

Tumor profile

0.04

Triple negative

25 (20.0)

4 (4.9)

HER2+, ER+, PR+

12 (9.6)

13 (16.0)

HER2+, ER-, PR-

9 (7.2)

5 (6.2)

HER2-, ER+, PR+

61 (48.8)

45 (55.6)

HER2-, ER+, PR-

12 (9.6)

8 (9.9)

HER2+, ER+, PR-

6 (4.8)

4 (4.9)

HER2-, ER-, PR+

0 (0.0)

2 (2.5)

Chemotherapy regimen

0.60

Anthracycline

46 (36.8)

35 (43.2)

Taxane

2 (1.6)

4 (4.9)

Anthracycline + Taxane

48 (38.4)

25 (30.9)

Anthracycline + Taxane + Herceptin

28 (22.4)

16 (19.8)

Anthracycline + Herceptin

1 (0.8)

1 (1.2)

Group allocation

0.20

RT-HIIT

41 (32.8)

33 (40.7)

AT-HIIT

42 (33.6)

30 (37.0)

UC

42 (33.6)

18 (22.2)

a

SD standard deviation, BMI body mass index. Indicates whether there are significant differences
in baseline characteristics between participants with weak-normal and strong SOC.
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The risk of low session attendance, dropout, and long-absence
Participants with weak-normal SOC were less likely to have high session attendance
(RR = 0.94, 95% CI 0.85; 1.03), albeit not significant (Table 2). Patients with weak-normal
SOC had 2.35 times the risk of dropping out from the study (95% CI 1.00; 5.55) compared
to patients with strong SOC, whereas the relative risk for intervention drop-out and
long-absence was comparable between the two SOC groups (RR = 1.21, 95% CI 0.60;2.56
and RR = 0.87, 95% CI 0.40;1.89, respectively).
Table 2. The risk of low session attendance, drop-out and long absence among women with
breast cancer with weak-normal SOC relative to that of women with strong SOC.
Sense of coherence
Weak-normal (n) Strong (n)
Session attendance
Study drop-out

b

a

Low (<15 sessions) 26

38

High (≥15 sessions) 18

43

Yes

22

6

No

106

76

Intervention drop- Yes
a
out

14

11

No

50

50

Yes

10

11

No

54

50

Long-absence

a

RR (95% CI)
0.94 (0.85; 1.03)
2.35 (1.00; 5.55)
1.21 (0.60; 2.46)

0.87 (0.40; 1.89)

RR risk ratio, CI confidence interval.
a
The analysis included participants who completed the study and were randomized to RT-HIIT or
b
AT-HIIT (n=125) or participants who did not drop out before baseline (n=210).

SOC as moderator of exercise effects on fatigue, QoL, and symptom burden
In this paper, both the overall intervention effects and the effects stratified by the
potential moderator SOC are presented in Table 3
.
At 16 weeks, participants randomized to the RT-HIIT-group reported significantly lower
total fatigue levels compared to participants randomized to the UC-group (− 1.17, 95%
CI − 2.18; − 0.16, ES = 0.39), whereas there was no significant difference between ATHIIT and UC. Similar results were found for the fatigue dimensions: behavior/daily life
and sensory/physical. No statistically significant moderating effects were found for
SOC (pinteraction = 0.88), indicating that the exercise intervention effects on fatigue were
comparable for participants with weak-normal SOC and strong SOC.
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A non-significant greater magnitude of change in QoL during the intervention was found
for participants in the RT-HIIT-group (5.47, 95% CI − 1.47; 12.67, ES = 0.23) and AT-HIITgroup (4.67, 95% CI − 2.60; 11.94, ES = 0.19) compared to the UC-group. No statistically
significant moderating effect was found (pinteraction = 0.19).

3
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Table 3. Exercise intervention effects on fatigue, total symptoms, symptom burden and QoL,
stratified by sense of coherence.
Adjusted mean betweengroup difference (95% CI)

pinteraction

Effect size

(intervention
x SOC)

RT-HIIT vs UC

a

AT-HIIT vs UC

a

RT-HIIT ATvs UC
HIIT vs
UC

Cancer-related fatigue (PFS)
Total CRF

b

-1.17
-0.72
(-2.18; -0.16)* (-1.73; 0.30)

0.88

0.39

0.25

Weak-normal SOC

-1.09
(-2.30; 0.13)

-0.87
(-2.10; 0.36)

0.36

0.30

Strong SOC

-1.01
(-2.90; 0.88)

-0.44
(-2.32; 1.45)

0.39

0.21

0.38

0.21

Sensory/physical CRF

b

-1.22
-0.64
(-2.33; -0.11)* (-1.76; 0.49)

0.68

Weak-normal SOC

-1.16
(-2.52; 0.20)

-0.95
(-2.32; 0.42)

0.35

0.29

Strong SOC

-0.97
(-2.98; 1.04)

-0.12
(-2.14; 1.89)

0.35

0.05

0.47

0.36

Behavior/daily life CRF

b

-1.46
-0.96
(-2.55; -0.37)* (-2.05; 0.14)

0.98

Weak-normal SOC

-1.46
(-2.78; -0.14)*

-1.07
(-2.38; 0.25)

0.45

0.37

Strong SOC

-1.24
(-3.27; 0.79)

-0.80
(-2.82; 1.23)

0.49

0.40

-1.10
(-2.26; 0.06)

-0.49
(-1.66; 0.68)

0.34

0.16

Weak-normal SOC

-0.78
(-2.14; 0.58)

-0.60
(-1.97; 0.77)

0.24

0.19

Strong SOC

-1.37
(-3.60; 0.86)

-0.36
(-2.60; 1.87)

0.45

0.14

-0.89
(-1.81; 0.03)

-0.70
(-1.63; 0.23)

0.31

0.27

-0.91
(-2.04; 0.22)

-0.78
(-1.92; 0.36)

0.31

0.28

Emotional/affective CRF

Cognitive CRF

b

Weak-normal SOC

b

0.69

0.91
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Table 3 Continued
Adjusted mean betweengroup difference (95% CI)

pinteraction

Effect size

(intervention
x SOC)

RT-HIIT vs UC

Strong SOC

a

-0.46
(-2.14; 1.22)

AT-HIIT vs UC

a

RT-HIIT ATvs UC
HIIT vs
UC

-0.39
(-2.06; 1.28)

0.19

0.21

0.39

0.29

Symptoms (MSAS)
Total symptoms

b

-0.20
-0.13
(-0.37; -0.04)* (-0.30; 0.03)

0.10

Weak-normal SOC

-0.24
-0.05
(-0.46; -0.02)* (-0.27; 0.17)

0.44

0.11

Strong SOC

-0.07
(-0.32; 0.18)

0.19

0.40

0.30

0.37

Symptom burden

b

-0.15
(-0.40; 0.10)

-0.22
-0.24
(-0.41; -0.02)* (-0.43;
-0.04)*

0.27

Weak-normal SOC

-0.24
(-0.48; 0.01)

-0.13
(-0.38; 0.11)

0.31

0.21

Strong SOC

-0.10
(-0.43; 0.22)

-0.26
(-0.49; 0.07)

0.21

0.47

0.23

0.22

0.25

0.05

3

Health-related quality of life (EORTC-QLQ-C30)
Global health status/QoL
Weak-normal SOC

b

5.47
(-1.74; 12.67)

4.67
(-2.60; 1.94)

5.71
(-3.80; 15.21)

1.00
(-8.62; 0.62)

0.19

Strong SOC

4.33
9.41
0.19
0.51
(-7.29; 15.95) (-2.28; 1.10)
CI confidence interval, PFS Piper Fatigue Scale, CRF cancer-related fatigue, MSAS Memorial
Symptom Assessment Scale, QoL quality of life.
a
RT-HIIT: overall n=74, weak-normal SOC n=41, strong SOC n=33. AT-HIIT: overall n=70, weaknormal SOC n=40, strong SOC n=30. UC: overall n=60, weak-normal SOC n=42, strong SOC n=18.
b
Total effects of the exercise interventions on fatigue, symptoms and health-related quality of
12
life have been previously reported .

Participants who participated in RT-HIIT reported significantly less symptoms (− 0.20,
95% CI − 0.37; − 0.04, ES = 0.39), and lower symptom burden over the 16-week
67
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intervention (− 0.22, 95% CI − 0.41; − 0.02, ES = 0.30) compared to participants in the
UC group, whereas there was no significant difference between AT-HIIT and UC. An
interaction effect of SOC was found (pinteraction = 0.10), indicating that the effect of RTHIIT on total symptoms was larger for participants with weak-normal SOC (− 0.24, 95%
CI − 0.46; − 0.02, ES = 0.44) than for those with strong SOC (− 0.07, 95% CI − 0.32;0.18,
ES = 0.19), whereas the effect of AT-HIIT on total symptoms was larger for participants
with strong SOC (− 0.15, 95% CI − 0.40; 0.10, ES = 0.40) than for those with weak-normal
SOC (− 0.05, 95% CI − 0.27;0.17, ES = 0.11).

DISCUSSION
In the current study, the majority of women participating in the exercise trial had
weak-normal SOC (61%). Women with strong SOC were more often married and highly
educated. In addition, they experienced significantly less fatigue, reported a lower
symptom burden and higher QoL. These results support Antonovsky’s salutogenic
9
theory that those with stronger SOC are able to successfully manage stressors to
maintain health. This study shows that women with weak-normal SOC were more
likely to drop out from the study and tended to have slightly poorer exercise session
attendance. Furthermore, our results indicated that women with breast cancer and
weaker SOC benefitted as much from the exercise intervention as those with stronger
SOC in terms of fatigue and QoL. Surprisingly, SOC moderated the effect of RT-HIIT on
total symptoms in favor of participants with weak-normal SOC. This moderating effect
of SOC can be partially explained by the higher score on total symptoms in participants
with weak-normal SOC allowing for larger changes over time.
In the current study, the mean total SOC score was 70.4 (SD = 10.5), which is in
28
accordance with one other study in women with breast cancer , whereas another study
in patients with mainly breast cancer demonstrated slightly lower scores, approximately
29
7 points less . When comparing the distribution of SOC in the Swedish population to
this study population, the distribution includes a larger proportion of people with strong
30
SOC (33% vs. 39% individuals with strong SOC, respectively) .
11

It has been shown that SOC is positively associated with perceived health . The results
from the current study indicate that SOC plays a significant role in how women with
breast cancer experience cancer-related fatigue, symptom burden, and QoL, which is
in line with previous studies including other populations. Several studies reported that
68

Prod_AEH_4.indd 68

15/09/2021 13:47:33

Sense of coherence of women participating in an exercise-oncology trial

perceived health, distress, symptom burden, and QoL can be predicted by SOC and
that people with stronger SOC are more likely to develop a positive subjective state of
11,28,31–34
health
.
Congruent with the hypothesis that those with stronger SOC may more actively
11
pursue health-promoting activities and thus, may more actively engage in exercise
interventions, our results indicated that weaker SOC was associated with a slightly
poorer session attendance and a higher study drop-out rate. Similar associations were
35
found in the elderly with a hip fracture history . French et al. (2006) proposed that
individuals who view their condition as uncontrollable may lack an understanding
36
of the purpose of an exercise intervention . It is therefore of importance that in
clinical practice, healthcare professionals are able to individualize physical activity
recommendations based on the patients’ preferences, barriers, and abilities in order
37,38
to support women with weak SOC to engage in physical activity .

3

Unfortunately, no data on SOC was available for eligible patients who were invited
but declined to participate in the OptiTrain study. Previous studies found that these
non-participants had lower education, a less positive attitude towards exercise,
lower perception of self-efficacy, reported more fatigue, lower QoL, a lower pre39–41
diagnosis physical activity level, and perceived more barriers to exercising
. Hence,
non-participants may be the individuals that are in the greatest need of an exercise
intervention. For future studies, it might be interesting to get insight into the SOC of
those (non)-participants since it allows for an identification of patients who are at risk
of drop-out and poor adherence. It will also allow for a better understanding of the
bias that might be introduced by selective drop-out. In addition, it provides information
about how we might adapt future exercise interventions to specifically target patients
who are less inclined to participate.
Limitations of the study include the small sample size, which did not allow for valid
comparisons between the two exercise intervention groups, stratified for the SOC
level. Second, due to the characteristics of this study population, generalization to
other populations should be done with caution. Finally, despite the longitudinal design,
conclusions about causality should be drawn with caution and need to be confirmed
in future studies.
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CONCLUSION
A sense of coherence might have a positive effect on perceived health in terms of
cancer-related fatigue, symptom burden, and QoL. We found that strong SOC was
related to lower levels of cancer-related fatigue, enhanced QoL, and lower symptom
burden in women with breast cancer receiving chemotherapy. Furthermore, we can
conclude that participants with weak-normal and strong SOC benefit equally from the
exercise intervention. While women with weak-normal SOC may not need additional
support in physical exercise programs to optimize training response, they may need
support to take the step to participate and adhere to exercise trials. The SOC scale may
operate as a tool to identify participants with weak SOC. This will aid in developing
strategies to reach out to those who are unwilling to participate and to incorporate
more motivational efforts for those who are likely to drop out from an exercise study
in order to get a more representative sample. Finally, assessing SOC may assist health
care professionals in providing more effective individualized exercise interventions.
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CHAPTER 4
Long-term effects of exercise
Four-year effects of exercise on fatigue and physical activity in patients with cancer
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Bloemendal, M Verhaar, D Ten Bokkel Huinink, E van der Wall, PHM Peeters, AM May
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ABSTRACT
Background In the earlier randomized controlled Physical Activity during Cancer
Treatment (PACT) study, we found beneficial effects of an 18-week supervised exercise
program on fatigue in patients with newly diagnosed breast or colon cancer undergoing
adjuvant treatment. The present study assessed long-term effects of the exercise
program on levels of fatigue and physical activity 4 years after participation in the
PACT study.
Methods The original study was a two-armed, multicenter randomized controlled trial
comparing an 18-week supervised exercise program to usual care among 204 breast
cancer patients and 33 colon cancer patients undergoing adjuvant treatment. Of the
237 PACT participants, 197 participants were eligible and approached to participate
in the 4-year post-baseline measurements, and 128 patients responded. We assessed
fatigue and physical activity levels at 4 years post-baseline and compared this to levels
at baseline, post-intervention (18 weeks post-baseline), and at 36 weeks post-baseline.
Results Intention-to-treat mixed linear effects model analyses showed that cancer
patients in the intervention group reported significantly higher moderate-to-vigorous
total physical activity levels (141.46 min/week (95% confidence interval (CI) 1.31, 281.61,
effect size (ES) = 0.22) after 4 years compared to the usual care group. Furthermore,
cancer patients in the intervention group tended to experience less physical fatigue
at 4 years post-baseline compared to the usual care group (- 1.13, 95% CI -2.45, 0.20,
ES = 0.22), although the result was not statistically significant.
Conclusion Patients with breast or colon cancer who participated in the 18-week
exercise intervention showed significant higher levels of moderate-to-vigorous total
physical activity levels and a tendency towards lower physical fatigue levels 4 years
post-baseline. Our result indicate that exercising during chemotherapy is a promising
strategy for minimizing treatment-related side effects, both short and long term.
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INTRODUCTION
Cancer-related fatigue is the most common and distressing treatment-related side
effect. It may persist for many years and result in impairment of quality of life and
1–3
physical functioning . Increasing evidence suggests that exercise interventions
delivered during adjuvant cancer treatment have beneficial short-term effects on
4,5
fatigue in cancer patients .
Between 2010 and 2013, we performed the randomized controlled Physical Activity
during Cancer Treatment (PACT) study and found lower levels of physical fatigue after
an 18-week supervised exercise intervention delivered during adjuvant treatment in
6,7
patients with breast or colon cancer . The PACT intervention included both aerobic
and resistance training at a moderate-to-high intensity and also incorporated principles
of Bandura’s social cognitive theory to help participants maintain a physically active
8
lifestyle after completion of the exercise program . Maintaining a physically active
lifestyle into survivorship might positively influence fatigue levels in the long term.

4

Since there have been notable improvements in cancer survival rates, and cancer
treatment is known to have long-lasting side effects including fatigue, it is important
to gain more insight into the potential effects of exercising during treatment on
4,9,10
fatigue years after completion of adjuvant cancer treatment
. Most randomized
controlled trials (RCTs) followed participants up to 6 months post-intervention and
11–13
showed trends of decreased fatigue in favor of the exercise intervention group
.
Only one intervention study followed previous breast cancer study participants for 5
years. The researchers found that women in the intervention group reported more time
spent in leisure-time activities, more periods with positive mood, and more favorable
14,15
motivational outcomes compared to the control group . Long-term effects on fatigue
were not assessed.
Therefore, the aim of the present study is to assess long-term effects of the PACT
exercise intervention on fatigue (the primary outcome of the original PACT study)
and physical activity levels. These measurements were taken on average 4 years after
enrollment in the PACT study.
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METHODS
Settings and participants
16
A detailed description of the PACT study design has been published previously . The
original study was conducted in seven hospitals in the Netherlands between 2010 and
2013. In short, this multicenter controlled trial randomly assigned 204 breast and 33
colon cancer patients to either usual care (n = 118) or to supervised aerobic and muscle
strength training in addition to usual care (n = 119). Inclusion criteria were as follows:
a histological diagnosis of cancer less than 6 weeks (breast cancer) or 10 weeks (colon
cancer) before study recruitment; stage M0; scheduled for chemotherapy; age 25–75
years; not treated for any cancer in the preceding 5 years (except basal skin cancer);
able to read and understand the Dutch language; Karnovsky Performance Status of ≥60;
able to walk 100 m or more; and no contraindications for physical activity (as assessed
through the Revised Physical Activity Readiness Questionnaire). After written informed
consent was obtained, a concealed computer-generated randomization, following a
1:1 ratio and stratified for age (25–40, 40–65, and 65–75 years), adjuvant treatment
(radiotherapy yes/no before chemotherapy), use of tissue expander (for breast cancer
patients yes/no), tumor type, and hospital, was used to allocate patients to the two
groups. The study was approved by the Medical Ethics Committee of the University
Medical Center Utrecht and the local ethical boards of the participating hospitals.
Three to four years after inclusion in the original PACT study, the treating physicians
approached 197 PACT participants again for information on their current health status.
The present study was originally not planned when participants were recruited for
the PACT study, and consent was asked again. Eleven participants were deceased or
otherwise considered not healthy enough to participate by the treating oncologist
(Figure 1). We did not invite participants who dropped out of the intervention and/
or did not perform the evaluation measurements during the original PACT study and
also indicated they were not willing to complete questionnaires at subsequent time
points. We also excluded participants who were not willing to be invited to future
research (n = 28). Participants who dropped out during the original PACT study but
indicated they were willing to complete questionnaires at all subsequent time points
were invited. Patients who signed written informed consent were asked to complete
questionnaires at home.
Intervention
The exercise intervention consisted of an 18-week supervised aerobic and muscle
strength exercise program in addition to the usual care. Twice a week participants
attended a 1-h session supervised by a physiotherapist. The aerobic and muscle strength
82

Prod_AEH_4.indd 82

15/09/2021 13:47:36

Long-term effects of exercise

exercises were individualized to the participants’ preferences and fitness levels as
assessed by a cardiopulmonary exercise test and a one-repetition maximum muscle
strength test. In addition to the intervention, participants were asked to be physically
active for at least 30 min a day on 3 other days of the week according to the Dutch
17
guideline for physical activity . Principles of Bandura’s social cognitive theory were
8
incorporated to promote maintenance of a physically active lifestyle . This theory
emphasizes the role of cognitive processes in determining behavior such as exercise.
The most important construct in this theory is self-efficacy, which can be altered by
mastery experience, vicarious or observational learning, and verbal persuasion. First,
mastery experience was used by asking participants to report training results in graph
form. Second, physiotherapists checked the graphs weekly, gave positive feedback
about the obtained results, and stimulated the participant to make action plans to
further increase their physical activity level.
Participants in the control group received the usual care and were asked to maintain
their habitual physical activity pattern up to week 18. Thereafter they were allowed,
for ethical reasons, to participate in exercise programs offered in the Netherlands to
patients with cancer after completion of primary treatment.

4

Outcome measures
The outcomes were assessed at baseline, post-intervention (18 weeks post-baseline),
and at 36 weeks (post-baseline) in the original PACT study. In the present study,
outcomes were measured at a median of 4 years post-baseline.
Fatigue
Fatigue was assessed using the validated Dutch version of the Multidimensional Fatigue
18
Inventory (MFI) . The MFI is a 20-item questionnaire and consists of five dimensions:
general fatigue, physical fatigue, mental fatigue, reduced activity, and reduced
motivation. Scores of the subscales range from 4 to 20, and a higher score indicates
higher levels of fatigue.
Physical activity
Physical activity levels were assessed using the Short Questionnaire to Assess Health19
enhancing physical activity (SQUASH) . The validated four-item questionnaire contains
questions about commuting, leisure time and sports, household activities, and activities
at work and school. For each activity, duration, frequency, and intensity are assessed.
At baseline, we asked participants to fill in their physical activity level for a usual week
in the months preceding study entry. Minutes per week of moderate-to-high intensity
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total physical activity and leisure-time and sport activity were calculated. Moderateto-high intensity physical activity was defined as ≥4 metabolic equivalent (METs).
Statistical analysis
Sample size calculations were performed for the original PACT study with fatigue at 18
weeks (post-intervention) as the primary outcome. In order to detect a between-group
change in fatigue of 2 units (±4 standard deviation (SD)), corresponding to a medium
effect size (ES), and anticipating a drop-out of 10%, 75 participants in the intervention
group and 75 participants in the usual care group were needed (α = 0.05, power = 0.80).
Taking the correlation (ρ) between baseline and follow-up measurements into account
2
by multiplying the previously calculated number of subjects by (1 – ρ ), plus one extra
20
subject per group , yielded a sample size of 64 participants per group, which enables
us to detect similar ESs. Note that here we analyzed data for breast and colon cancer
patients together, in contrast to the original PACT study.
Baseline demographics were summarized for all breast and colon cancer patients
together and compared for those who had and had not dropped out of the study 4
years post-baseline. Intention-to-treat mixed linear regression models were used to
model fatigue and physical activity at 18 weeks, 36 weeks, and 4 years for all breast
and colon cancer patients combined and for breast cancer patients only. These models
were adjusted for the baseline value of the outcome and tumor receptor status
(triple negative; Her2Neu+, estrogen receptor (ER)+ or progesterone receptor (PR)+;
Her2Neu+, ER– and PR–; Her2Neu–, ER+ or PR+ (for breast cancer patients)) as well
as for the stratification factors: age (25–40, 40–65, and 65–75), adjuvant treatment
(radiotherapy yes/no before chemotherapy), hospital, tumor site, and use of tissue
expander (for breast cancer patients yes vs. no). Between-group differences were
modeled using outcome measurements obtained at 18 weeks (post-intervention), and
36 weeks and 4 years post-baseline. Within-group differences were modeled using
outcome measurements obtained at all four time points (i.e., at baseline, 18 weeks,
36 weeks, and 4 years). Analyses were performed on an intention-to-treat basis for
all 237 breast and colon cancer patients in the original PACT study with at least one
measurement, except when this was the baseline value. The model accounts for missing
data by taking the individual time trends and the observed group means at each time
point into consideration to provide a more accurate estimate of the population mean
at each time point.
Mean differences and 95% confidence intervals (CIs) were accompanied by standardized
ESs. The standardized ESs were calculated by dividing the adjusted between-group
difference of the 4-year post-baseline mean by the pooled baseline standard deviation.
84
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According to Cohen, ESs < 0.2 indicate “no difference,” whereas ESs between 0.2 and 0.5
indicate “small differences,” ESs between 0.5 and 0.8 indicate “medium and clinically
21
relevant differences,” and ESs ≥0.8 indicate “large differences” . Statistical significance
was set at a probability of p < 0.05 for all analyses. Statistical analyses were performed
using SPSS statistics version 21.0.

RESULTS
Participants
Between 2010 and 2013, a total of 237 patients with breast or colon cancer were
included in the original PACT study (Figure 1). In total, 119 patients were randomized
to the exercise intervention and 118 patients to the control group. Patients randomized
to the intervention group attended 83% (interquartile range 69–91%) of the supervised
sessions.

4

Four years post-baseline, 197 PACT participants were eligible and approached
to participate in the 4 year post-baseline measurements, and finally 128 (65.0%)
participants signed informed consent. Sixteen PACT participants refused to participate
in the 4-year post-baseline measurements, and 54 PACT participants did not respond
for unknown reasons, also after one reminder had been sent. Patient characteristics
were not significantly different between participating patients and non-participating
eligible patients (p > 0.05).
At baseline, characteristics of all original PACT participants in the intervention and the
usual care group were comparable (Table 1), except that participants in the intervention
group showed higher education (46.2% vs. 38.1%, respectively), had more frequent
triple negative breast cancer (20.2% vs. 10.2%), and were more often post-menopausal
(40.3% vs. 30.5%).
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Figure 1. Participant flow through the study.
Table 1. Baseline characteristics of participants of the original PACT study (n = 237) and
responders post-baseline (n = 128)
All participants
Intervention
n = 119

Responders ~4 years postbaseline

Usual care
n = 118

Intervention
n = 70

Usual care
n = 58

Socio-demographical factors
Age (years)

50.9 ± 9.0

50.6 ± 8.6

51.1 ± 8.3

51.6 ± 7.9

Sex, female

109 (91.6)

107 (90.7)

64 (91.4)

53 (91.4)

Marital status
86
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Table 1 Continued
All participants

Responders ~4 years postbaseline

Intervention
n = 119

Usual care
n = 118

Intervention
n = 70

Usual care
n = 58

Couple

91 (76.5)

87 (73.7)

59 (84.3)

48 (82.8)

Single

24 (20.2)

25 (21.2)

11 (15.7)

10 (17.2)

Low

5 (4.2)

21 (17.8)

2 (2.9)

8 (13.8)

Medium

55 (46.2)

46 (39.0)

36 (51.4)

22 (37.9)

High

55 (46.2)

45 (38.1)

32(45.7)

28 (48.3)

25.9 ± 4.4

26.5 ± 5.0

25.4 ± 4.0

25.6 ± 4.2

Education

2

BMI (kg/m )
Cancer-related factors

4

Tumor site
Breast cancer

102 (85.7)

102 (86.4)

59 (84.3)

51 (87.9)

Colon cancer

17 (14.3)

16 (13.6)

11 (15.7)

7 (12.1)

Yes

74 (62.2)

71 (60.2)

46 (65.7)

34 (58.6)

No

45 (37.8)

47 (39.8)

24 (34.3)

24 (41.4)

Triple negative

24 (20.2)

12 (10.2)

13 (18.6)

6 (10.3)

Her2+, ER or PR

11 (9.2)

18 (15.3)

6 (7.1)

10 (17.2)

Radiotherapy

Tumor receptor status

Her2+, ER and PR-

10 (8.4)

2 (1.7)

9 (12.9)

-

Her2-, ER or PR+

57 (47.9)

70 (59.3)

32 (45.7)

35 (60.3)

9 (7.6)

10 (8.5)

5 (7.1)

5 (8.6)

Median

Median

Median

Median

Tissue expander
Moderate-to-high
intensity total PA
performed before
diagnosis (min/week)

485 [240-975] 600 [300-1440] 450 [233-1005] 720 [375-1540]

Moderate-to-high
intensity leisure
and sport PA levels
performed before
diagnosis (min/week)

180 [50-375]

173 [60-330]

180 [60-315]

180 [60-345]

Continuous variables are presented as mean ± SD or as median and interquartile range, whereas
dichotomous or categorical variables are presented as n (%).
BMI body mass index, ER estrogen receptor, PR progesterone receptor, PA physical activity, SD
standard deviation.
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Outcomes
Fatigue
The effects of the 18-week aerobic and resistance exercise intervention on fatigue have
6,7
been published previously . In short, the exercise intervention showed positive effects
on physical fatigue immediately after the program ending (18 weeks). At 36 weeks, this
effect was no longer statistically significant (Figure 2).
At 4 years post-baseline, only the dimension physical fatigue tended to be lower in
the intervention group compared to the usual care group (− 1.13, 95% CI − 2.45; 0.20,
ES = 0.22). Compared to baseline, 4-year physical fatigue did not significantly differ in
the intervention group (− 1.00, 95% CI – 2.17; 0.18) and the usual care group (− 0.55,
95% CI – 1.79; 0.70). No significant differences were found for the other dimensions of
fatigue (Table 2).

Figure 2. Effect of the exercise intervention on fatigue and physical activity levels over time.
Intention-to-treat mixed linear regression models were used to model absolute changes in
A) general fatigue, B) physical fatigue, C) total physical activity and D) sport and leisure-time
physical activity from baseline to 18 weeks, 36 weeks and 4 years for all breast and colon cancer
patients.
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Table 2. Long-term effects of exercise on fatigue and physical activity among colon and breast
cancer patients
Baseline

Mean

SD

Baseline to 4 years
post intervention
Within-group
differences

Between-group
differences

Mean [95% CI]

Mean [95% CI]

Effect Size

Multidimensional Fatigue Inventory (MFI)
General fatigue I

10.24

4.92

-0.41 [-1.52;0.71]

10.67

4.80

-0.63 [-1.81;0.56] Reference

9.92

5.12

-1.00 [-2.17;0.18]

-1.13 [-2.45;0.20]

UC

10.54

5.01

-0.55 [-1.79;0.70]

Reference

I

9.77

5.33

-0.23 [-1.40;0.94] -0.30 [-1.64;1.05] 0.06

UC

9.96

5.20

-0.24 [-1.48;1.00] Reference

Reduced
activity

I

8.18

4.11

-0.38 [-1.28;0.53] -0.17 [-1.23;0.90] 0.04

UC

8.91

4.02

-0.98 [-1.94;0.02]*

Reference

Reduced
motivation

I

8.36

5.51

0.72 [-0.41;1.85]

-0.18 [-1.15;0.79]

UC

9.17

5.83

0.40 [-0.81;1.61]

Reference

UC
Physical fatigue I
Mental fatigue

-0.38 [-1.63;0.86] 0.08
0.22

4

0.03

Short QUestionnaire of to ASsess Health-enhancing physical activity (SQUASH)
Total physical
activity

I

583.91 658.73

43.22
[-102.13;188.57]

141.46
[1.31;281.61]*

UC

627.31 637.11

-143.77
[-298.43;10.89]

Reference

I
Sport and
leisure physical
activity
UC

220.08 269.27

85.18
[30.65;139.72]*

20.41
[-45.54;86.36]

227.34 259.91

54.67
[-3.75;113.09]

Reference

0.22

0.08

I exercise intervention group, UC usual care group, SD standard deviation, CI confidence
interval
*Statistically significant (p<0.05)
Between-group effects were assessed using mixed models including the measurements obtained
at 18 and 36 weeks and 4 years, adjusted for the value of the outcome variable at baseline as well
as for stratification factors: age, radiotherapy, hospital and tumor site. Within-group effects were
assessed using mixed models including the measurements obtained at baseline, 18 and 36 weeks,
and 4 years, adjusted for stratification factors: age, radiotherapy, hospital and tumor site.
Baseline results and within-group differences were based on participants having baseline
measurements. Between-group differences were based on participants having measurements
at 18 weeks or 36 weeks or 4 years.
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Physical activity
The effects of the 18-week exercise intervention on physical activity levels have not
been published previously. In short, moderate-to-vigorous total physical activity levels
as well as leisure-time and sport physical activity levels significantly decreased from
pre-diagnostic to 18 weeks (post-intervention) and 36 weeks post-baseline in both study
arms (i.e., during adjuvant treatment) (Figure 2). Four years post-baseline, participants
resumed their pre-diagnostic physical activity levels. Compared to baseline, combined
moderate-to-vigorous leisure-time and sport physical activity levels in the intervention
group were significantly higher 4 years post-baseline (85.18 min/week, 95% CI 30.65;
139.72) (Table 2). Moreover, compared to the usual care group, participants in the
intervention group reported significantly higher moderate-to-vigorous total physical
activity levels (141.46 min/week, 95% CI 1.31; 281.61, ES = 0.22) 4 years post-baseline.
Moderate-to-vigorous leisure-time and sport physical activity did not differ significantly
(20.41 min/week, 95% CI – 45.54; 86.36, ES = 0.08).
Results for fatigue and physical activity in breast cancer participants only were
attenuated, but in general comparable to results for the total group (Table 3).
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Reduced motivation

Reduced activity

Mental fatigue

Physical fatigue

General fatigue

7.92
8.42

UC

7.62

UC
I

7.04

9.77

UC
I

9.32

10.01

UC
I

9.05

10.01

UC
I

9.28

I

Multidimensional Fatigue Inventory (MFI)

Mean

6.71

6.42

5.09

5.07

6.68

6.64

6.35

6.32

6.11

6.08

SD

Baseline

0.39 [-0.91;1.70]

0.51 [-0.73;1.74]

-0.95 [-1.98;0.09]

-0.21 [-1.21;0.79]

-0.28 [-1.62;1.06]

0.05 [-1.24;1.33]

-0.33 [-1.68;1.02]

-0.53 [-1.83;0.76]

-0.48 [-1.78;0.82]

0.13 [-1.11;1.38]

Mean [95% CI]

Within-group differences

Reference

-0.20 [-1.27;0.87]

Reference

0.17 [-1.02;1.36]

Reference

-0.09 [-1.59;1.41]

Reference

-1.05 [-2.53;0.43]

0.03

0.03

0.01

0.17

0.04

-0.26 [-1.65;1.12]
Reference

Effect
Size

Mean [95% CI]

Between-group differences

Baseline to 4 years post intervention

Table 3. Long-term effect of exercise on fatigue and physical activity among breast cancer patients only

Long-term effects of exercise
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Mean

SD

Baseline
Mean [95% CI]

211.59
217.57

UC

750.38

UC
I

640.55

I

332.04

332.60

792.05

794.85

56.71 [-8.03;121.45]

93.91 [32.33;155.49]*

-167.21 [-336.75;2.32]

36.76 [-125.46;198.98]

Reference

33.66 [-40.26;107.57]

Reference

117.70 [-40.61;276.02]

0.10

0.15

Effect
Size

I exercise intervention group, UC usual care group, SD standard deviation, CI confidence interval
*Statistically significant (p<0.05)
Between-group effects were assessed using mixed models including the measurements obtained at 18 and 36 weeks and 4 years, adjusted for tumor
receptor status and the value of the outcome variable at baseline as well as for stratification factors: age, radiotherapy, hospital and tissue expander.
Within-group effects were assessed using mixed models including the measurements obtained at baseline, 18 and 36 weeks, and 4 years, adjusted for
tumor receptor status as well as for stratification factors: age, radiotherapy and hospital and tissue expander.
Baseline results and within-group differences were based on participants having baseline measurements. Between-group differences were based on
participants having measurements at 18 weeks or 36 weeks or 4 years.

Sport and leisure physical activity

Total physical activity

Mean [95% CI]

Between-group differences

Baseline to 4 years post intervention
Within-group differences

Short QUestionnaire of to ASsess Health-enhancing physical activity (SQUASH)

Table 3 Continued
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DISCUSSION
Cancer-related fatigue is a common side effect of chemotherapy. Exercise during
chemotherapy might be a promising strategy for minimizing treatment-related side
5,9,11,22
effects, both short term and long term
. The present study assessed long-term
effects of the PACT exercise intervention on fatigue and physical activity levels in
patients with breast or colon cancer approximately 4 years after enrollment in the
original PACT study. Breast and colon cancer patients who participated in the 18-week
exercise intervention showed non-significant lower levels of physical fatigue and
significant higher levels of physical activity approximately 4 years post-baseline.
In the original PACT study, physical fatigue increased significantly less in the intervention
6
group compared to the control group during the 18-week exercise intervention . Slightly
lower levels of physical fatigue in participants in the intervention group were still
observed after 4 years, although this was not statistically significant. This is probably
due to the slightly reduced power, since only a sample of all eligible PACT participants
participated in the measurements 4 years post-baseline. Nonetheless, the ES of the
original randomized controlled PACT study was of comparable magnitude (ES = 0.27
18 weeks (post-intervention) vs. ES = 0.22 4 years post-baseline). So far, no other
studies have investigated the long-term effects, i.e., several years post-intervention,
of exercise during cancer treatment on fatigue. Since fatigue is known to be a longlasting side effect of cancer treatment, it is important to develop interventions that
reduce fatigue both in the short and long terms. More research is needed to confirm our
indicative finding that exercising during chemotherapy might be a promising strategy
for minimizing fatigue in the long term.

4

Although physical activity levels during the PACT intervention period did not differ
between groups, at 4-year follow-up, participants who were randomized to the
intervention group reported higher moderate-to-vigorous physical activity levels than
participants randomized to the usual care group. This is a favorable result, since the
PACT study was designed to promote maintenance of a physically active lifestyle by
8
incorporating cognitive behavioral principles of Bandura’s social cognitive theory .
Also, in addition to the PACT exercise intervention, participants were encouraged to
be physically active for at least 30 min on at least 3 other days. This recommendation
might have made them more aware of the importance of integrating physical activity
in daily life. According to Cohen, the ES of 0.22 can be indicated as a small difference;
however, given the beneficial effects of physical activity on treatment-related side
effects and prognosis, every gain in moderate-to-high intensity physical activity might
be clinically relevant.
93
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The observed effects of an exercise intervention on subsequent higher physical activity
14
levels are comparable to results of Mutrie et al. , who also performed a long-term
follow-up. The study included 203 patients with breast cancer in a 12-week supervised
14
group exercise program starting during treatment for early stage breast cancer . Higher
leisure-time physical activity levels were observed in the intervention group compared
to the control group 5 years after the intervention. The present study found higher total
physical activity levels in the intervention group compared to the usual care group. In
addition, they found that those who maintained a physically active lifestyle 5 years
after cancer treatment still benefit in terms of increased quality of life and lower levels
14
of depression . The PACThe trial, which offered a 2-week physical and educational
intervention to patients with breast cancer post-chemotherapy, found a significant
23
improvement in breast cancer survivors’ quality of life at 5-year follow-up . Results
of these studies suggest that, for both breast and colon cancer survivors, engaging
in exercise during chemotherapy and maintaining a physically active lifestyle into
survivorship might be important for enhanced well-being in the long term. In order to
optimize the long-term benefits of physical activity, more research is needed to unravel
the best ways to support cancer survivors to maintain a regular exercise routine.
Our results should be viewed within the context of several strengths and limitations.
Strong features of this study are the randomized design of the original PACT study,
the long-term follow-up measurements 4 years post-baseline, and the intention-totreat analyses. The present study also suffered some limitations. Only 65% of PACT
participants responded, which was higher compared to the response rate in the study
14
of Mutrie et al. (42%). Nonetheless, baseline characteristics of participating patients
did not significantly differ from characteristics of non-participating eligible patients.
Participants in this study reported, on average, high pre-diagnostic physical activity
levels and, therefore, might not be the ones who benefited from this exercise program
the most. In the current study, due to the small number of patients with colon cancer,
we analyzed our data for breast and colon cancer patients together, although benefits
resulting from exercise may vary depending on treatment modality and tumor type.
In previous analyses, a significant effect of the intervention on physical fatigue was
6,7
observed at 18 weeks for both sites, but the effect was larger for colon cancer patients .
Another limitation of our study includes the reliance on self-reported measures
of physical activity, since these measures are prone to over-reporting. Objective
measurement of physical activity would overcome this limitation and could provide a
24,25
more valid estimate of physical activity in future studies . Nonetheless, subjectively
19
measured physical activity using the SQUASH has been shown to be reliable , and we
do not expect differential over-reporting in this 4-year follow-up. Finally, the lack of
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detailed information on patients who refused participation might have hampered the
generalizability of the results.
CONCLUSION
This study shows that an 18-week exercise intervention offered in daily clinical practice
and started during early adjuvant treatment including chemotherapy has beneficial longterm effects. These beneficial effects include significantly higher levels of moderate-tovigorous total physical activity levels and non-significant lower physical fatigue levels 4
years post-baseline. These results emphasize that facilitation of physical activity during
cancer treatment may enhance health outcomes in both the short and long terms.

4
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CHAPTER 5
Supervised exercise after
esophageal cancer surgery
Supervised exercise after esophageal cancer surgery: the PERFECT multicenter
randomized clinical trial
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ABSTRACT
Background This study investigates whether a supervised exercise program improves
quality of life (QoL), fatigue and cardiorespiratory fitness in patients in the first year
after esophagectomy.
Methods The multicenter PERFECT trial randomly assigned patients to an exercise
intervention (EX) or usual care (UC) group. EX-patients participated in a 12-week
moderate-to-high intensity aerobic and resistance exercise program supervised by
a physiotherapist. Primary (global QoL, QoL-summary score) and secondary (QoL
subscales, fatigue and cardiorespiratory fitness) outcomes were assessed at baseline,
12 and 24 weeks and analyzed as between-group differences using either linear mixed
effects models or ANCOVA.
Results A total of 120 patients (age: 64 ± 8 years) were included and randomized to
EX (n = 61) or UC (n = 59). Patients in the EX-group participated in 96% (IQR: 92-100%)
of the exercise sessions and the relative exercise dose intensity was high (92%). At 12
weeks, significant beneficial EX effects were found for QoL-summary score (3.5, 95% CI
0.2; 6.8) and QoL-role functioning (9.4, 95% CI 1.3; 17.5). Global QoL was not statistically
significant different between groups (3.0, 95% CI -2.2; 8.2). Physical fatigue was lower
in the EX-group (-1.2; 95% CI -2.6; 0.1), albeit not significant. Cardiorespiratory fitness
statistically significant improved following EX compared to UC (VO2peak (1.8 mL/min/kg,
95% CI 0.6;3.0)). After 24 weeks, all EX effects were attenuated.
Conclusions Patients who had undergone esophagectomy were able to participate
in an intensive supervised exercise program, which resulted in small but statistically
significant improvements in several aspects of QoL and cardiorespiratory fitness. Our
results suggest that supervised exercise is a beneficial addition to routine care of
patients treated for esophageal cancer.
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INTRODUCTION
Patients with potentially curable esophageal cancer often undergo multimodal
1
treatment. The introduction of neo-adjuvant chemoradiotherapy and recent
developments in (minimally invasive) surgery (i.e., esophagectomy) and patient
2
selection have improved survival . However, postoperative recovery is often slow
and characterized by significant and long-lasting (i.e., up to 10 years post treatment)
3
impairments in quality of life (QoL) . QoL is typically lowest within the first year after
treatment, and is accompanied by high levels of fatigue, eating disorders and decreased
4–8
physical functioning and fitness .
Physical exercise, especially supervised exercise training, has the potential to improve
cardiorespiratory fitness and patient-reported outcomes in patients with various types
of cancer. However, the vast majority of exercise interventions have been evaluated in
9–12
patients with breast cancer, prostate cancer and haematological malignancies . This
precludes generalizability of results to cancer types with more complex multimodal
treatment, such as esophageal cancer. A recent small randomized controlled trial
(RCT) in patients with esophagogastric cancer showed that a multidisciplinary
intervention including exercise was feasible and safe, and indicated beneficial effects
13
on cardiorespiratory fitness . No effects on QoL were found, probably due to the small
sample size. A larger RCT, that is adequately powered to evaluate patient-reported
outcomes and to confirm positive effects on cardiorespiratory fitness, is currently
lacking.

5

The Physical ExeRcise Following Esophageal Cancer Treatment (PERFECT) multicenter
RCT was conducted to investigate effects of a 12-week combined aerobic and resistance
exercise program in patients with esophageal cancer, in the first year after completion
of primary treatment. This article reports on adherence to the exercise program and
the effects of exercise on QoL (primary endpoint), fatigue and cardiorespiratory fitness
after completion of the intervention.

METHODS
Setting and participants
14
The PERFECT study design has been published previously . This study adhered to
15
the CONSORT guidelines . The study was conducted in nine Dutch hospitals. Eligible
101
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patients were invited to participate by their medical specialist or oncological nurse
during a regular outpatient visit. Inclusion criteria were: surgery with curative intent
for newly diagnosed, histologically confirmed esophageal cancer; 4–52 weeks after
hospital discharge following surgery; aged 18 years or over; able to read and understand
the Dutch language; minimally physically active (up to 150 min/week of moderate–
vigorous exercise); Karnofsky Performance Status greater than 60; able to walk 60 m
or more. Exclusion criteria were the presence of metastatic esophageal cancer based
on CT-imaging prior to surgical resection, non-radical resection, contra-indications
for physical activity (as assessed through the Revised Physical Activity Readiness
16
Questionnaire ), and participation in a supervised exercise program. The study was
approved by the Medical Ethics Committee of the UMC Utrecht and the local Ethical
Boards of participating hospitals and was conducted in accordance with the Declaration
of Helsinki.
After signing written informed consent and completing baseline measurements,
concealed computer-generated randomization was used to allocate participants in a
1 : 1 ratio to a 12-week supervised exercise intervention or usual care. Randomization
was performed using minimization, stratified by sex, hospital and time since surgery.
Intervention
A 12-week supervised exercise program was offered to patients randomized to
the exercise group, in addition to usual care. Details of the exercise program have
14
been published elsewhere . Briefly, the program included two combined aerobic
and resistance training exercise sessions per week, supervised by an outpatient
(oncology) physiotherapist close to the participant’s home address. The 60-minute
exercise sessions included a warm-up (5 min), aerobic and resistance training (50 min)
(Supplement 1) and a cooling down (5 min) period. The aerobic and resistance exercises
were individualized to the participants’ fitness levels as assessed by a cardiopulmonary
exercise test (CPET) at baseline and repeatedly performed 20-repetition maximum
muscle strength tests. In addition to the supervised exercise program, participants
were asked to be physically active for at least 30 min/day on all remaining days of the
17
week, according to the WCRF/AICR guidelines for cancer survivors .
Patients in the usual care group received usual care and were requested to maintain
their habitual physical activity pattern. After completion of the study, patients were
offered exercise advice.
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Outcome measures
Participants visited the study center for outcome assessment at baseline and post
intervention (12 weeks). After 24 weeks, participants received the questionnaires by
post. Cardiorespiratory fitness was assessed at baseline and post intervention (12
weeks) only. Demographic and clinical data were abstracted from questionnaires
and medical records, respectively. Surgery-related postoperative complications were
categorized according to the modified Clavien-Dindo classification (MCDC, 2 or greater)
18
and included pulmonary and cardiac complications . Anastomotic leakage, chylothorax
and other surgery-related complications were graded according to definitions stated
19
by the Esophagectomy Complications Consensus Group . The risk of malnutrition was
20,21
assessed using the Patient-Generated Subjective Global Assessment Short Form .
Primary outcome
Quality of life
QoL, the study’s primary outcome, was assessed with the global QoL subscale of the
validated 30-item European Organization for Research and Treatment of Cancer Quality
22
of Life Questionnaire C30 (EORTC-QLQ, version 3) . This two-item global QoL score
helps to avoid an increased type I error that might arise because of multiple testing
when making comparisons based on all outcomes of this questionnaire. After initiation
of the study, the QLQ-C30 summary score was introduced to provide a conceptually
more appropriate summary of QoL compared with the global QoL score, and which is
23
supposed to have better responsiveness to changes over time . Therefore, the QLQ-C30
summary score is now also included as the primary outcome, which is not in accordance
14
with the original study protocol . The summary score was calculated using 13 subscales
(see below), excluding the global QoL score and financial difficulties score.

5

Secondary outcomes
The EORTC-QLQ-C30 incorporates five functional subscales (physical, role, emotional,
cognitive and social), three symptom scales (fatigue, nausea and vomiting, and pain) and
six single items (dyspnea, insomnia, appetite loss, constipation, diarrhea and financial
difficulties). Esophageal cancer-specific problems were assessed with the validated
24
25-item esophagogastric module (QLQ-OG25) . Scores range from 0–100, with higher
scores representing a higher response level.
Fatigue
Fatigue was measured using the validated Dutch version of the Multidimensional Fatigue
25
Inventory (MFI) . The MFI is a 20-item questionnaire, designed to measure general
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fatigue, physical fatigue, reduced activity, reduced motivation and mental fatigue.
Scores range from 4–20, with higher scores indicating more fatigue.
Physical fitness
Cardiorespiratory fitness was determined by performing a CPET on a bicycle ergometer
with continuous breathing gas analysis under medical supervision. After a 1-min
unloaded warm-up, cycling workload was gradually increased with a predetermined 10,
15 or 20 W/min until exhaustion or symptom limitation. Participants were instructed to
cycle at 70–80 revolutions per minute (RPM). The test was terminated when the cycling
frequency dropped below 70 RPM or by decision of the sports medicine physician
and was followed by a 3-min cooling-down at 20 W. Peak oxygen uptake (VO2peak) was
determined by taking the mean of VO2 values of the last 30 s before exhaustion. Peak
workload, peak heart rate, VO2 and power output were assessed at ventilatory threshold
26
(VT) and respiratory compensation point (RCP) .
Adherence
Adherence to the protocol was evaluated by recording session attendance and
adherence to the planned dose/session. Deviations from the scheduled exercise dose
were recorded by the physiotherapist. Attendance rates were computed as the number
of supervised exercise sessions attended divided by the number of sessions prescribed.
The relative dose intensity (RDI), i.e., compliance, was calculated as the ratio of total
completed to total planned cumulative dose for three parts of the PERFECT exercise
program: duration of aerobic exercises, intensity of aerobic exercises and muscle
strength exercises. The authors calculated the percentages of weeks in which patients
adhered to the exercise advice of being physically active for at least 30 min/day, and
the Dutch Physical Activity Guidelines, engaging in at least 150 min of exercise per
27
week . Contamination in the control group was assessed using an accelerometer
(Actigraph GT3X+ Tri-Axis Accelerometer Monitor) and was defined as an increase of
60 or more minutes of moderate-to-vigorous physical activity per week in the week
28
post-intervention compared with baseline .
Sample size
The sample size calculation was based on the primary outcome, improvement in global
29,30
QoL from baseline to post-intervention. Using results from the authors’ previous trial
and taking into account a correlation of 0.4 between baseline and follow-up QoL, power
analysis using PASS 2008 software (NCSS Statistical Software, Kaysville, Utah, USA)
(http://www.ncss.com/software/pass/) was performed. Assuming a power of 80%
(significance level = 0.05), a sample size of 51 patients per group was calculated. It
was intended to include 75 patients per group taking into account a drop-out rate of
104
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approximately 30%. Since drop-out was found to be lower (approximately 10%) during
the study, 57 participants were needed in both the exercise and control group.
Statistical analysis
Descriptive statistics were used to summarize characteristics of the study population.
Outcomes assessed at baseline, 12 and 24 weeks (i.e., patient-reported outcome
measures) were analyzed using intention-to-treat mixed linear regression models,
including participants for whom the outcome was observed at two or more time points.
The models were adjusted for baseline values of the outcome and stratification factors.
Models with different covariance structures (AR(1) versus UN) were compared based
on measures of fit using Akaike’s information criterion for all outcomes. Outcomes
assessed at baseline and 12 weeks (i.e., cardiorespiratory fitness) were analyzed as
between-group differences in outcomes using ANCOVA, adjusted for baseline values
and stratification factors, including participants for whom the outcome was observed at
both time points. Modelling assumptions were examined and met. Standardized effect
sizes (ESs) were calculated by dividing the adjusted between-group difference of the
post-intervention means by the pooled baseline standard deviation. As a predefined
explorative analysis, sex, histological subtype of carcinoma, type of surgery (open versus
minimally invasive) and time since surgery were examined as potential modifiers of the
intervention effect. Analyses were performed using SPSS Statistics™ 25.0 (IBM, Armonk,
New York, USA). All tests were two-tailed and the significance level was set at p < 0.05.

5

RESULTS
Participants
Between March 2015 and January 2019, 497 patients were assessed for eligibility. In
total, 120 of 358 eligible patients (33.5%) were recruited for the study. Reasons for
non-participation are shown in Figure 1. Overall, 10 participants were lost to follow-up
during the intervention period (exercise group: 7 of 61 patients (12%), control group:
3 of 59 (5%)) and 12 during the follow-up period (exercise group: 6 of 54 (11%), control
group: 6 of 56 (11%)), mainly due to cancer recurrence or cancer-related death.
Participants had a mean (SD) age of 63.7 (8.1) years, were male (86.7%), partnered
(89.2%), former smokers (71.7%) and at medium–high risk for malnutrition (70%) (Table
1). Most patients were diagnosed with esophageal adenocarcinoma (76.7%), tumor
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stage III (53.3%) and treated with neo-adjuvant chemoradiotherapy according to the
CROSS regimen1 (81.7%).
Table 1. Baseline characteristics of participants in the PERFECT study.
All participants
n = 120

Intervention
n = 61

Control
n = 59

Age (years)

63.7 ± 8.1

64.3 ± 7.8

63.1 ± 8.5

Sex
Male
Female

104 (86.7)
16 (13.3)

52 (85.2)
9 (14.8)

52 (88.1)
7 (11.9)

Educational Level
Low
Middle
High

32 (26.7)
59 (49.2)
29 (24.2)

16 (26.2)
29 (47.5)
16 (26.2)

16 (27.1)
30 (50.8)
13 (22.0)

Marital Status
Couple
Single
Widow

107 (89.2)
12 (10)
1 (0.8)

55 (90.2)
5 (8.2)
1 (1.6)

52 (88.1)
7 (11.9)
0 (0.0)

Work Status
Paid work
Sick leave
No paid work/retired

47 (39.2)
32 (68.1)
73 (60.1)

26 (42.6)
18 (69.2)
35 (57.4)

21 (35.6)
14 (66.7)
38 (64.4)

BMI (kg/m2)

24.9 ± 3.5

24.8 ± 3.2

25.0 ± 3.8

Malnutrition riska
Low risk
Medium risk
High risk

31 (25.8)
45 (37.5)
39 (32.5)

16 (26.2)
23 (37.7)
21 (34.4)

15 (25.4)
22 (37.3)
18 (30.5)

Smoking
Yes
No
Former

10 (8.3)
24 (20.0)
86 (71.7)

3 (4.9)
12 (19.7)
46 (75.4)

7 (11.9)
12 (20.3)
40 (67.8)

Cancer type
Adenocarcinoma
Squamous cell carcinoma
Adenosquamous
Other

92 (76.7)
20 (16.7)
1 (0.8)
7 (5.8)

49 (80.3)
9 (14.8)
0
3 (4.9)

43 (72.9)
11 (18.6)
1 (1.7)
4 (6.8)

Tumor stage
I
II
III

16 (13.3)
39 (32.5)
64 (53.3)

10 (16.4)
16 (26.2)
34 (55.7)

6 (10.2)
23 (39.0)
30 (50.8)
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Comorbidities
Yes
No

49 (40.8)
71 (59.2)

21 (34.4)
40 (65.6)

28 (47.5)
31(52.5)

Type of surgery
Open esophagectomy
Minimally-invasive esophagectomy
Thoraco-laparoscopic
Transhiatal-laparoscopic
Robot-assisted

11 (9.2)
109 (90.8)
55 (45.8)
7 (5.8)
47 (39.2)

5 (8.2)
56 (91.8)
31 (50.8)
2 (3.3)
23 (37.7)

6 (10.2)
53 (89.9)
24 (40.7)
5 (8.5)
24 (40.7)

23 (19.2)
4 (3.3)
8 (6.7)

13 (21.3)
3 (4.9)
4 (6.6)

10 (16.9)
1 (1.7)
4 (6.8)

18 (15.0)

7 (11.5)

11 (18.6)

2 (1.7)
1 (0.8)

1 (1.6)
0

1 (1.7)
1 (1.7)

3 (2.5)
6 (5.0)

0
2 (3.3)

3 (5.1)
4 (6.8)

5 (4.2)
1 (0.8)
12 (10.0)

3 (4.9)
1 (1.6)
4 (6.6)

2 (3.4)
0
8 (13.6)

Time since surgery
0-5 months
6-12 months

81 (67.5)
39 (32.5)

41 (67.2)
20 (32.8)

40 (67.8)
19 (32.2)

(Neo)adjuvant treatment
Chemotherapy
Chemoradiotherapy
Chemoradiotherapy + immunotherapy
No (neo)adjuvant treatment

7 (5.8)
96 (80.0)
2 (1.7)
15 (12.5)

1 (1.6)
50 (81.9)
1 (1.6)
9 (14.8)

6 (10.2)
46 (78.0)
1 (1.7)
6 (10.2)

Complications after surgery
Pulmonary complications
Pneumonia
Pneumothorax
Other
Cardiac complications
Atrial fibrillation
Wound infection
Cervical
Abdominal
Anastomic leakage
Type II (nonsurgical intervention)
Type III (surgical intervention)
Chylothorax
Type II (total parental nutrition)
Type III (operative)
Other

5

a

The risk of malnutrition was assessed using the PG-SGA SF, with a score lower than 4 indicating
a low risk, 4-8 medium risk, and >8 high risk.
Continuous variables are presented as mean ± SD, whereas dichotomous and categorical
variables are presented as n (%).
BMI Body Mass Index, SD Standard Deviation.
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Adherence
Participants in the exercise group showed high adherence to the supervised exercise
program. They participated in 96% (IQR: 92–100) of the sessions offered. RDI for
moderate- to high-intensity endurance exercises, high-intensity endurance exercises,
interval training and resistance exercises was 94% (IQR: 87–100), 90% (IQR: 70–100),
100% (IQR: 74–100) and 90% (IQR: 81–97), respectively (Table 2). The RDI of the exercise
advice, that is, being active 7 days of the week or 5 days/week (Dutch Physical Activity
27
Guidelines ) for 12 weeks was 25% (IQR: 0–58) and 75% (IQR: 17–92), respectively.
Compared with baseline, 10 patients (17%) allocated to usual care increased the time
spent on moderate-to-high-intensity physical activities for at least 60 minutes (data
not shown).
No exercise-related serious adverse events were observed.
Table 2. Ratio of the completed exercise dose to the planned exercise dose (relative dose
intensity).
Total group (n = 61)
Relative dose intensity

Median percentage (IQR)

Resistance exercise training
Leg

90 (81-99)

Arms

92 (79-98)

Shoulders

92 (75-96)

Back

92 (81-100)

Core

91 (67-96)

Moderate-to-high intensity endurance training
Duration

94 (84-100)

Intensity

95 (85-100)

High intensity endurance training
Duration

90 (70-100)

Intensity

90 (69-100)

Interval training

100 (66-100)

Exercise advice
Percentage of weeks being
active on 7 days/week
Percentage of weeks being
active on 5 days/week

25 (0-58)
75 (17-92)
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Global QoL and QoL summary score
Participants in the exercise group reported a significantly higher global QoL at 12 weeks,
compared with baseline (9.3, 95% CI 5.1 to 13.6), but no statistically significant betweengroup differences were observed (3.0, 95% CI –2.2 to 8.2; ES = 0.18) (Figure 2, Table
3). Compared with controls, participants in the exercise group reported a significantly
higher summary score (3.5, 95% CI 0.2 to 6.7; ES = 0.26). At 24 weeks, effects were
attenuated.
QoL subscales
Compared with controls, participants in the exercise group reported significantly
higher role functioning (9.4, 95% CI 1.3 to 17.5; ES = 0.40) at 12 weeks. At 24 weeks,
the effects were attenuated and no longer significant. No other significant betweengroup differences were observed at 12 or 24 weeks for the EORTC QLQ-OG25 scales
and remaining QLQ-C30 subscales (Figure 2, Table 3, Supplement 2).
Fatigue
At 12 and 24 weeks, all participants reported lower levels of fatigue compared with
baseline and no significant between-group differences were found (Figure 2, Table 3).
For physical fatigue, reduced activity and reduced motivation ES was 0.25 or greater
in favor of the exercise group at 12 and 24 weeks.

5
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Figure 2. Radar plots demonstrating changes from baseline to 12 and 24 weeks post-baseline
in quality of life and fatigue scores for participants randomized to the exercise and usual
care group.
An asterisk indicates a statistically significant between-group difference. It should be noted
that the scale of all QoL-symptom outcomes and fatigue outcomes were inverted to facilitate
interpretability. An increase from baseline to 12 or 24 weeks post-baseline now indicates an
improvement for all outcomes.
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Emotional
functioning

Physical
functioning

Global QoL

Summary score

EORTC QLQ C-30

82.51
(22.29)

86.86
(17.45)

UC

81.36
(13.83)

UC

EX

82.97
(14.19)

71.05
(16.26)

UC

EX

67.48
(17.19)

82.05
(12.76)

UC

EX

80.63
(13.94)

EX

Mean
(SD)

Baseline

-0.52 [-4.89;3.85]

3.79 [-0.63;8.21]

3.36 [0.20;6.52]*

6.09 [2.89;9.29]*

4.01 [-0.19;8.20]

9.32 [5.08;13.56]*

2.10 [0.03;6.93]*

5.89 [3.32;8.47]*

Mean [95% CI]

Within-group
differences

Reference

1.16 [-4.62;6.94]

Reference

3.18 [-1.37;7.73]

Reference

3.01 [-2.19;8.21]

Reference

3.51 [0.24;6.77]*

Mean [95% CI]

Between-group
differences

Baseline to 12 weeks (post-intervention)

0.06

0.23

0.93 [-5.12;6.98]
Reference

-3.80 [-9.53;1.93]

Reference

2.43 [-1.74;6.61]
1.25 [-4.51;7.00]

1.83 [-2.92;6.57]

3.89 [-0.28;8.06]

Reference

4.38 [-0.97;9.72]

Reference

2.68 [-0.72;6.07]

-2.86 [-8.37;2.65]

-0.29 [-3.72;3.15]

3.48 [-0.41;4.62]

0.26

4.44 [-0.91;9.80]

Mean [95% CI]

Mean [95% CI]

ES

0.18

Between-group
differences

Within-group
differences

Baseline to 24 weeks

Table 3. Effects of the PERFECT exercise intervention on quality of life and on all dimensions of fatigue.

0.05

0.13

0.17

0.02

ES
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Pain

Fatigue

Cognitive
functioning

Social functioning

Role functioning

Table 3 Continued

9.56
(18.12)

31.26
(19.63)

UC

EX

35.34
(22.45)

85.03
(17.60)

UC

EX

87.70
(20.28)

81.92
(24.03)

UC

EX

83.61
(21.62)

75.71
(22.81)

UC

EX

70.77
(24.09)

EX

Mean
(SD)

Baseline

-0.45 [-5.34;4.45]

-4.75 [-9.49;-0.02]*

-9.89 [-14.69;-5.10]*

-0.89 [-4.60;2.82]

1.94 [-1.82;5.70]

3.02 [-1.74;7.77]

4.05 [-0.76;8.86]

0.83 [-5.75;7.41]

13.91 [7.27;20.55]*

Mean [95% CI]

ES

0.21

0.04

0.40

-1.24 [-7.28;4.80]

Reference
0.07

-4.62 [-10.77;1.53] 0.22

Reference

3.97 [-1.43;9.36]

Reference

0.99 [-4.52;6.50]

Reference

9.38 [1.28;17.48]*

Mean [95% CI]

2.26 [-3.89;8.40]

-6.24 [-12.53;0.05]

-4.27 [-10.55;2.02]

0.10 [-4.86;5.07]

1.33 [-3.66;6.32]

4.15 [-1.96;10.26]

1.55 [-4.58;7.68]

5.21 [-2.77;13.18]*

12.88
[4.95;20.82]*

Mean [95% CI]

1.52 [-4.88;7.92]

Reference

3.29 [-3.22;9.80]

Reference

2.11 [-3.44;7.66]

Reference

-3.23 [-9.09;2.64]

Reference

3.94 [-4.66;12.54]

Mean [95% CI]

Between-group
differences

Within-group
differences

Within-group
differences

Between-group
differences

Baseline to 24 weeks

Baseline to 12 weeks (post-intervention)

0.08

0.16

0.11

0.14

0.17

ES
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Appetite loss

Insomnia

Dyspnea

Nausea and
vomiting

Table 3 Continued

31.15
(34.70)

17.51
(27.77)

UC

16.95
(26.38)

UC

EX

25.68
(32.81)

31.07
(27.43)

UC

EX

23.50
(23.71)

10.37
(16.79)

UC

EX

14.48
(20.85)

13.56
(19.93)

EX

UC

Mean
(SD)

Baseline

-3.48 [-9.83;2.88]

-10.77 [-17.25;-4.29]*

2.69 [-3.80;9.18]

-6.54 [-13.07;-0.02]*

-8.74 [-13.92;-3.56]*

-9.56 [-14.80;-4.31]*

-1.20 [-5.71;3.32]

-3.77 [-8.33;0.80]

-0.22 [-5.06;4.63]

Mean [95% CI]

Within-group
differences

Reference

-0.81 [-8.70;7.07]

Reference

-4.14
[-12.38;4.09]

0.03

2.20 [-6.06;10.44]
Reference

-4.76 [-13.13;3.61]

Reference

3.18 [-5.20;11.56]
-9.74 [-18.12;1.37]*

-1.11 [-7.56;9.78]

-0.78 [-9.19;7.63]

Reference

-13.08 [-19.93;6.23]*
0.14

-3.08 [-10.34;4.17]

-12.05 [-18.93;5.17]*

-5.21 [-12.10;1.69] 0.20
Reference

Reference

0.25 [-5.42;5.93]

Reference

0.33 [-4.59;5.68]

Reference

Mean [95% CI]

Mean [95% CI]

-1.01 [-6.27;4.24]

0.03

ES

Between-group
differences

Within-group
differences

Baseline to 24 weeks

-2.66 [-8.31;2.99]

-0.52 [-5.43;4.39]

Reference

Mean [95% CI]

Between-group
differences

Baseline to 12 weeks (post-intervention)

0.07

0.04

0.12

0.05

ES
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Financial
difficulties

Diarrhea

Constipation

Table 3 Continued

6.01
(12.85)

8.47
(20.96)

UC

16.95
(26.38)

UC

EX

13.11
(21.21)

6.21
(16.83)

UC

EX

6.56
(16.92)

EX

Mean
(SD)

Baseline

-0.79 [-4.68;3.11]

-1.65 [-5.57;2.28]

-5.49 [-11.22;0.25]

-2.68 [-8.51;3.15]

-2.63 [-6.60;1.35]

-1.52 [-5.53;2.50]

Mean [95% CI]

Reference

-2.00 [-7.18;3.19]

Reference

1.44 [-5.38;8.26]

Reference

2.00 [-2.66;6.67]

Mean [95% CI]

ES

0.12

0.06

0.12

3.44 [-1.68;8.55]

1.55 [-3.59;6.69]

-3.72 [-10.97;3.53]

0.13 [-7.09;7.35]

0.22 [-4.01;4.46]

0.06 [-4.85;4.97]

Mean [95% CI]

Reference

-2.77 [-8.22;2.69]

Reference

2.66 [-4.58;9.91]

Reference

3.97 [-0.98;8.93]

Mean [95% CI]

Between-group
differences

Within-group
differences

Within-group
differences

Between-group
differences

Baseline to 24 weeks

Baseline to 12 weeks (post-intervention)

0.16

0.11

0.24

ES
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Mean
(SD)

Baseline

Reduced activity

Mental fatigue

Physical fatigue

General fatigue

11.00
(3.87)

11.34
(4.46)

UC

8.73
(4.34)

UC

EX

8.77
(4.26)

12.17
(4.30)

UC

EX

12.43
(3.89)

11.42
(3.89)

UC

EX

11.84
(3.41)

EX

Multidimensional Fatigue Inventory (MFI)

Table 3 Continued

-0.64 [-1.58;0.30]

-1.62 [-2.57;-0.66]*

-0.14 [-0.84;0.57]

-0.29 [-1.01;0.43]

-1.92 [-2.92;-0.91]*

-3.21 [-4.23;-2.19]*

-1.27 [-2.13;-0.41]*

-1.86 [-2.73;-0.98]*

Mean [95% CI]

Within-group
differences

Reference

-1.19 [-2.51; 0.12]

Reference

-0.02 [-1.03; 0.99

Reference

-1.22 [-2.58;0.15]

Reference

-0.50 [-1.66; 0.66]

Mean [95% CI]

Between-group
differences

Baseline to 12 weeks (post-intervention)

-0.03 [-1.26; 1.19]
Reference

-1.11 [-2.27;0.03]
-0.91 [-2.04;0.23]

0.14

0.29

0.01

-1.10 [-2.47; 0.28]
Reference

-0.57 [-1.79;0.66]

Reference
-1.56 [-2.80;-0.33]

-0.16 [-1.13;0.81]

-1.16 [-2.15;-0.18]* -0.87 [-1.92; 0.18]

-1.50 [-2.80;-0.21]* Reference

-2.65 [-3.96;-1.35]* -1.03 [-2.45;0.40]

Mean [95% CI]

Mean [95% CI]

ES

0.30

Between-group
differences

Within-group
differences

Baseline to 24 weeks

0.26

0.20

0.25

0.01

ES
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9.34
(3.50)

8.98
(3.79)

EX

UC

Mean
(SD)

Baseline

-0.05 [-0.84; 0.74]

-1.21 [-2.01;-0.41]*

Mean [95% CI]

Reference

-0.93 [-2.10;0.25]

Mean [95% CI]

ES
0.26
0.42 [-0.63; 1.46]

-0.88 [-1.94; 0.18]

Mean [95% CI]

Reference

-1.06 [-2.29;0.16]

Mean [95% CI]

Between-group
differences

Within-group
differences

Within-group
differences

Between-group
differences

Baseline to 24 weeks

Baseline to 12 weeks (post-intervention)

0.29

ES

* Indicates significant differences (p<0.05).
ES effect size, EX exercise group, UC usual care group.
Between-group effects were assessed using mixed models including the measurements obtained at 12 and 24 weeks, adjusted for sex, hospital and
time since surgery, and the value of the outcome variable at baseline.
Within-group effects were assessed using mixed models including the measurements obtained at baseline, 12 and 24 weeks, adjusted for sex, hospital
and time since surgery, and the value of the outcome variable at baseline.
Baseline results and within-group differences were based on participants having baseline measurements (61 intervention and 59 usual care). Betweengroup differences were based on participants for whom measurements at 12 or 24 weeks were available (54 intervention and 56 usual care).
According to Cohen, ES<0.2 indicate ‘no difference’, ES of 0.2-0.5 indicate ‘small differences’, ES of 0.5-0.8 indicate ‘medium differences’ and ES≥0.8
49
indicate ‘large differences .

Reduced
motivation

Table 3 Continued
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Physical fitness
At 12 weeks, VO2peak (0.13 l/min, 95% CI 0.04 to 0.22; ES = 0.26) and peak power output
(16.9 W, 95% CI 9.0 to 24.7; ES = 0.36) were significantly higher in the exercise group
compared with usual care (Table 4). For VO2 and power output at VT, significant
differences in favor of the exercise group of 0.12 l/min (95% CI 0.03 to 0.21; ES = 0.36)
and 11.8 W (95% CI 2.4 to 21.2; ES = 0.37) were observed. Significant differences in
favor of the exercise group were found for VO2 at the RCP (0.13 l/min, 95% CI 0.01 to
0.25; ES = 0.29), but not for power output.
Table 4. Effects of the PERFECT exercise intervention on cardiorespiratory fitness.
Baseline

Baseline to 12 weeks (post-intervention)
Within-group
differences

Mean (SD)

Mean [95% CI]

Between-group
differences
Mean [95% CI]

ES
0.26

Cardiorespiratory fitness
Peak VO2 (L/min)
Peak VO2 (mL/
min/kg)
Peak power
output (Watt)
VO2 at VT (L/min)
VO2 at VT (mL/
min/kg)
Power output at
VT (Watt)
VO2 at RCP (L/
min)
VO2 at RCP (mL/
min/kg)

EX

0.19 [0.12;0.26]*

0.13 [0.04;0.22]*

UC 1.75 (0.49)

1.73 (0.51)

0.06 [0.003;0.12]*

Reference

EX

22.55 (5.46)

2.75 [1.81;3.69]*

1.80 [0.62;2.99]*

UC 22.35 (5.34)

0.86 [0.12;1.59]*

Reference

EX

20.28 [14.58;25.98]*

16.89
[9.03;24.74]*

UC 150.61 (47.32)

2.92 [-2.30;8.13]

Reference

EX

1.13 (0.37)

0.14 [0.08;0.20]*

0.12 [0.03;0.21]*

UC 1.16 (0.30)

0.01 [-0.06;0.08]

Reference

EX

14.75 (3.95)

2.25 [1.40;3.09]*

1.81 [0.58;3.03]*

UC 14.94 (3.63)

0.23 [-0.64;1.09]

Reference

EX

15.22 [8.65;21.78]*

11.81
[2.38;21.23]*

154.75 (47.55)

76.47 (34.46)

UC 78.90 (29.33)

1.40 [-5.93;8.73]

Reference

EX

1.55 (0.46)

0.25 [0.17;0.33]*

0.13 [0.01;0.25]*

UC 1.59 (0.43)

0.11 [0.02;0.19]*

Reference

3.56 [2.60;4.52]*

1.71 [0.20;3.22]*

1.43 [0.33;2.53]*

Reference

EX

19.95 (4.87)

UC 22.72 (18.97)

5

0.33
0.36

0.36
0.48
0.37

0.29
0.14
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Table 4 Continued
Baseline

Baseline to 12 weeks (post-intervention)
Within-group
differences

Power output at
RCP (Watt)

EX

Between-group
differences

Mean (SD)

Mean [95% CI]

Mean [95% CI]

ES

127.43 (40.98)

22.19 [14.41;29.96]*

8.53 [-4.37;21.43]

0.21

10.96 [1.44;20.47]*

Reference

UC 126.93 (39.94)

* Indicates significant differences (p<0.05).
ES effect size, EX exercise group, UC usual care group, VO2 oxygen uptake, VT ventilator threshold,
RCP respiratory compensation point.
Within- and between-group effects were assessed using ANCOVA including the measurements
obtained at baseline and 12 weeks, adjusted for sex, hospital and time since surgery, and the
value of the outcome variable at baseline.
Baseline results and within-group differences were based on participants having baseline
measurements (61 intervention and 59 usual care). Between-group differences were based on
participants for whom measurements at 12 or 24 weeks were available (54 intervention and
56 usual care).
According to Cohen, ES<0.2 indicate ‘no difference’, ES of 0.2-0.5 indicate ‘small differences’, ES
49
of 0.5-0.8 indicate ‘medium differences’ and ES≥0.8 indicate ‘large differences .
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5

Figure 3. Effects of the 12-week exercise intervention on QoL and fatigue 12 and 24 weeks
post-baseline for all participants and stratified for sex, type of surgery, subtype of carcinoma,
and time since surgery.
Intention-to-treat mixed linear regression models were used to calculate differences between the
exercise and usual care group at 12 and 24 weeks. Models were adjusted for the baseline value
of the outcome and stratification factors. Between-group differences were based on participants
for whom measurements at 12 or 24 weeks were available (EX: open surgery n=5; minimal
invasive n=49; <6 months n=36; ≥6 months n=18, men n=46; women n=8, adenocarcinoma n=45
and squamous cell carcinoma n=8, UC: open surgery n=6; minimal invasive n=50; <6 months
n=39; ≥6 months n=17; men n=49; women n=7; adenocarcinoma n=41; squamous cell carcinoma
50
n=10). Grey zones show the cut-off for clinically relevant (i.e., ≥10 points for QoL and ≥2 for
51
fatigue ) changes. Between-group differences are shown with corresponding 95% confidence
intervals. Confidence intervals not including 0 are considered statistically significant.
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Subgroup analyses
In general, similar exercise effects on QoL and fatigue were found for all subgroups at
12 and 24 weeks (Figure 3, Supplement 3-6). Men randomized to the exercise group
reported a significantly higher QoL summary score at 12 weeks compared with control
(4.4, 95% CI 0.9 to 7.9; ES = 0.33), whereas no effect was found in women. Compared
with controls, participants in the exercise group, who had undergone open surgery,
reported significantly lower levels of physical fatigue at 12 weeks (–7.1, 95% CI –10.5 to
–3.7; ES = 1.85) and significantly higher global QoL at 24 weeks (18.5, 95% CI 0.6 to 36.3;
ES = 1.00). Participants in the exercise group diagnosed with a squamous cell carcinoma
reported a significantly lower global QoL at 24 weeks, compared with control (–9.3,
95% CI –16.6 to –2.1; ES = 0.56). For QoL and fatigue, larger ESs were found in favor
of participants in the exercise group who participated at least 6 months post-surgery,
although these were not significant.

DISCUSSION
This large exercise RCT shows that patients after esophagectomy are well able to attend
a 12-week supervised exercise program and adhere to moderate- to high-intensity
exercises. The combined aerobic and resistance training resulted in small improvements
in QoL summary score, QoL role functioning and cardiorespiratory fitness at 12 weeks.
The intervention did also reduce levels of fatigue, albeit not significantly. Intervention
effects on QoL were attenuated after 24 weeks.
The almost 100% attendance and RDI reported in this study, shows that patients were
highly motivated and able to complete both resistance and moderate-to-high-intensity
aerobic exercise training after esophagectomy. Generally, attendance at an exercise
31
program, offered after cancer treatment, ranged from 62–78% , which highlights the
high acceptability of the supervised PERFECT exercise program. The studies in this review
consisted mainly of patients with breast cancer, who overall have fewer co-morbidities
32
compared with esophageal cancer survivors . Whereas caregivers often are hesitant to
33
advise patients with co-morbidities or in suboptimal condition to exercise , our results
show that a supervised exercise program, such as PERFECT, is very well tolerated. Also,
34
compared with the general Dutch population (47.1% in 2018) , adherence to the Dutch
Physical Activity Guideline during the intervention was high (75%).
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The authors found that patients reported a significantly higher QoL summary score
after completion of the supervised exercise program compared with that reported
by patients receiving usual care. Previous studies in patients with different types of
cancer have shown that the summary score is more sensitive to changes compared
35
36
with global QoL and that it has a strong prognostic value for overall survival .
Moreover, it is believed that the summary score takes all factors into consideration
that might influence a patient’s QoL, whereas this cannot be detected by a single global
QoL question. Importantly, supervised exercise exerts its effect on quality of life not
only through physical fitness and health, but also through social, mental and cognitive
37
factors (e.g., improvements in social environment and self-concept) . It is not one of
these factors alone, but the interplay between all factors that contributes to successful
rehabilitation in cancer patients.
Compared with the general European population, participants reported a poorer QoL
38
at baseline, especially in terms of role functioning . Role functioning comprises the
ability of an individual to engage in activities that are typical for their age and social
39
40
setting , which is perceived to remain substantially impaired into cancer survivorship .
We found that patients who participated in a 12-week supervised exercise intervention
experienced significantly and clinically relevant higher role functioning compared
with patients receiving usual care. These results indicate that patients are capable of
engaging in physical and social activities. This is an important finding, since a recent
mixed methods study observed that the majority of cancer patients find the impact of
41
the disease and its symptoms on everyday life most clinically important .

5

Patients had improved global QoL and levels of fatigue following the intervention,
although between-group differences were not significantly different. Nevertheless,
9,10
the ESs for global QoL and physical fatigue are in line with previous studies . The ES of
the present study might be diluted for several reasons. First, patients were not selected
on low baseline levels of QoL and fatigue (i.e., had a broad range of baseline levels of
global QoL/fatigue), whereas it is known that exercise effects are larger in individuals
42
who need it (i.e., with poor baseline values) . Second, these effects might have been
28
contaminated by the adoption of exercise behavior by the usual care group . Indeed, 10
patients allocated to usual care increased the time spent on moderate-to-high-intensity
physical activities for at least 60 minutes compared with baseline. Third, response shift,
which refers to the change in one’s self-evaluation of QoL, might mask the effect of
43
the exercise intervention on global QoL . Therefore, the authors added the recently
developed QoL summary scale to the primary outcome, which is more responsive to
changes over time. Indeed, they observed significant changes for this scale.
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The PERFECT exercise intervention had beneficial effects on both maximal and
submaximal cardiorespiratory fitness, suggesting the importance of supervised exercise
after esophageal cancer treatment with regard to physical recovery. Multimodality
44,45
treatment of esophageal cancer causes short- and long-term impairments in VO2peak .
Evidence indicates that poor VO2peak is associated with a high symptom burden (i.e.,
46
fatigue and lower QoL) and an increased risk of overall- and cancer-specific mortality .
The significant results observed at the submaximal level are highly relevant, since most
activities in daily life are performed on a submaximal level.
Most positive intervention effects were attenuated at 24 weeks. This might be explained
by the fact that participants allocated to the exercise intervention did not continue
exercising at the same intensity and that controls slightly improved their physical
activity behavior. It would be helpful to gain more insight into the patients’ barriers
and facilitators to physical exercise to enable the development of more effective and
targeted exercise interventions or advice designed to promote long-term behavior
change. Possibly, involving telemedicine, adding educational sessions and behavioral
change techniques to the intervention could help participants maintain a physically
47
active lifestyle after completion of an exercise program .
The present study has some limitations. The recruitment rate was rather low (33.5%),
which might hamper generalizability. Due to (self-)selection by the patient and/or
treating physician, patients who were enrolled had relatively favorable characteristics
(e.g., 53.3% of all participants had grade 2 or above surgical complications versus
48
64.5%of all patients receiving an esophagectomy in The Netherlands) . Patients
in greatest need of an exercise intervention (i.e., with higher fatigue levels, more
(severe) complications and co-morbidities) were less likely to participate. Based on
the exploratory subgroup analysis, it may be assumed that patients who have had
open surgery might benefit more from an exercise intervention, since they are more in
need of one (i.e., have a lower QoL). However, results of the subgroup analysis should
be interpreted with caution due to small subgroups. The study’s exercise intervention
did not include a dietary component, although this study population is at risk of
malnutrition. Usual care by a dietician was provided to both study groups. Future
exercise programs should study whether including a structured dietary intervention
would result in larger effects of the exercise intervention. Strengths of the present
study include a well-designed multicenter RCT including a large sample size and limited
loss to follow-up, the use of valid outcome measures and excellent adherence to the
supervised exercise program. The attendance and RDI were extensively monitored,
resulting in reliable and accurate data. Additionally, the PERFECT study used a pragmatic
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design by delivering the intervention at different sites with different physiotherapists,
increasing the external generalizability.
In conclusion, our study indicates that a supervised combined aerobic and resistance
exercise program is safe and feasible after esophagectomy. The exercise program
was effective in improving cardiorespiratory fitness and different aspects of QoL. We
recommend that supervised exercise training would be a beneficial addition to routine
care of patients with esophageal cancer. Prolonging the duration of the program and
targeting the exercise intervention to a specific subgroup of patients (e.g., patients with
poor QoL and high levels of fatigue) might further improve the effectiveness.
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SUPPLEMENTAL FILES
Supplement 1. Exercise training protocol.
Week

Aerobic training

Resistance training

1-3

15-20 min 40-60% HRR

4-8

15-20 min 60-70% HRR +
5-10 min 70-89% HRR

One set of 20-25 repetitions
at 20-RM weight for each
exercise*

9 - 12

10 min 60-75% HRR +
Interval training: 10 x 30 seconds vigorous to
maximal exercise, alternated with a 1-minute
active rest.

Two sets of 15-20 repetitions
at 15-RM weight for each
exercise**

*Rowing, bench press, squat, shoulder press, biceps curl, lunges, calf-raises, triceps extension,
abdominal crunch
** Rowing, bench press, squat, shoulder press, biceps curl, triceps extension, abdominal crunch/
hoover
HRR Heart Rate Reserve, RM Repetition Maximum
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EX 20.19 (23.06)
UC 15.52 (19.73)

EX 35.00 (23.23)
UC 28.81 (24.44)

EX 16.67 (20.97)
UC 15.82 (22.70)

EX 12.78 (20.55)
UC 11.78 (15.21)

EX 12.02 (18.69)
UC 12.71 (16.95)

EX 28.61 (26.27)
UC 24.01 (22.88)

EX 13.33 (26.04)
UC 14.12 (26.97)

EX 18.33 (27.58)
UC 20.90 (25.30)

EX 22.40 (27.55)
UC 19.21 (27.66)

Dysphagia

Eating
restrictions

Reflux

Odynophagia

Pain and
discomfort

Anxiety

Eating with
others

Dry mouth

Weight loss

Mean (SD)

-0.03 [-5.59;5.53]
-3.20 [-8.67;2.28]

-4.09 [-10.32;2.15]
-2.95 [-9.08;3.18]

-0.33 [-5.97;5.32]
-1.34 [-6.88;4.20]

-4.16 [-9.88;1.57]
-0.63 [-6.25;4.99]

-5.59 [-10.42;-0.76]*
0.14 [-4.38;4.66]

-1.94 [-5.28;1.40]
-3.08 [-6.37;0.22]

-0.18 [-6.28;5.92]
-0.28 [-6.33;5.77]

-8.13 [-13.03;-3.23]*
-5.50 [-10.30;-0.70]*

-8.10 [-12.66;-3.54]*
-3.95 [-8.49;0.60]

Mean [95% CI]

Within-group
differences

4.19 [-3.45;11.84]
Reference

-3.24 [-9.86;3.37]
Reference

0.24 [-6.40;6.89]
Reference

-0.76 [-8.14;6.63]
Reference

-1.92 [-8.14;4.30]
Reference

1.30 [-2.74;5.35]
Reference

0.61 [-6.63;7.84]
Reference

0.01 [-5.79;5.80]
Reference

-0.80 [-5.46;3.87]
Reference

Mean [95% CI]

Between-group
differences

Baseline to 12 weeks (post-intervention)

Supplement 2. Effects of exercise on esophageal cancer specific problems

Mean [95% CI]
-9.17 [-14.85;-3.48]*
-4.19 [-9.84;1.47]
-8.34 [-14.79;-1.88]*
-6.64 [-13.00;-0.27]*
1.84 [-5.46;9.13]
1.47 [5.79;8.73]
-2.35 [-6.76;2.07]
-2.82 [-7.19;1.55]
4.22 [-1.61;10.05]
3.90 [-1.88;9.68]
-0.74 [-8.10;6.61]
3.19 [-4.08;10.45]
-3.63 [-10.81;3.55]
-4.24 [-11.33;2.86]
-3.15 [-10.89;4.60]
-4.34 [-11.99;3.32]
1.45 [-6.00;8.89]
-2.43 [-9.79;4.93]

ES
0.04
<0.01
0.03
0.07
0.11
0.03
0.01
0.12
0.15

Within-group
differences

Baseline to 24 weeks

4.72 [-3.29;12.73]
Reference

-0.87 [-7.90;6.16]
Reference

-0.78 [-7.83;6.27]
Reference

0.47 [-7.30;8.23]
Reference

0.28 [-6.23;6.79]
Reference

0.62 [-3.59;4.83]
Reference

1.72 [-5.93;9.37]
Reference

1.19 [-4.90;7.28]
Reference

-1.27 [-6.16;3.63]
Reference

Mean [95% CI]

Between-group
differences

0.17

0.03

0.03

0.02

0.02

0.03

0.07

0.05

0.06

ES
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EX 21.11 (29.88)
UC 15.25 (23.29)

EX 8.20 (19.76)
UC 8.47 (18.04)

EX 10.56 (16.70)
UC 9.60 (17.46)

EX 43.17 (26.62)
UC 40.68 (28.91)

EX 12.57 (25.06)
UC 8.05 (18.94)

Trouble with
taste

Trouble
swallowing

Choked when
swallowing

Trouble with
coughing

Trouble talking
-5.69 [-10.42;-0.97]*
-1.19 [-5.90;3.52]

-14.12 [-21.27;-6.97]*
-9.38 [-16.42;-2.35]*

1.67 [-2.94;6.29]
-1.45 [-5.97;3.07]

-0.19 [-5.07;4.69]
-0.40 [-5.23;4.44]

-9.59 [-15.61;-3.57]*
-3.82 [-9.74;2.10]

-2.94 [-7.72;1.85]
0.43 [-4.29;5.16]

Mean [95% CI]

ES

-1.19 [-6.43;4.06]
Reference

-2.95 [-11.46;5.55]
Reference

4.09 [-0.91;9.09]
Reference

0.22 [-5.27;5.71]
Reference

-2.78 [-9.70;4.15]
Reference

-2.93 [-9.07;3.20]
Reference

Mean [95% CI]

0.05

0.11

0.24

0.01

0.10

0.13

-7.05 [-12.96;-1.14]*
-0.96 [-6.88;4.97]

-12.36 [-21.27;-3.45]*
-7.05 [-15.90;1.79]

0.02 [-5.54;5.58]
-2.39 [-7.89;3.12]

-0.90 [-6.76;4.95]
-3.16 [-8.99;2.67]

-10.67 [-18.22;-3.11]*
-1.19 [-8.66;6.28]

0.83 [-5.45;7.12]
2.89 [-3.34;9.11]

Mean [95% CI]

Within-group
differences

Within-group
differences

Between-group
differences

Baseline to 24 weeks

Baseline to 12 weeks (post-intervention)

-2.37 [-7.92;3.19]
Reference

-4.10 [-13.06;4.86]
Reference

3.51 [-1.79;8.80]
Reference

2.05 [-3.77;7.87]
Reference

-7.03 [-14.26;0.20]
Reference

-1.01 [-7.47;5.45]
Reference

Mean [95% CI]

Between-group
differences

0.11

0.15

0.21

0.11

0.26

0.05

ES

* Indicates significant differences (p<0.05).
ES effect size, I exercise group, UC usual care group.
Between-group effects were assessed using mixed models including the measurements obtained at 12 and 24 weeks, adjusted for sex, hospital and
time since surgery, and the value of the outcome variable at baseline.
Within-group effects were assessed using mixed models including the measurements obtained at baseline, 12 and 24 weeks, adjusted for sex, hospital
and time since surgery, and the value of the outcome variable at baseline.
Baseline results and within-group differences were based on participants having baseline measurements (61 intervention and 59 usual care). Betweengroup differences were based on participants for whom measurements at 12 or 24 weeks were available (54 intervention and 56 usual care).
According to Cohen, ES<0.2 indicate ‘no difference’, ES of 0.2-0.5 indicate ‘small differences’, ES of 0.5-0.8 indicate ‘medium differences’ and ES≥0.8
49
indicate ‘large differences .

EX 11.48 (21.73)
UC 12.43 (22.94)

Body image

Mean (SD)
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UC

EX

UC

Global

QoL

EX

UC

QoL

score

EX

Global

Summary

UC

score

invasive

EX

Summary

Minimal-

Open

EORTC QLQ C-30

70.9 (16.15)

69.0 (16.03)

81.7 (12.44)

81.5 (12.86)

72.2 (17.16)

50.0 (20.03)

72.2 (17.16)

50.0 (20.03)

Mean (SD)

Baseline

4.14 [-0.03;8.32]

9.83 [5.64;14.01]*

3.08 [0.46;5.70]*

6.38 [3.73;9.02]*

2.78 [-12.65;18.20

5.00 [-11.90;21.90]

-5.96 [-12.48;0.55]

0.34 [-7.25;7.94]

Reference

3.34 [-1.67;8.35]

Reference

3.29 [-0.08;6.67]

Reference

5.12 [-12.78;23.01]

Reference

5.83 [-3.46;15.12]

Mean [95% CI]

differences

differences
Mean [95% CI]

Between-group

Within-group

Baseline to 12 weeks (post-intervention)

0.26

0.26

-4.61 [-9.97;0.75]
Reference

3.49 [-1.84;8.82]

Reference

2.03 [-3.27;7.33]

0.31 [-3.27;3.89]

2.33 [-1.19;5.84]

Reference

[-8.23;30.45]
3.40 [-0.13;6.94]

18.45 [0.56; 36.34]*

26.67 [5.48;47.85]*

Reference

4.37 [-4.54;13.27]
0.28

-0.19 [-9.32;8.94]

5.16 [-4.60;14.92]

0.31

differences
Mean [95% CI]

Mean [95% CI]

differences
ES

Between-group

Within-group

Baseline to 24 weeks

Supplement 3. Effects of the PERFECT exercise intervention on quality of life and general and physical fatigue stratified for type of surgery.
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Mean (SD)

Baseline

EX

UC

Physical

fatigue

12.36 (4.12)

12.17 (3.87)

11.57 (3.92)

11.79 (3.38)

10.50 (5.34)

15.40 (2.32)

10.17 (3.11)

12.40 (3.62)

-2.13 [-3.19;-1.07]*

-2.98 [-4.04;-1.92]*

-1.46 [-2.36;-0.55]*

-1.96 [-2.86;-1.05]*

-0.17 [-3.09;2.76]

-5.80 [-9.00;-2.60]*

0.33 [-2.19;2.86]

-1.00 [-3.77;1.77]

ES
0.42

Reference

-0.84 [-2.25;0.57]

Reference

-0.42 [-1.63;0.80]

Reference

0.21

0.12

-7.07 [-10.46;-3.68]* 1.85

Reference

-1.40 [-4.53;1.73]

Mean [95% CI]

differences

differences
Mean [95% CI]

Within-group

Between-group

Within-group

-1.39 [-2.74;-0.03]*

-2.43 [-3.78;-1.07]

-0.74 [-1.94;0.45]

-1.14 [-2.34;0.05]

-2.33 [-6.17;1.50]

-5.40 [-9.60;-1.20]

-2.00 [-5.32;1.32]

-1.00 [-4.64;2.64]

Mean [95% CI]

differences

Baseline to 24 weeks

Baseline to 12 weeks (post-intervention)

Reference

-0.94 [-2.43;0.56]

Reference

-0.25 [-1.54;1.04]

Reference

-4.50 [-7.90;-1.11]

Reference

0.93 [-2.20;4.06]

Mean [95% CI]

differences

Between-group

0.24

0.07

1.17

0.28

ES

* Indicates significant differences (p<0.05). ES effect size, EX exercise group, UC usual care group.
Between-group effects were assessed using mixed models including the measurements obtained at 12 and 24 weeks, adjusted for sex, hospital and time
since surgery, and the value of the outcome variable at baseline. Within-group effects were assessed using mixed models including the measurements
obtained at baseline, 12 and 24 weeks, adjusted for sex, hospital and time since surgery, and the value of the outcome variable at baseline. Baseline
results and within-group differences were based on participants having baseline measurements (EX: open surgery n=5 and minimal invasive n=56, UC:
open surgery n=6 and minimal invasive n=53). Between-group differences were based on participants for whom measurements at 12 or 24 weeks were
available (EX: open surgery n=5 and minimal invasive n=49, UC: open surgery n=6 and minimal invasive n=50). According to Cohen, ES<0.2 indicate ‘no
49
difference’, ES of 0.2-0.5 indicate ‘small differences’, ES of 0.5-0.8 indicate ‘medium differences’ and ES≥0.8 indicate ‘large differences .

UC

fatigue

UC

fatigue

invasive

EX

Physical

EX

UC

fatigue

General

EX

General

Minimal-

Open

Multidimensional Fatigue Inventory (MFI)
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EORTC QLQ C-30
<6 months
Summary
score
Global
QoL
≥6 months
Summary
score
Global
QoL

EX
UC
EX
UC
EX
UC
EX
UC

80.03 (14.16)
80.86 (12.40)
62.85 (18.46)
70.00 (16.29)
81.86 (13.46)
84.55 (13.19)
70.83 (13.42)
73.25 (15.81)

Mean (SD)

Baseline

6.42 [3.22;9.61]*
3.58 [0.56;6.61]*
11.52 [6.47;16.57]*
5.98 [1.08;10.88]*
4.95 [0.74;9.15]*
-1.31 [-5.71;3.09]
5.08 [-2.55;12.70]
-0.20 [-8.05;7.64]

2.68 [-1.47;6.84]
Reference
2.09 [-4.43;8.60]
Reference
4.85 [-0.88;10.57]
Reference
5.04 [-4.27;14.34]
Reference

Baseline to 12 weeks (postintervention)
Within-group
Between-group
differences
differences
Mean [95% CI]
Mean [95% CI]
0.20 5.52 [1.30;9.74]*
4.66 [0.59;8.74]*
0.12 7.76 [1.41;14.11]*
6.86 [0.63;13.10]*
0.36 -0.38 [-6.12;5.37]
-1.52 [-7.47;4.44]
0.34 -2.11 [-11.74;7.52]
-0.53 [-10.53;9.48]

ES

Within-group
differences
Mean [95% CI]

Baseline to 24 weeks

0.07 [-4.22;4.35]
Reference
-2.87 [-9.62;3.88]
Reference
-0.88 [-7.07;5.32]
Reference
-3.59 [-14.01;6.84]
Reference

Between-group
differences
Mean [95% CI]

Supplement 4. Effects of the PERFECT exercise intervention on quality of life and general and physical fatigue stratified for time since surgery.
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Baseline

0.08 -1.47 [-2.87;-0.06]*
-1.78 [-3.14;-0.41]*
0.31 -3.31 [-4.80;-1.82]*
-2.70 [-4.15;-1.25]*
0.39 -0.34 [-2.26;1.58]
1.03 [-0.96;3.02]
0.43 -1.28 [-3.77;1.20]
1.17 [-1.41;3.75]

-0.29 [-1.79;1.22]
Reference
-1.21 [-2.94;0.52]
Reference
-1.40 [-3.18;0.39]
Reference
-1.79 [-4.18;0.61]
Reference

-1.83 [-2.91;-0.75]*
-1.61 [-2.66;-0.56]*
-3.45 [-4.61;-2.28]*
-2.49 [-3.62;-1.37]*
-1.91 [-3.33;-0.50]*
-0.51 [-1.96;0.95]
-2.75 [-4.68;-0.82]*
-0.67 [-2.66;1.32]

Within-group
differences
Mean [95% CI]

ES

Baseline to 24 weeks

Baseline to 12 weeks (postintervention)
Within-group
Between-group
differences
differences
Mean [95% CI]
Mean [95% CI]
0.26 [-1.29;1.81]
Reference
-0.83 [-2.59;0.93]
Reference
-1.64 [-3.61;0.33]
Reference
-2.39 [-5.06;0.28]
Reference

Between-group
differences
Mean [95% CI]

0.58

0.45

0.21

0.07

ES

* Indicates significant differences (p<0.05).
ES effect size, EX exercise group, UC usual care group.
Between-group effects were assessed using mixed models including the measurements obtained at 12 and 24 weeks, adjusted for sex and hospital, and
the value of the outcome variable at baseline. Within-group effects were assessed using mixed models including the measurements obtained at baseline,
12 and 24 weeks, adjusted for sex and hospital, and the value of the outcome variable at baseline. Baseline results and within-group differences were
based on participants having baseline measurements (EX: <6 months n=41 and ≥6 months n=20, UC: <6 months n=40 and ≥6 months n=19). Betweengroup differences were based on participants for whom measurements at 12 or 24 weeks were available (EX: <6 months n=36 and ≥6 months n=18,
UC: <6 months n=39 and ≥6 months n=17). According to Cohen, ES<0.2 indicate ‘no difference’, ES of 0.2-0.5 indicate ‘small differences’, ES of 0.5-0.8
49
indicate ‘medium differences’ and ES≥0.8 indicate ‘large differences .

Mean (SD)
Multidimensional Fatigue Inventory (MFI)
<6 months
General
EX 11.68 (3.47)
fatigue
UC 11.93 (3.70)
Physical
EX 12.54 (4.05)
fatigue
UC 12.80 (3.87)
≥6 months
General
EX 12.15 (3.24)
fatigue
UC 10.37 (4.03)
Physical
EX 12.20 (3.49)
fatigue
UC 10.84 (4.80)
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Women

Summary
score
Global QoL

EORTC QLQ C-30
Men
Summary
score
Global QoL

EX
UC
EX
UC
EX
UC
EX
UC

81.38 (14.11)
82.26 (13.03)
69.38 (16.72)
71.47 (16.94)
76.29 (13.25)
80.46 (11.85)
56.48 (16.55)
67.86 (10.13)

Mean (SD)

Baseline

6.17 [3.44;8.90]*
1.55 [-1.08;4.18]
8.17 [3.61;12.74]*
2.87 [-1.58;7.32]
4.88 [-2.56;12.32]
5.87 [-2.25;13.98]
17.51 [5.30;29.73]*
11.91 [-1.60;25.41]

4.43 [0.94;7.92]*
Reference
3.56 [-1.95;9.07]
Reference
-5.17 [-14.57;4.24]
Reference
1.10 [-13.76;15.97]
Reference
0.08

0.41

0.21

0.33

Baseline to 12 weeks (post-intervention)
Within-group
Between-group
differences
differences
Mean [95% CI]
Mean [95% CI]
ES
3.49 [-0.15;7.13]
2.07 [-1.51;5.65]
3.30 [-2.49;9.09]
3.83 [-1.90;9.56]
5.41 [-3.72;14.53]
6.96 [-2.23;16.15]
13.67 [1.68;25.66]*
8.33 [-4.32;20.98]

0.47 [-3.17;4.12]
Reference
-3.08 [-8.92;2.76]
Reference
-6.38 [-16.40;3.63]
Reference
3.02 [-12.69;18.73]
Reference

Baseline to 24 weeks
Within-group
Between-group
differences
differences
Mean [95% CI]
Mean [95% CI]

Supplement 5. Effects of the PERFECT exercise intervention on quality of life and general and physical fatigue stratified for time since sex.
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Baseline

0.58

0.02

0.30

-0.27 [-1.52;0.99]
Reference
-0.82 [-2.32;0.69]
Reference
3.48 [-0.22;7.18]
Reference
-0.23 [-4.98;4.53]
Reference

-1.02 [-2.23;0.16]
-0.61 [-1.78;0.56]
-2.27 [-3.65;-0.89]*
-1.59 [-2.95;-0.23]*
-2.01 [-4.70;0.68]
-2.57 [-5.41;0.27]
-5.30 [-8.47;2.14]
-0.71 [-4.06;2.63]

0.06

-1.67 [-2.56;-0.77]*
-1.38 [-2.25;-0.51]*
-3.10 [-4.17;-2.04]*
-1.99 [-3.03;-0.95]*
-3.28 [-6.02;-0.54]*
-0.43 [-3.46;2.60]
-4.18 [-7.24;-1.12]*
-1.29 [-4.65;2.08]

-0.24 [-1.43;0.95]
Reference
-1.26 [-2.70;0.18]
Reference
0.07 [-3.45;3.60]
Reference
1.63 [-3.03;6.29]
Reference

Baseline to 24 weeks
Within-group
Between-group
differences
differences
Mean [95% CI]
Mean [95% CI]

Baseline to 12 weeks (post-intervention)
Within-group
Between-group
differences
differences
Mean [95% CI]
Mean [95% CI]
ES

0.08

1.19

0.20

0.07

ES

* Indicates significant differences (p<0.05).
ES effect size, EX exercise group, UC usual care group.
Between-group effects were assessed using mixed models including the measurements obtained at 12 and 24 weeks, adjusted for hospital and time
since surgery, and the value of the outcome variable at baseline. Within-group effects were assessed using mixed models including the measurements
obtained at baseline, 12 and 24 weeks, adjusted for hospital and time since surgery, and the value of the outcome variable at baseline. Baseline results
and within-group differences were based on participants having baseline measurements (EX: men n=52 and women n=9, UC: men n=52 and women
n=7). Between-group differences were based on participants for whom measurements at 12 or 24 weeks were available (EX: men n=46 and women
n=8, UC: men n=49 and women n=7). According to Cohen, ES<0.2 indicate ‘no difference’, ES of 0.2-0.5 indicate ‘small differences’, ES of 0.5-0.8 indicate
49
‘medium differences’ and ES≥0.8 indicate ‘large differences .

Mean (SD)
Multidimensional Fatigue Inventory (MFI)
Men
General
EX 11.50 (3.45)
fatigue
UC 11.54 (3.97)
Physical
EX 12.06 (3.90)
fatigue
UC 12.46 (4.44)
Women General
EX 13.78 (2.54)
fatigue
UC 10.57 (3.31)
Physical
EX 14.56 (3.25)
fatigue
UC 10.00 (2.38)
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UC
EX
UC

score

Global

QoL

carcinoma

UC
EX

QoL

Summary

68.94 (13.99)

72.22 (19.09)

79.56 (10.39)

77.79 (15.05)

71.90 (15.54)

66.84 (16.54)

82.61 (12.90)

UC
EX

score

80.70 (13.98)

EX

Global

Summary

Squamous cell

Adenocarcinoma

EORTC QLQ C-30

Mean (SD)

Baseline

differences

-2.64 [-9.42;4.15]

8.00 [0.43;15.57]*

1.49 [-4.89;7.86]

11.12 [4.00;18.24]*

5.74 [0.89;10.59]*

9.08 [4.48;13.69]*

2.60 [-0.23;5.43]

4.96 [2.24;7.68]*

-9.34 [-16.62;-2.06]*
Reference

1.67 [-6.58;9.92]
7.69 [0.08;15.29]*

6.69 [-0.28;13.66]

0.40

Reference

5.79 [-1.74;13.32]

Reference
Reference

Reference
1.27 [-6.63;9.17]

1.91 [-4.37;8.19]
11.61 [3.11;20.10]*

0.60

Reference
7.57 [-0.02;15.15]

Reference
-0.84 [-7.39;5.71]

1.75 [-2.15;5.64]
4.00 [-1.92;9.92]

0.05

-0.53 [-4.49;3.43]

1.91 [-1.78;5.61]

0.18

differences
Mean [95% CI]

differences
Mean [95% CI]

Between-group

Within-group

Baseline to 24 weeks

ES

0.87 [-5.32;7.05]

Reference

2.42 [-1.36;6.21]

Mean [95% CI]

differences
Mean [95% CI]

Between-group

Within-group

intervention)

Baseline to 12 weeks (post-

Supplement 6. Effects of the PERFECT exercise intervention on quality of life and general and physical fatigue stratified for histological subtype.
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Mean (SD)

Baseline

EX
UC

Physical

fatigue
13.64 (3.08)

11.78 (3.77)

11.73 (3.20)

11.11 (4.08)

12.02 (4.64)

12.64 (3.89)

11.44 (4.08)

12.10 (3.34)

-0.61 [-3.12;1.89]

-2.33 [-5.11;0.46]

-0.03 [-2.12;2.06]

-2.26 [-4.60;0.07]

-2.50 [-3.64;-1.37]*

-3.41 [-4.49;-2.33]*

-1.72 [-2.70;-0.73]*

-1.79 [-2.73;-0.85]*

Reference

-1.61 [-5.08;1.87]

Reference

-1.73 [-4.51;1.05]

Reference

-0.72 [-2.23;0.80]

Reference

0.20 [-1.11;1.51]

Mean [95% CI]

differences

differences
Mean [95% CI]

Between-group

Within-group

intervention)

Baseline to 12 weeks (post-

0.47

0.48

0.17

0.05

ES

-3.33 [-5.90;-0.76]*

-3.71 [-6.50;-0.92]*

-1.97 [-4.19;0.25]

-2.15 [-4.56;0.25]

-1.13 [-2.63;0.36]

-2.29 [-3.71;-0.87]*

-0.73 [-2.05;0.60]

-0.87 [-2.13;0.39]

Mean [95% CI]

differences

Within-group

Baseline to 24 weeks

Reference

-0.48 [-4.00;3.04]

Reference

0.47 [-2.39;3.34]

Reference

-1.01 [-2.60;0.58]

Reference

0.16 [-1.22;1.54]

Mean [95% CI]

differences

Between-group

0.14

0.13

0.24

0.04

ES

* Indicates significant differences (p<0.05). ES effect size, EX exercise group, UC usual care group.
Between-group effects were assessed using mixed models including the measurements obtained at 12 and 24 weeks, adjusted for sex, hospital and time
since surgery, and the value of the outcome variable at baseline. Within-group effects were assessed using mixed models including the measurements
obtained at baseline, 12 and 24 weeks, adjusted for sex, hospital and time since surgery, and the value of the outcome variable at baseline. Baseline
results and within-group differences were based on participants having baseline measurements (EX: adenocarcinoma n=49 and squamous cell carcinoma
n=9, UC: adenocarcinoma n=43 and squamous cell carcinoma n=11). Between-group differences were based on participants for whom measurements
at 12 or 24 weeks were available (EX: adenocarcinoma n=45 and squamous cell carcinoma n=8, UC: adenocarcinoma n=41 and squamous cell carcinoma
n=10). According to Cohen, ES<0.2 indicate ‘no difference’, ES of 0.2-0.5 indicate ‘small differences’, ES of 0.5-0.8 indicate ‘medium differences’ and
49
ES≥0.8 indicate ‘large differences .

UC

EX

UC

fatigue

fatigue

EX

Physical

General

UC

carcinoma

EX

General

fatigue

Squamous cell

Adenocarcinoma

Multidimensional Fatigue Inventory (MFI)
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Doxorubicin-induced skeletal
muscle atrophy
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ABSTRACT
Aim Loss of skeletal muscle mass is a common clinical finding in cancer patients. The
purpose of this meta-analysis and systematic review was to quantify the effect of
doxorubicin on skeletal muscle and report on the proposed molecular pathways possibly
leading to doxorubicin-induced muscle atrophy in both human and animal models.
Methods A systematic search of the literature was conducted in PubMed, EMBASE,
Web of Science and CENTRAL databases. The internal validity of included studies was
assessed using SYRCLE’s risk of bias tool.
Results Twenty eligible articles were identified. No human studies were identified as
being eligible for inclusion. Doxorubicin significantly reduced skeletal muscle weight
(i.e., EDL, TA, gastrocnemius and soleus) by 14% (95% CI: 9.9; 19.3) and muscle fiber
cross-sectional area by 17% (95% CI: 9.0; 26.0) when compared to vehicle controls.
Parallel to negative changes in muscle mass, muscle strength was even more decreased
in response to doxorubicin administration. This review suggests that mitochondrial
dysfunction plays a central role in doxorubicin-induced skeletal muscle atrophy.
The increased production of ROS plays a key role within this process. Furthermore,
doxorubicin activated all major proteolytic systems (i.e., calpains, the ubiquitinproteasome pathway and autophagy) in the skeletal muscle. Although each of these
proteolytic pathways contributes to doxorubicin-induced muscle atrophy, the activation
of the ubiquitin-proteasome pathway is hypothesized to play a key role. Finally, a limited
number of studies found that doxorubicin decreases protein synthesis by a disruption
in the insulin signaling pathway.
Conclusion The results of the meta-analysis show that doxorubicin induces skeletal
muscle atrophy in preclinical models. This effect may be explained by various interacting
molecular pathways. Results from preclinical studies provide a robust setting to
investigate a possible dose-response, separate the effects of doxorubicin from tumorinduced atrophy and to examine underlying molecular pathways. More research is
needed to confirm the proposed signaling pathways in humans, paving the way for
potential therapeutic approaches.
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INTRODUCTION
Doxorubicin is the most widely used anthracycline cytostatic agent offering the most
1
favorable approach to treating solid tumors and haematological malignancies . The
main anti‐neoplastic effects of doxorubicin include its ability to interfere with the DNA
1,2
helix and to bind proteins involved in DNA replication and transcription . Ultimately,
such interactions result in cell death because of an inhibition of DNA, RNA and protein
synthesis. However, because of this non‐specific mechanism of action, healthy cells
with a high proliferative potential are also affected. As a consequence detrimental
side effects, including nausea, hair and weight loss, fatigue, cardiotoxicity and skeletal
muscle atrophy, presently limit the clinical use of higher and more effective doses of
1–3
doxorubicin when administered systemically . Strategies to resolve this problem would
4
entail either local delivery of the drug to tumours or concomitant administration of
drugs to limit or even prevent unwanted side effects. The latter will require improved
understanding of the mechanistic basis of doxorubicin‐induced damage to non‐tumor
cells. The present study was undertaken to specifically evaluate and review current
knowledge of the relation between doxorubicin treatment and skeletal muscle tissue.
Patients undergoing cytotoxic chemotherapy often experience changes in body mass
and composition because of reduced food intake and metabolic changes, including
the development of an inflammatory environment, an increased energy expenditure
5
and excess catabolism . Estimates suggest that up to 80% of patients with cancer
6,7
experience weight loss . Excessive wasting of skeletal muscle is assumed to contribute
to these alterations in body mass. The prevalence of muscle atrophy varies from 14%
in patients with early stage breast cancer, to 27% in patients with advanced breast
cancer and 55%‐56% in patients with non‐Hodgkin lymphoma. Up to now, the extent
to which cytotoxic chemotherapy contributes to skeletal muscle atrophy is not clear.
Therefore, the goal of the present study was to determine the extent to which skeletal
muscle tissue is impacted by doxorubicin treatment. To date, preclinical studies have
shown that chemotherapy alone, independent of neoplastic disease, can promote
8,9
muscle loss . In patients with cancer with both early and advanced stage disease,
10
the loss of muscle mass negatively affects clinical and patient‐reported outcomes . It
can lead to the loss of muscle strength, progressive functional impairment, increased
11,12
levels of fatigue and, thereby decreased quality of life . The combination of fatigue
and reduced muscle strength is a significant burden for cancer patients and can last
13
up to 10 years following the cessation of chemotherapy . Furthermore, it has been
reported that skeletal muscle loss is a strong prognostic factor for prognosis and drug‐
14,15
associated toxicity, regardless of body weight loss . Conversely, cancer patients with

6
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higher muscle mass generally tolerate higher, and, therefore, more effective doses of
16,17
chemotherapy, which in turn increases the chance of disease‐free survival .
Since it has been suggested that doxorubicin induces skeletal muscle atrophy, it is
important to develop a countermeasure to prevent doxorubicin‐induced skeletal muscle
atrophy by acquiring a detailed understanding of the mechanisms responsible for this
unwanted side effect. While the mechanisms by which cancer induces skeletal muscle
7,11,18
atrophy have been extensively studied
, less is known about the specific effects of
doxorubicin on skeletal muscle tissue. Emerging evidence suggests that doxorubicin
2,19–22
possibly leading to mitochondrial dysfunction, a process
induces oxidative stress
closely associated with the activation of proteolytic signaling pathways. Another
molecular pathway that seems to be involved in doxorubicin‐induced skeletal muscle
23
wasting is the ubiquitin‐dependent proteasome pathway . In addition, autophagy
has also been put forward as a potential mechanism involved in doxorubicin‐induced
23,24
protein degradation . However, individual studies have been focusing on particular
molecular pathways instead of comparing the relative contribution of these pathways
to doxorubicin‐induced skeletal muscle atrophy. Therefore, the exact mechanisms
and molecular pathways responsible for doxorubicin‐induced skeletal muscle atrophy
remain elusive.
Currently, reports on the effect of doxorubicin on human skeletal muscle tissue are
limited. Available data on the effect of doxorubicin on skeletal muscle tissue and
the above mentioned molecular pathways are mainly obtained from animal models.
Although animal models do not replicate all aspects of muscle atrophy in humans,
results from preclinical studies do provide a controlled and valuable model to examine
the effect of doxorubicin on skeletal muscle and identify the proposed molecular
18
pathways in a cancer and non‐cancer setting . Furthermore, results from preclinical
studies provide a robust setting to investigate a possible dose‐response, separate
the effects of doxorubicin from tumor‐induced atrophy and to examine underlying
molecular pathways and test potential therapeutic targets.
The aim of this meta‐analysis and systematic review was to evaluate and review current
knowledge of the effects of doxorubicin on skeletal muscle tissue, in terms of skeletal
muscle weight, muscle fiber cross‐sectional area (CSA), and muscle strength, and to
provide insight into the underlying molecular mechanisms behind these effects. First,
we quantified the effect of doxorubicin on skeletal muscle (i.e., skeletal muscle weight
and muscle fiber CSA) by conducting a meta‐analysis. Second, we evaluated the findings
of studies that assessed muscle strength and the molecular pathways of the effect of
doxorubicin on skeletal muscle tissue in both human and animal models. Lastly, we
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delineated the potential significance of these proposed mechanisms with respect to
the development of targeted therapeutic strategies.

METHODS
This meta‐analysis and systematic review is based on eligible, published results of
human and animal experiments studying the effect of doxorubicin on skeletal muscle
tissue and/or the proposed underlying mechanisms of this effect. The inclusion criteria
were specified in advance. The requirements of the PRISMA (Preferred Reporting Items
25
for Systematic Reviews and Meta‐Analyses) statement were followed .
Search strategy and selection of studies
A comprehensive and systematic search of the literature was conducted in PubMed,
EMBASE, Web of Science and CENTRAL databases (last search performed February 5th,
2018). A Population Intervention Comparison Outcome (PICO) framework was adopted
to structure the search strategy. The search strategy was developed in collaboration
with an information specialist from the university library of Karolinska Institutet,
Sweden. The searches were limited to animal and human studies and no time filter
was applied. Only Dutch and English articles, published in peer‐reviewed journals, were
considered. The detailed search strategy is provided in Supplement 1. Reference lists
of the selected relevant papers were scrutinized to identify additional eligible studies.
The citations with abstracts were uploaded into a reference database (Mendeley) and
checked for duplicates. Subsequently, the citations with abstracts were uploaded into
26
the web application Rayyan for efficient abstract screening .

6

First, two researchers (AEH and KAB) independently assessed all titles and abstracts.
Subsequently, the full‐text of all publications potentially eligible for inclusion was
assessed. Discrepancies were resolved by discussion and if necessary a third reviewer
(AMM) was consulted. Studies were included when they met the pre‐specified
inclusion criteria: (a) design: randomized controlled trials (RCT) or controlled trials
(CT); (b) population: humans, aged 18 years and older, diagnosed with a solid tumor
or (non‐) tumor‐bearing animals in vivo; (c) intervention: doxorubicin administration;
(d) comparison: an appropriate control group (defined as a control comparison group
without tumor not receiving doxorubicin at any time point during the trial or control
comparison group with tumor not receiving doxorubicin at any time point during the
trial); (e) outcome: (1) quantification of the effect of doxorubicin on skeletal muscle
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(in terms of CSA of skeletal muscle fibers (μm ) or muscle mass (mg/g)) and/or (2) a
description of the proposed underlying molecular pathways of this effect.
Risk of bias assessment
The internal validity of included studies was independently assessed by two researchers
27
(AEH and KAB) using SYRCLE’s risk of bias tool . This tool is based on the Cochrane
28
Collaboration risk of bias tool and has been adapted to aspects of bias that play a role
in experimental animal studies. The tool contains 10 entries, which are related to 6 types
of bias: selection bias, performance bias, detection bias, attrition bias, reporting bias
and “other” biases. The score “yes” indicates a low risk of bias, whereas “no” indicates
a high risk of bias and “?” an unclear risk of bias.
In order to give a representative and realistic overview of the internal validity of all
included studies, authors of the included studies were contacted and asked to clarify
some components of this tool if not reported in the publication. In addition to SYRCLE’s
risk of bias tool, five entries were added to overcome the problem of judging too
many items as unclear risk of bias. Therefore, data on five study quality indicators
were extracted: (a) any measure of randomization; (b) any measure of blinding; (c)
temperature regulation; (d) ethical approval and (e) conflict of interest statement. For
these additional items, a “yes” indicates reported, and a “no” indicates unreported.
Data extraction
One investigator (AEH) extracted data. Information from papers was extracted related
to: study aim, study design, type of study population, sample size, demographical
characteristics and outcome measures. The primary outcome, the effect of doxorubicin
2
on skeletal muscle, was measured as skeletal muscle fiber CSA (μm ) and/or as muscle
weight of soleus, gastrocnemius, tibialis anterior or extensor digitorum longus muscle.
Group averages (mean) with corresponding standard deviation (SD) or standard
error (SE), and number of animals per group (n) were extracted for both outcomes, if
available. The authors were contacted to request these point estimates and measures
of variability, if the results were presented incomplete or graphically only. In case of no
response, graphically presented data were converted to numerical data by eyeballing.
Data‐analysis
Data were synthesized to compare the outcomes, skeletal muscle fiber CSA and
skeletal muscle weight, for subjects receiving doxorubicin and subjects not receiving
doxorubicin. Percentage change in the outcome was calculated (e.g., mean muscle
weight in the doxorubicin‐treated group minus mean muscle weight in the vehicle
control group, divided by mean muscle weight in the vehicle control group) with
148
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corresponding 95% confidence interval (CI). The percentage change in the outcome
across all individual studies was pooled to obtain an overall percentage change and
95% CI. For the outcome skeletal muscle weight, subgroup analyses were conducted to
assess the effect of doxorubicin on specific limb muscles. Heterogeneity was quantified
2
by I . Since significant heterogeneity was present, a random effects model was applied
to account for variation between studies. Data were analyzed using R version 3.5.0.
Regarding the underlying molecular mechanisms of doxorubicin‐induced skeletal muscle
atrophy, a qualitative summary of the available evidence was produced.

RESULTS
Study selection process
Details of the study selection process are depicted in a flow chart (Figure 1). The search
strategy retrieved 367 unique records. The selection procedure resulted in 20 eligible
articles.

6
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Figure 1. PRISMA Flow Diagram of the study selection process.

Study characteristics
Details of the study characteristics (e.g., strain, dosing schedule and concentration) are
shown in Table 1. Studies conducted in humans were not identified as being eligible
because of the absence of an appropriate control group. All eligible articles involved
studies conducted in rodents without tumors, of which 9 were in mice and 11 in rats.
Data were predominantly obtained in males (75%). A dose of 20 mg/kg in rodents is in
the range of the commonly used human dose when scaled according to the commonly
29,30
applied methods . Nine studies used this dose (45%), whereas various lower doses
were used in the other studies. The majority of studies (75%) examined the short‐term
effects (20‐72 hours) of doxorubicin on skeletal muscle, whereas six studies examined
31
the long‐term effects (5 days to 4 weeks, which is equivalent to 2‐11 human years )
of doxorubicin.
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1. Doxorubicin (n=8)
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(n=8)
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weeks
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1. Doxorubicin (n=6)
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Experimental groups (n)

Study characteristics

receptor

and TNFR-1

Gilliam et al. C57BL/6
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Gilliam et al. C57BL/6

2013

M

M

F344/Crl

Dirks-

Naylor et al. rats

Sex Age

Species
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Animal characteristics

Study ID

Table 1. Characteristics of included studies.
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6

·
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5
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Dose (mg/
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Study ID
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Risk of bias and quality of reporting
The risk of bias and study quality assessment of individual studies is presented in
Supplement 2. When assessing the individual components of the SYRCLE’s risk of bias
tool, inadequate reporting of the methodology often led to an unclear risk of bias
(Figure 2A). Of the three entries that are related to selection bias, random and blinded
group allocation were most poorly reported. Originally, the details of methods used for
both randomization and blinding of the outcome assessor were unclear in all included
articles. Only after contacting the authors, these methods were clarified for nine
studies. Studies that matched vehicle control and intervention groups on important
baseline characteristics were indicated as low risk of selection bias. All authors failed
to report details on measures to reduce performance and detection bias. Again, after
contacting the authors, these details were clarified.
The overall reporting of quality indicators for the 20 included studies is presented in
Figure 2B. For 12 (60%) studies, it was reported that the experimental groups were
randomized in some way. Blinding of the experiment at any level was not reported in
any of the studies. In only two studies (10%), a sample size calculation was reported to
support the chosen group sizes. Approximately half of the studies (45%) reported that
the temperature of the animal room was regulated within a physiological range. In the
majority of studies (95%), a statement of ethical approval was reported. A conflict of
interest statement was present in 11 studies (55%), in which the authors of two of these
studies reported a possible conflict of interest.
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B

Figure 2. Risk of bias graphs.
Graph A displays the risk of selection, performance, detection, attrition, and other biases,
which were assessed in all included studies using SYRCLE’s risk of bias tool. Graph B displays
the reporting of six key quality indicators. Review authors’ judgements about each item are
presented as absolute numbers across all included studies.

Effects of doxorubicin on muscle mass and cross‐sectional area
In general, doxorubicin administration resulted in a significant decrease in body
weight, however, because of the heterogeneity in reporting, specifics cannot be
13,19,32–38
concluded
. In one study, the reduced body weight was sustained for 4 weeks
32
after the cessation of chemotherapy . The decrease in body weight was accompanied
by a reduction in skeletal muscle weight and a decrease in lean body mass and fat
13,19,32,35,36,38–40
mass
. Our meta‐analysis revealed that doxorubicin treatment significantly
reduced skeletal muscle weight by 14% (95% CI: 9.9 to 19.3) compared to vehicle control
(Figure 3). The negative effect of doxorubicin on skeletal muscle weight was most
pronounced in the extensor digitorum longus muscle compared to other limb muscles.
In line with reduced skeletal muscle weight, treated animals tended to have a decreased
13,21,23,32–35,41
. Specifically, doxorubicin administration in rats resulted in
muscle fiber CSA
a significant decrease in type I muscle fiber CSA (slow twitch oxidative; SO), type IIa (fast
twitch oxidative glycolytic; FOG) and type IIx/b muscle fiber CSA (fast twitch glycolytic;
21
FG) in the diaphragm, plantaris and soleus muscles . Our meta‐analysis demonstrated
2
that doxorubicin administration significantly reduced muscle fiber CSA (μm ) by 17%
(95% CI: 9.0 to 26.0; 7 studies) when compared to vehicle controls (Figure 4). Yu et al.
(2014 and 2015) assessed the gastrocnemius muscle fiber size by measuring the feret
158
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diameters of the fibers. Both studies did not observe a significant difference in the
23,42
mean fiber size .
Parallel to negative changes in muscle mass, muscle strength was even more decreased
in response to doxorubicin administration. Gilliam et al. (2011) showed that doxorubicin
treatment exacerbated diaphragm dysfunction, since maximal absolute force was
41
depressed with 50%‐60% in doxorubicin‐treated animals . When normalized for muscle
fiber CSA, specific force remained depressed. These findings are in line with three
other studies demonstrating that doxorubicin administration at clinical doses results
21,33,35
.
in skeletal muscle weakness, as shown by the decrease in muscle‐specific force
Hydock et al. (2011) observed that decrements in skeletal muscle function, measured
36
as maximal twitch force, were dose dependent . Doxorubicin treatment resulted in
a 45%, 60% and 74% reduction in maximal twitch force of the soleus in rats receiving
injections of 10, 12.5 or 15 mg/kg respectively. Correspondingly, Ge et al. (2014)
reported a significantly lower force‐frequency relationship in doxorubicin‐treated
43
animals compared to the control animals, indicating an impaired muscle function .

6

Figure 3. Forest plot of meta-analysis estimates of the effect of doxorubicin on skeletal muscle
weight (gram).
Results are presented as percentage change in muscle weight with accompanying 95% CI.
Subgroup analyses were conducted to assess the effect of doxorubicin on specific limb
muscles.
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Figure 4. Forest plot of meta-analysis estimates of the effect of doxorubicin on muscle fiber
CSA (μm2).
Results are presented as percentage change in muscle fiber size with accompanying 95% CI.

Potential molecular mechanisms of doxorubicin-induced muscle atrophy
Muscle atrophy occurs as a result of increased protein degradation as well as from
decreased protein synthesis. Increased protein degradation is mainly driven by oxidative
stress, autophagy and activation of the ubiquitin‐proteasome pathway, whereas
reduced protein synthesis is most likely driven by an altered response to growth‐
promoting pathways. However, the exact molecular mechanisms behind doxorubicin‐
induced muscle atrophy are currently not fully elucidated.
Oxidative stress induced by mitochondrial dysfunction following doxorubicin administration
The majority of skeletal muscle cells are terminally differentiated and may not be
significantly affected by the main anti‐cancer effect of doxorubicin (i.e., inhibition of
DNA replication). Instead, doxorubicin is suggested to induce atrophy partly through
2,19
causing mitochondrial dysfunction in skeletal muscle . Initially, chemotherapeutic
44
agents have the potential to attenuate mitochondrial respiration . Gilliam et al. (2013)
and Gilliam et al. (2016) evaluated mitochondrial function in permeabilized fiber bundles
from the gastrocnemius and soleus muscle, respectively, and observed a rapid (i.e.,
within 2 hours) decrease in mitochondrial respiratory capacity following a single
13,19
doxorubicin injection (20 mg/kg), resulting in impaired electron transport . In these
studies, mitochondrial respiration was repressed through the reduction of respiration
13,19
supported by complex I (pyruvate/glutamate) and complex II (succinate) substrates
and through the increased production of H2O2 (~52%) by the mitochondrial respiratory
19
chain in skeletal muscle . Interestingly, cancer combined with doxorubicin treatment
diminished the effects of either treatment or neoplastic disease alone, resulting in the
13
production of H2O2 comparable to vehicle controls . A study from Min et al. (2015)
160
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confirmed that doxorubicin administration (i.e., single injection of 20 mg/kg) alone
results in a decreased mitochondrial respiratory capacity and increased mitochondrial
uncoupling and dysfunction, when measured in permeabilized muscle fibers of
21
the diaphragm, soleus and plantaris muscles . This disruption in electron flow is a
potential source of reactive oxygen species (ROS) production. Furthermore, doxorubicin
21
administration reduced the respiratory control ratio (RCR) , which is an indicator of
45
mitochondrial uncoupling and dysfunction . These findings suggest that mitochondria
are a major source of (mitochondrial) ROS formation in skeletal muscle in response to
13,19
doxorubicin .
Reactive oxygen species are oxygen‐derived molecules that can cause damage to
DNA and proteins if ROS levels are dramatically increased and not neutralized by
46
antioxidants . ROS, such as hydrogen peroxide (H2O2), are the normal products of
metabolism and involved in multiple cellular signaling pathways. However, increased
levels induced by environmental stress or reduced antioxidant activity may lead to
46
oxidative stress, which in turn results in oxidative damage .
Reactive oxygen species are the potential mediators of chemotherapy‐induced skeletal
muscle atrophy, and able to contribute to muscle atrophy both directly (i.e., through
11
oxidative damage) and indirectly (i.e., through redox signaling in proteolytic pathways) .
In response to the oxidative stress that is induced by the above‐mentioned mechanisms,
lipid peroxidation occurs and biologically active aldehydes are produced, including
21
4‐hydroxy‐2‐nonenal (4‐HNE) . Additionally, 4‐HNE can induce oxidative damage
by forming adducts with muscle proteins. These 4‐HNE protein conjugates can be
measured as a biomarker of lipid peroxidation to determine oxidative modification of
muscle proteins. Two studies demonstrated that doxorubicin administration resulted
21,47
in significantly increased levels of 4‐HNE modified proteins .

6

While ROS levels have been shown to be elevated following doxorubicin administration,
the levels of heat shock proteins (HSPs) have been shown to decrease in the soleus
muscle, indicating a reduced capacity to protect the muscle fiber against oxidative
47
stress . HSPs play a role in protein synthesis and have been shown to protect cells from
protein damaging stressors (e.g., mitochondrial production of ROS).
These findings suggest that mitochondrial respiration is negatively affected by
doxorubicin, resulting in excess ROS production and compromising the ability to
maintain a normal redox state of structural and functional proteins in skeletal muscle.
It can be speculated that the mitochondrial production of ROS is a major contributor
to doxorubicin‐induced skeletal muscle atrophy (Figure 5; red pathway).
161
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Activation of proteolytic signaling pathways in skeletal muscle
In addition to increased mitochondrial ROS formation, doxorubicin is also capable of
44
(in)directly increasing the activity of several proteolytic pathways in skeletal muscle .
Specifically, increased activity of calpain and caspase and the activation of both the
autophagic signaling pathway and ubiquitin‐proteasome pathway have been described
to be possibly involved in doxorubicin‐induced muscle atrophy.
Calpain and caspase
Calpain‐1 and caspase‐3 are proteases that are capable of, respectively, promoting
muscle atrophy by cleaving structural proteins and degrading intact myofibrillar
47
proteins . Two studies showed that doxorubicin administration resulted in an increased
21,47
calpain‐1 and caspase‐3 activity in soleus muscle . Moreover, doxorubicin‐mediated
mitochondrial ROS production can potentially also promote this proteolysis via oxidative
47
modification of myofibrillar proteins . Smuder et al. (2010) found that oxidative
modification increases the susceptibility of myofibrillar proteins to degradation via
22
calpain‐1 and caspase‐3 . In this study, myosin, actin, troponin I as well as α‐actinin
were shown to be more susceptible to degradation by calpain‐1 and −2 following
22
oxidation . In a study of Yu et al. (2014) a similar trend of the change in caspase‐3
activity was observed, however, the difference between intervention and control did
23
not reach significance .
In addition to alterations in mitochondrial function and protein modifications,
chemotherapy can also induce myonuclear DNA damage and subsequent calpain‐1 and
caspase‐3 activation leading to apoptosis. The DNA damaging effect in skeletal muscle
was confirmed by the increase in the number of TUNEL‐positive nuclei in skeletal muscle
21,23,24
in response to doxorubicin treatment
. The number of TUNEL‐positive nuclei can
be used as an index of apoptosis.
The increase in the number of TUNEL‐positive nuclei was accompanied with elevated
23
apoptotic DNA fragmentation and the abundance of both pro‐apoptotic Bax and
anti‐apoptotic Bcl‐2 proteins were significantly increased in the soleus muscle of
23
doxorubicin‐treated mice compared to vehicle control . The authors speculate that
this increase in the protein content of Bcl‐2 might serve as a self-defense mechanism
of skeletal muscle tissue against doxorubicin exposure.
Dirks‐Naylor et al. (2013) aimed to determine the effects of doxorubicin administration
on proteome lysine acetylation status, an indicator of the apoptotic environment, and
the expression of various caspases involved in the initiation of apoptosis. In contrast
to aforementioned studies, doxorubicin did not affect the expression and activation of
162
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caspases . The differences in results may be attributable to differences in experimental
design.
Autophagy
Autophagy is a highly regulated process that can be divided into six different stages:
49
initiation, nucleation, elongation, closure, maturation and degradation . On the one
hand, it removes damaged organelles and protein aggregates to maintain cell survival,
while, on the other hand, upregulated autophagy activity can induce apoptosis‐mediated
cell death. Smuder and colleagues hypothesized that doxorubicin administration
24
increases the expression of autophagy markers in type I specific soleus muscle .
The initial step in the autophagic signaling pathway involves the formation of an isolation
membrane. This membrane will form into a mature autophagosome by the recruitment
of proteins. This process is regulated by Atg proteins. The autophagosome initiation
protein, Beclin‐1, plays a key role in autophagy by localizing Atg proteins to the isolation
49
membrane . Smuder et al. (2011) found that both Beclin‐1 mRNA and protein levels
24
were elevated in the soleus muscle of doxorubicin‐treated mice .
Furthermore, formation of the autophagosome involves interaction of other Atg
proteins. Specifically, Atg12, Atg7, Atg4 and LC3 play important roles in the maturation
24
process of the autophagosome . Findings indicate that Atg12 mRNA and protein levels,
levels of the Atg12‐Atg5 complex, protein levels of Atg7 and LC3 mRNA expression levels
were significantly increased in the soleus muscle following doxorubicin administration
24
compared to the vehicle control group . In addition, the ratio of LC3 II‐to‐LC3 I was
assessed. This ratio is an indicator of the formation of autophagosomes and commonly
used as a marker of autophagy. The LC3II/LC3I was increased in the doxorubicin group
24
compared to vehicle control .

6

In contrast, Yu et al. (2014) demonstrated that the expression of autophagic markers
in gastrocnemius muscle remained unchanged after 5 days following doxorubicin
23
administration . This inconsistency can be attributed to the variation of experimental
period (5 days in the study of Yu vs 24h after doxorubicin administration in the study of
Smuder). Therefore, Yu et al. (2014) conducted an additional experiment to examine the
activation of autophagic signaling at 24h and observed that autophagic signaling was
23
activated at this time point as indicated by the ratio of LC3 II‐to‐LC3 I . These results
suggest that autophagy is upregulated 24h post‐doxorubicin administration and returns
to baseline levels 5 days after doxorubicin administration.
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During elongation of the isolation membrane, proteins and organelles are sequestered
in the cytosol. The autophagosome can fuse with lysosomal vesicles to form the
autolysosome where cytoplasmic contents of the autophagosome can be degraded.
Cathepsin B, D and L function as lysosomal proteases and are highly expressed in tissues
24
with high protein turnover rates during muscle atrophy . Data reveal that cathepsin L
mRNA and protein expression is increased in the soleus muscle following doxorubicin
24
treatment . In contrast, the muscle levels of cathepsin B and D mRNA were not
increased.
Another study showed that doxorubicin treatment increased the transcription of BNIP3
50
in soleus muscle . This result was consistent with the previous studies indicating that
doxorubicin induces autophagy in skeletal muscle. BNIP3, a FoxO target gene, is a
pro‐apoptotic BH3‐only protein that induces autophagy and promotes mitochondrial
dysfunction. Under normal conditions, the protein Beclin‐1 forms a complex with Bcl‐2.
However, Bcl‐2 releases Beclin‐1 during stressful conditions in order to bind to BNIP3
to promote autophagy. As a consequence, increased expression of BNIP3 can promote
50
autophagy and apoptosis in skeletal muscle .
Overall, these data suggest that doxorubicin administration induces autophagy through
upregulation of several proteins in the autophagic signaling pathway that could promote
increased protein breakdown (Figure 5; green pathway).
Ubiquitin‐proteasome pathway
Increased muscle proteolysis occurs mostly through activation of the ubiquitin‐
50
proteasome pathway . E3 ligases (i.e., Atrogin‐1/MaFbx and MuRF‐1) in this pathway
control polyubiquitination, which is a rate‐limiting step in the ubiquitin‐proteasome
proteolysis pathway. E3 ligases are directly involved in skeletal muscle protein
breakdown by targeting proteins for degradation.
In addition to contributing to autophagy, FoxO activation can also increase the
transcription of atrogenes. Data demonstrate that doxorubicin administration induces
50
muscle‐specific overexpression of Forkhead‐box O1 (FoxO1) and FoxO3 mRNA .
Activation of the forkhead transcription factor family has been shown to be involved
in the activation of proteolytic pathways in skeletal muscle through the increased
transcription of important atrophy‐related genes (i.e., atrogin‐1/MaFbx and MuRF‐1),
which in turn is regulated by Akt. The study of Kavazis et al. (2014) revealed that the
levels of atrogin‐1/MaFbx and MuRF‐1 mRNA were increased in soleus muscle in
50
sedentary animals following doxorubicin administration . These results are in line with
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the findings of Hulmi et al. (2017), who showed that E3 ubiquitin ligase atrogin‐1 mRNA
40
was significantly increased by doxorubicin .
The findings of Yu et al. (2014) on the effects of doxorubicin administration on Akt
signaling in skeletal muscle are consistent with the aforementioned studies, showing
that doxorubicin has an inhibitory effect on the phosphorylation of Akt in skeletal
23
muscle .
Although previous studies on protein degradation found increased markers of the
ubiquitin‐proteasome pathway, the evidence is inconsistent. Nissinen et al. (2016)
also assessed whether doxorubicin‐induced muscle atrophy was because of increased
protein degradation by investigating atrophy‐related genes that have previously been
shown to be up‐ or downregulated in cancer cachexia. In contrast to other studies, no
8,32
systematic changes in these genes by doxorubicin were found . Therefore, a gene set
enrichment analysis (GSEA) was conducted to detect the small changes in several genes.
This analysis revealed a significant increase in the proteolytic pathway and apoptosis,
32
and a trend in the caspase cascade . Of the individual atrogenes, FoxO1 was the only
32
gene that was significantly induced by doxorubicin . An explanation as to why Nissinen
et al. (2016) observed only a small upregulation in the protein involved in the proteolytic
pathway may be attributed to the dosage. The dosage used (15 mg/kg) was relatively
low compared to the ones typically used (20 mg/kg). Therefore, it can be speculated
that the mechanisms behind muscle atrophy are dose dependent.

6

50

FoxO signaling has also been shown to regulate myostatin expression . Myostatin is a
growth factor that negatively regulates muscle growth and can promote the expression
of atrogin‐1/MaFbx through FoxO activation. Kavazis et al. (2014) showed that the soleus
muscle of animals treated with doxorubicin contained higher levels of myostatin mRNA
50
compared to vehicle control (Figure 5; green pathway). This finding suggests that
muscle cell differentiation and regeneration might be impaired.
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Figure 5. A proposed schematic diagram of signaling pathways for doxorubicin-induced muscle
atrophy.
Many intracellular pathways participate in doxorubicin-induced muscle atrophy. The pathways
are divided in three main pathways in this diagram: 1.) The disrupted insulin signaling pathway
leading to decreased protein synthesis, indicated in blue; 2.) The autophagic signaling and
ubiquitin-proteasome proteolysis pathway leading to increased protein degradation, indicated
in yellow; and 3.) Oxidative stress leading to mitochondrial degradation, indicated in green.
Insulin-like growth factor 1 (IGF-1) normally stimulates protein synthesis through Akt and
mTOR. The insulin signaling pathway is disrupted in doxorubicin-induced muscle atrophy and
the expression of important proteins (i.e. GLUT4 and AMPK) involved in glucose uptake is
decreased, which results in decreased protein synthesis. Myostatin (Mstn) increases protein
degradation by activating forkhead (FOXO) family transcription factors. This allows for the
increased transcription of important atrophy-related genes (i.e., atrogin-1/MaFbx and MuRF1). Furthermore, mitochondrial respiration is negatively affected by doxorubicin, resulting in
excess ROS production. On the one hand this results in the activation of calpain-1 and caspase-3,
which are proteases that are capable of, respectively, promoting muscle atrophy by cleaving
structural proteins and degrading intact myofibrillar proteins. The activity of these two proteases
is increased following doxorubicin administration, leading to proteolysis. On the other hand,
it results in mitochondrial degradation, which leads to skeletal muscle atrophy. Note that
underlined proteins are upregulated in response to chemotherapy.
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Decreased protein synthesis
In addition to its potential to induce cellular pathways involved in protein degradation,
data also indicate that doxorubicin is capable of decreasing protein synthesis. MAPK
signaling is associated with the regulation of muscle size. Nissinen et al. (2016) reported
that the phosphorylation of ERK1/2, a classical MAP kinase, was acutely downregulated
32
in doxorubicin‐treated mice . A similar decrease in ERK1/2 phosphorylation has
23
been previously reported by Yu et al. (2014) . However, after 2 and 4 weeks, ERK1/2
phosphorylation levels were again comparable to vehicle control. Nissinen et al.
(2016) also found that muscle protein synthesis was diminished 20 hours following
doxorubicin administration, which was revealed by a method called “surface sensing
of translation”. No changes because of treatment were observed in the activation of
32
mTORC1 signaling and Akt phosphorylation . Furthermore, a significant increase in
32
the mRNA expression of REDD1 was found in doxorubicin‐treated animals . REDD1
32
is a protein related to muscle atrophy and decreased protein synthesis . This finding
suggests that doxorubicin‐induced REDD1 expression could contribute to decreased
protein synthesis.
Insulin signaling pathway
De Lima Junior et al. (2016) found that doxorubicin administration induced muscle
34
atrophy together with a severe glucose intolerance . Doxorubicin‐treated animals
showed increased levels of glucose, insulin and free fatty acids in serum 72 hours
after treatment. The doxorubicin‐treated group showed impaired insulin sensitivity,
but the protein expression of insulin receptor (IGF‐1), Akt and PI3‐K did not change in
skeletal muscle. Nevertheless, other proteins (i.e., IRS‐1 and GSK3‐b) involved in the
34
insulin pathway exhibited decreased expression . Moreover, mRNA and protein levels
34
of GLUT4 and AMPk α were decreased . It may be that part of the insulin signaling
pathway is disrupted in doxorubicin‐induced muscle atrophy, and that the expression
of important proteins involved in glucose uptake is decreased, which might result in
decreased protein synthesis (Figure 5; blue pathway).

6
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DISCUSSION
This meta‐analysis showed that doxorubicin treatment caused an average of 14%
reduction in muscle weight and an average of 17% reduction in muscle fiber CSA.
Parallel to negative changes in muscle mass, muscle strength was also decreased in
response to doxorubicin administration. Muscle atrophy can result from both increased
11
protein degradation and decreased protein synthesis . For each mechanism discussed
in this review only a few reports exist. Moreover, strains, doxorubicin concentrations,
and dosing schedules differ between these reports; therefore, it is difficult to determine
how firmly established a given mechanism is. Based on the current systematic review
we can conclude that mitochondrial dysfunction plays an important and central role
in doxorubicin‐induced skeletal muscle atrophy. The increased production of ROS
plays a key role within this process. Furthermore, the included studies demonstrated
that doxorubicin activates all major proteolytic systems (i.e., calpains, the ubiquitin‐
proteasome pathway and autophagy) in the skeletal muscle. Although each of these
proteolytic pathways contributes to doxorubicin‐induced muscle atrophy, the activation
of the ubiquitin‐proteasome pathway is hypothesized to play a key role. Finally, a limited
number of studies investigated the capability of doxorubicin to decrease protein
synthesis by a disruption in the insulin signaling pathway.
When comparing the results of this meta‐analysis to other models of skeletal muscle
atrophy, we found that a 7‐day hind limb suspension resulted in a comparable decrease
in soleus (27.1%) and gastrocnemius muscle (21.5%) weight to body weight ratio in
51
wild-type mice . Moreover, evidence shows that the network of interacting signaling
pathways that we found to be involved in doxorubicin‐induced skeletal muscle atrophy,
52
also share common pathways with disuse atrophy . Given the similarities between
these two models of skeletal muscle atrophy, we hypothesize that disuse might be
involved in doxorubicin‐induced skeletal muscle atrophy. Up to now, it is unknown
whether rodents receiving chemotherapy move less compared to control rodents. In
line with this hypothesis, we can assume that anti‐disuse (physical activity or exercise)
might counteract this doxorubicin‐induced atrophy. We will elaborate on this topic in
the last paragraph of the discussion.
Studies in this review show that doxorubicin treatment can lead to oxidative stress,
autophagy and activation of the ubiquitin‐proteasome pathway. However, it cannot be
fully determined whether these effects were because of the direct effects of doxorubicin
or because of reduced food and water intake, since most studies did not control for
this factor. Interestingly, a study by Gilliam and colleagues showed that doxorubicin
treatment led to a 50%‐70% reduction in food and water intake 24 hours after drug
168
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administration . Based on this finding, Dirks‐Naylor et al. (2013) hypothesized that the
reduction in lean body mass may in part simply be explained by a reduced food and
48
water intake . Earlier research has already shown that anorexia stimulates catabolic
pathways and proteolysis in skeletal muscle in general. In order to assess the direct
effects only, future studies should add an additional group of mice (healthy pair‐fed) to
control for any possible effects of reduced food intake by healthy mice resulting from
chemotherapy. To do so, healthy mice without chemotherapy should receive the food
intake of mice with chemotherapy.
The findings of this systematic review highlight that there are both similarities and
differences between studies in the underlying molecular mechanisms found to be
induced by doxorubicin. The dose of doxorubicin, the mode of administration, timing
of measurement (acute vs long‐term effect in rodents receiving a single chemotherapy
dose) and type of muscle studied might play important roles in the identification of
doxorubicin‐induced alterations in underlying molecular pathways. The dose of 20 mg/
29,30
kg of doxorubicin can be assumed to be in the clinical relevant range for humans .
However, a lower dose was administered in approximately half of the studies. As a
consequence, this might have hampered the comparability of the results. In future
studies, the use of this specific dose (i.e., 20 mg/kg) would enable more stringent
comparisons and is recommended to unequivocally establish the relevance of the
proposed mechanisms.

6

Limitations
First, reporting of the methodology of experimental animal studies was typically poor.
Indeed, this issue has been previously and repeatedly raised, leaving the present
53
research at substantial risk of bias . The urgency of this issue was confirmed by the
results of the risk of bias assessment, since many items were indicated as “unclear”
risk of bias. Although many components of the SYRCLE’s risk of bias tool are performed
in experimental animal studies, they are not commonly reported. This might hamper
the internal validity of the study and increase the risk of bias (i.e., selection, attrition,
performance and detection bias). To partially overcome this problem, authors were
contacted to clarify some components of this tool. Future preclinical studies should
consider using the Design and Execution of Protocols for Animal Research and Treatment
(DEPART) and Animals in Research: Reporting In Vivo Experiments (ARRIVE) guidelines
in order to reduce variability and the risk of bias and increase translation to the human
condition. In addition, these guidelines address all parameters required for complete
study reporting and subsequently, improve the quality of evidence for inclusion of
preclinical research in meta‐analyses and systematic reviews.
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Second, the preclinical studies included in this systematic review did not resemble the
clinical scenario, where only subjects diagnosed with cancer receive chemotherapy.
Most experimental animal models do not take into consideration the complexity of
the interactions between tumor and chemotherapy, thereby limiting the findings
of the underlying molecular pathways that are activated only in the presence of
chemotherapeutic agents. During cancer, the hormonal and cytokine environment is
different, which might affect molecular signaling pathways. Therefore, it is difficult
54
to generalize the results of experimental animal studies to humans . Ideally, the
effect of doxorubicin on skeletal muscle tissue should be compared in tumor‐bearing
and non‐tumor‐bearing animals. However, results from preclinical studies provide a
controlled and valuable model to examine molecular pathways, investigate a possible
dose‐response, separate the effects of doxorubicin from tumor‐induced atrophy and
test potential therapeutic targets. Nevertheless, more research is needed to confirm
the proposed signaling pathways in humans paving the way for potential therapeutic
approaches.
Numerous studies have shown that parameters of body composition, including loss
of muscle mass, muscle weakness and increases in adipose tissue are associated with
unfavorable health outcomes. However, knowledge regarding muscle loss during
systemic treatment and its probable clinical impact in human is lacking. To date, only
two human studies evaluated the changes in body composition during the course of
disease, while incorporating the effects of systemic treatment. A study by Rier et al.
(2018) showed that muscle attenuation (i.e., muscle density) significantly decreased in
55
patients with metastatic breast cancer receiving paclitaxel . In patients treated with
anthracyclines, muscle attenuation did not significantly change. The amount of muscle
mass and adipose tissue remained stable during the treatment with both paclitaxel
and anthracyclines. Kurk et al. (2018) found that skeletal muscle mass appeared to be
influenced by the intensity of palliative systemic treatment in patients with metastatic
56
colorectal cancer . Specifically, this study reported that skeletal muscle mass loss
during initial treatment with six cycles of CAPOX‐B was reversible during less intensive
maintenance treatment with CAP‐B or observation. However, when a more intensive
treatment was reintroduced, skeletal muscle mass decreased again. Nevertheless,
it remains difficult to determine the true impact of systemic treatment on muscle
in human without a valid reference population, since it is unethical to refrain from
prescribing systemic treatment when it is indicated. Furthermore, other factors might
be of influence as well, including decreased physical activity levels and nutritional
intake. Finally, these studies depend on CT‐scans taken in routine care (i.e., every 9
weeks), which hampers the possibility to assess the acute effects of systemic treatment
on muscle. All aforementioned caveats show the importance of preclinical studies in
170
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addition to human studies, since it allows us to determine the true impact of systemic
treatment. In addition, preclinical studies enable us to investigate the underlying
mechanisms as well.
Outlook
Treatment that concomitantly decreases protein degradation and increases protein
synthesis in skeletal muscle would be most beneficial to prevent doxorubicin‐induced
skeletal muscle atrophy. Nevertheless, an adequate intake of nutrients should be a
57
prerequisite of any treatment in order to maintain or gain muscle mass . In a recent
study, Hulmi and coworkers proposed blocking of activin receptor type IIb (ACVR2B)
ligands by administration of soluble ligand binding domain of ACVR2B (sACVR2B‐
Fc) to counteract doxorubicin‐induced skeletal muscle atrophy. They found that
sACVR2B‐Fc treatment effectively prevented doxorubicin‐induced loss of muscle
mass and was even able to increase muscle mass because of reduced activation of
40
the p53‐p21‐REDD1 pathway . Furthermore, a preclinical study of Min et al. (2015)
revealed that treatment with mitochondrial‐targeted antioxidant (SS‐31) prevents the
21
doxorubicin‐induced increase in mitochondrial ROS production and muscle atrophy .
Except for pharmacological treatments, emerging evidence suggests that exercise
might ameliorate the detrimental effects of doxorubicin on skeletal muscle tissue.
A recent review of Powers et al. (2019), including preclinical studies, suggests that
endurance exercise training performed prior to doxorubicin treatment protects against
doxorubicin‐induced skeletal muscle atrophy by the prevention of excess oxidative
58
stress and the activation of proteolytic signaling pathways . Indeed, the beneficial
effects of exercise are confirmed in human studies with several clinical trials showing
that combined resistance and endurance training has positive effects on muscle strength
59–61
in cancer patients undergoing chemotherapy
. Mijwel et al. (2018) compared the
effects of different exercise regimens (moderate‐intensity aerobic combined with high‐
intensity interval training vs resistance combined with high‐intensity interval training)
with usual care on skeletal muscle morphology in breast cancer patients receiving
chemotherapy and found that resistance combined with high‐intensity interval training
resulted in a significant increase in type I muscle fibers, whereas aerobic combined
62
with high‐intensity training counteracted a decline in type I muscle fibres . Only the
resistance combined with high‐intensity interval training prevented a decline in type
IIa muscle fibers. Furthermore, they showed that both exercise regimens are potent
stimuli in counteracting a reduction in mitochondrial content as represented by citrate
synthase activity. They also found a significant increase in protein levels of SOD2, a
scavenger of ROS, in the usual care group, whereas SOD2 remained stable in both
exercise groups. These findings illustrate the importance of implementing exercise
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programs for patients with cancer during chemotherapy to counteract the detrimental
effects of chemotherapy by preserving skeletal muscle mass.
Conclusion
In conclusion, the findings of this meta‐analysis indicate that doxorubicin administration
is associated with skeletal muscle atrophy in terms of reduced skeletal muscle weight,
muscle fiber CSA and muscle strength. Furthermore, we provide an overview of how
multiple pathways interact and are involved in the development of doxorubicin‐induced
skeletal muscle atrophy. Reactive oxygen species, the ubiquitin‐proteasome system and
autophagic markers are suggested to play a pivotal role in doxorubicin‐induced skeletal
muscle atrophy. Although our knowledge with respect to the underlying mechanisms
of doxorubicin‐induced muscle atrophy considerably expanded the past decade, we
would like to propose that first, the precise mechanisms of chemotherapy‐induced
skeletal muscle atrophy need to be carefully characterized using valid study designs,
allowing for replication and comparison of studies. This would help to determine the
relative contribution of each pathway involved and to identify and develop treatments
that might protect against chemotherapy‐induced skeletal muscle atrophy. This first
step is particularly important for chemotherapeutic agents that are in widespread
clinical use. Furthermore, the effect of doxorubicin should be assessed in the context of
cancer and comorbidities (e.g., heart failure or diabetes), since this might elicit different
pathways and as a consequence different strategies might be needed to address this
problem. Finally, little is known about the effects of doxorubicin on skeletal muscle
nuclear epigenetics and effective biomarkers of early‐stage muscle atrophy. The latter
is important to detect the loss of skeletal muscle mass at an early stage, since this might
increase the effectiveness of a treatment and subsequently, the possibility to reverse
this negative effect. We anticipate that if future studies head into these directions, this
will provide the basis for the development of targeted counterstrategies.
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SUPPLEMENTAL FILES
Supplement 1. Full search strategies

PICO-defined research question
Aims
1.) To quantify the effect of doxorubicin on skeletal muscle tissue.
2.) To evaluate the findings of studies that sought to determine the molecular pathways
leading to doxorubicin-induced muscle atrophy in both human and animal models.
Study design
Randomized controlled trials, non-randomized controlled trials examining underlying
mechanisms of chemotherapy-induced muscle atrophy.
Participants/population
• Men and/or women, aged 18 years and older, diagnosed with a solid tumor
• Rodents (with/without cancer)

6

Intervention
• Doxorubicin
Comparators/Controls
Note: Muscle atrophy has to come from doxorubicin alone rather than from other
contributors. Therefore, a true control is a requirement for inclusion in this systematic
review.
• True control: control comparison group (without tumor, healthy subjects) not
receiving doxorubicin at any time point during the trial.
• True control: control comparison group (with tumor) not receiving doxorubicin at
any time point during the trial.
Outcome
1.) Quantification of doxorubicin-induced muscle atrophy (i.e., cross-sectional area of
skeletal muscle fiber or muscle weight) AND/OR
2.) Underlying molecular pathways of doxorubicin-induced muscle atrophy.
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PubMed
Chemotherapy

Doxorubicin[MeSH Terms] OR doxorubicin[Title/Abstract]

Muscle atrophy

Muscular atrophy[MeSH Terms] OR muscle weakness[MeSH Terms] OR
cachexia[MeSH Terms] OR wasting syndrome[MeSH Terms] OR
muscle atrophy[Title/Abstract] OR muscle loss[Title/Abstract] OR
muscle wast*[Title/Abstract] OR muscular atrophy[Title/Abstract] OR
muscle weakness[Title/Abstract] OR cachexia[Title/Abstract] OR wasting
syndrome[Title/Abstract] OR muscle degeneration{Title/Abstract] OR
amyotrophy[Title/Abstract] OR amyotrophia[Title/Abstract]

EMBASE
Chemotherapy

‘doxorubicin’/exp OR ‘doxorubicin*’:ti,ab

Muscle atrophy

‘muscle atrophy’/exp OR ‘muscle weakness’/exp OR ‘cachexia’/exp
OR ‘wasting syndrome’/exp OR ‘muscle atrophy’:ti,ab OR ‘muscle
weakness’:ti,ab OR ‘cachexia’:ti,ab OR ‘wasting syndrome’:ti,ab OR
‘muscle wast*’:ti,ab OR ‘muscle degeneration’:ti,ab OR ‘amyotrophy’:ti,ab
OR ‘amyotrophia’:ti,ab OR ‘muscular atrophy’:ti,ab

Study design

‘animal experiment’/exp OR ‘animal model’/exp OR ‘clinical trial’/exp
OR ‘intervention study’/exp OR ‘control group’/exp OR ‘randomization’/
exp OR ‘animal experiment’:ti,ab OR ‘animal model’:ti,ab OR ‘clinical
trial’:ti,ab OR ‘intervention study’:ti,ab OR ‘control group’:ti,ab OR
‘randomization’:ti,ab

Web of Science
Chemotherapy

TOPIC: (doxorubicin)

Muscle atrophy

(((((((((TOPIC: (muscle atrophy) OR TOPIC: (muscular
atrophy)) OR TOPIC: (muscle loss)) OR TOPIC: (muscle
wast*)) OR TOPIC: (muscle weakness)) OR TOPIC: (muscle
degeneration)) OR TOPIC: (cachexia)) OR TOPIC: (wasting
syndrome)) OR TOPIC: (amyotrophy)) OR TOPIC: (amyotrophic))

CENTRAL
Chemotherapy

“doxorubicin”

Muscle atrophy

“muscle atrophy” or “muscular atrophy” or “muscle loss” or “muscle
weakness” or muscle wasting or “muscle degeneration” or “cachexia”
or “wasting syndrome” or “amyotrophy” or “amyotrophia”
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Inflammation mediates exercise
effects on fatigue
Inflammation mediates exercise effects on fatigue in patients with breast cancer

AE Hiensch, S Mijwel, D Bargiela, Y Wengström, AM May, H Rundqvist
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ABSTRACT
Purpose The randomized controlled OptiTrain trial showed beneficial effects on fatigue
after a 16-wk exercise intervention in patients with breast cancer undergoing adjuvant
chemotherapy. We hypothesize that exercise alters systemic inflammation and that this
partially mediates the beneficial effects of exercise on fatigue.
Methods Two hundred and forty women scheduled for chemotherapy were randomized
to 16 weeks of resistance and high-intensity interval training (RT-HIIT), moderateintensity aerobic and high-intensity interval training (AT-HIIT), or usual care (UC). In
the current mechanistic analyses, we included all participants with >60% attendance
and a random selection of controls (RT-HIIT = 30, AT-HIIT = 27, UC = 29). Fatigue (Piper
Fatigue Scale) and 92 markers (e.g., interleukin-6 [IL-6] and tumor necrosis factor α
[TNF-α]) were assessed at baseline and post-intervention. Mediation analyses were
conducted to explore whether changes in inflammation markers mediated the effect
of exercise on fatigue.
Results Overall, chemotherapy led to an increase in inflammation. The increases in IL-6
(pleiotropic cytokine) and CD8a (T-cell surface glycoprotein) were however significantly
less pronounced after RT-HIIT compared with UC (-0.47, 95% confidence interval = -0.87
to -0.07, and -0.28, 95% confidence interval = -0.57 to 0.004, respectively). Changes in
IL-6 and CD8a significantly mediated the exercise effects on both general and physical
fatigue by 32.0% and 27.7%, and 31.2% and 26.4%, respectively. No significant betweengroup differences in inflammatory markers at 16 weeks were found between AT-HIIT
and UC.
Conclusions This study is the first showing that supervised RT-HIIT partially counteracted
the increase in inflammation during chemotherapy, i.e., IL-6 and soluble CD8a, which
resulted in lower fatigue levels post-intervention. Exercise, including both resistance
and high-intensity aerobic training, might be put forward as an effective treatment to
reduce chemotherapy-induced inflammation and subsequent fatigue.
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INTRODUCTION
Fatigue is one of the most common and debilitating side effects of cancer and its
1,2
3
treatment , with some studies reporting a prevalence as high as 70%–99% . It typically
increases during cancer treatment and can be experienced for up to 10 years after
4–6
a cancer diagnosis . Fatigue substantially interferes with daily life activities, and
as a consequence, it impairs the overall quality of life (QoL) during and after cancer
7,8
treatment .
The etiology of fatigue has not been fully elucidated, and it may involve a variety of
2
demographic, clinical, psychosocial, behavioral, and biological factors . Proposed
underlying mechanisms include mitochondrial dysfunction, hypothalamic–pituitary–
adrenal axis dysfunction, anemia, circadian rhythm disruption, disturbance of
9
monoamine pathways, and chronic inflammation . To date, the underlying mechanism
for fatigue that has gained most empirical attention and support is chronic inflammation.
Reviews show that elevated neutrophil and monocyte counts and higher levels of
several inflammatory markers, including interleukin-6 (IL-6), IL-1β, IL-1ra, neopterin, and
2,9,10
C-reactive protein, are associated with fatigue in cancer survivors
. In patients with
breast cancer undergoing chemotherapy specifically, changes in IL-6 were positively
11,12
correlated with changes in fatigue .

7

Growing evidence suggests that exercise is an effective intervention to reduce levels
13,14
of fatigue in patients receiving adjuvant chemotherapy . It is hypothesized that
this might be partially due to its anti-inflammatory effects. Three reviews showed
that regular exercise after completion of primary breast cancer treatment reduced
the serum concentration of pro-inflammatory cytokines, including IL-2, IL-6, IL-8, and
15
tumor necrosis factor α (TNF-α) , and elevated levels of anti-inflammatory cytokines,
9
16
including IL-10 and IL-1ra . Another study, including patients with breast, lung, and
colon cancer, found positive correlations between changes in cytokine concentrations
(i.e., IL-10:IL-6, IL-10:IL-1β, and IL-10:sTNFR1) after a 6-week exercise intervention during
17
adjuvant chemotherapy . These positive correlations were significantly greater than
the correlations observed in the control group, supporting the role of exercise in
moderating therapy-induced inflammation.
The randomized controlled OptiTrain trial showed beneficial effects on fatigue after a
16-week exercise intervention during adjuvant chemotherapy in patients with breast
18
cancer . Here, we investigated the effects of exercise on inflammatory markers and
whether the positive effects on fatigue were mediated by changes in inflammation. In
183
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addition, we examined whether changes in inflammatory markers were correlated with
changes in physiological outcomes. Finally, we aimed to identify groups of cytokines
whose expression levels are correlated. We hypothesize that exercise alters systemic
inflammation and that this partially mediates the beneficial effects of exercise on
fatigue.

METHODS
Setting and participants
The OptiTrain study is a randomized controlled exercise trial in women with breast
cancer undergoing adjuvant chemotherapy (ClinicalTrials.gov, NCT02522260). A detailed
19
description of the OptiTrain study design and the effects of the exercise intervention
18,20
on fatigue, QoL, pain, and physical fitness
have been published previously. Patients
were not involved in the design, conduct, and interpretation of this study. Patients were
involved in dissemination of the results.
The study was conducted at Karolinska University Hospital (Stockholm, Sweden)
between March 2013 and July 2016. In short, 240 women with breast cancer were
randomized to 16 weeks of resistance and high-intensity interval training (RT-HIIT,
n = 79), moderate-intensity aerobic and high-intensity interval training (AT-HIIT, n = 80),
or to usual care (UC, n = 81). The OptiTrain study included women (18–70 years old)
diagnosed with stage I–stage IIIa breast cancer, scheduled for adjuvant chemotherapy.
Exclusion criteria were advanced disease, heart or lung disease, cognitive dysfunction,
other health problems that would prevent safe participation in the exercise testing or
training as determined by their medical doctor, or not being able to understand the
Swedish language. Ethical approval was obtained from the Regional Ethical Review
Board in Stockholm Sweden (Dnr 2012/1347-31/1, 2012/1347-31/2, 2013/7632-32, and
2014/408-32), and all participants gave written informed consent before enrollment.
Intervention
Participants in the exercise intervention groups commenced the exercise training 3 days
after the second chemotherapy session. Patients were asked to attend 60-min exercise
sessions, twice weekly, on nonconsecutive weekdays for 16 weeks. Exercise sessions
were supervised by an exercise physiologist or oncology nurse at the exercise clinic of
Karolinska University Hospital. The exercise sessions of the AT-HIIT group consisted of
20 min of moderate-intensity aerobic exercise at an RPE of 13–15, followed by 3 × 3-min
184
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bouts of high-intensity intermittent aerobic exercise at an RPE of 16–18 interspersed
with 1 min low-intensity active recovery. The exercise sessions of the RT-HIIT group
consisted of eight resistance exercises followed by the 3 × 3-min bouts of high-intensity
intermittent aerobic exercise. Participants performed 2–3 sets of 8–12 repetitions at an
initial intensity of 70% of their estimated one-repetition maximum, progressing to 80%
of one-repetition maximum when more than 12 repetitions could be performed. The UC
group received information about physical activity but no supervised exercise training.
Outcome assessment
At baseline (i.e., before randomization) and post-intervention, participants visited
Karolinska University Hospital for outcome assessment. The assessors of blood samples,
but not the study investigators, were blinded to group allocation. Blood samples were
drawn at both visits, in addition to performing physical measurements and completing
questionnaires. At baseline, blood samples were drawn from the patients’ PICC line in
conjunction with receiving their second chemotherapy session (before chemotherapy
infusion). The post-intervention blood samples were drawn 3 weeks after the sixth
(last) round of chemotherapy and 48–72 hours after an exercise session. Patients were
asked to not eat or drink 3 hours before the blood draw. Samples were stored locally
at −80°C until analysis took place.
Inflammatory markers
Plasma samples were analyzed using an immuno-oncology multiplex proximity
extension assay (Olink Bioscience, Uppsala, Sweden) at the Clinical Biomarkers Facility,
Science for Life Laboratory in Uppsala, Sweden. This panel measures inflammatory
markers that are relevant for key processes, such as apoptosis and chemotaxis. The
quantification cycles were produced by the BioMark’s real-time PCR software. The
quantification cycle values from an internal control (extension control) were subtracted
from the measured quantification cycle value, an interplate control was corrected for,
and a correction factor was subtracted to yield a normalized, log 2-transformed protein
expression value. The value is a relative quantification, meaning that no comparison
of absolute levels between different proteins can be made. Ninety-two inflammatory
markers were assessed. Data were censored if values were below the detection limit.
If the percentage of censored values was below 25%, all values below the detection
21
limit were substituted by the detection limit divided by the square root of 2 . Because
some of the more relevant markers, specifically interferon γ (IFN-γ), TNF-α, IL-4, and
IL-1b, showed poor detection on the Olink platform, we tested these markers on the
Merck Cytomag custom made platform. Fifteen inflammatory markers had more than
25% censored values and were therefore excluded from the analyses (i.e., C-C motif

7
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chemokine 17 (CCL17), IL-1a, ADGRG1, FGF-2, IFN-β, NOS 3, IL-2, IL-5, IL-13, IL-21, IL-33,
IL-35, CD28, SDF-1, and IL12RB1).
Cancer-related fatigue
Cancer-related fatigue was self-assessed using the validated Swedish version of the
22
Piper Fatigue Scale . The Piper Fatigue Scale is a 22-item questionnaire and covers four
dimensions of fatigue: behavioral/daily life, sensory/physical, cognitive, and affective/
emotional meaning. Each item is composed of a scale from 0 to 10, with higher scores
indicating higher levels of fatigue.
Physical (activity) measurements
Muscle strength was assessed using a hydraulic hand dynamometer and lower-limb
muscle strength by using an isometric mid-thigh pull. Cardiovascular fitness, measured
as predicted peak oxygen uptake (VO2peak), was assessed by a submaximal exercise test
on a cycle ergometer. Objectively measured physical activity was assessed at baseline
by an accelerometer (GT3X; ActiGraph® Corp, Pensacola, FL).
Statistical analysis
For these secondary and mechanistic analyses, we only included all participants who
attended ≥60% of all exercise sessions because adherence is defined as successful
23
if participants completed at least two-thirds of an exercise program . A random
sample of controls was drawn. We selected all patients allocated to UC with available
samples for both time points (i.e., baseline and post-intervention) and used the random
sampling function in Excel. Descriptive statistics were used to summarize the baseline
characteristics of the study population. To assess whether the effects of exercise on
fatigue were mediated by changes in inflammation, we estimated a series of linear
24
regression equations according to Valente and MacKinnon (Supplement 1) . First, an
ANCOVA was conducted to determine between-group differences in inflammatory
markers, with post-intervention values of inflammatory markers as dependent variables
(M2), the randomization group as independent variable (X), and the baseline values of
the inflammatory marker (M1) and outcome fatigue (Y1) as covariate. If the p-value of
the effect of either RT-HIIT or AT-HIIT on the inflammatory marker was below 0.20, the
second regression equation was used to assess mediation. Second, an ANCOVA was
conducted to determine between-group differences in the outcome fatigue, with postintervention values of fatigue as a dependent variable (Y2), the randomization group as
an independent variable (X), and the baseline values of the inflammatory marker (M1)
and outcome fatigue (Y1), and post-intervention levels of the inflammatory marker
(M2) as covariates. All models were adjusted for menopausal status and chemotherapy
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regimen (taxanes or non-taxane based). We did not adjust for multiple comparisons
because of the exploratory nature of the current study.
The mediated effect of the intervention (X) on total and physical fatigue (Y2) through
inflammation marker M2 was calculated. Because of the non-normality of the mediated
effect, resampling methods were used to construct confidence intervals around the
mediated effect. The mediation effect was calculated by dividing the mediated effect
by the total effect of exercise on fatigue.
The Pearson correlation coefficient was calculated to evaluate the linear relationship
between physiological outcomes and inflammatory markers, and between changes
in inflammatory markers. For the latter analyses, one-way hierarchical clustering was
conducted using Pearson’s correlation coefficient as a proximity distance matrix to
identify groups of cytokines whose expression levels are correlated. A heat map was
created for all study arms using the “heat map” function in R or using GraphPad Prism.
All analyses were performed using R version 3.5.1 or GraphPad Prism version 8.

7

RESULTS
Participants
Overall, 30 of the patients allocated to RT-HIIT attended ≥60% of all exercise sessions,
whereas 27 of the patients allocated to AT-HIIT attended ≥60% of all exercise sessions
(Figure 1). On average, the RT-HIIT group attended 79.5% (SD = 20.3) of all exercise
sessions, whereas the AT group attended 82.1% (SD = 17.4) of all exercise sessions.
Baseline characteristics for the patients included in the current analyses were
comparable with the baseline characteristics of the patients included in the original
18
OptiTrain study , except for physical activity levels. Women in the RT-HIIT group were
significantly more active per day at a moderate to vigorous intensity compared with
women in the UC group. Women were primarily middle-age and had on average a
healthy body mass index (BMI) (Table 1). The majority of women were postmenopausal
(58%) and treated with anthracyclines alone (38%) or in combination with taxanes (57%).
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Figure 1. Flowchart of patients participating in the OptiTrain study and included in the current
analyses.
Table 1. Participant characteristics at baseline

Age in years
BMI in kg/m

2

RT-HIIT
n = 30

AT-HIIT
n = 27

UC
n = 29

52.2 ± 10.1

53.9 ± 7.4

52.9 ± 10.1

24.2 ± 3.6

24.2 ± 3.4

24.7 ± 4.4

Menopausal status
Premenopausal

16 (53.3)

10 (37.0)

10 (34.5)

Postmenopausal

14 (46.7)

17 (63.0)

19 (65.5)

Comorbidities

6 (20.0)

4 (14.8)

10 (34.5)

Current smoker

1 (3.3)

0 (0.0)

1 (3.4)

Triple negative

1 (3.3)

5 (18.5)

6 (20.7)

HER2+, ER+, PR+

6 (20.0)

5 (18.5)

1 (3.4)

HER2+, ER-, PR-

0 (0.0)

2 (7.4)

4 (13.8)

HER2-, ER+, PR+

17 (56.7)

10 (37.0)

14 (48.3)

Tumor profile

HER2-, ER+, PR-

3 (10.0)

4 (14.8)

2 (6.9)

HER2+, ER+, PR-

3 (10.0)

1 (3.7)

1 (3.4)

HER2-, ER-, PR+

0 (0.0)

0 (0.0)

1 (3.4)

12 (40.0)

10 (37.0)

11 (37.9)

Chemotherapy regimen
Anthracycline
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Table 1 Continued

Taxane

RT-HIIT
n = 30

AT-HIIT
n = 27

UC
n = 29

2 (6.7)

2 (7.4)

0 (0.0)

Anthracycline + taxane

10 (33.3)

9 (33.3)

11 (37.9)

Anthracycline + taxane + Herceptin

6 (20.0)

6 (22.2)

7 (24.1)

MVPA (min/day)

92.6 ± 32.8

83.3 ± 28.6

68.0 ± 30.4

SED (min/day)

535.5 ± 104.4

555.0 ± 74.8

555.4 ± 93.1

Continuous variables are presented as mean ± SD, whereas dichotomous or categorical variables
are presented as n (%).
BMI Body Mass Index, RT-HIIT resistance and high-intensity interval training, AT-HIIT moderateintensity aerobic and high-intensity interval training, UC usual care, SD standard deviation,
MVPA objectively measured moderate-to-vigorous physical activity, SED objectively measured
sedentary behavior.

Effects of exercise on inflammatory markers
Receiving adjuvant chemotherapy altered the plasma cytokine profile of patients
with breast cancer (Figure 2A). In general, chemotherapy led to an increase in proinflammatory cytokines in all groups (Figure 2A and Supplement 2), whereas other
factors such as pro–epidermal growth factor (EGF) were reduced over the course of
therapy. The increases in IL-6 and T-cell surface glycoprotein CD8 alpha chain (CD8a)
were significantly less pronounced after RT-HIIT compared with UC (−0.47, 95%
CI = −0.87 to −0.07, and −0.28, 95% CI = −0.57 to 0.004, respectively) (Figure 2B and
Table 2). No significant differences in single inflammatory markers were found between
AT-HIIT and UC at 16 weeks.

7
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Figure 2.
Panel A: Heatmap of changes in inflammatory marker expression following chemotherapy in
exercising (RT-HIIT and AT-HIIT) and usual care (UC) groups. Colors indicate log2 fold-changes
in post- versus pre-chemotherapy expression values (red – increased, blue – decreased, white
– unchanged).
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Panel B: Heatmap of significantly-altered inflammatory marker expression following
chemotherapy in exercising (RT-HIIT and AT-HIIT) and usual care (UC) groups. Colors indicate
log2 fold-changes in post- versus pre-chemotherapy expression values (red – increased, blue
– decreased, white – unchanged). Comparisons were made using ANCOVA and p values<0.2
were deemed significant. Panel C: Hierarchical cluster analysis heat-maps showing nearestneighbor correlations of inflammatory markers in the RT-HIIT, AT-HIIT and the control (UC) group.
Positive correlations are represented in graded shades of blue, whereas negative correlations
are represented in graded shades of red. Cluster A and B positively correlated within the RT-HIIT
and usual care group. All correlations were weaker in the AT-HIIT group.
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Table 2. Exercise effects on inflammatory markers
Outcome Group

CD40-L

EGF

IL-6

TRAIL

CD8A

DCN

CCL17

Baseline
Post(mean ± SD) intervention
(mean ± SD)

Baseline to post-intervention

Within-group
difference
Mean [95% CI]

Between-group
difference
Mean [95% CI]

RT-HIIT

5.86 ± 1.87

4.90 ± 1.55

-1.06 [-1.79;
-0.32]*

0.19 [-0.60; 0.99]

AT-HIIT

6.07 ± 1.60

5.52 ± 1.18

-0.48 [-1.30; 0.35]

0.74 [-0.05; 1.53]

UC

6.52 ± 1.33

4.82 ± 1.58

-1.73 [-2.47;
-0.99]*

ref.

RT-HIIT

7.60 ± 1.54

6.65 ± 1.35

-1.06 [-1.76;
-0.36]*

0.29 [-0.49;
1.07]

AT-HIIT

7.76 ± 1.50

7.14 ± 1.34

-0.52 [-1.38; 0.34]

0.75 [-0.03; 1.52]

UC

8.16 ± 1.46

6.39 ± 1.53

-1.77 [-2.55;
-1.00]*

ref.

RT-HIIT

2.51 ± 0.83

2.54 ± 0.74

-0.01 [-0.39; 0.37]

-0.47 [-0.87;
-0.07]*

AT-HIIT

2.85 ± 0.96

3.03 ± 0.75

0.21 [-0.09; 0.51]

-0.15 [-0.55;
0.25]

UC

2.59 ± 1.01

3.11 ± 1.01

0.49 [0.12; 0.87]*

ref.

RT-HIIT

6.98 ± 0.29

7.02 ± 0.39

-0.004 [-0.19;
0.18]

-0.17
[-0.38;0.03]

AT-HIIT

7.18 ± 0.55

7.33 ± 0.49

0.14 [-0.03; 0.30]

0.05 [-0.16; 0.26]

UC

7.02 ± 0.51

7.21 ± 0.42

0.18 [0.03; 0.33]*

ref.

RT-HIIT

8.19 ± 0.86

8.00 ± 0.72

-0.24 [-0.44;
-0.03]*

-0.28 [-0.57;
0.004]

AT-HIIT

8.07 ± 0.70

7.96 ± 0.74

-0.12 [-0.29; 0.06]

-0.20 [-0.48;
0.09]

UC

7.99 ± 0.72

8.09 ± 0.80

0.10 [-0.10; 0.30]

ref.

RT-HIIT

3.55 ± 0.33

3.56 ± 0.39

-0.02 [-0.12; 0.09]

-0.14 [-0.31;
0.03]

AT-HIIT

3.64 ± 0.50

3.75 ± 0.52

0.08 [-0.03; 0.20]

0.005 [-0.16;
0.17]

UC

3.44 ± 0.54

3.62 ± 0.42

0.17 [0.03; 0.30]*

ref.

RT-HIIT

7.23 ± 1.28

6.85 ± 1.23

-0.45 [-0.94; 0.03]

0.15 [-0.44; 0.74]

AT-HIIT

7.28 ± 0.96

7.13 ± 1.08

-0.12 [-0.62; 0.38]

0.40 [-0.19; 0.99]

UC

7.56 ± 1.07

6.84 ± 1.11

-0.73 [-1.22;
-0.24]*

ref.
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Table 2 Continued
Outcome Group

CASP-8

ICOSLG

CSF-1

IFN-y a

IL-10

FasL

a

Baseline
Post(mean ± SD) intervention
(mean ± SD)

Baseline to post-intervention

Within-group
difference
Mean [95% CI]

Between-group
difference
Mean [95% CI]

RT-HIIT

3.79 ± 1.25

3.18 ± 0.91

-0.75 [-1.34;
-0.16]*

0.20 [-0.25;
0.66]

AT-HIIT

3.70 ± 1.13

3.43 ± 0.74

-0.27 [-0.89; 0.35]

0.40 [-0.05;
0.86]

UC

3.95 ± 1.01

3.03 ± 0.86

-0.96 [-1.39;
-0.53]*

ref.

RT-HIIT

3.77 ± 0.42

3.79 ± 0.48

-0.02 [-0.14; 0.11]

-0.14 [-0.32;
0.04]

AT-HIIT

3.73 ± 0.55

3.84 ± 0.46

0.08 [-0.06; 0.23]

-0.05 [-0.23;
0.13]

UC

3.65 ± 0.49

3.84 ± 0.43

0.18 [0.05; 0.31]*

ref.

RT-HIIT

6.73 ± 0.36

6.77 ± 0.41

-0.01 [-0.16; 0.13]

-0.13 [-0.30;
0.03]

AT-HIIT

6.83 ± 0.51

6.92 ± 0.45

0.08 [-0.04; 0.20]

-0.03 [-0.19;
0.13]

7

UC

6.68 ± 0.49

6.86 ± 0.45

0.17 [0.08; 0.27]*

ref.

RT-HIIT

0.88 ± 1.59

1.01 ± 1.60

0.09 [-0.65; 0.82]

-0.51 [-1.20;
0.17]

AT-HIIT

1.20 ± 0.98

1.46 ± 0.95

0.28 [-0.14; 0.69]

-0.14 [-0.82;
0.54]

UC

0.88 ± 1.65

1.49 ± 1.25

0.57 [-0.05; 1.19]

ref.

RT-HIIT

0.92 ± 0.27

0.81 ± 0.26

-0.08 [-0.28; 0.13]

0.13 [-0.02; 0.29]

AT-HIIT

0.95 ± 0.23

0.70 ± 0.18

-0.29 [-0.40;
-0.19]*

-0.0004
[-0.14;0.14]

UC

0.92 ± 0.26

0.71 ± 0.22

-0.27 [-0.41;
-0.12]*

ref.

RT-HIIT

5.18 ± 0.49

5.38 ± 0.58

0.11 [-0.05; 0.27]

-0.15 [-0.39;
0.08]

AT-HIIT

5.06 ± 0.64

5.38 ± 0.53

0.31 [0.13; 0.48]*

-0.02 [-0.25;
0.21]

UC

5.06 ± 0.60

5.42 ± 0.63

0.33 [0.16; 0.51]*

ref.
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Table 2 Continued
Outcome Group

CXCL9

MIC A/B

Baseline
Post(mean ± SD) intervention
(mean ± SD)

Baseline to post-intervention

Within-group
difference
Mean [95% CI]

Between-group
difference
Mean [95% CI]

RT-HIIT

6.21 ± 0.73

6.73 ± 0.84

0.48 [0.13; 0.83]*

0.04 [-0.37; 0.45]

AT-HIIT

6.50 ± 1.03

7.13 ± 0.83

0.66 [0.32; 1.00]*

0.28 [-0.13; 0.69]

UC

6.29 ± 0.95

6.82 ± 0.94

0.47 [0.10; 0.84]*

ref.

RT-HIIT

3.11 ± 1.07

3.06 ± 1.04

-0.06 [-0.19; 0.06]

-0.14 [-0.30;
0.03]

AT-HIIT

2.84 ± 1.16

2.88 ± 1.16

0.02 [-0.09; 0.14]

-0.06 [-0.22;
0.11]

UC

2.97 ± 1.17

3.06 ± 1.29

0.09 [-0.03; 0.21]

ref.

Baseline values, within- and between-group differences were based on participants having
baseline and post-intervention measurements (RT-HIIT=30, AT-HIIT=27, UC=29).
*p<0.05.
a
Log-transformed.
CASP-8 Caspase-8, CCL17 C-C motif chemokine 17, CD8A T-cell surface glycoprotein CD8 alpha
chain, CD40-L CD-40 ligand, CSF-1 Macrophage colony stimulating factor-1, CXCL9 C-X-C motif
chemokine 9, DCN Decorin, EGF Pro-epidermal growth factor, FasL Fas antigen ligand, ICOSLG
ICOS ligand, IFN-y Interferon-y, IL-6 Interleukin-6, IL-10 Interleukin-10, MIC A/B MHC class I
polypeptide-related sequence A/B, TRAIL TNF-related apoptosis-inducing ligand, SD standard
deviation, CI confidence interval, RT-HIIT resistance and high-intensity interval training, AT-HIIT
moderate-intensity aerobic and high-intensity interval training, UC usual care.

Mediation effects of inflammatory markers on fatigue
Compared with the original OptiTrain study, larger effects of the exercise intervention
on fatigue were found at 16 weeks in this subgroup, especially for the AT-HIIT group
compared with UC (−1.59, 95% CI = −2.94 to −0.24) (Table 3). The changes in IL-6 and
CD8a significantly mediated the effects of RT-HIIT on both total and physical fatigue by
 ).
32.0% and 27.7% and by 31.2% and 26.4%, respectively (Table 4
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Table 3. Exercise effects on fatigue and physiological outcomes.
Baseline

Baseline to postintervention
Within-group
differences

Between-group
differences

Mean (SD)

Mean [95% CI]

Mean [95% CI]

RT-HIIT

2.59 (3.46)

-0.02 [-1.45;1.42]

-1.25 [-2.58; 0.09]

AT-HIIT

1.70 (2.31)

0.31 [-0.95;1.57]

-1.59 [-2.94; -0.24]*

UC

2.27 (2.82)

1.57 [0.72;2.41]*

Reference

RT-HIIT

2.53 (3.35)

0.05 [-1.44;1.54]

-1.48 [-2.98; -0.02]*

AT-HIIT

1.76 (2.56)

0.52 [-0.89;1.94]

-1.60 [-3.12; -0.09]*

UC

2.62 (3.22)

1.64 [0.63;2.65]*

Reference

2.34 (0.49)

-0.09 [-0.23;0.05]

0.21 [-0.01;0.43]

Fatigue
Total fatigue

Physical fatigue

Physiological outcomes
Cardiorespiratory RT-HIIT
fitness (L/min)
AT-HIIT
Lower-limb
muscle strength
(kg)
Handgrip
strength (kg)
BMI (kg/m )
2

2.23 (0.48)

0.03 [-0.09;0.15]

0.31 [0.09;0.53]*

UC

2.26 (0.49)

-0.29 [-0.44;-0.14]*

Reference

RT-HIIT

88.87 (28.94)

16.21 [8.72;23.81]*

21.65
[10.04;33.26]*

AT-HIIT

81.27 (24.17

12.68 [7.11;18.25]*

17.53 [6.03;29.04]*

UC

87.31 (26.02)

-6.00 [-13.49;1.49]

Reference

RT-HIIT

29.30 (5.82)

2.03 [0.95;3.11]*

3.07 [1.12;5.02]*

AT-HIIT

29.65 (4.57)

0.19 [-1.13;1.50]

1.31 [-0.66;3.28]

UC

29.64 (5.72)

-1.14 [-2.28;0.01]

Reference

RT-HIIT

24.22 (3.55)

0.19 [-0.15;0.52]

-0.68 [-1.32;-0.05]*

AT-HIIT

24.22 (3.32)

0.10 [-0.24;0.44]

-0.67 [-1.31;-0.02]*

UC

24.73 (4.35)

0.75 [0.26;1.24]*

Reference

7

Baseline values, within- and between-group differences were based on participants having
baseline and post-intervention measurements (RT-HIIT=30, AT-HIIT=27, UC=29). For exercise
effects on fatigue and physiological outcomes in the whole OptiTrain study population, we refer
18,20
to the original publications .
*p<0.05.
SD standard deviation, CI confidence interval, RT-HIIT resistance and high-intensity interval
training, AT-HIIT moderate-intensity aerobic and high-intensity interval training, UC usual care,
BMI Body Mass Index.
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Table 4. The mediating effects of inflammatory markers on the relationship between exercise
and fatigue.
Total fatigue

Proportion
Physical
Mediated (%) fatigue

Proportion
Mediated
(%)

Estimate
[95% CI]

Estimate
[95% CI]

Total effect

-1.25
[-2.58; 0.09]

-1.48
[-2.98; -0.02]*

Indirect effect through
CD40-L

-0.01
[-0.34; 0.12]

0.8

-0.03
[-0.49; 0.11]

2.0

Indirect effect through
IL-6

-0.40
[-1.11; -0.04]*

32.0

-0.41
[-1.01; -0.03]*

27.7

Indirect effect through
EGF

-0.006
[-0.29; 0.14]

0.5

-0.03
[-0.41; 0.08]

2.0

Indirect effect through
TRAIL

-0.13
[-0.69; 0.04]

10.4

-0.13
[-0.78; 0.06]

8.8

Indirect effect through
CD8A

-0.39
[-1.11; -0.02]*

31.2

-0.39
[-1.20; -0.004]*

26.4

Indirect effect through
DCN

-0.13
[-0.77; 0.05]

10.4

-0.12
[-0.69; 0.08]

8.1

Indirect effect through
CCL17

-0.009
[-0.30; 0.10]

0.7

-0.02
[-0.43; 0.09]

1.4

Indirect effect through
CASP-8

-0.05
[-0.52; 0.06]

4.0

-0.07
[-0.60; 0.06]

4.7

Indirect effect through
ICOSLG

-0.17
[-0.81; 0.05]

13.6

-0.15
[-0.72; 0.05]

10.1

Indirect effect through
CSF-1

-0.30
[-0.91; 0.03]

24.0

-0.29
[-0.93; 0.07]

19.6

Indirect effect through
IFN-y

-0.22
[-0.86; 0.07]

17.6

-0.24
[-1.00; 0.08]

0.16

Indirect effect through
IL-10

-0.03
[-0.36; 0.56]

2.4

-0.06
[-0.78; 0.26]

4.1

Indirect effect through
FasL

-0.11
[-0.61; 0.08]

8.8

-0.15
[ -0.73; 0.12]

10.1

Indirect effect through
CXCL9

-0.03
[-0.25; 0.38]

2.4

-0.05
[-0.27; 0.44]

3.4

Indirect effect through
MIC A/B

-0.24
[-0.68; 0.02]

19.2

-0.23
[-0.73; 0.01]

15.5

Effect of RT-HIIT on fatigue
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Table 4 Continued
Total fatigue

Proportion
Physical
Mediated (%) fatigue

Proportion
Mediated
(%)

Estimate
[95% CI]

Estimate
[95% CI]

Total effect

-1.59
[-2.94; -0.24]*

-1.60
[-3.12; -0.09]*

Indirect effect through
CD40-L

-0.05
[-0.51; 0.21]

3.1

-0.11
[-0.64; 0.17]

6.9

Indirect effect through
IL-6

-0.13
[-0.60; 0.18]

8.2

-0.12
[-0.64; 0.16]

7.5

Indirect effect through
EGF

-0.02
[-0.45; 0.24]

0.9

-0.08
[-0.65; 0.17]

4.8

Indirect effect through
TRAIL

-0.04
[-0.09; 0.47]

2.5

-0.05
[-0.11; 0.51]

3.1

Indirect effect through
CD8A

-0.22
[-0.82; 0.03]

13.8

-0.22
[-0.95; 0.06]

13.8

Indirect effect through
DCN

-0.005
[-0.21; 0.27]

0.3

-0.007
[-0.17; 0.37]

0.4

Indirect effect through
CCL17

-0.02
[-0.46; 0.16]

1.3

-0.06
[-0.65; 0.12]

3.8

Indirect effect through
CASP-8

-0.10
[-0.64; 0.10]

6.3

-0.14
[-0.74; 0.08]

8.8

Indirect effect through
ICOSLG

-0.06
[-0.53; 0.11]

3.8

-0.06
[-0.49; 0.08]

3.8

Indirect effect through
CSF-1

-0.07
[-0.50; 0.22]

4.4

-0.07
[-0.50; 0.27]

4.4

Indirect effect through
IFN-y

-0.06
[-0.50; 0.16]

3.8

-0.06
[-0.53; 0.20]

3.8

Indirect effect through
IL-10

-0.01
[-0.20; 0.22]

0.01

-0.001
[-0.17; 0.24]

0.1

Indirect effect through
FasL

-0.01
[-0.37; 0.18]

0.6

-0.006
[-0.40; 0.30]

0.4

Indirect effect through
CXCL9

-0.18
[-0.02; 0.64]

11.3

-0.23
[-0.03; 0.72]

14.4

Effect of AT-HIIT on fatigue
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Table 4 Continued
Total fatigue

Proportion
Physical
Mediated (%) fatigue

Estimate
[95% CI]
Indirect effect through
MIC A/B

-0.10
[-0.57; 0.17]

Proportion
Mediated
(%)

Estimate
[95% CI]
6.3

-0.09
[-0.57; 0.11]

5.6

*p<0.05.
CASP-8 Caspase-8, CCL17 C-C motif chemokine 17, CD8A T-cell surface glycoprotein CD8 alpha
chain, CD40-L CD-40 ligand, CSF-1 Macrophage colony stimulating factor-1, CXCL9 C-X-C motif
chemokine 9, DCN Decorin, EGF Pro-epidermal growth factor, FasL Fas antigen ligand, ICOSLG
ICOS ligand, IFN-y Interferon-y, IL-6 Interleukin-6, IL-10 Interleukin-10, MIC A/B MHC class I
polypeptide-related sequence A/B, TRAIL TNF-related apoptosis-inducing ligand, RT-HIIT
resistance and high-intensity interval training, AT-HIIT moderate-intensity aerobic and highintensity interval training, CI confidence interval.

Correlations between physiological outcomes and inflammatory markers
Post-intervention, lower-body muscle strength significantly improved in both the
RT-HIIT and AT-HIIT group compared with UC, whereas cardiorespiratory fitness
significantly improved in the AT-HIIT group only and handgrip strength improved in the
RT-HIIT group (Table 3). Correlations between changes in physiological outcomes and
changes in inflammatory markers are shown in Table 5. A significant inverse correlation
was found between change in cardiorespiratory fitness and change in serum levels
of IFN-γ (r = −0.33, p = 0.005). A significant positive correlation was found between
change in handgrip strength and change in serum levels of CCL17 (r = 0.22, p = 0.045).
No significant correlations between changes in BMI and lower-limb muscle strength
and changes in inflammatory markers were found.
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Table 5. Pearson product-moment correlations between changes in physiological outcomes and
changes in inflammatory markers.
BMI (kg/m2) Cardiorespiratory
fitness (L/min)

Lower-limb muscle
strength (kg)

Handgrip
strength (kg)

CASP-8

-0.04

-0.05

-0.19

-0.13

CCL17

-0.05

-0.10

-0.13

-0.22**

CD8a

-0.11

-0.06

-0.23*

-0.18*

CD40L

-0.07

-0.07

-0.11

-0.14

CSF-1

-0.08

-0.02

-0.16

-0.16

CXCL9

-0.14

-0.01

-0.04

-0.03

DCN

-0.004

-0.21*

-0.13

-0.03

EGF

-0.05

-0.03

-0.11

-0.19*

ICOSLG

-0.003

-0.22*

-0.14

-0.12

IFN-y

-0.04

-0.33**

-0.06

-0.04

IL-6

-0.03

-0.10

-0.14

-0.01

IL-10

-0.02

-0.13

-0.03

-0.01

MIC A/B

-0.10

-0.02

-0.14

-0.16

TRAIL

-0.14

-0.10

-0.13

-0.16

*p<0.10, **p<0.05.
BMI Body Mass Index, CASP-8 Caspase-8, CCL17 C-C motif chemokine 17, CD8A T-cell surface
glycoprotein CD8 alpha chain, CD40-L CD-40 ligand, CSF-1 Macrophage colony stimulating factor1, CXCL9 C-X-C motif chemokine 9, DCN Decorin, EGF Pro-epidermal growth factor, FasL Fas
antigen ligand, ICOSLG ICOS ligand, IFN-y Interferon-y, IL-6 Interleukin-6, IL-10 Interleukin-10,
MIC A/B MHC class I polypeptide-related sequence A/B, TRAIL TNF-related apoptosis-inducing
ligand.

7

Cluster analysis of cytokine correlations
Two major clusters, which are groups of inflammatory markers whose expression levels
are correlated, were found within the RT-HIIT and UC groups (Figure 2C). The first cluster
(cluster A) included anti-inflammatory markers: caspase-8, CCL17, CD40 ligand, and
EGF. The second cluster (cluster B) included pro-inflammatory markers: CD8a, ICOS
ligand, decorin, C-X-C motif chemokine 9, IL-6, Fas antigen ligand, TNF-related apoptosisinducing ligand, macrophage colony stimulating factor 1, and MHC class I polypeptiderelated sequence A/B. A positive correlation was observed between cytokines within
each cluster. A negative correlation was observed between cytokines in clusters A
and B in the UC group, whereas weaker correlations between the two clusters were
observed in the RT-HIIT group. The AT-HIIT group exhibited weaker correlations between
inflammatory markers.
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DISCUSSION
This study showed that chemotherapy led to a general increase in inflammation;
however, the increases in IL-6 and CD8a were less pronounced after 16 weeks of RTHIIT compared with UC. Furthermore, we found that these two inflammatory markers
partially mediated the previously proven beneficial effect of exercise on total and
physical fatigue. We did not observe the same effects of AT-HIIT on inflammatory
markers.
Our work extends current knowledge from previous studies on inflammation during
cancer treatment, with studies reporting increased levels of IL-6 and decreased levels of
11,25
IL-1RA in patients with breast cancer undergoing chemotherapy . Weekly paclitaxel
has been shown to increase plasma levels of IL-10, whereas higher dose treatment,
administered every 3 weeks, resulted in the upregulation of plasma levels of IL-6 and
26
IL-8 . By contrast, circulating levels of IL-6 have not been shown to increase after
27,28
anthracycline-based treatment . Because of the wide variety of chemotherapy
regimens in our study and the small study population, we were not able to examine
the effects of specific cytostatic therapies. As demonstrated by within-group differences
in all groups, we observed a substantial increase in pro-inflammatory markers (e.g.,
IL-6, IL-12, IFN-γ, and TNF-α) and a decrease in anti-inflammatory markers (e.g., IL-10,
EGF, ANG-1, and caspase-8), suggesting that chemotherapy induces an inflammatory
environment.
Exercise has been shown to prevent or diminish inflammation in both healthy
29,30
15,17,31,32
individuals
and patients with cancer
. This study showed that RT-HIIT
counteracted an increase in IL-6 and CD8a. This finding is not in line with results from
two previous studies, which showed that combined resistance and aerobic training
12
during adjuvant chemotherapy led to serum levels of IL-6 comparable to the UC group
17
or to elevated levels of IL-6 in patients with breast cancer in general . In contrast to
the aforementioned studies, we used a per-protocol analysis and included patients
who attended ≥60% of all exercise sessions, and additionally, we implemented a more
vigorous exercise program. Both aspects could have contributed to larger effects found
in the current study. Other studies on the effects of exercise on inflammation had a
different timing of the intervention period or included patients who received different
treatment regimens. A recent meta-analysis showed that exercise, implemented after
primary breast cancer treatment, reduced serum concentrations of IL-6, TNF-α, and
15
IL-8 . Furthermore, Schmidt et al. (2016) observed that the increase in IL-6 during
radiation therapy was counteracted by resistance exercise training in women with breast
31
cancer . The latter study also assessed the mediating role of IL-6 in the development
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of fatigue during radiation therapy and the moderation by resistance exercise. Schmidt
and colleagues observed that IL-6 mediated the effect of exercise on physical fatigue by
22%, which is in agreement with our observation that IL-6 mediated the effect by 27.7%.
RT-HIIT, but not AT-HIIT, was effective in moderating chemotherapy-induced
inflammation, which can be explained by the underlying biology. It is generally known
that resistance training primarily recruits type II muscle fibers compared with aerobic
33
exercise, which mostly recruits type I fibers . Evidence suggests that muscles express
34
inflammatory markers in a fiber-type–specific manner , which might explain the
different effects found for RT-HIIT and AT-HIIT on inflammatory markers compared with
UC. During exercises with sufficient load, the skeletal muscle secretes myokines, such
35
as IL-6 . The rise in circulating IL-6 is responsible for the release of anti-inflammatory
marker IL-10, which downregulates the expression of several pro-inflammatory markers,
16
including IL-6 . Because this cascade of inflammatory cytokines is assumed to be
less active after AT-HIIT, this might explain the smaller changes in concentrations of
inflammatory markers found in this study arm. Indeed, there was a significant loss of
IL-10 in both the UC and the AT-HIIT groups and a trend towards a moderated IL-10
loss in the RT-HIIT group compared with UC, whereas there was no effect of AT-HIIT
compared with UC. Future studies are needed to further explore potential mechanisms
that can underpin the beneficial effects of RT-HIIT on inflammatory markers.

7

In the present study, we also explored correlations between inflammatory markers
and physiological outcomes because the influence of exercise on the inflammatory
pathway might be more pronounced in the patients showing a physiological response.
Of note, we found correlations between changes in lower limb muscle and handgrip
strength and immunogenic markers, including CD8a. These results are confirmed by
a recent pilot study from Narsale et al. (2019), who showed that naïve, memory, and
regulatory T-cells correlate with muscle strength and performance, suggesting that
engagement in muscular strengthening activities might have beneficial effects on
36
inflammatory markers . We did not find a correlation between changes in BMI and
37
inflammatory markers, as suggested by earlier research . We speculate that BMI might
not be a sufficiently sensitive parameter compared with changes in adipose tissue.
Furthermore, it should be noted that we investigated correlations between changes in
physiological outcomes and inflammatory markers over time. We assume that muscle
strength is more likely to change over a 16-week period compared with BMI, which
might explain why we did not find any correlations between BMI and inflammatory
markers. This study highlights that exercise influences markers not only via BMI as
38
39
shown in previous research but also via muscle strength . It can be speculated that
as a result of the exercise-induced reduction of inflammation in blood, muscle strength
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will not be negatively affected by the catabolic effects of inflammation. Many studies
examined the association between weight loss and inflammation and by putting this
evidence and our findings into perspective, we suggest that it would be interesting
to examine whether inflammation influences muscle strength by its effects on body
composition in future studies.
Strengths and limitations
The results of this study should be viewed in the context of several strengths and
limitations. First, this study captured many key and non-key exercise-related
inflammatory markers, which enabled us to explore exercise effects on inflammation
during adjuvant chemotherapy in greater detail. As a result, we hope that these results
will guide future studies by helping them to decide which inflammatory markers might
be or might not be interesting to examine using more sensitive methods in the context
of exercise during chemotherapy for breast cancer. Second, this is a randomized
controlled trial, suggesting a causal relationship between the exercise interventions
and inflammation. Limitations are that we only included women who attended more
40
than 60% of all exercise sessions, thereby compromising randomization . Nevertheless,
women included in the current analyses were comparable with the women in the
original OptiTrain study with respect to all baseline characteristics, except for baseline
physical activity levels. Patients in the intervention groups were more often moderately
to vigorously active compared with the UC group. It is intuitive that patients who
participated in physical activities before inclusion in the study would be more likely to
adhere to the exercise program. Because this is a mechanistic study and our particular
interest lies on the effects of performed exercise on inflammation, we did not adjust
for this difference at baseline. Evidence suggests that exercise effects on inflammatory
markers might be different for specific cytostatic therapies (taxanes vs non-taxane
based); however, we were not able to stratify our results for these two types of therapies
due to the small sample size. Future studies are needed to further explore this. Although
we captured many inflammatory markers, we missed a few interesting markers due
to undetectable cytokine concentrations (e.g., IL-13, IL-1ra, and IFN-β). Because of
the exploratory nature of the current analyses, the probability of a type I error was
41
increased . Finally, cancer-related fatigue is a complex and multifactorial syndrome,
and therefore additional potential mechanistic mediators should be investigated.
Clinical relevance
This present study helps to explain the beneficial effects of exercise on fatigue, and
as a consequence this might enhance exercise promotion and adherence. Knowledge
about the underlying mechanisms and the link between relevant inflammatory markers
and physiological response may potentially move exercise training in cancer patients
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beyond a “one size fits all” approach because it provides us with extensive knowledge of
the molecular effects on fatigue that are induced by different dosages, intensities, and
modes of exercise. Ultimately, the development of targeted interventions to ameliorate
fatigue will improve the long-term QoL in the growing population of patients with
cancer.

CONCLUSIONS
In conclusion, our study shows that chemotherapy induced an inflammatory
environment in general. Resistance training and HIIT concomitant to chemotherapy are
suggested to be effective interventions to reduce chemotherapy-induced inflammation
and subsequent fatigue. The beneficial effect of exercise on fatigue seemed to be
partially mediated by IL-6 and CD8a. Future studies are needed to confirm our findings
and to assess the long-term effects of exercise on the inflammatory environment.

7
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SUPPLEMENTAL FILES
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Baseline
general or
physical
fatigue (Y1)

Supplement 1. Schematic representation of the mediation model.
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AT-HIIT
(n=27)

UC
(n=29)

RT-HIIT

AT-HIIT

8.26 ±
0.74

IL-18

8.26 ±
0.68

-1.79 ±
1.08
8.23 ±
0.69

-1.42 ±
2.15
0.03
[-0.19;0.26]

-0.28
[-1.05;0.49]
0.22
[-0.06;0.49]

-0.27
[-1.29;0.75]

4.66 ±
0.97

IL-7

4.72 ±
0.79

1.45 ±
1.20
4.79 ±
0.78

1.98 ±
1.01

0.53
[-0.09;1.14]

-0.67
-0.59
[-1.05;-0.29]* [-0.90;-0.28]*

0.21
[-0.63;1.04]

-0.10
(0.81)

-0.09
(0.56)

-0.24
(0.69)

-0.67
-0.07
[-1.06;-0.29]* (0.76)

-0.07
[-0.64;0.49]

0.15
[-0.09;0.39]

-0.11
[-0.75;0.53]

RT-HIIT vs
UC

2.51 ±
0.83

4.56 ±
0.92

6.73 ±
0.36

IL-6

IL-12

CSF-1

6.83 ±
0.51

4.63 ±
0.95

2.85 ±
0.96

6.68 ±
0.49

4.41 ±
1.05

2.59 ±
1.01

0.02
[-0.12;0.15]

0.40
[0.04;0.76]*

0.10
[-0.28;0.47]

0.09
[-0.03;0.21]

0.34
[0.11;0.57]*

0.18
[-0.10;0.46]

0.18
[0.07;0.29]*

0.55
[0.23;0.88]*

0.52
[0.14;0.90]*

-0.15
(0.06)

-0.08
(0.68)

-0.52
(0.01)

IL-6 like cytokines are mediators in various immune processes, including hematopoiesis and the APR

1.45 ±
1.93

IL-4a

Common y-chain cytokines invoke lymphocyte activation and differentiation

-1.65 ±
1.41

IL-1ba

UC

-0.18
(0.77)

RT-HIIT vs
UC

-0.04
(0.65)

-0.07
(0.69)

-0.16
(0.43)

-0.13
(0.11)

-0.07
(0.70)

-0.47
(0.02)

0.03 (0.88) -0.05
(0.83)

0.23 (0.58) -0.08
(0.86)

-0.03
(0.70)

-0.08
(0.69)

-0.15
(0.47)

0.04
(0.87)

0.25
(0.56)

0.08
(0.64)

-0.04
(0.95)

AT-HIIT
vs UC

Adjusted betweengroup difference
(p-value)

0.07 (0.67) -0.07
(0.68)

-0.09
(0.89)

AT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)

Baseline to post-intervention
Within-group change [95% CI]

IL-1 like cytokines are produced upon inflammation, injury and infection

Interleukins

RT-HIIT
(n=30)

Baseline mean ± SD

Supplement 2. Exercise effects on 92 different cytokines.
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0.92 ±
0.27

0.95 ±
0.23

0.92 ±
0.26

0.88 ±
1.59

1.20 ±
0.98

0.88 ±
1.65

6.77 ±
0.51

5.86 ±
1.87

10.49 ±
0.80

CD27

CD40_L

CD40

10.71 ±
0.68

6.07 ±
1.60

6.65 ±
0.62

10.79 ±
0.70

6.52 ±
1.33

6.55 ±
0.52

Tumor necrosis factors are involved in cell death

IFN-ya

Interferons play a role in pathogen resistance

IL-10a

-0.22
[-0.57;0.13]

-1.05
[-1.73;-0.38]*

-0.15
[-0.30;0.002]

0.19
[-0.50;0.88]

-0.10
[-0.30;0.09]

-0.26
[-0.40;0.13]*
0.56
[-0.04;1.15]
0.04
[-0.13;0.21]
-1.70
[-2.46;0.94]*
-0.37
[-0.68;0.06]*

0.28
[-0.14;0.69]
-0.01
[-0.20;0.18]
-0.55
[-1.33;0.24]
-0.18
[-0.50;0.13]

UC

-0.27
[-0.38;-0.16]*

IL-10 like cytokines play a major role in suppressing inflammatory responses

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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AT-HIIT
vs UC

-0.07
(0.57)

-0.51
(0.14)

0.007
(0.95)

-0.14
(0.69)

0.13 (0.09) -0.0004
(1.00)

RT-HIIT vs
UC

Adjusted betweengroup difference
(p-value)

-0.08
(0.66)

0.12 (0.47) -0.04
(0.80)

0.13
(0.45)

0.18 (0.64) 0.74 (0.07) 0.19 (0.63) 0.74
(0.07)

-0.001
(1.00)

-0.11
(0.75)

-0.48
(0.17)
-0.10
(0.40)

0.006
(0.94)

AT-HIIT vs
UC

0.12 (0.14)

RT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)
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4.89 ±
0.62

2.94 ±
0.84

6.66 ±
0.45

2.42 ±
0.53

2.45 ±
0.53

4.19 ±
0.55

5.04 ±
0.62

6.98 ±
0.29

TNFRSF-4

TNFRSF9

TNFRSF12

TNFRSF14 2.91 ±
0.92

6.74 ±
0.36

TNF-aa

TNFRSF21

TRAIL

6.58 ±
0.38

3.28 ±
0.79

4.71 ±
0.66

4.08 ±
0.59

2.21 ±
0.43

2.31 ±
1.00

5.06 ±
0.60

2.66 ±
0.52

0.22
[-0.007;0.44]

0.12
[-0.08;0.31]

0.79
[0.53;1.04]*

0.26
[0.09;0.44]*

0.32
[0.13;0.50]*

0.04
[-0.07;0.16]

0.15
[-0.002;0.30]

0.17
[0.04;0.29]*

-0.64
-0.41
[-0.93;-0.36]* [-0.79;-0.03]*

0.02
[-0.24;0.29]

0.02
[-0.19;0.23]

0.74
[0.35;1.13]*

0.34
[0.10;0.57]*

0.17
[0.01;0.33]*

-0.16
-0.08
[-0.31;-0.01]* [-0.24;0.08]

7.18 ± 0.55 7.02 ± 0.51 0.02
[-0.16;0.20]

4.08 ±
0.67

2.35 ±
0.29

2.43 ±
0.47

5.06 ±
0.64

5.18 ±
0.49

FasL

2.86 ±
0.54

2.69 ±
0.36

CD70

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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-0.11
(0.51)

-0.13
(0.33)

-0.16
(0.46)

-0.07
(0.57)

-0.17
(0.15)

-0.13
(0.24)

RT-HIIT vs
UC

0.19
[0.02;0.36]*

0.18
[0.08;0.28]*

-0.18
(0.09)

-0.06
(0.43)

-0.74
-0.18
[-1.07;-0.40]* (0.29)

0.32
[0.08;0.57]*

0.20
[-0.01;0.41]

0.98
[0.74;1.21]*

0.33
[0.17;0.50]*

0.36
[0.17;0.55]*

-0.0001
[-0.16;0.16]

UC

-0.07
(0.69)

-0.09
(0.51)

-0.19
(0.36)

-0.04
(0.75)

-0.15
(0.19)

-0.10
(0.34)

RT-HIIT vs
UC

0.05
(0.60)

-0.17
(0.10)

0.03 (0.71) -0.05
(0.53)

0.05
(0.62)

0.03
(0.68)

0.07
(0.69)

-0.004
(0.98)

-0.06
(0.67)

-0.12
(0.56)

-0.07
(0.58)

-0.02
(0.89)

0.003
(0.98)
(1.00)

AT-HIIT
vs UC

Adjusted betweengroup difference
(p-value)

0.06 (0.74) -0.13
(0.42)

-0.02
(0.92)

-0.07
(0.63)

-0.11
(0.62)

-0.08
(0.52)

-0.02
(0.87)

-0.006
(0.96)

AT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)
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7.95 ± 0.47 7.87 ±
0.58

8.02 ±
0.52

-0.20
-0.02
[-0.36;-0.04]* [-0.24;0.20]

-0.12
[-0.29;0.05]

UC
-0.10
(0.40)

RT-HIIT vs
UC

0.90 ±
0.42

0.98 ±
0.40

1.02 ±
0.37

-0.24
-0.21
[-0.41;-0.07]* [-0.42;-0.01]*

6.18 ±
0.63

6.43 ± 0.74 6.72 ± 0.74 6.50 ±
1.02

7.35 ± 0.79 7.38 ±
0.59

CCL8

CCL13

6.36 ±
0.57
-0.30
[-0.60;0.004]*

-0.03
[-0.25;0.19]

0.17
[-0.04;0.39]

0.44
[0.07;0.81]*

-0.64
[-0.97;0.32]*

-0.05
(0.81)

0.12
(0.60)

0.11 (0.61)

-0.07
(0.76)

-0.35
[-0.63;-0.08]

-0.30
[-0.52;-0.08]*

-0.07
(0.56)

-0.02
(0.90)

0.05 (0.72) 0.08 (0.61) 0.06
(0.67)

-0.06
(0.62)

-0.07
(0.67)

0.03
(0.74)

0.13 (0.50) 0.05 (0.77) 0.14
(0.46)

0.04 (0.81)

-0.14
[-0.35;0.07]

-0.06
[-0.27;0.16]

-0.09
(0.51)

-0.02
(0.93)

0.03 (0.78) -0.03
(0.80)

0.05
(0.72)

AT-HIIT
vs UC

0.01 (0.95)

-0.11
(0.38)

0.16
0.26
[0.0001;0.31]* [0.06;0.45]*

-0.05
(0.63)

-0.06
(0.74)

-0.28
[-0.46;0.10]*
0.38
[0.12;0.65]*

0.42
[0.23;0.60]*

7.70 ± 0.90 -0.52
-0.33
[-0.92;-0.12]* [-0.61;-0.05]*

6.44 ±
0.49

4.20 ±
0.55

CCL4

4.23 ±
0.53

4.10 ±
0.58

9.05 ±
0.87

CCL3

8.95 ±
0.64

8.89 ±
0.67

CCL2

CC Chemokines target monocytes, T cells, dendritic cells, eosinophils and NK cells

LAP TGFbeta-1

RT-HIIT vs
UC

Adjusted betweengroup difference
(p-value)

0.04 (0.73) -0.09
(0.45)

AT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)

Transforming growth factor B family is involved in development, immune regulation, immune tolerance, carcinogenesis

TWEAK

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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8.25 ±
1.02

5.19 ±
0.96

9.47 ±
0.62

CCL19

CCL20

CCL23

9.44 ±
0.81

5.30 ±
0.81

8.43 ±
1.25

7.28 ±
0.96

9.58 ±
0.63

5.32 ±
0.98

8.17 ±
1.01

7.56 ±
1.07

6.21 ±
0.73

4.74 ± 0.71 4.98 ±
0.54

CXCL9

CXCL8
(IL-8)

6.50 ±
1.03

11.37 ±
1.16

10.94 ±
1.60

CXCL5

9.23 ±
0.86

8.97 ±
1.04

CXCL1

4.95 ±0.69

6.29 ±
0.95

11.17 ±
1.23

9.19 ±
0.73

CXC chemokines mediate neutrophil chemotaxis

7.23 ±
1.28

CCL17

0.09
[-0.28;0.45]

0.51
[0.18;0.84]*

-0.33
[-0.89;0.23]

-0.16
[-0.59;0.28]

-0.02
[-0.25;0.21]

-0.26
[-0.63;0.11]

-0.23
[-0.69;0.23]

-0.43
[-0.88;0.03]

-0.17
[-0.35;0.02]

0.63
[0.31;0.94]*

-0.56
[-1.10;-0.02]*

-0.39
[-0.80;0.01]

0.10
[-0.14;0.33]

-0.05
[-0.36;0.26]

-0.20
[-0.57;0.17]

-0.15
[-0.63;0.34]

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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RT-HIIT vs
UC

0.11 (0.63)

-0.10
(0.51)

-0.16
(0.46)

-0.24
(0.22)

-0.19
[-0.41;0.04]

0.54
[0.11;0.96]*

0.19 (0.31)

-0.06
(0.78)

-0.65
0.16 (0.61)
[-1.18;-0.13]*

-0.44
[-0.85;0.03]*

0.03
[-0.20;0.27]

-0.12
[-0.48;0.24]

0.06
[-0.26;0.38]

-0.72
0.11 (0.72)
[-1.20;-0.24]*

UC

RT-HIIT vs
UC

AT-HIIT
vs UC

Adjusted betweengroup difference
(p-value)

-0.20
(0.30)

-0.05
(0.73)

0.0003
(1.00)

0.08
(0.71)

-0.05
(0.78)

0.04
(0.83)

0.28
(0.18)
0.02 (0.92) 0.18 (0.34) 0.02
(0.93)

0.24
(0.27)

0.22 (0.48) 0.20 (0.51) 0.23
(0.46)

0.09 (0.71) 0.14 (0.56) 0.09
(0.70)

-0.01
(0.95)

0.09 (0.70) -0.17
(0.46)

-0.06
(0.76)

0.39 (0.19) 0.15 (0.62) 0.40
(0.18)

AT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)
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6.76 ±
1.18

8.29 ±
0.93

CXCL11

CXCL13

8.43 ±
0.71

6.97 ±
0.99
8.41 ±
0.85

6.90 ±
0.97

7.20 ± 1.12 7.25 ±
1.38

5.21 ±
0.48

5.17 ±
0.52

5.01 ±
0.53

7.92 ±
1.00

4.07 ±
0.54

ANG-1

ANG-2

4.00 ±
0.51

8.11 ±
0.72

6.36 ±
0.51

3.98 ±
0.45

8.18 ±
0.77

6.32 ±
0.47

-0.32
[-0.77;0.13]

-0.19
[-0.53;0.14]

0.14
[0.01; 0.27]*

0.11
[-0.03;0.25]

0.19
[-0.003;0.38]

0.26
[0.10;0.42]*

-0.09
(0.30)

-0.05
(0.71)

0.21
[0.07;0.36]*

0.0002
(1.00)

-0.09
(0.33)

-0.05
(0.70)

0.06 (0.61) 0.0001
(1.00)

0.06 (0.77) 0.002
(0.99)

-0.02
(0.87)

-0.008
(0.95)

-0.06
(0.74)

0.06
(0.61)

0.07
(0.74)

-0.01
(0.88)

-0.01
(0.94)

-0.16
(0.36)

-0.16
(0.36)

-0.12
(0.66)

AT-HIIT
vs UC

-0.05
(0.77)

-0.23
(0.40)

RT-HIIT vs
UC

0.20 (0.47) 0.01 (0.97) 0.21
(0.45)

-0.13
(0.65)

AT-HIIT vs
UC

Adjusted betweengroup difference
(p-value)

-0.03
(0.91)

-0.27
(0.33)

-0.76
-0.03
[-1.11;-0.41]* (0.88)

0.50
[0.34;0.67]*

0.41
[0.20;0.62]*

-0.63
-0.66
[-0.96;-0.29]* [-0.94;-0.38]*

0.02
[-0.09;0.13]

0.33
[0.10;0.56]*

-0.67
[-0.99;0.36]*

1.24
[0.80;1.68]*

1.11
[0.74;1.49]*

-0.71
-0.83
[-0.96;-0.45]* [-1.07;-0.59]*

-0.30
[-0.83;0.23]

1.17
[0.68;1.65]*

RT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)

Matrix metalloproteinases are involved in chemokine/cytokine inactivation and the release of apoptotic ligands

6.41 ±
0.46

TIE2

Angiopoietins play a role in angiogenesis

CX3CL1

CX3C chemokines attract T cells and monocytes

6.89 ±
1.03

CXCL10

UC

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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8.89 ±
0.70

5.96 ±
0.70

5.42 ±
0.61

7.60 ±
1.54

7.38 ±
0.40

3.32 ±
0.61

-0.28 ±
0.33

8.19 ±
0.86

2.82 ±
0.48

MMP-7

MMP-12

CD244

EGF

PlGF

CRTAM

CD4

CD8A

CA9

5.45 ±
0.60

5.97 ±
0.88

8.89 ±
0.60

2.81 ±
0.55

8.07 ±
0.70

-0.15 ±
0.45

3.34 ±
0.79

7.36 ±
0.52

-0.20
[-0.43;0.03]

-0.02
[-0.23;0.19]

0.26
[0.09;0.42]*

-0.009
[-0.14;0.12]

-0.01
[-0.22;0.20]

0.23
[0.005;0.46]*

0.002
[-0.12;0.13]

0.01
[-0.19;0.21]

0.32
[0.14;0.50]*

-1.00
-0.63
[-1.65;-0.35]* [-1.45;0.20]

-0.20
[-0.40;0.002]*

-0.17
[-0.41;0.07]

0.21
[-0.08;0.50]

2.83 ±
0.63

-0.03
[-0.19;0.13]

0.20
[0.03;0.37]*

7.99 ± 0.72 -0.24
-0.12
[-0.43;-0.04]* [-0.29;0.05]

-0.21 ±
0.45

3.06 ±
0.48

7.33 ±
0.48

7.76 ± 1.50 8.16 ±
1.46

5.57 ±
0.54

6.17 ±
0.67

8.88 ±
0.50

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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0.06
[-0.16;0.27]

0.10
[-0.09;0.29]

RT-HIIT vs
UC

-0.11
(0.41)

-0.15
(0.27)

-0.06
(0.58)

-0.31
(0.02)

AT-HIIT
vs UC

0.09
(0.54)

-0.30
(0.02)

-0.15
(0.11)

-0.06
(0.64)

-0.14
(0.31)

0.14 (0.22) -0.06
(0.63)

-0.17
(0.17)

-0.11
(0.23)

-0.09
(0.53)

-0.04
(0.77)

0.15
(0.22)

-0.17
(0.16)

-0.10
(0.26)

-0.08
(0.57)

-0.04
(0.78)

0.75
(0.06)

0.08 (0.54) 0.03 (0.81) 0.09
(0.52)

0.09 (0.52) -0.14
(0.33)

0.03 (0.87) 0.05 (0.75) 0.03
(0.83)

AT-HIIT vs
UC

Adjusted betweengroup difference
(p-value)

0.28 (0.47) 0.74 (0.06) 0.29
(0.46)

0.01 (0.95)

-0.13
(0.36)

0.004
(0.98)

RT-HIIT vs
UC

0.14
-0.17
[0.002;0.28]* (0.06)

0.19
[0.01;0.37]*

0.38
[0.21;0.56]*

-1.77
[-2.58;0.96]*

-0.20
[-0.44; 0.03]

-0.03
[-0.23;0.17]

0.21
[-0.03;0.46]*

UC

Unadjusted betweengroup difference
(p-value)
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6.72 ±
0.33

6.16 ±
0.35

9.64 ±
0.64

2.00 ±
0.59

5.64 ±
0.27

3.90 ±
0.80

6.82 ±
0.53

4.49 ±
0.70

11.58 ±
0.50

Gal-9

VEGFR-2

PDGF
subunit B

PDCD1

Gal-1

PD_L1

HGF

GZMA

HO-1

11.58 ±
0.59

4.37 ±
0.60

6.81 ±
0.66

3.80 ±
0.59

5.61 ±
0.43

2.00 ±
0.62

9.72 ±
0.63

6.15 ±
0.49

6.80 ±
0.48

11.57 ±
0.45

4.28 ±
0.54

6.87 ±
0.61

3.74 ±
0.44

5.62 ±
0.47

1.92 ±
0.49

9.78 ±
0.62

6.03 ±
0.45

6.70 ±
0.38

0.33
[0.23;0.43]*
0.04
[-0.08;0.15]

0.31
[0.20;0.42]*

-0.11
0.03
[-0.22;-0.01]* [-0.11;0.16]

0.11
[-0.01;0.24]
0.03
[-0.15;0.20]
-0.17
[-0.37;0.04]
0.31
[0.07;0.55]*
0.16
[-0.02;0.35]

0.16
[0.03;0.29]*
-0.03
[-0.23;0.18]

-0.25
0.05
[-0.41;-0.08]* [-0.24;0.35]
0.18
[-0.01;0.36]
0.27
[0.05;0.50]*

0.12
[-0.09;0.33]

0.005
[-0.24;0.25]

-0.16
[-0.36;0.03]

0.04
[-0.13;0.21]

-0.04
(0.76)

-0.19
(0.17)

-0.11
(0.46)

-0.10
(0.41)

-0.07
(0.49)

-0.11
(0.43)

0.11
[-0.13;0.35]

0.02
[-0.19;0.23]

-0.05
[-0.24;0.14]

-0.81
-0.03
[-1.17;-0.46]* (0.91)

-0.09
(0.22)

-0.03
(0.72)

RT-HIIT vs
UC

RT-HIIT vs
UC

0.04
(0.58)

-0.08
(0.56)

-0.07
(0.59)

-0.14
(0.28)
0.11 (0.40) -0.03
(0.79)

-0.05
(0.72)

0.18 (0.22) -0.09
(0.53)

-0.02
(0.86)

0.05 (0.64) -0.05
(0.65)

-0.02
(0.89)

0.11
(0.40)

-0.04
(0.77)

0.18
(0.22)

-0.01
(0.91)

0.05
(0.60)

-0.01
(0.91)

0.11 (0.62) 0.02 (0.93) 0.12
(0.59)

0.04 (0.62) -0.07
(0.33)

0.02
(0.82)

AT-HIIT
vs UC

Adjusted betweengroup difference
(p-value)

0.01 (0.89) -0.01
(0.91)

AT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)

-0.67
[-0.99;-0.34]*

-0.78
[-1.03;-0.52]*

0.31
[0.15;0.47]*

UC

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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3.55 ±
0.33

3.11 ±
1.07

2.83 ±
0.70

3.79 ±
1.25

3.77 ±
0.42

1.48 ±
0.45

7.46 ± 0.49 7.53 ± 0.52 7.50 ±
0.58

4.52 ±
0.66

MIC
A/B

LAMP-3

CASP-8

ICOSLG

PD-L2

VEGF-A

KLRD1

4.51 ±
0.72

1.42 ±
0.44

3.73 ±
0.55

3.70 ±
1.13

3.01 ±
0.78

2.84 ±
1.16

3.64 ±
0.50

4.42 ±
0.65

1.37 ±
0.47

3.65 ±
0.49

3.95 ±
1.01

2.85 ±
0.68

2.97 ±
1.17

3.44 ±
0.54

2.91 ±
0.38

DCN

2.87 ±
0.41

2.91 ±
0.55

3.46 ±
0.37

NCR1

3.47 ±
0.41

3.50 ±
0.50

CD5

0.04
[-0.09;0.17]

0.11
[-0.03;0.25]

-0.28
[-0.87;0.31]

0.82
[0.56;1.08]*

0.03
[-0.08;0.14]

0.11
[-0.01;0.23]

0.37
[0.22;0.51]*

0.09
[-0.04;0.21]

0.09
[-0.09;0.26]

0.23
[0.05;0.42]*

-0.21
-0.12
[-0.42;-0.01]* [-0.28;0.05]

-0.06
[-0.18;0.06]

-0.005
[-0.13;0.12]

-0.68
[-1.21;-0.15]*

0.95
[0.57;1.33]*

-0.04
[-0.15;0.07]

-0.02
[-0.12;0.09]

0.27
[0.09;0.45]*

0.007
[-0.16;0.17]

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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-0.01
(0.95)

-0.14
(0.08)

-0.15
(0.09)

-0.13
(0.22)

-0.11
(0.30)

RT-HIIT vs
UC

-0.07
(0.75)

-0.06
(0.49)

0.003
(0.97)

-0.04
(0.73)

-0.03
(0.78)

AT-HIIT vs
UC

0.28
[0.10;0.46]*

-0.13
[-0.29;0.03]

0.08
[-0.06;0.22]

0.20
[0.06;0.33]*

-0.18
(0.15)

-0.11
(0.34)

-0.11
(0.22)

-0.15
(0.10)

-0.01
(0.92)

-0.06
(0.50)

0.005
(0.95)

-0.03
(0.77)

-0.02
(0.83)

AT-HIIT
vs UC

-0.10
(0.29)

-0.14
(0.13)

0.20
(0.37)

-0.14
(0.26)

-0.002
(0.99)

0.03
(0.79)

-0.01
(0.91)

-0.05
(0.56)

0.40
(0.08)

0.02 (0.94) -0.06
(0.79)

-0.14
(0.10)

-0.14
(0.10)

-0.11
(0.31)

-0.07
(0.48)

RT-HIIT vs
UC

Adjusted betweengroup difference
(p-value)

0.02 (0.84) -0.08
(0.50)

-0.01
(0.88)

-0.05
(0.55)

-0.91
0.16 (0.48) 0.39
[-1.38;-0.45]*
(0.09)

0.95
[0.67;1.23]*

0.09
[-0.02;0.20]

0.17
[0.02;0.33]*

0.40
[0.25;0.54]*

0.13
[-0.03;0.29]

UC

Unadjusted betweengroup difference
(p-value)
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2.74 ± 1.05 2.39 ±
0.92

0.84 ±
0.66

3.77 ±
1.57

ARG-1

VEGF-C

GZMH

3.74 ±
1.34

0.65 ±
0.55

1.54 ±
1.25

3.61 ±
1.15

0.88 ±
0.80

2.66 ±
0.78

1.11 ±
0.87

3.11 ±
1.04

1.30 ±
0.38
0.02
[-0.32;0.36]
0.17
[-0.07;0.41]
-0.45
[-0.88;0.02]*

-0.03
[-0.48;0.42]
0.17
[-0.17;0.52]
0.04
[-0.45;0.54]

-0.15
[-0.73;0.43]

0.03
[-0.44;0.50]

0.03
[-0.38;0.44]

-0.45
[-0.70;0.20]*

0.30
[0.16;0.43]*

0.28
[0.14;0.42]*

-0.47
-0.33
[-0.68;-0.26]* [-0.56;-0.10]*

-0.47
[-0.98;0.05]

-0.11
[-0.60;0.37]

-0.05
[-0.68;0.58]

0.15
[-0.02;0.32]

0.007
(0.94)

AT-HIIT
vs UC

-0.06
(0.82)

0.12 (0.67) 0.02 (0.94) 0.13
(0.62)

-0.03
(0.83)

-0.03
(0.78)

-0.05
(0.66)

-0.02
(0.83)

0.23 (0.38) 0.08 (0.77) 0.22
(0.40)

0.10 (0.70)

0.17
(0.50)

0.10 (0.69) 0.08
(0.72)

-0.13
(0.23)

RT-HIIT vs
UC

0.17 (0.49) -0.21
(0.41)

0.08 (0.74)

0.004
(0.97)

AT-HIIT vs
UC

Adjusted betweengroup difference
(p-value)

-0.20
(0.41)

0.06 (0.78)

-0.14
(0.18)

RT-HIIT vs
UC

Unadjusted betweengroup difference
(p-value)

2.59 ±
2.42 ±
2.60 ±
-0.04
0.06
-0.10
0.05 (0.68) 0.02 (0.89) 0.05 (0.68) 0.02
0.64
0.50
0.54
[-0.33;0.26]
[-0.16;0.28]
[-0.29;0.10]
(0.89)
CI confidence interval, SD standard deviation
a
Log-transformed
* Significant at level p<0.05
** Significant at level p<0.20. It will be assessed whether the cytokine mediates the effect of exercise on cancer-related fatigue.

ADA

1.31 ±
1.44

PTN

3.24 ±
1.19

3.22 ±
1.49

GZMB

1.33 ±
0.46

1.37 ±
0.44

CD83

UC

AT-HIIT

RT-HIIT

UC
(n=29)

RT-HIIT
(n=30)

AT-HIIT
(n=27)

Within-group change [95% CI]

Baseline to post-intervention

Baseline mean ± SD
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ABSTRACT
Introduction Randomized trials (RCTs) are increasingly used to identify mechanisms
of intervention effects through mediation analyses. Unfortunately, individual RCTs
are rarely powered to investigate mediation effects and therefore notoriously prone
to spurious findings and selective reporting. Meta-analysis of individual participant
data (IPD-MA) may offer a promising opportunity to increase statistical power and to
improve the overall quality of mediation analyses. Although several methods have been
developed for IPD-MA, there is limited guidance on how these methods can be used
to investigate mediation effects.
Methods We describe several one-stage and two-stage methods for conducting
mediation analyses in IPD-MA. These methods are illustrated in the Predicting OptimaL
cAncer RehabIlitation and Supportive care (POLARIS) study including data of 3,163
participants from 24 RCTs to examine the effect of exercise on quality of life (QoL) in
adult patients with breast cancer. One of the pathways through which exercise may
improve QoL, is by its beneficial effects on fatigue. Therefore, we examined whether
fatigue serves as a mediator in the association between exercise and QoL. To evaluate
the statistical properties of the proposed IPD-MA methods (bias, coverage, power),
we conducted a simulation study with IPD for 10 RCTs. We introduced between-trial
confounding in the mediation effect, and varied the sample size of individual trials.
Results In the illustrative example, beneficial effects of exercise on QoL were observed
(β=0.16, 95% CI 0.09; 0.23). The one-stage and two-stage approach yielded similar
results, and indicated that fatigue mediated the effects of exercise on QoL by 49%
(β=0.08, SE=0.001), and 44 % (β=0.07, SE=0.02), respectively. Given that mediatoroutcome confounding was taken into account, the two- and one-stage approach
with random intercept and slopes yielded unbiased mediation effects. The one-stage
approach with random intercept and slopes outperformed the one-stage approach
with random intercept only in terms of bias, coverage and power.
Conclusion This study highlights that mediator-outcome confounders should be taken
into account to derive unbiased mediation effects. Furthermore, it can be concluded that
the one-stage approach with random intercept and slopes is considered the preferred
approach for assessing mediation effects, since it can fully account for heterogeneity
across studies. More research is needed to extend these methods beyond multiple
mediation effects, non-linear associations and measurement scale heterogeneity.
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INTRODUCTION
Randomized controlled trials (RCTs) are considered the gold standard for estimating the
effect of medical interventions. Investigating mechanisms that underlie an observed
intervention effect can provide useful information and insights into how to adapt
1
future medical interventions to improve effectiveness . A mediator is a variable that
helps to explain how a certain medical intervention works. More formally, a mediator
is an intermediate variable that explains how an independent variable relates to a
2
dependent variable in a causal pathway . For example, the association between alcohol
consumption and blood pressure can be mediated by body weight. Mediators of
observed intervention effects are increasingly being investigated in RCTs. However, most
3
trials are underpowered to detect meaningful mediation effects , thereby increasing
the chance of finding spurious mediation effects. Additionally, mediation analyses are
often (i.e., 52% of recent mediation studies) conducted as secondary analysis and not
4
pre-defined (i.e., 80.6%) , which make them more prone to publication bias and poses
a threat to the validity of the published results. Meta-analysis may offer a promising
opportunity to increase sample size and improve the overall quality of mediation
analyses.
A common approach to meta-analysis is to summarize published results from the
literature. Briefly, study-level summary statistics (i.e., aggregated data), such as
mediation effect estimates and their standard errors, are obtained from the literature
or authors and subsequently pooled in a weighted average. Unfortunately, this approach
is prone to ecological bias when investigating effect modification and/or mediation
effects, since individual-level sources of treatment heterogeneity cannot properly be
5
taken into account . Furthermore, problems arise when aggregated data is selectively
or poorly reported, presented differently across studies or when different studies adjust
for different sets of confounders. Due to aforementioned reasons, meta-analysis of
published mediation effects does not appear very promising. Instead, meta-analysis
of individual participant data (IPD-MA) can help overcome many of these problems by
obtaining individual participant-level data of each relevant trial.

8

Securing IPD of trials enables one to standardize definitions and analyses across studies,
obtain results that have not been published, check modelling assumptions, and to
6–9
identify both individual- and study-level sources of treatment effect heterogeneity .
Furthermore, access to IPD may help to standardize adjustment for confounding
variables across studies. This is of particular importance in mediation analyses, since
10,11
mediator-outcome relations are often affected by (un)measured confounding . This is
because post-intervention values of the mediator are not randomly assigned but occur
221
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as a consequence of the assigned intervention. A recent review found that around 50%
4
of all trials investigating mediation effects adjust for mediator-outcome confounders . In
addition, only a third of the trials that do adjust for confounders, adjust for the baseline
4
value of the outcome and/or mediator only . To derive unbiased mediation effects, this
methodological concern needs to be taken into account when conducting an IPD-MA
of mediation effects.
Usually, IPD-MA are conducted to synthesize relatively simple effect measures, such
as standardized mean differences. Since mediation effects are the product of two
coefficients, the computation of the 95% confidence interval is different compared
to the computation of the 95% confidence interval for single effect measures. The
distribution of the product of two normally distributed coefficients is known to be
12
skewed and has excess kurtosis . Therefore, the distribution of the mediation effect
might be skewed, which can result in erroneous conclusions when using symmetric
intervals. However, it remains unclear how to derive appropriate confidence intervals
for mediation effects.
To date, no IPD-MA approaches to assess mediation effects have been proposed in
the literature. In general, there are two statistical approaches for conducting an IPD13
MA, the one- and two-stage approach . In the one-stage approach, IPD from all trials
are analyzed simultaneously by applying a single statistical model that accounts for
clustering of participants within studies and heterogeneity across studies, whereas the
two-stage approach derives estimates in each study separately and combines these by
calculating a weighted average. Both approaches might have different performance in
terms of power and coverage, and yield different estimates of mediation effects due
to different modelling assumptions. In addition, the performance of both approaches
14
might be negatively affected by the skewed distribution of the mediation effect .
The present study investigates how the one- and two-stage approaches for metaanalyzing IPD translate to mediation analysis in a large simulation study and provide
guidance in choosing the appropriate method for assessing mediation effects in IPD-MA.
Modelling assumptions will be critically assessed in order to better value the results
of the approaches. Finally, we will illustrate the proposed approaches with data from
15
the Predicting OptimaL cAncer RehabIlitation and Supportive care (POLARIS) study ,
which comprises IPD from 24 RCTs that evaluated the effects of exercise compared to
a control group on quality of life in adult patients with breast cancer.
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METHODS and RESULTS
Mediation effect in a single trial
The classical single mediator model relates the treatment variable (X, independent
variable) to a mediator (M), which in turn is related to a dependent variable (Y) (Figure
16
1). In longitudinal studies, their relation can be described as follows :

In these expressions, Equation 1 estimates the Total Effect (TE) of treatment X on the
post-treatment outcome variable (Y2) (c path). The ix parameters are intercepts, whereas
ex represent the error terms. The error term is assumed to follow a normal distribution
𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2
with mean = 0. Equation 2 represents the Direct Effect (DE, c’ path) of treatment X on
the post-treatment outcome variable (Y2) adjusted for other variables in the equation,
𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2
including the pre-treatment outcome variable (Y1), pre- and post-treatment mediator
variables and potential confounders (W) and the effect of the post-treatment mediator
variable (M2) on the post-treatment outcome variable (Y2, 𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2 , 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥 , coefficient; b
𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2
path))) adjusted for other variables in the equation (Figure 1). Equation 3 represents the
effect of treatment X on the mediator measured post-treatment (M2, 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥 , coefficient;
a path) adjusted for the pre-treatment mediator and pre-treatment outcome variable
(M1 and Y1, respectively) and potential confounders (W). The mediation effect (ME) is
𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥
then given by the multiplication of the 𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2 coefficient in Equation
2 and the 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥
coefficient in Equation 3. The standard error of ME can be estimated using the formula
derived by Sobel (1982) using the Delta method, and can be used to calculate confidence
17
intervals . The proportion mediation can be calculated by dividing ME by TE.

8

𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥
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Figure 1.
A single mediator model relating a treatment variable (X, independent variable) to a postintervention mediator (M2), which in turn is related to a post-treatment dependent variable (Y2),
conditioned on observed confounders (W) for the mediator-outcome relation and pre-treatment
values of the mediator (M1) and outcome (Y1). Apart from the same functional relationships
across all studies, it should be noted that the case-mix varies between studies.

Each regression equation requires the usual assumptions for regression analysis,
including well-behaved residuals, correct functional form, no measurement error and no
2
omitted influences . To identify mediation effects, four assumptions about no omitted
10
influences are required :
I. No unmeasured confounders for the exposure (X) – mediator (M) relation
II. No unmeasured confounders for the exposure (X) – outcome (Y) relation
III. No unmeasured confounding for the mediator (M) – outcome relation (Y)
IV. Confounders for the mediator – outcome relation are not affected by the exposure
224
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Assumptions I and II are frequently fulfilled with randomization of the treatment variable
(X), whereas assumption III is often not met. This assumption usually fails, because the
post-treatment mediator is not randomly assigned, but occurs as a consequence of the
treatment condition. In particular, although the distribution of the mediator should
be balanced at randomization (i.e., M1), this is no longer guaranteed for M2. We may
condition on observed confounders (W, Figure 1) for the mediator-outcome relation,
but unmeasured confounders could still exist. The fourth assumption can be replaced
by the no interaction between X and M assumption and can be assumed plausible when
16
there are no time varying confounders .
Mediation meta-analysis with individual participant data
In general, there are two statistical approaches for conducting an IPD-MA, the oneand two-stage approach. In our simulation study, both approaches were extended to
mediation analysis.
Two-stage approach
In this approach, estimates are derived in each study separately and combined by
calculating a weighted average. We here considered two different two-stage methods.
We hypothesized that these two methods might yield different results, since mediation
effects are generally not normally distributed.
Method 1: For each study, we first derived the mediation effect and the corresponding
standard error by estimating equation 1, 2 and 3 in each study separately.
𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2
In the second stage, the estimated mediation effects were pooled using a
random effects meta-analysis.

8

Method 2: For each study, we derived the 𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚2 coefficient in Equation 2 and the
𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥 coefficient in Equation 3. In the second stage, we separately pooled
the estimated coefficients using random effects meta-analysis. Finally, we
combined the pooled estimates of b and a and their corresponding standard
errors into a pooled mediation effect.
𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2𝑥𝑥𝑥𝑥

One-stage approach
In the one-stage approach, IPD from all trials were analyzed simultaneously by applying
statistical models that account for clustering within studies and heterogeneity across
studies. In practice, this implies that every parameter (i.e., intercept, slope, residual
error variance) in equation 1, 2 and 3 can vary across studies. This can be achieved by
stratification (e.g., for the intercept term) or random effects (e.g., for the intervention
effect and mediation effect). Careful modelling is required, since randomization is
225
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broken if all included studies are analyzed as one large study. Furthermore, it should
be noted that confounding effects for the mediator-outcome relation may differ across
studies.
Illustrative example
15
The proposed approaches were illustrated in the POLARIS study , which comprises IPD
from 24 RCTs that evaluated the effects of exercise compared to a control group (X) on
quality of life (Y) in adult patients with breast cancer (n = 3,163). Beneficial effects of
18
exercise were found on quality of life (Table 1) . Based on exploratory results of single
RCTs, it has been hypothesized that exercise may improve QoL through its beneficial
19,20
effects on fatigue . Hence, we investigated whether fatigue (M) mediated the effect
of exercise (X) on quality of life (Y). Quality of life and fatigue were measured pre- and
post-intervention using questionnaires. To allow pooling of different questionnaires,
we calculated z-scores for each individual by subtracting the mean score at baseline per
questionnaire from the individual score and dividing the result by the mean standard
deviation at baseline per questionnaire. The z-scores were used for further analysis.
The two abovementioned methods for the two-stage approach were used to estimate
mediation effects. Two one-stage models were specified: 1) this model included a
random intercept on study level only, whereas 2) included a random intercept on study
level and random slopes for all covariates in the model, but no correlations between
random effects. Models were adjusted for mediator-outcome confounding by age.
The Restricted Maximum Likelihood (REML) was used to derive unbiased estimates of
variance and covariance parameters in both the one- and two-stage approach.
Results illustrative example
The proposed approaches yielded similar results in our illustrative example and indicated
that fatigue mediated the effects of exercise on quality of life by 44 % (β=0.068,
SE=0.0227) and 49% (β=0.078, SE=0.0014), for the two- and one-stage approach,
respectively. The results of the two one-stage approaches indicate that different
modelling choices (e.g., based on different assumptions about heterogeneity) affect
the precision of the mediation effect. In addition, it should be noted that effect sizes
differ between the one- and two-stage approach. A simulation study was conducted to
provide guidance in choosing the appropriate method for assessing mediation effects
in IPD-MA.
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Table 1. Mediation effects of fatigue in the association between exercise and quality of life,
adjusted for mediator-outcome confounding by age. Both the one- and two-stage approach
were translated to mediation analyses.
Adjusted pooled effect
(Z-score (95% CI))
Intervention effect on quality of life (total 0.159 (0.092 to 0.231)*
effect)

Standard
error
0.0342

Two-stage approach (mediation effect)
Method 1

a

0.068 (0.024 to 0.113)*

0.0227

Method 2

b

0.062 (0.013 to 0.111)*

0.0250

0.079 (0.078 to 0.080)*

0.0005

0.078 (0.074 to 0.081)*

0.0014

One-stage approach (mediation effect)
Random intercept only
Random intercept and slopes

c

*An asterisk indicates a statistically significant treatment or mediation effect.
Method 1: mediation effects were derived in each study separately and subsequently pooled
in a random effects meta-analysis.
b
Method 2: the coefficient of the a- and b-path were derived in each study separately and pooled
in a random effects meta-analysis. A mediation effect was estimated using these pooled a- and
b-path coefficients.
c
Random slopes were added for all covariates in the model.
a

Simulation study
To reflect reality, the POLARIS dataset was used as motivating example for generating
the simulated datasets. For simplicity, baseline covariates (M1 and Y1) were generated
using an underlying normal distribution with the means and covariance matrix obtained
from the POLARIS dataset. The confounder (W) was truncated using the observed upper
and lower limits to produce realistic values and reasonable estimates for the mean
and standard deviations that were comparable to the POLARIS dataset. The treatment
variable (X) was generated using a binomial distribution (X ~ B(0.5)), resembling random
assignment in a RCT to either control or active treatment with a 1:1 allocation ratio.

8

For each case a linear predictor was calculated as the sum of the products of the
generated covariate values and the associated regression coefficient estimates obtained
from fitting the linear regression model to the POLARIS dataset, such that:
𝑀𝑀𝑀𝑀2 = −0.04 − 0.15𝑋𝑋𝑋𝑋 + 0.50𝑀𝑀𝑀𝑀1 − 0.10𝑌𝑌𝑌𝑌1 + 0.001𝑊𝑊𝑊𝑊

𝑌𝑌𝑌𝑌2 = 0.02 + 0.06𝑋𝑋𝑋𝑋 + 0.16𝑀𝑀𝑀𝑀1 + 0.49𝑌𝑌𝑌𝑌1 − 0.50𝑀𝑀𝑀𝑀2 + 0.001𝑊𝑊𝑊𝑊
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The regression coefficients of the confounding variable (W) were multiplied by a factor
10 and 100, respectively, to ensure that they confounded the observed associations
with ≥10%. Random noise was added to all generated data.
The R programming language was used to conduct statistical simulations. The main
steps of the simulation study are summarized as follows:
Step 1: We varied the sample size of simulated datasets (scenario 1: nobs=5000 per
study, scenario 2: nobs=500 per study, scenario 3: nobs=150 per study). Each simulated
dataset consisted of 10 trials.
Step 2: The simulation process was repeated 500 times.
Step 3: To each simulated dataset, we fitted random effect models using the
abovementioned methods for the one- and two-stage approach. All models were
adjusted for confounders (W) and compared to models without mediator-outcome
confounder adjustment.
To evaluate and compare the parameter estimates from the different types of models,
we examined the mean bias, mean standard error, power and coverage probability of
95% confidence intervals for each parameter estimate.
Table 2. An overview of the performance of all parameter estimates
Scenario 1
Scenario 2
Scenario 3
Sample size n=5000 Sample size n=500 Sample size n=150
Two-stage approach method 1a – adjusted for M-O confounder
Mediation effect (IQR)

0.078
(0.076 to 0.081)

0.077
(0.070 to 0.083)

0.074
(0.062 to 0.086)

Mean Standard error (IQR)

0.003
(0.002 to 0.004)

0.010
(0.008 to 0.011)

0.017
(0.014 to 0.020)

Mean Bias (IQR)

0.0001
(-0.002 to 0.002)

0.002
(-0.005 to 0.009)

0.004
(-0.008 to 0.017)

Coverage

95.6%

92.2%

95.6%

Power

100%

100%

97%

Two-stage approach method 1 – not adjusted for M-O confounder
a

Mediation effect (IQR)

-0.017
(-0.019 to -0.015)

-0.017
(-0.022 to -0.013)

-0.016
(-0.024 to -0.008)
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Table 2 Continued
Scenario 1
Scenario 2
Scenario 3
Sample size n=5000 Sample size n=500 Sample size n=150
Mean Standard error (IQR)

0.107
(0.098 to 0.120)

0.111
(0.090 to 0.130)

0.116
(0.080 to 0.163)

Mean Bias (IQR)

0.110
(0.090 to 0.131)

0.110
(0.070 to 0.151)

0.099
(0.054 to 0.146)

Coverage

100%

99.2%

79.6%

Power

0%

0%

0.2%

Two-stage approach method 2b – adjusted for M-O confounder
Mediation effect (IQR)

0.079
(0.076 to 0.081)

0.078
(0.070 to 0.086)

0.079
(0.066 to 0.092)

Mean Standard error (IQR)

0.003
(0.002 to 0.004)

0.011
(0.009 to 0.012)

0.019
(0.016 to 0.023)

Mean Bias (IQR)

-0.00005
(-0.002;0.002)

0.0004
(-0.007 to 0.008)

-0.001
(-0.013 to 0.013)

Coverage

91.8%

90.4%

94.2%

Power

100%

100%

97.4%

Two-stage approach method 2 – not adjusted for M-O confounder
b

Mediation effect (IQR)

-0.019
(-0.021 to -0.017)

-0.018
(-0.024 to -0.011)

-0.019
(-0.028 to -0.007)

Mean Standard error (IQR)

0.109
(0.100 to 0.117)

0.109
(0.088 to 0.132)

0.115
(0.078 to 0.149)

Mean Bias (IQR)

0.098
(0.095 to 0.100)

0.097
(0.089 to 0.103)

0.098
(0.085 to 0.107)

Coverage

100%

96.2%

90.4%

Power

0%

0%

0%

8

One-stage approach with random intercept – adjusted for M-O confounder
Mediation effect (IQR)

0.059
(0.055 to 0.064)

0.060
(0.044 to 0.075)

0.062
(0.036 to 0.089)

Mean Standard error (IQR)

0.0068
(0.0067 to 0.0069)

0.022
(0.020 to 0.023)

0.040
(0.035 to 0.044)

Mean Bias (IQR)

0.019
(0.014 to 0.024)

0.019
(0.004 to 0.034)

0.016
(-0.010 to 0.042)

Coverage

22.2%

84.4%

89.4%

Power

100%

80.4%

35.2%
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Table 2 Continued
Scenario 1
Scenario 2
Scenario 3
Sample size n=5000 Sample size n=500 Sample size n=150
One-stage approach with random intercept – not adjusted for M-O confounder
Mediation effect (IQR)

0.043
(0.040 to 0.047)

0.044
(-0.007 to 0.055)

0.045
(0.023 to 0.064)

Mean Standard error (IQR)

0.0052
(0.0050 to 0.0054)

0.017
(0.015 to 0.019)

0.031
(0.025 to 0.036)

Mean Bias (IQR)

0.035
(0.032 to 0.039)

0.034
(0.023 to 0.047)

0.033
(0.014 to 0.056)

Coverage

0%

43.4%

69.6%

Power

100%

78.4%

26.2%

One-stage approach with random intercept and slopes – adjusted for M-O confounder
c

Mediation effect (IQR)

0.079
(0.076 to 0.081)

0.078
(0.071 to 0.086)

0.080
(0.066 to 0.093)

Mean Standard error (IQR)

0.004
(0.003 to 0.004)

0.012
(0.011 to 0.012)

0.022
(0.020 to 0.023)

Mean Bias (IQR)

-0.00003
(-0.002 to 0.002)

0.0004
(-0.007 to 0.008)

-0.001
(-0.014 to 0.012)

Coverage

95.8%

96.6%

96.6%

Power

100%

100%

96.8%

One-stage approach with random intercept and slopes – not adjusted for M-O
confounder
Mediation effect (IQR)

-0.019
(-0.021 to -0.017)

-0.016
(-0.022 to -0.009)

-0.014
(-0.023 to -0.002)

Mean Standard error (IQR)

0.108
(0.100 to 0.117)

0.108
(0.083 to 0.134)

0.117
(0.068 to 0.160)

Mean Bias (IQR)

0.097
(0.095 to 0.100)

0.095
(0.087 to 0.100)

0.092
(0.080 to 0.102)

Coverage

100%

96.0%

85.8%

Power

100%

100%

96.8%

a

Method 1: mediation effects were derived in each study separately and subsequently pooled
in a random effects meta-analysis.
b
Method 2: the coefficient of the a- and b-path were derived in each study separately and pooled
in a random effects meta-analysis. A mediation effect was estimated using these pooled a- and
b-path coefficients.
c
Random slopes were added for all covariates in the model.
Abbreviations: M-O mediator outcome, IQR interquartile range
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Results simulation study
A summary of the performance of the parameter estimates is shown in Table 2, for the
different one- and two-stage approaches. In all scenarios the true mediation effect
was set at 0.078, based on our illustrative example. Given that mediator-outcome
confounding was taken into account, both methods for the two-stage approach and onestage approach with random intercept and slopes yielded unbiased mediation effects.
When comparing both methods for the two-stage approach, method 1 performed
better in terms of coverage (method 1: 95.6% vs method 2: 91.8%). The one-stage
approach with random intercept and slopes outperformed the one-stage approach with
random slopes only in terms of bias, coverage and power. With decreasing sample size,
the standard error increased, and the coverage and power decreased. Biased estimates
were retrieved in all models that were not adjusted for mediator-outcome confounding.
The results of the models with a stratified intercept instead of a random intercept on
study level were similar (data not shown).

DISCUSSION
The aim of this simulation study was to compare different approaches to synthesize
mediation effects and provide guidance in choosing the appropriate method for
assessing mediation effects in IPD-MA. The findings from our simulation study highlight
the importance of adjusting for mediator-outcome confounders in order to derive
unbiased estimates. The one-stage approach with random intercept on study level and
random slopes for all covariates in the model performed best in terms of bias, precision,
coverage and power. However, the performance decreased with decreasing sample size.

8

Previous studies already indicated that confounding poses a threat to the interpretation
10,21
of mediation effects . These findings are in line with our simulation study and
based on this conclusion, we encourage future studies to adjust for mediatoroutcome confounders to strengthen the validity of the findings. Access to IPD allows
one to standardize adjustment for confounders across studies. Furthermore, when
data on important mediator-outcome confounders are not collected in some of all
included studies, it enables researchers to impute this data based on observations
22
in the remaining studies . Although the imputation of important mediator-outcome
confounders is beyond the scope of the current study, it should be considered an
important next step for future research.
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Our simulation study shows that different modelling choices affect the precision of
the one-stage approach. Adopting a single statistical model that fully accounts for
heterogeneity across studies performs best. Furthermore, this study showed that the
one- and two-stage approach yield comparable mediation effects, given that mediatoroutcome confounders are taken into account. Although the two-stage approach is
conceptually more intuitive, the two-stage approach might have a poor performance
in terms of bias and coverage when few participants per trial are available. Therefore,
the (flexible) one-stage approach with random intercept and slopes is considered the
preferred approach for assessing mediation effects. It should be noted that the twostage approach can still be useful when designing an one-stage model. In addition,
we observed that the models with random intercept on study level did converge and
yielded similar results as the model with stratified intercept. If this model does not
converge in future studies, a model with stratified intercept on study level could be
used instead.
We investigated how approaches for meta-analyzing IPD translate to mediation analysis
with a focus on single mediator models. Future studies should extend this model to
models with multiple mediators, while taking into account mediator-to-mediator
confounding as well. Furthermore, we focused on continuous mediators and outcomes,
which can be analyzed using linear mixed-effects models. When investigating nonlinear associations, complexities arise due to non-collapsibility. As a consequence,
the methods described in the current study might no longer provide an appropriate
estimate of the mediation effect. Future research should extend the methods described
in our study to methods that can be used in the presence of non-linear associations.
Although RCTs are increasingly being used to identify mechanisms of intervention
effects through mediation analyses, the conduct and reporting of the analyses remains
4
heterogeneous and incomplete . Furthermore, the results should be interpreted with
caution, since they are often subject to bias due to mediator-outcome confounding
for example. Planning mediation analyses in advance can help to overcome some
methodological challenges, such as the measurement of important confounders and
conducting a sample size calculation to make sure that the RCT has enough power
to detect relevant mediation effects. The AGReMA (in full: A Guideline for REporting
Mediation Analyses) project is currently developing a guideline for conducting and
23
reporting mediation analysis . The dissemination of this guideline is expected in 2021.
To reduce heterogeneity and incompleteness in the conduct and reporting of mediation
analyses, improve the assessment of the risk of bias and subsequently the quality of
future mediation systematic reviews, we recommend that future studies use these
guidelines.
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Our study suffered some limitations. First, it should be noted that both the mediator
and outcome were measured at the same time point (i.e., post-intervention), which
could have resulted in bias due to the lack of a temporal order. This should be taken
into account when designing future studies. Second, we used the delta method to
calculate symmetric confidence intervals around the mediation effects, whereas the
distribution of the mediation effect is known to be skewed. Although the distribution
24
resembles a normal distribution in case of large numbers , this could have resulted
in incorrect conclusions. Future studies should evaluate resampling methods to
improve the performance of confidence intervals for mediation effects. For example,
in single RCTs, accurate confidence intervals were obtained when applying the bias25
corrected bootstrapping method . Third, we used standardized coefficients in order
to deal with measurement scale heterogeneity. However, standardized coefficients
26
are often affected by features of the study design (e.g., in- and exclusion criteria) .
Future research should aim to evaluate whether a network meta-analysis could be
considered to take into account this measurement scale heterogeneity when metaanalyzing mediation effects.
Our simulation study provided guidance in choosing the appropriate method for
assessing mediation effects in IPD-MA. This study highlights that mediator-outcome
confounders should be taken into account to derive unbiased mediation effects.
Furthermore, we concluded that the one-stage approach is considered the preferred
approach for assessing mediation effects, since it can fully account for heterogeneity
across studies. More research is needed to extend these methods beyond multiple
mediation effects, non-linear associations and measurement scale heterogeneity.

8
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Based on a substantial body of evidence, it can be concluded that exercise during and
after cancer treatment with curative intent has beneficial effects on several healthrelated outcomes, including fatigue, physical fitness and quality of life. Hence, it is of
great importance to focus on the implementation of exercise programs as integral part
of cancer care to ensure that all cancer survivors can equally benefit from exercise
in the near future. The research in this thesis added knowledge beyond the general
effects of exercise in cancer survivors and therefore provided important stepping
stones to promote the implementation of exercise. To this end, we aimed to identify
characteristics of cancer survivors engaging in physical activity (Part I), to investigate
both the long-term effects of exercise during chemotherapy in breast and colon
cancer survivors and study exercise effects in an understudied cancer population (i.e.,
esophageal cancer survivors) (Part II), and to expand our current knowledge on potential
working mechanisms of exercise (Part III).
In this chapter, we will first discuss how this thesis adds to the growing body of evidence.
Second, we will discuss directions for future exercise-oncology research. Last, and most
importantly, we discuss challenges in the implementation of exercise in clinical practice
and present a referral tool for clinicians to help them referring cancer survivors to safe
and effective exercise programs.
MAIN FINDINGS
The majority of cancer survivors do not meet the current exercise guidelines.
Furthermore, only a limited proportion of eligible patients take part in randomized
controlled exercise trials. Therefore, in Part I of this thesis, we gained insight into
relevant patient characteristics that are associated with physical activity and
participation, attrition, and attendance rates in exercise interventions. In Chapter 2,
we investigated the Sense of Coherence (i.e., having the ability to use resources to
combat stress and promote health) of women with breast cancer undergoing adjuvant
chemotherapy, as part of the randomized controlled ‘Optimal Training for Women
with Breast Cancer’ (OptiTrain) trial. We observed that women with a high Sense of
Coherence are more likely to participate in the study and that these women have a
better perceived health and are less likely to drop-out of the study or miss exercise
sessions compared to women with a weaker Sense of Coherence. In Chapter 3, we
observed that socio-ecological factors are correlated with subjectively assessed physical
activity levels in breast and colon cancer survivors approximately 4 years after diagnosis.
More specifically, we found that higher fatigue levels shortly after diagnosis and 4 years
post-diagnosis, past exercise behavior and limited access to recreational facilities in
the neighborhood were correlated with lower long-term physical activity levels. These
socio-ecological factors were identified within the ‘Physical Activity during Cancer
238
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Treatment’ (PACT) study, which investigated the effects of an 18-week exercise program
during adjuvant chemotherapy for breast and colon cancer. Along with the Sense of
Coherence, these factors can be taken into account when designing future exercise
interventions or advices to promote (long-term) exercise behavior and optimize (longterm) benefits of physical activity.
Up to now, research has been limited to the short-term effects of exercise and to specific
subgroups of cancer survivors, including mainly breast and prostate cancer survivors.
In Part II, we showed that breast and colon cancer survivors, who participated in the
18-week PACT exercise program during chemotherapy, reported non-significant lower
levels of physical fatigue and significant higher levels of physical activity approximately
4 years after participation in this program (Chapter 4). These findings indicate that
exercise during cancer treatment may enhance health outcomes in both the short- and
long-term, and that maintaining a physically active lifestyle into survivorship might
positively influence fatigue levels in the long-term. At present, we are investigating
whether participation in the PACT or PACES exercise program has beneficial effects
on cardiovascular toxicity (PACT-PACES-HEART study, NTR7247). The PACES study also
investigated the effectiveness of an exercise program (low-to-moderate intensity homebased exercise vs. high-intensity supervised exercise vs. usual care) on health-related
1
outcomes in patients receiving adjuvant chemotherapy for breast or colon cancer . The
first results of the PACT-PACES-HEART study are expected in the beginning of 2022. In
Chapter 5, we investigated effects of supervised exercise in an understudied cancer
population (i.e., patients after esophageal cancer treatment) as part of the ‘Physical
ExeRcise Following Esophageal Cancer Treatment’ (PERFECT) study. This study showed
that patients are well-capable to exercise after esophageal cancer treatment, resulting
in significant improvements in different aspects of quality of life and cardiorespiratory
fitness. Based on these results and previous studies, it can be reasonably assumed
that the effectiveness of exercise on several health outcomes would be comparable in
other types of cancer in the absence of any contra-indications or other safety concerns.

9

In Part III of this thesis, we first showed in a meta-analysis of preclinical studies that
doxorubicin induces skeletal muscle atrophy by increasing protein degradation and
decreasing protein synthesis (Chapter 6). Furthermore, we provided insights into the
mechanisms that underlie doxorubicin-induced skeletal muscle atrophy and suggested
that exercise during chemotherapy might counteract the detrimental effects of
chemotherapy by preserving skeletal muscle mass, since exercise affects the same
mechanisms. Exercise not only exerts potential benefits on skeletal muscle mass, but
also on many other health-related outcomes, suggesting that more mechanisms might
play a role. To date, inflammation gained most empirical attention and support. Indeed,
239
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results from Chapter 7 indicate that combined resistance and high-intensity interval
training is an effective intervention to reduce chemotherapy-induced inflammation in
breast cancer survivors, resulting in lower levels of fatigue. Since randomized controlled
trials are rarely powered to investigate mechanisms that underlie observed intervention
effects, we investigated whether meta-analysis of individual participant data might
offer a promising opportunity to increase sample size and improve the quality of
mediation analysis (Chapter 8). The proposed method might enable researchers to
further expand our current knowledge on underlying mechanisms of exercise effects
in cancer survivors. Subsequently, this knowledge can be used to optimize exercise
programs and improve health outcomes, resulting in more successful implementation
of exercise programs in clinical practice.
FUTURE DIRECTIONS IN EXERCISE-ONCOLOGY RESEARCH
Despite the substantial body of evidence in exercise-oncology research, many
knowledge gaps remain to be addressed. First of all, it should be noted that the majority
of available literature is in early stage cancers, while very little evidence is available
with respect to the feasibility, safety and effects of exercise in patients diagnosed
with advanced cancer. Since these patients differ from patients diagnosed with early
stage cancers in terms of prognosis, quality of life, physical functioning, treatment and
related side effects, it is difficult to extrapolate the findings from the curative setting to
the advanced setting. More research is needed to detail exercise prescriptions to the
advanced setting. Currently, we are investigating effects of a 9-month structured and
individualized exercise intervention in patients with metastatic breast cancer on fatigue
and quality of life (EFFECT study, NCT04120298). The first results are expected in 2023.
Supported by the body of evidence in the curative setting, specific exercise guidelines
were developed to improve common cancer- and treatment-related side effects, namely
anxiety, depressive symptoms, fatigue, health-related quality of life, physical function,
2
and breast cancer-related lymphedema . Future research is needed to determine
the effects of exercise on other clinically relevant health-related outcomes, including
bone health, cardiotoxicity, cognitive function, sleep, pain, and chemotherapy-induced
peripheral neuropathy. Moreover, the potential role of exercise in cancer treatment
tolerability received minimal attention. Two recent systematic review showed that
exercise does not impede chemotherapy tolerability and potentially even improves
3,4
tolerability by reducing common treatment toxicities . While these findings seem
promising, the clinical importance needs to be confirmed in adequately powered
studies.

240

Prod_AEH_4.indd 240

15/09/2021 13:47:57

General discussion

In Chapter 2 and 3 of this thesis, we identified characteristics of patients who are less
likely to be physically active or participate in exercise interventions. Future exercise
programs should be designed, while taking these characteristics into account, in order
to specifically identify and target patients who are less inclined to participate. Besides,
more research is needed to further optimize exercise programs in terms of optimal
dose and setting, and detail exercise prescriptions according to cancer type, timing and
type of treatment. Up to now, only a few trials compared different exercise regimens in
patients receiving adjuvant chemotherapy for breast cancer, showing that moderateto-high intensity, combined resistance and aerobic exercise is more effective compared
5–7
to lower intensity exercise programs . In order to increase the specificity of the
current exercise guidelines, more randomized controlled trials involving head-to-head
comparisons (e.g., comparing different FITT factors (i.e., frequency, intensity, timing
and type)) are warranted. The ultimate goal is to move the general ‘one-size-fits-all’
exercise prescriptions towards personalized treatment pathways regarding exercise.
In addition to the beneficial effects of exercise on patient-reported outcomes, recent
observational studies support the notion that physical activity is associated with a
8
lower recurrence and mortality risk for some types of cancer . Despite the consistent
conclusions drawn from these observational studies, randomized controlled trials
are needed to establish causal effects. Up to now, only a few trials explored survival
outcomes following an exercise intervention. The majority of trials found a favorable
effect of exercise on cancer-specific mortality, all-cause mortality or cancer recurrence,
9,10
albeit not significantly . However, these studies were not designed nor powered to
evaluate these clinical endpoints. Furthermore, since these endpoints were often not
pre-specified, publication bias might hamper the validity of the findings. Adequately
powered studies are warranted to confirm these exploratory findings and examine
whether exercise dose affects the effect size. Currently, a few exercise trials are
examining these clinical endpoints as primary outcome and are recruiting patients
11
12
with colon cancer (n = 962) , metastatic prostate cancer (n = 866) , and allogeneic
13
hematopoietic stem cell transplant patients (n = 256) , providing adequate power to
examine survival outcomes.

9

A range of potential mechanisms might contribute to the observed association between
physical activity and cancer progression. First of all, exercise might enhance the
patient’s ability to tolerate greater doses of cancer treatment by attenuating cancer- and
3
treatment-related side effects . Second, exercise might improve the efficacy of cancer
treatment by normalizing the tumor microenvironment and potentially increasing
14
accessibility for systemic treatment and immune cells . Furthermore, it has been
hypothesized that the positive effect of exercise on cancer progression is mediated by
241
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two synergistic processes: 1) indirect effects - systematic changes occurring in the tumor
microenvironment, including positive changes in inflammation, immunity and metabolic
hormones, all of which play a role in cell growth and proliferation, and 2) direct effects
on tumor cells through vascular shear stress (i.e., force on the endothelial surface of
15
the blood vessel, generated by blood flow) . A better understanding of the proposed
mechanisms that underlie exercise effects on cancer progression is critical to discover
the full potential of exercise as an adjunct therapy in the management of cancer and to
inform future experimental studies to confirm the causal relation between the proposed
mechanisms and cancer progression.
Although more research is needed to examine exercise effects in patients with advanced
cancers, determine optimal training intensities and answer mechanistic questions as
outlined above, it is of utmost importance to progress towards the implementation of
exercise as integral part of cancer care in the curative setting as well. In my opinion,
with the current knowledge, it is not justifiable that exercise is no established and
widely accepted adjunct therapy in the oncology setting yet. We therefore spend the
remaining part of the general discussion to discuss challenges in the implementation
of exercise in clinical practice and propose a referral tool for clinicians to help them
referring cancer survivors to safe and effective exercise programs.
EXERCISE AS INTEGRAL PART OF CANCER CARE
Although exercise has been put forward as a safe intervention during and after cancer
treatment with curative intent and as an effective strategy to counteract cancerand treatment-related side effects, many studies have shown that developing and/
or maintaining a physically active lifestyle during cancer survivorship is challenging
for many patients. During cancer treatment, physical activity levels typically decline
and the majority of patients fail to return to pre-diagnosis levels of physical activity
16,17
after completion of cancer treatment . As a result, only one-third of cancer survivors
16,18,19
meet the current exercise guidelines
. In order to improve the uptake of physical
activity during and after cancer treatment, it is recommended to implement exercise
in daily clinical practice. In the end, exercise should be part of a patient’s personalized
treatment pathway as well. However, it remains challenging to coordinate the right
exercise program to the right cancer survivor at the right time. In order to successfully
develop or improve (existing) strategies for the implementation of exercise programs,
it is important to first identify barriers affecting the uptake of physical activity.
Patient-perceived barriers
Cancer survivors might experience many barriers affecting their participation in physical
activity. A systematic review of Clifford et al. (2018), encompassing both quantitative
242
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and qualitative studies, identified two key barriers to engage in exercise, namely
20
treatment-related side effects, in particular fatigue, and lack of time . This is in line with
our findings from Chapter 3, showing that high levels of fatigue were correlated with
lower levels of physical activity. Although exercise has been recommended as first-line
21
treatment for fatigue , insufficient patient education might impede the patient’s idea
that exercise could be beneficial when they experience cancer- and treatment-related
side effects. Indeed, a survey among >800 Dutch breast cancer survivors showed that
over one-third of cancer survivors did not receive any information about the potential
22
benefits of exercise during cancer treatment , whereas other observational studies
observed that over 80% of cancer survivors are interested in receiving exercise advice
23,24
from their oncology care team . In addition to these barriers, other frequently
reported barriers are: insufficient or no insurance-coverage, lack of knowledge of
physical activity guidelines, lack of knowledgeable and skilled healthcare professionals
(HCPs), programs that are not tailored to the patient’s needs and proximity and access to
25,26
adequate exercise facilities . A multifaceted strategy that addresses multiple barriers
with a focus on patient empowerment would probably enhance implementation. In
order to increase patient empowerment, it is important to create awareness of the
potential value of exercise in cancer survivors among HCPs in the oncology care team.
HCP-perceived barriers
Studies suggest that the involvement of the medical specialist (e.g., oncologist, surgeon,
radiation oncologist) is critical for effective physical activity promotion and motivating
patients to overcome perceived barriers, since medical specialists are the patient’s
27,28
preferred source of information with respect to exercise advice . However, only less
than 25% of medical specialists regularly promote physical activity to their patients
29,30
by providing a referral . The main barriers experienced by HCPs in the oncology
care team, including both medical specialists and oncology nurses, are the lack of
knowledge regarding the beneficial effects of exercise after a cancer diagnosis, the lack
of awareness regarding the availability of exercise programs, lack of time, uncertainty
29,30
about whether it is safe to prescribe exercise to a particular patient , and the lack of
reimbursement when patients are referred to an exercise program.

9

In order to overcome these barriers and make exercise referral standard clinical
practice, it is important to educate HCPs and develop tools for them to easily refer
patients to safe and effective exercise programs. Therefore, we show a straightforward
31–35
referral tool based on international literature
and the Dutch guidelines on cancer
rehabilitation entitled ‘Guideline on Specialized Medical Rehabilitation in Oncology’,
while taking the Dutch healthcare system into account.
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Exercise referral pathway
The referral tool can be used for cancer survivors during or after cancer treatment
with curative intent. The goal of this referral tool is to enable a HCP to quickly stratify
cancer survivors to higher or lower medical complexity, while taking the level of selfefficacy and the level of required multidisciplinarity into account. As a result this will
provide insight into the amount of supervision needed to successfully participate in an
exercise program.
According to the ACSM’s Exercise Is Medicine (EIM) initiative, the exercise referral
pathway can be divided into three important steps: 1) assess and signal, 2) advise and
3) risk stratification and exercise referral. First, we will elaborate on these three steps.
Second, we will discuss the different rehabilitation and exercise services available in The
Netherlands. Finally, we discuss challenges to the implementation and which actions
are needed to make exercise referral standard clinical practice.
Step 1: Assess and signal
The first step consists of the assessment of physical activity levels by the medical
specialist (see step 1 of Figure 1a) and signaling when patients do not adhere to the
current exercise guidelines. Three situations can occur: 1) If a cancer survivor already
meets the current physical activity guidelines, the physical activity levels should be
re-assessed during the next visit. 2) If a cancer survivor does not meet the current
physical activity guidelines, but is not interested in receiving an exercise referral, the
medical specialist should inform the cancer survivor about the importance of exercise
during and after cancer treatment, provide the cancer survivor with the current exercise
guidelines, and re-assess physical activity levels during the next visit. 3) If a cancer
survivor does not meet the current physical activity guidelines and is interested in
receiving an exercise referral, he/she can be pointed in the right direction for exercise
referral.
Since medical specialists are often perceived as authority figures by their patients,
they are in the unique and best position to initiate promotion of physical activity. In
addition, medical specialists are the patient’s preferred source of information with
respect to exercise. For these reasons, it is important that this first step is conducted
by the medical specialist.
The assessment should occur at regular intervals (e.g., during medical visits) as changes
can occur in cancer treatment and in the patient’s physical condition. In order to
effectively integrate this first step of the referral pathway into daily clinical practice,
the assessment of physical activity levels should become a vital sign, such as smoking
244
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yes/no, and should be consistently recorded in electronic health records (EHRs) (check
the paragraph on Infrastructure below for more information).

9

Figure 1a. The proposed exercise referral pathway based on international literature and the
Dutch guidelines on cancer rehabilitation, adapted to the Dutch healthcare system.
*Physical activity guideline: 150 min/week aerobic exercise and 2x/week resistance training
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Figure 1b. Proposed tool to facilitate risk stratification and refer cancer survivors to safe and
appropriate exercise programs.
The arrows indicate that cancer survivors are not referred once to one type of exercise or
rehabilitation service. This can be an iterative process and exercise professionals in one setting
should refer cancer survivors to other settings if necessary. The information written in italic
indicates how this type of information can be collected.
EPR – Electronic Patient Record, CVD – Cardiovascular Disease
246
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Step 2: Advise
Medical specialists can advise their patients to become physically active, if they are
currently not meeting the exercise guidelines. If desired, the medical specialist can
point the patient in the right direction for exercise referral.
Step 3: Risk stratification and exercise referral
Since almost all time of a consult with the medical specialist is dedicated to discuss the
management of cancer and the lack of time is a major barrier experienced by medical
specialists to prescribe exercise, other HCPs can take over for risk stratification and
exercise referral. For example, oncology nurses, who are the first point of contact
for patients during cancer treatment, would be very suitable to complete step 3.
Another option would be to refer patients to a lifestyle outpatient clinic (known as ‘de
Leefstijlpoli’ in The Netherlands). This outpatient clinic started as pilot in some Dutch
hospitals aiming to improve lifestyle of patients in general. In the phase after cancer
treatment completion, the general practitioner might play a key role in this step, as
well as in step 1 and 2.
The oncology nurse, HCPs working at the lifestyle outpatient clinic, general practitioners
or other relevant HCPs should refer cancer survivors to safe and effective exercise
programs based on the patient’s current physical activity level, the presence of
chronic diseases, the severity of cancer- or treatment-related side effects and patient
preferences. The ‘Guideline on Specialized Medical Rehabilitation in Oncology’ suggests
to use the Distress Thermometer (de Lastmeter) to screen for cancer- and treatmentrelated side effects and discuss the consequences and wish for referral during all phases
of cancer survivorship (Supplement I). In addition to the patient’s current physical
activity levels, preferences and medical history, the result of the Distress Thermometer
can provide information for the risk stratification and exercise referral. Risk stratification
can be performed using the flowchart in Figure 1a and 1b.

9

Depending on this risk stratification, cancer survivors can be referred to different types
of exercise or rehabilitation services (Figure 2):
1. Specialized medical rehabilitation in oncology (second line care)
2. Supervised exercise at a physiotherapist with oncology specialization (first line care)
3. Supervised community-based exercise program
4. Unsupervised community-based exercise program
In general, cancer survivors are not referred once to one type of exercise or rehabilitation
service. In fact, this can be an iterative process depending on the patient’s needs. In
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clinical practice, practitioners in one setting should refer cancer survivors to other
settings if indicated.

Figure 2. All different types of rehabilitation or exercise services available in The Netherlands.
Depending on medical complexity, level of self-efficacy and the level of multidisciplinary
required, HCPs can refer cancer survivors to these services.

Specialized medical rehabilitation in oncology
Specialized medical rehabilitation programs take place in a medical setting (i.e., an
outpatient rehabilitation unit) and are delivered by a multidisciplinary team of HCPs,
coordinated by a rehabilitation physician. This level of care is recommended to cancer
survivors with diverse inter-related problems of functioning in the physical, cognitive,
emotional or social domain and/or related to role functioning. The rehabilitation
program focuses on maximizing the autonomy of these cancer survivors, enabling them
to engage in daily life activities. In the end, the aim is to continue exercising in a first248
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line or community-based setting. A referral is needed to participate in a specialized
medical rehabilitation program and this program is reimbursed through the standard
healthcare insurance. The rehabilitation physician decides who is eligible for this type
of care based on the patient’s needs and functional problems.
Supervised exercise at a specialized physiotherapist
Supervised exercise programs are mono-disciplinary programs offered at a specialized
physiotherapist in a community setting. In The Netherlands, physiotherapists can
specialize in many different fields, including Oncology Physical Therapy. Currently,
over 600 physiotherapists have completed the Oncology Physical Therapy education
program, which ensures that cancer survivors can participate in a supervised exercise
program close to their home address. Accredited physiotherapists are included in the
OncoNet-registry (www.onconet.nu) and/or NVFL-registry (i.e., The Dutch Association
for Physiotherapy in Lymphology and Oncology) (www.nvfl.nl). Cancer survivors can
search for a specialized physiotherapist in their neighborhood through these websites.
In addition, the Netherlands Comprehensive Cancer Organisation developed a publicly
available guide for clinical and individual use (i.e., ‘Verwijsgids Kanker’), which includes
more information about supervised exercise programs and a list of all specialized
physiotherapists in The Netherlands.
Supervised exercise programs are directed to cancer survivors who experience noncomplex problems in a number of domains. Only under specific conditions, these
exercise programs are covered by the health insurance (check the paragraph about
health insurance coverage below for more information). The aim of the exercise program
differs depending on the timing (i.e., during or after treatment with curative intent) and
can be either individual- or group-based depending on the presence of physical and
psychological problems. During treatment with curative intent, supervised exercise
programs focus on the maintenance or improvement of physical fitness and physical
activity levels, and the prevention or reduction of cancer- and treatment-related side
effects. After treatment with curative intent, supervised exercise programs focus on
optimizing physical fitness and physical activity levels, and decreasing cancer- and
treatment-related side effects. In addition, cancer survivors learn to cope with their
physical limitations and are stimulated to maintain their physically active lifestyle in
the long-term.

9

Supervised community-based exercise program
Supervised community-based exercise programs often take place in local gyms and
are supervised by specialized fitness instructors. In general, these programs focus
on maintaining a physically active lifestyle throughout cancer survivorship. In The
249
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Netherlands, fitness instructors can be educated in the field of exercise-oncology,
enabling them to supervise cancer survivors after cancer treatment. Currently, we have
over 100 specialized fitness instructors working across The Netherlands. All specialized
fitness instructors are included in the OncoFITness-registry (www.oncofitness.nl).
Cancer survivors can search for a specialized fitness instructor in their neighborhood
through this website or through the earlier mentioned ‘Verwijsgids Kanker’.
These community-based exercise programs are directed to cancer survivors who
completed cancer treatment and do not experience worsening or difficulty managing
of any cancer- or treatment-related side effects. Community-based exercise programs
are not reimbursed, however they are generally offered at lower prices compared
to supervised exercise programs at a specialized physiotherapist. Therefore, these
programs are perceived to be easily accessible and more affordable, reducing patientperceived barriers including distance and costs.
Unsupervised community-based exercise
Unsupervised exercise takes place in a community (e.g., local gym) or home-based
setting and is self-directed. These community-based services lack cancer-specific
supervision. Therefore, this type of exercise is directed to cancer survivors who
completed treatment, do not experience any difficulty in managing cancer- or
treatment-related side effects and have a high exercise self-efficacy. The HCP who
refers a cancer survivor to this form of exercise should have high confidence in the
ability of the cancer survivor to meet the physical activity guidelines over the next 3
months without support from an exercise professional. In practice, this type of exercise
will probably be only applicable to cancer survivors who completed specialized medical
rehabilitation, supervised exercise at a specialized physiotherapist or a supervised
community-based exercise program, or to cancer survivors who engaged in moderateto-high intensity physical activities on a daily basis before diagnosis. If possible, all
exercise professionals involved in the exercise referral pathway should eventually aim
to direct patients towards this type of exercise in order to promote maintenance of a
physically active lifestyle in the long-term.
Implementation
To achieve successful implementation of this proposed exercise referral pathway in The
Netherlands, improvements are required in the education of HCPs, infrastructure and
reimbursement of exercise programs.
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Education
Education of HCPs in the oncology care team regarding the current evidence and
exercise guidelines is deemed an important component of successful implementation.
HCP education programs should therefore incorporate exercise-oncology evidence
into their curriculum. These programs should enable HCPs to appropriately screen and
refer cancer survivors to exercise programs. In the end, HCPs in the oncology care team
are not expected to provide cancer survivors with specific exercise prescriptions (e.g.,
prescribing specific resistance or endurance exercise), but they should play a key role
in pointing them in the right direction.
Infrastructure
The current infrastructure in hospitals does not facilitate the implementation of exercise
referral as standard clinical practice. In order to improve the infrastructure, it would be
helpful to digitalize the exercise referral tool in electronic patient records. Since most
information on the presence of chronic diseases and high risk symptoms is already
available (Figure 1b), it would be efficient to develop an algorithm which uses this
information to fill out the exercise referral tool. In addition, the Distress Thermometer
should be used on a regular basis in clinical practice. Ideally, cancer survivors already
fill out the Distress Thermometer in the waiting room or at home, e.g., via an app
connected to the EHR. If needed, actions are flagged to be discussed during the consult.
These two proposed improvements can enhance the current infrastructure and make
the referral process more efficient in terms of time.
Health insurance coverage
Comparable to many other countries, reimbursement of exercise programs after a
cancer diagnosis remains challenging in The Netherlands. Only under specific conditions,
exercise programs are covered by the health insurance. If patients underwent surgery
or received radiotherapy, this will be a chronic indication and the standard health
insurance will cover the costs of an exercise program after 20 sessions. Patients may
also opt to take out additional health insurance to cover costs that are not included in
the standard package. Yet, the difference between the costs for an exercise program
and insurance coverage is often insurmountable for many patients.

9

In The Netherlands, cancer survivors can sign up for an exercise program at the
foundation ‘Tegenkracht’. This foundation provides tailored exercise advice after an
intake and medical clearance. Furthermore, this foundation partially covers the costs
of an exercise program for those with limited financial resources.
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Depending on the decision-makers’ willingness-to-pay, it has been suggested that
36
supervised exercise programs are likely to be cost-effective compared to usual care ,
whereas high-intensity exercise programs are more likely to be cost-effective compared
37
to low-intensity exercise programs . Furthermore, several studies observed a reduction
in healthcare costs, including reductions in length of hospital stay and visits to the
38,39
emergency room, among patients participating in exercise programs .
Nevertheless, insufficient or no insurance-coverage remains a major barrier for
cancer survivors affecting their participation in physical activity. Therefore, it is of
great importance to continue the conversation with healthcare insurances to ensure
that healthcare decision-makers are able to make well-informed decisions about
reimbursement.
Conclusion
Exercise has been shown to improve the quality of life of cancer survivors by ameliorating
cancer- and treatment-related side effects. Although additional (mechanistic) research
questions remain to be investigated, future steps should include the implementation of
exercise programs as integral part of cancer care. Here, we showed a straightforward
referral tool, which should support HCPs to refer cancer survivors to safe and effective
exercise programs. For successful implementation, we recommend to discuss the
implementation of this referral tool with relevant stakeholders, including oncologists,
oncology nurses, rehabilitation physicians, physiotherapists and fitness instructors and
optimize the tool accordingly. Taking this into account, I hope that exercise will be an
integral part of cancer care in the near future.
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SUMMARY
Exercise provides a myriad of health benefits to cancer survivors during and after
treatment by reducing fatigue, anxiety and depressive symptoms, and improving
1–3
physical fitness and quality of life . Although, international, evidence-based exercise
guidelines exist for cancer survivors to improve cancer- and treatment related side
4
effects , exercise programs have not yet been implemented as integral part of cancer
care. As such, there is a growing need to bridge the gap between evidence and practice
in order to increase engagement in physical activity among cancer survivors and make
exercise referral the standard of cancer care. To promote implementation of exercise in
daily clinical practice, the current knowledge should be expanded beyond the general
effects of exercise in patients with cancer.
Part I: Who? – Characteristics of cancer survivors engaging in physical activity
Despite increasingly mature evidence that regular exercise elicits significant benefits
of health, observational studies continue to show that more than two thirds of cancer
survivors do not meet the general exercise guidelines of performing 150 minutes per
week of moderate-to-vigorous aerobic activity and 2-3 weekly sessions of resistance
5–8
training . Furthermore, it has been observed that only a limited proportion of eligible
9–11
patients take part in randomized controlled exercise trials .
Patient characteristics might explain adherence to exercise guidelines and participation,
attrition, and attendance rates in exercise interventions. Insight into relevant patient
characteristics might enable us to optimize adherence to exercise guidelines and
programs. Additionally, it provides information about how we might adapt future
exercise interventions to identify and make contact with those patients who are
less inclined to participate. Therefore, in part I of this thesis we aimed to identify
characteristics of cancer survivors engaging in physical activity.
In the randomized controlled ‘Optimal Training for Women with Breast Cancer’
(OptiTrain) study, we investigated the effects of two different exercise modalities on
fatigue and quality of life in patients with breast cancer during adjuvant chemotherapy.
In Chapter 2, we examined the Sense of Coherence of patients participating in this
study, which refers to a person’s ability to use resources to combat stress and promote
health. We observed that our study population included a larger proportion of patients
12
with a strong Sense of Coherence (39%) compared to the general population (33%) .
Participants with a strong Sense of Coherence reported lower levels of fatigue, a lower
symptom burden and higher quality of life. Furthermore, they were less likely to drop
out from the study and had a slightly better exercise session attendance compared to
260
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participants with a weaker Sense of Coherence. Nevertheless, both participants with a
weak and strong Sense of Coherence benefitted equally from the exercise intervention
in terms of fatigue and quality of life. Based on these findings, we concluded that a high
Sense of Coherence might have a positive effect on perceived health. While women
with a weaker SOC may not need additional support in physical exercise programs to
optimize training response, they may need support to take the step to participate and
adhere to exercise interventions.
Physical activity levels often decrease during cancer treatment and do not return to
5,13
pre-diagnosis levels after treatment completion . Since cancer treatment is known
to have long-lasting side effects, it is preferred to maintain a physically active lifestyle
into survivorship to optimize long-term benefits. In Chapter 3, we aimed to identify
socio-ecological correlates of subjectively assessed physical activity levels in breast and
colon cancer survivors 4 years after participation in an 18-week exercise program during
adjuvant chemotherapy. To this aim, we used data of the multicenter ‘Physical Activity
during Cancer Treatment’ (PACT) study, which investigated the short- and long-term
effects of an 18-week supervised aerobic and resistance exercise program on quality
of life and fatigue. We observed that breast and colon cancer survivors, who were less
fatigued shortly after diagnosis (baseline) and had higher total physical activity levels at
baseline, were more likely to engage in physical activities with a moderate-to-vigorous
intensity 4 years after participation in the study. In addition, we found that breast
and colon cancer survivors, who were less fatigued 4 years after participation in the
study, had a positive change in physical fatigue during the 18-week intervention period,
had more recreational facilities in the neighborhood, had higher baseline sport and
leisure physical activity levels, and were more likely to engage in moderate-to-vigorous
leisure and sport physical activities. Our findings suggest that physical activity levels are
explained by a variety of factors, including psychosocial, physical and environmental
factors. These factors can be taken into account when designing future exercise
interventions or advices to promote long-term exercise behavior and optimize longterm benefits of physical activity.
Part II: What? – (Long-term) effects of exercise in cancer survivors
In part II of this thesis, we investigated the effects of exercise in cancer survivors.
Although the effects of exercise in cancer survivors have been investigated extensively
the past decades, the long-term effects of exercise during cancer treatment remain
understudied. Furthermore, the majority of randomized controlled exercise trials is
conducted in breast and prostate cancer survivors, hampering generalizability of the
results to understudied cancer populations.
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In Chapter 4, we used data of the abovementioned PACT study. In the original PACT
study, we found beneficial short-term effects of the 18-week supervised exercise
program on fatigue in patients with newly diagnosed breast or colon cancer undergoing
14,15
adjuvant treatment . Since cancer- and treatment-related side effects may persist
16
for many years following treatment , it is important to gain more insights into the
long-term effects of exercise during cancer treatment. Therefore, three to four years
after participation in the PACT study, all participants were asked to participate in the
4-year post-baseline measurements. In total, 197 out of all 237 PACT participants were
eligible and approached to participate in the 4-year post-baseline measurements, 128
of whom participated. Although only 65% of all participants responded to the invitation
(8% actively refused and 27% did not respond for unknown reasons after one reminder),
baseline characteristics were comparable between participating patients and nonparticipating eligible patients. Breast and colon cancer survivors, who participated in
the 18-week exercise intervention, reported non-significant lower levels of physical
fatigue (effect size (ES) = 0.22) and significant higher levels of physical activity (ES = 0.22)
approximately 4 years after participation in the PACT study. These results emphasize
that physical exercise during cancer treatment may enhance health outcomes in both
the short- and long-term.
In Chapter 5, we presented results of the multicenter ‘Physical ExeRcise Following
Esophageal Cancer Treatment’ (PERFECT) study. Following esophageal cancer treatment,
patients experience several cancer- and treatment-related side effects, including fatigue,
eating difficulties, nausea, diarrhea and vomiting, resulting in long-lasting impairments
17,18
in quality of life . Although exercise has been put forward as effective treatment
strategy to ameliorate these side effects and improve quality of life, these conclusions
are mainly based on studies conducted in breast and prostate cancer survivors. Since
patient and treatment characteristics of patients with esophageal cancer are different,
results may not be directly generalizable to this (understudied) patient population.
To this end, we conducted the PERFECT study, which investigated the effects of a 12-week
exercise program in patients with esophageal cancer after surgery with curative intent
on several important outcomes, including quality of life, fatigue and cardiorespiratory
19
fitness . A total of 120 patients were included in the study and randomized to the 12week exercise program (n=61) or control group (n=59). The exercise program consisted
of two one-hour supervised aerobic and resistance exercise sessions per week at a
physiotherapist practice close to the participant’s home. In addition, participants were
encouraged to be physically active for at least 30 minutes per day on all remaining days
of the week. Patients randomized to the control group received usual care and were
requested to maintain their habitual physical activity pattern.
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This study showed that patients after esophageal cancer treatment are well capable
to attend a 12-week supervised exercise program (adherence: 96%) and adhere to
moderate-to-high intensity exercises (compliance >90%). The supervised exercise
program resulted in significant improvements in the quality of life summary score (β=3.5;
95% CI 0.2 to 6.7; ES=0.26), role functioning (β=9.4; 95% CI 1.3 to 17.5; ES=0.40) and
cardiorespiratory fitness (VO2peak (β=0.13 l/min; 95% CI 0.04 to 0.22; ES=0.26)) directly
after the exercise intervention (i.e., 12 weeks post-baseline). The intervention also
reduced levels of fatigue (β=-1.22; 95% CI -2.58 to 0.15; ES=0.30), albeit not significantly.
All intervention effects were attenuated 24 weeks post-baseline. The effect sizes found
in our study might be diluted, since patients were not selected on low baseline levels
of quality of life and fatigue, whereas it is known that exercise effects are larger in
20
individuals who need it (i.e., with poor baseline values) . Furthermore, these effects
might have been contaminated by the adoption of exercise behavior in the control
group. Nevertheless, effect sizes were comparable to previous studies. We concluded
that a supervised combined aerobic and resistance exercise program is safe and feasible
after surgery for esophageal cancer. The exercise program was effective in improving
cardiorespiratory fitness and different aspects of quality of life. We recommend that
supervised exercise training would be a beneficial addition to routine care of patients
with esophageal cancer. Prolonging the duration of the program and targeting the
exercise intervention to a specific subgroup of patients (e.g., patients with poor quality
of life and high levels of fatigue) might further improve the effectiveness.
Part III: How? – Potential working mechanisms of exercise
In part III of this thesis, we moved our research forward beyond the main effects of
exercise. We expanded our current knowledge on mechanisms that underlie cancer- and
treatment-induced side effects, including fatigue, quality of life and physical functioning,
and the potential working mechanisms of exercise. We hypothesize that by filling this
existing knowledge gap, exercise programs can be further optimized and outcomes can
be improved, resulting in a more successful implementation of exercise programs as
integral part of cancer care.
Patients undergoing chemotherapy often experience many side effects, limiting the
clinical use of higher and more effective doses. Loss of skeletal muscle mass is a common
clinical finding, which might negatively affect clinical- and patient-reported outcomes,
21,22
including muscle strength, fatigue and quality of life . Strategies to resolve this would
entail either local delivery of the drug to tumors or concomitant administration of
interventions that limit or even prevent these unwanted side effects. The latter requires
improved understanding of the mechanistic basis of chemotherapy-induced damage
to non-tumor cells. Hence, in Chapter 6, we conducted a meta-analysis and systematic
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review to quantify the effect of chemotherapy, more specifically doxorubicin, on skeletal
muscle tissue in terms of skeletal muscle weight and muscle fiber cross-sectional area.
In addition, we aimed to provide insight into the molecular pathways that underlie these
effects of doxorubicin. Our meta-analysis only included animal studies and showed that
doxorubicin resulted in a 14% reduction in muscle weight and 17% reduction in muscle
fiber cross-sectional area, which was in line with the observed decrease in muscle
mass and strength. Based on our systematic review we concluded that mitochondrial
dysfunction plays a pivotal role in doxorubicin-induced skeletal muscle atrophy, resulting
in an increased production of reactive oxygen species. Furthermore, the included
studies demonstrated that doxorubicin activates all major proteolytic systems in the
skeletal muscle with the activation of the ubiquitin-proteasome pathway playing a key
role. Although animal models do not resemble all aspects of muscle atrophy in humans,
results from preclinical studies do provide a robust setting to investigate underlying
mechanisms. Nevertheless, more research is needed to confirm the proposed signaling
pathways in humans paving the way for potential therapeutic approaches.
In Chapter 7, we focused on potential working mechanisms of exercise. To this end,
we used data of the aforementioned OptiTrain study, which had previously shown
beneficial effects of resistance and high-intensity interval training on several dimensions
23
of fatigue . Here, we investigated exercise effects on inflammatory markers and
whether the beneficial effects on fatigue were mediated by changes in inflammation.
For these secondary and mechanistic analyses of the OptiTrain study, we only included
all participants who attended ≥60% of all exercise sessions and a random sample of
the control group, since we were particularly interested in the effects of performed
exercise on inflammation. Ninety-two key and non-key exercise-related inflammatory
markers were measured at baseline and directly after the intervention period, however
a few interesting markers were missing due to undetectable cytokine concentrations
(e.g., IL-13, IL-1ra, and IFN-β). In general, we observed that chemotherapy induced an
inflammatory environment. Our findings suggest that resistance and high-intensity
interval training concomitant to chemotherapy might be an effective intervention to
reduce chemotherapy-induced inflammation and subsequent fatigue. The beneficial
effect of exercise on fatigue seemed to be partially mediated by IL-6 (32.0%) and CD8a
(31.2%).
Randomized controlled trials are rarely powered to investigate mechanisms of
intervention effects. Meta-analysis of individual participant data (IPD-MA) may offer
a promising opportunity to increase sample size and improve the overall quality of
mediation analyses. However, it is unknown how methods for meta-analyzing IPD (i.e.,
one-stage and two-stage approach) translate to mediation analysis. In Chapter 8, we
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compared different statistical models and provided guidance to assess mediation in a
meta-analysis of individual participant data. The proposed methods were illustrated
in the international ‘Predicting OptimaL cAncer RehabIlitation and Supportive care’
(POLARIS) study, which was designed to evaluate exercise effects on several healthrelated outcomes and identify moderators and mediators of these exercise effects
24
in cancer survivors (3,163 participants from 24 RCTs) . In this illustrative example,
25
beneficial effects of exercise on quality of life were observed . The one-stage and
two-stage approach yielded similar results and indicated that fatigue mediated
the effects of exercise on quality of life. In our simulation study, the two- and onestage approach with random intercept and slopes, adjusted for mediator-outcome
confounding, yielded unbiased mediation effects with large sample sizes. This study
highlighted that mediator-outcome confounders should be taken into account to derive
unbiased mediation effects. Furthermore, we concluded that the one-stage approach
is considered the preferred approach for assessing mediation effects, since it can fully
account for heterogeneity across studies.
In Chapter 9, we discussed how the chapters in this thesis add to the growing body of
evidence and proposed directions for future exercise-oncology research. Despite the
well-known beneficial effects of exercise on multiple health-related outcomes during
and after cancer treatment, exercise programs have not yet been implemented as
integral part of cancer care. Hence, we discussed challenges in the implementation of
exercise in clinical practice and showed a referral tool for health care providers to help
them referring cancer survivors to safe and effective exercise programs. For successful
implementation, we recommend to discuss the implementation of this referral tool with
relevant stakeholders, including oncologists, oncology nurses, rehabilitation physicians,
physiotherapists and fitness instructors and optimize the tool accordingly. By providing
these stepping stones to bridge the gap between evidence and practice, we aim to make
exercise referral the standard of cancer care in the near future.
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SAMENVATTING
Tijdens en na de behandeling van kanker kunnen mensen te maken krijgen met de
gevolgen van hun ziekte en de behandeling daarvan. Deze gevolgen kunnen van
lichamelijke of psychosociale aard zijn. Veelvoorkomende klachten zijn vermoeidheid,
neuropathie, verminderde concentratie en geheugen, psychische klachten zoals angst
en depressie, een afname van de fysieke conditie en een verminderde kwaliteit van
leven. Hierdoor ervaren mensen die kanker hebben (gehad) meer belemmeringen bij
het uitvoeren van dagelijkse activiteiten. Daarnaast hebben deze klachten een negatieve
invloed op sociale activiteiten en het werkvermogen, waardoor ook naasten en de
maatschappij de consequenties ervaren. Het vinden van een effectieve behandeling
om deze klachten te voorkomen of verminderen is daarom van groot belang.
Een veelbelovende behandeling is fysieke training. De laatste jaren hebben verschillende
onderzoeken aangetoond dat sporten tijdens en na de behandeling van kanker positieve
effecten heeft op eerdergenoemde klachten. Op basis van deze bevindingen zijn er
internationale beweegrichtlijnen ontwikkeld voor mensen die kanker hebben (gehad).
Volgens de beweegrichtlijnen zouden mensen na de diagnose kanker minimaal 150
minuten per week matig intensief moeten bewegen, bijvoorbeeld door te wandelen of
fietsen. Daarnaast wordt er geadviseerd om 2-3 keer per week spier- en botversterkende
activiteiten te doen. Desondanks is fysieke training nog niet geïmplementeerd als
integraal onderdeel van de oncologische zorg. Het is daarom van groot belang dat de
kloof tussen onderzoek en praktijk wordt gedicht. Om de implementatie van fysieke
training in de oncologische zorg te bevorderen, is het belangrijk dat we onze kennis over
de effecten van fysieke training na de diagnose kanker verder uitbreiden.
Deel I: Wie? – Karakteristieken van mensen die na de diagnose kanker deelnemen
aan fysieke training
Ondanks het toenemende bewijs dat regelmatige lichaamsbeweging positieve effecten
heeft op de klachten als gevolg van de behandeling van kanker, laten observationele
studies zien dat meer dan twee derde van de mensen die kanker hebben (gehad) niet
voldoet aan de algemene beweegrichtlijnen. Bovendien neemt slechts een klein deel
van alle patiënten met kanker deel aan gerandomiseerde beweegstudies.
Verschillende patiëntkarakteristieken, zoals demografische, klinische en psychosociale
factoren, kunnen gerelateerd zijn aan het voldoen aan de beweegrichtlijnen, het
deelnemen aan en het volhouden van fysieke training na de diagnose kanker (i.e.,
therapietrouw). Het verkrijgen van inzicht in deze patiëntkarakteristieken is een
belangrijke eerste stap om aanknopingspunten te vinden voor het verbeteren van
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therapietrouw. Daarnaast geeft het ons belangrijke informatie over hoe we toekomstige
beweegprogramma’s en studies kunnen ontwerpen, zodat we ook patiënten kunnen
identificeren en bereiken die normaliter minder snel geneigd zijn om deel te nemen.
In deel I van dit proefschrift hebben we daarom karakteristieken geïdentificeerd van
mensen die na de diagnose kanker deelnemen aan fysieke training.
In de gerandomiseerde ‘Optimal Training for Women with Breast Cancer’ (OptiTrain)
studie hebben we het effect van twee verschillende beweegprogramma’s onderzocht
op verschillende belangrijke uitkomsten, zoals vermoeidheid en kwaliteit van leven,
bij patiënten met borstkanker tijdens de behandeling met adjuvante chemotherapie.
In Hoofdstuk 2 hebben we de ‘Sense of Coherence’, oftewel het vermogen van een
persoon om met stress en problemen om te gaan, gemeten bij alle deelneemsters
van de OptiTrain studie. In vergelijking met de algemene populatie (33%) deden
er aan deze studie relatief meer mensen mee met een sterke Sense of Coherence
(39%). Deelneemsters met een sterke Sense of Coherence rapporteerden minder
vermoeidheid, een lagere symptoomlast en een betere kwaliteit van leven. Daarnaast
waren zij minder snel geneigd om te stoppen met deelname aan de studie en sloegen
zij minder vaak een training over in vergelijking met deelneemsters met een zwakkere
Sense of Coherence. Desalniettemin hadden zowel deelneemsters met een zwakke als
een sterke Sense of Coherence evenveel baat bij het beweegprogramma. Op basis van
deze bevindingen kunnen we concluderen dat er een positieve associatie is tussen de
Sense of Coherence en de subjectief ervaren gezondheid. Hoewel deelneemsters met
een zwakkere Sense of Coherence geen extra ondersteuning nodig hebben tijdens de
training om de trainingsrespons te optimaliseren, hebben zij mogelijk wel een extra
zetje nodig om deel te nemen aan beweegprogramma’s en om deze vol te houden.
Tijdens de behandeling van kanker neemt het fysieke activiteitenniveau vaak af en lukt
het patiënten meestal niet om terug te keren naar het fysieke activiteitenniveau dat
zij voor de diagnose kanker hadden. Aangezien patiënten nog lang na afronding van
de behandeling klachten kunnen ervaren, is het van belang om ook na de behandeling
een fysiek actieve leefstijl te behouden. De multicenter ‘Physical Activity during Cancer
Treatment’ (PACT) studie was opgezet om de effecten van een 18-weken durend
gecombineerd aerobic en krachttrainingsprogramma te onderzoeken op kwaliteit van
leven en vermoeidheid bij patiënten met borst- of darmkanker tijdens de behandeling
met chemotherapie. Ongeveer 4 jaar na deelname aan de studie zijn alle PACT
deelnemers opnieuw benaderd voor deelname aan de follow-up studie om de lange
termijn effecten van het beweegprogramma te kunnen onderzoeken. In Hoofdstuk
3 hebben we gebruik gemaakt van de follow-up data om de socio-ecologische
determinanten te onderzoeken van subjectief gemeten fysieke activiteitenniveaus van
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alle PACT deelnemers vier jaar na deelname aan de studie. We zagen dat deelnemers
die fysiek actief waren en minder vermoeid kort na de diagnose (baseline), meer kans
hadden om regelmatig matig intensief te bewegen 4 jaar na deelname aan de studie.
Ook zagen we dat de kans om 4 jaar na deelname aan de studie regelmatig in de vrije
tijd te sporten hoger was voor deelnemers die een actieve leefstijl hadden kort na de
diagnose, minder vermoeid waren 4 jaar na deelname aan de studie, meer recreatieve
faciliteiten hebben in de omgeving en een afname in vermoeidheid hadden tijdens het
PACT beweegprogramma. Onze bevindingen suggereren dat fysieke activiteitenniveaus
gedeeltelijk worden verklaard door verschillende factoren, waaronder psychosociale,
fysieke en omgevingsfactoren. Bij het ontwerpen van toekomstige beweegprogramma’s
en adviezen kan er rekening worden gehouden met deze factoren om het behouden of
verkrijgen van een fysiek actieve leefstijl op de lange termijn te bevorderen
Deel II: Wat? – (Lange termijn) effecten van bewegen bij mensen die kanker
hebben gehad
In deel II van dit proefschrift hebben we de effecten van bewegen onderzocht bij
mensen die kanker hebben gehad. Ondanks het feit dat de effecten van bewegen de
laatste decennia uitgebreid zijn onderzocht, zijn de lange termijn effecten van een
beweegprogramma tijdens de behandeling van kanker nagenoeg onbekend. Daarnaast
zijn de meeste beweegstudies uitgevoerd bij mensen die borst- of prostaatkanker
hebben gehad. Bij het generaliseren van deze resultaten naar patiënten met andere
typen kanker is voorzichtigheid geboden.
In de originele PACT studie vonden we positieve effecten van het gesuperviseerde
beweegprogramma op vermoeidheid. Aangezien patiënten nog lang na afronding van
de behandeling klachten kunnen ervaren, is het belangrijk om meer inzicht te krijgen
in de lange termijn effecten van bewegen tijdens de behandeling van kanker. Om dit
te kunnen onderzoeken, hebben we in Hoofdstuk 4 gebruik gemaakt van data van de
eerdergenoemde PACT follow-up studie. Ongeveer 4 jaar na deelname aan de PACT
studie kwamen er 197 van de 237 PACT deelnemers in aanmerking voor deelname aan
de follow-up studie. Van de 197 uitgenodigde deelnemers hebben er 128 deelnemers
(65%) meegedaan aan de follow-up studie (8% heeft de uitnodiging afgewezen en 27%
heeft niet op de uitnodiging en reminder gereageerd). De patiëntkarakteristieken van
PACT deelnemers die waren uitgenodigd voor deelname aan de follow-up studie, maar
niet meededen, waren vergelijkbaar met die van deelnemers die wel meededen aan
de follow-up studie. Deelnemers die het PACT beweegprogramma hadden gevolgd
tijdens de behandeling van borst- of darmkanker rapporteerden minder fysieke
vermoeidheid (effectgrootte = 0.22), alhoewel niet significant, en significant hogere
fysieke activiteitenniveaus (effectgrootte = 0.22) in vergelijking met de controle groep
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4 jaar na deelname aan de PACT studie. Deze bevindingen benadrukken het belang
van bewegen tijdens de behandeling van kanker voor het verbeteren van gezondheid
gerelateerde uitkomsten op zowel de korte als de lange termijn.
In Hoofdstuk 5 hebben we de resultaten van de multicenter ‘Physical ExeRcise Following
Esophageal Cancer Treatment’ (PERFECT) studie beschreven. Na de behandeling
van slokdarmkanker kunnen patiënten verschillende klachten ervaren van de ziekte
en de behandeling, waaronder vermoeidheid, problemen met eten, misselijkheid
en diarree. Uiteindelijk kan dit resulteren in een verminderde kwaliteit van leven.
Alhoewel onderzoek heeft uitgewezen dat bewegen een effectieve behandeling is
om deze klachten te verminderen en de kwaliteit van leven te verbeteren, zijn de
conclusies van deze onderzoeken voornamelijk gebaseerd op studies in patiënten met
borst- of prostaatkanker. Aangezien de patiënt karakteristieken en de behandeling
van slokdarmkanker niet vergelijkbaar zijn met die van patiënten met borst- of
prostaatkanker, zijn de conclusies niet direct generaliseerbaar naar patiënten met
slokdarmkanker.
In de PERFECT studie hebben we de effecten van een 12-weken durend
beweegprogramma op onder andere kwaliteit van leven, vermoeidheid en fysieke
fitheid onderzocht bij patiënten na een in opzet curatieve operatie voor slokdarmkanker.
In totaal deden er 120 patiënten mee aan de studie, waarvan er 61 patiënten in
de beweeggroep waren geloot en 59 patiënten in de controle groep. Het PERFECT
beweegprogramma bestond uit twee gesuperviseerde, gecombineerde aerobic
en krachttrainingen per week bij een eerstelijns fysiotherapeut in de buurt van de
deelnemer. Daarnaast werd de beweeggroep geadviseerd om op de overige dagen
minstens 30 minuten per dag fysiek actief te zijn. Patiënten in de controle groep kregen
de gebruikelijke zorg en werden gevraagd om hun gebruikelijke beweegpatroon te
behouden.
Deze studie laat zien dat patiënten na de behandeling voor slokdamkanker in staat zijn
om een gesuperviseerd beweegprogramma vol te houden. Gemiddeld genomen waren
deelnemers namelijk in 96% van alle trainingssessies aanwezig. Ook waren zij in staat om
het beweegprogramma volgens protocol uit te voeren (>90% van alle trainingssessies).
Patiënten die deelnamen aan het PERFECT beweegprogramma rapporteerden een
betere kwaliteit van leven (β=3.5; 95% betrouwbaarheidsinterval (BI) 0.2 tot 6.7;
effectgrootte=0.26) en rol functioneren (β=9.4; 95% BI 1.3 tot 17.5; effectgrootte=0.40),
en hadden een verbeterde fysieke fitheid (VO2peak (β=0.13 L/min; 95% BI 0.04 tot 0.22;
effectgrootte=0.26). Daarnaast resulteerde deelname aan het beweegprogramma ook
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in minder vermoeidheid (β=-1.22; 95% BI -2.58 tot 0.15; effectgrootte=0.30), alhoewel
niet statistisch significant. De grootte van alle effecten nam af 24 weken na baseline.
Wij veronderstellen dat de effectgroottes in onze studie kleiner zijn dan in de algemene
populatie patiënten na een operatie voor slokdarmkanker, aangezien deelnemers
niet zijn geselecteerd op de aanwezigheid van behandeling- en kanker gerelateerde
klachten, zoals vermoeidheid. Studies laten namelijk zien dat de effecten van bewegen
groter zijn in patiënten die meer klachten ervaren. Daarnaast zijn de effecten mogelijk
vertroebeld doordat de controle groep meer is gaan bewegen. Desondanks zijn de
effectgroottes vergelijkbaar met eerdere beweegstudies. Op basis van onze bevindingen
kunnen we concluderen dat het haalbaar en veilig is om te sporten na een operatie
voor slokdarmkanker. Het beweegprogramma was effectief in het verbeteren van
de fysieke fitheid en verschillende aspecten van de kwaliteit van leven. Wij raden
aan om een gesuperviseerd beweegprogramma toe te voegen aan de gebruikelijke
zorg van patiënten met slokdarmkanker. In de toekomst zou de effectiviteit van het
beweegprogramma verbeterd kunnen worden door de duur van het beweegprogramma
te verlengen en door het programma toe te spitsen op een specifieke groep patiënten
(bijvoorbeeld patiënten met een lage kwaliteit van leven of extreme vermoeidheid).
Deel III: Hoe? – De onderliggende mechanismen van bewegen
In deel III van dit proefschrift gaan we een stapje verder dan de algemene effecten van
bewegen en hebben we onderzoek gedaan naar de mechanismen die ten grondslag
liggen aan behandeling- en kanker gerelateerde klachten, zoals vermoeidheid, kwaliteit
van leven en fysiek functioneren. Tevens hebben we onderzoek gedaan naar de
onderliggende mechanismen van de positieve effecten van bewegen. Wij menen dat wij
door het opdoen van deze kennis, beweegprogramma’s kunnen verbeteren en daardoor
de effectiviteit van bewegen na de diagnose kunnen vergroten; uiteindelijk met als doel
om de implementatie van beweegprogramma’s in de praktijk te verbeteren.
Patiënten die chemotherapie krijgen, kunnen veel behandeling gerelateerde klachten
ervaren, waardoor de behandeling moet worden aangepast (bijvoorbeeld een lagere
dosis chemotherapie). Daarnaast komt spiermassaverlies veel voor, wat een negatief
effect kan hebben op verschillende klinische en patiënt-gerapporteerde uitkomsten,
zoals spierkracht, vermoeidheid en kwaliteit van leven. Om deze klachten te voorkomen
of te beperken, zou het beter zijn als de chemotherapie alleen lokaal zou werken op
de plek van de tumor. Een andere mogelijkheid zou zijn om tegelijkertijd een andere
behandeling te starten die de eerdergenoemde klachten doet verminderen. Hiervoor
is er echter wel meer kennis nodig over de mechanismen die ten grondslag liggen aan
chemotherapie-geïnduceerde schade aan gezonde cellen.
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In Hoofdstuk 6 hebben we een meta-analyse en systematische review uitgevoerd om
het effect van chemotherapie, specifiek doxorubicine, op spiermassa te kwantificeren.
Tevens hebben we getracht om de onderliggende mechanismen van doxorubicinegeïnduceerd spiermassaverlies in kaart te brengen. Onze meta-analyse toont aan dat het
gewicht van de spier met 14% afneemt en de dwarsdoorsnede van spiervezels met 17%.
Dit komt overeen met de waargenomen afname in spiermassa en spierkracht. Op basis
van de systematische review kunnen we concluderen dat mitochondriële disfunctie
een belangrijke rol speelt in doxorubicine-geïnduceerd spiermassaverlies, resulterend
in oxidatieve stress. Bovendien toont de review aan dat doxorubicine alle belangrijke
proteolytische systemen in de spier activeert, waarbij het ubiquitine-proteasoom
systeem een sleutelrol speelt. Ondanks dat diermodellen niet direct vergelijkbaar zijn
met de situatie in mensen, biedt de preklinische onderzoeksetting wel de mogelijkheid
om onderzoek te doen naar onderliggende mechanismen. Desondanks is er meer
onderzoek nodig om de voorgestelde onderliggende mechanismen te bevestigen in
de mens. Het uiteindelijke doel is om met behulp van deze kennis, interventies te
ontwikkelen die doxorubicine-geïnduceerd spiermassaverlies tegengaan.
Hoofdstuk 7 richt zich op de mechanismen die ten grondslag liggen aan de positieve
effecten van bewegen. Om dit te kunnen onderzoeken, hebben we gebruik gemaakt
van de eerdergenoemde OptiTrain studie. In deze studie werden positieve effecten van
kracht- en intervaltraining gevonden op verschillende dimensies van vermoeidheid. In
dit hoofdstuk hebben we de effecten van bewegen op ontstekingsmarkers onderzocht.
Daarnaast hebben we onderzocht of de positieve effecten van bewegen op vermoeidheid
worden gemedieerd door een positieve verandering van de ontstekingsmarkers.
Aangezien we voornamelijk geïnteresseerd waren in de effecten van bewegen op
ontstekingsmarkers, hebben we voor deze analyse alleen de deelnemers meegenomen
die meer dan ≥60% van alle trainingssessies hebben bijgewoond en een random sample
van de controlegroep. In totaal zijn er 92 markers gemeten in het bloed op baseline en
direct na afronding van het beweegprogramma. In het algemeen laat dit onderzoek
zien dat chemotherapie resulteert in een stijging van de ontstekingsmarkers. Bovendien
toont dit onderzoek aan dat kracht- en intervaltraining tijdens chemotherapie een
effectieve behandeling is om chemotherapie-geïnduceerde ontsteking te verminderen
en daarmee ook vermoeidheid. De positieve effecten van bewegen op vermoeidheid
werden gedeeltelijk gemedieerd door IL-6 (32%) en CD8a (31%).
Gerandomiseerde studies hebben meestal onvoldoende power om onderliggende
mechanismen van interventies te onderzoeken, oftewel het uitvoeren van mediatieanalyses. Een meta-analyse op basis van individuele patiëntengegevens biedt mogelijk
de oplossing voor dit probleem door de omvang van de steekproef te vergroten en
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tevens de kwaliteit van mediatie-analyses te verbeteren. Tot op heden is het echter
onbekend hoe de verschillende methoden voor het uitvoeren van een meta-analyse op
basis van individuele patiëntengegevens kunnen worden toegepast in combinatie met
mediatie-analyses. In Hoofdstuk 8 worden er verschillende statistische modellen met
elkaar vergeleken en bieden we handvatten aan om mediatie-analyses uit te voeren in
een meta-analyse op basis van individuele patiëntengegevens. Om dit te onderzoeken,
hebben we data gebruikt uit de internationale ‘Predicting OptimaL cAncer RehabIlitation
and Supportive care’ (POLARIS) studie. Deze studie is ontworpen om de effecten van
bewegen te onderzoeken in mensen die de diagnose kanker hebben (gehad) (3,163
deelnemers uit 24 verschillende gerandomiseerde studies). In deze studie zijn positieve
effecten van bewegen op de kwaliteit van leven gevonden. Er zijn twee methoden om
een meta-analyse op basis van individuele patiëntengegevens uit te voeren, namelijk de
zogenaamde one-stage methode en de two-stage methode. Met de one-stage methode
neemt men alle patiëntgegevens van alle studies samen om een enkele analyse uit
te voeren. Bij de two-stage methode analyseert men de resultaten voor alle studies
apart, om deze vervolgens te combineren. Hierbij maakt men gebruik van standaard
meta-analyse technieken. Beide methoden leverden dezelfde resultaten op en toonden
aan dat vermoeidheid de effecten van bewegen op kwaliteit van leven medieert. De
simulatie studie liet zien dat beide methoden een zuivere schatting van het mediatie
effect opleveren bij een grote omvang van de steekproef. Het is echter wel van belang
dat er wordt gecorrigeerd voor factoren die de relatie tussen de mediator en uitkomst
verstoren, oftewel mogelijke confounders. Tot slot, concludeerden wij dat de onestage methode de voorkeur heeft wanneer men mediatie-effecten wilt onderzoeken,
aangezien er bij deze methode beter rekening kan worden gehouden met heterogeniteit
tussen de verschillende studies.
In Hoofdstuk 9 bediscussiëren we alle hoofdstukken uit dit proefschrift en de
toegevoegde waarde van de resultaten aan de al bestaande literatuur. Bovendien
worden er voorstellen gedaan voor toekomstig onderzoek. Ondanks dat de positieve
effecten van bewegen tijdens en na de behandeling van kanker algemeen bekend zijn,
zijn beweegprogramma’s nog geen integraal onderdeel van de oncologische zorg.
In dit hoofdstuk bespreken we de verschillende uitdagingen die komen kijken bij de
implementatie van beweegprogramma’s in de praktijk en doen wij een voorstel voor
een hulpmiddel voor zorgverleners dat kan helpen bij het verwijzen van patiënten
naar veilige en effectieve beweegprogramma’s. Om de implementatie te bevorderen,
adviseren wij om de implementatie van dit hulpmiddel te bespreken met relevante
stakeholders, zoals oncologen, oncologie verpleegkundigen, revalidatie artsen,
fysiotherapeuten en fitness instructeurs. Met behulp van deze handvatten hopen
wij dat de kloof tussen de bewijsvoering uit studies en de praktijk wordt gedicht en
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dat beweegprogramma’s op de korte termijn integraal onderdeel worden van de
oncologische zorg.
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DANKWOORD
Dat was het dan, mijn promotietijd zit erop! De afgelopen jaren heb ik veel geleerd
en ben ik veel ervaringen rijker geworden. Al met al kan ik terugkijken op een leuke,
leerzame, uitdagende en waardevolle periode. Deze reis heb ik niet alleen gemaakt.
De eindbestemming had ik niet kunnen bereiken zonder steun van mijn collega’s, de
patiënten die deelnamen aan de studies, maar bovenal mijn lieve vrienden en familie.
Beste Anne, het begon allemaal met mijn wetenschappelijke stage als onderdeel van
de master Epidemiologie. Na een aantal (herinnerings)mailtjes mocht ik dan toch op
kennismakingsgesprek komen. Ik ben erg blij dat ik die kans heb gekregen, want ik
geniet nog elke dag van mijn werk bij jou in de onderzoeksgroep. Ik heb het getroffen
met jou als promotor. De afgelopen jaren heb ik heel veel van jou mogen leren. Ik heb
heel veel waardering voor jouw enthousiasme, die erg aanstekelijk is. Ik vind het erg
bijzonder en fijn, dat je ondanks jouw drukke agenda, altijd de deur open hebt staan
voor vragen of om even ergens over te sparren en altijd overal van op de hoogte bent. Ik
wil je ontzettend bedanken voor de kansen die je mij hebt gegeven, de fijne begeleiding
en het vertrouwen de afgelopen jaren!
Beste Jonna, wat ben ik blij dat je mijn co-promotor bent geworden. Behalve dat ik
het natuurlijk erg gezellig vind, ben ik ontzettend blij met jouw fijne begeleiding en
jouw enthousiasme voor het onderzoek. Ik vind het leuk om met jou te sparren over
onderzoek en kan altijd weer wat van je leren. Ik vond het een eer om jouw stokje over
te nemen bij de coördinatie van de PERFECT studie. Bedankt voor alles!
Dear prof. dr. L. Hooft, prof. dr. A.D.R. Huitema, prof. dr. K. Winters-Stone, prof. dr. E.
van der Wall, prof. dr. N.J. de Wit, I would like to thank you all for reading and critically
assessing this thesis.
Beste Petra en Evelyn, ondanks dat jullie geen onderdeel zijn van mijn promotieteam,
wil ik jullie wel bedanken voor de fijne samenwerking de afgelopen jaren. Petra, ik vond
het erg leerzaam om met jou samen te werken. Jouw kritische blik op mijn werk hield
mij altijd scherp en tilde het weer naar een hoger niveau. Met name de overleggen over
de aanvraag voor het OncoFITness-project zijn mij bijgebleven en daar heb ik ontzettend
veel van geleerd. Evelyn, ik vind het leuk dat ik ook met jou mag samenwerken. Jouw
enthousiasme en de rust die je uitstraalt, werken erg aanstekelijk. Behalve op werkvlak,
ben je ook altijd te porren voor een gezellige, sportieve activiteit en dat is dan ook wat ik
in jou bewonder, namelijk de balans tussen werk- en niet-werk gerelateerde activiteiten.
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Dear PREFERABLE-EFFECT Consortium, I am very grateful to be part of such a great
group of researchers. I have learned a lot from all our exercise-oncology-related
discussions. Thank you!
Dear Yvonne, Kate, Sara and Helene, thank you very much for having me as an intern
in your research group. I really enjoyed my time in Stockholm. Thank you for the
opportunity to work with your data from the OptiTrain study. It is a pleasure to work
with you.
De artikelen in dit proefschrift heb ik niet alleen geschreven. Ik wil daarom alle coauteurs bedanken voor hun bijdrage. Jullie kritische gedachten en feedback waren
altijd erg waardevol. Daarnaast wil ik alle stagiaires bedanken voor hun bijdrage aan
de lopende onderzoeken.
Mijn dank gaat uit naar alle patiënten die hebben deelgenomen aan de PACT en PERFECT
studie. Hun deelname is van groot belang en we hebben veel van hen mogen leren.
Ook wil ik alle betrokken sportartsen en fysiotherapeuten bedanken voor hun bijdrage
aan de studie.
Lieve Roxanne, Willeke en Emmie, oftewel mijn taart en babypraat maatjes! Bedankt
voor de leuke fietsritjes, waarbij een stuk appeltaart natuurlijk nooit kon ontbreken.
Ook bij alle mijlpalen, publicaties en verjaardagen kon een stuk taart natuurlijk niet
ontbreken. Deze en vele andere gezellige momenten maakten het promoveren nog veel
leuker! En hoe leuk is het dat wij alle vier tegelijk zwanger zijn en nu alle tips en tricks
kunnen uitwisselen. Hopelijk kunnen we binnenkort elkaars baby komen bewonderen
en onze babypraat voortzetten. Bedankt voor alles!
Mijn paranimfen, Nikkie en Willeke, ik ben ontzettend blij dat jullie straks naast mij
staan tijdens mijn verdediging. Lieve Nikkie, ongeveer negen jaar geleden begonnen wij
tegelijk aan onze studie Gezondheidswetenschappen. Sindsdien hebben we een hoop
leuke en onvergetelijke momenten meegemaakt: van het foute kerstfeest tot aan ons
mislukte weekendje naar Milaan (doordat we door ons geklets het vliegtuig hebben
gemist). Bedankt voor alle gezelligheid! Ik ben erg dankbaar voor onze vriendschap en
hopelijk volgen er nog veel meer mooie jaren. Lieve Willeke, ongeveer vier jaar geleden
begonnen wij tegelijkertijd aan een PhD traject in dezelfde groep en sindsdien hebben
we elkaar steeds beter leren kennen. Je bent een goede onderzoeker, maar vooral een
ontzettend gezellig en nuchter mens.
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Beste collega’s van de onco-groep, terugdenkend aan al onze leuke uitjes de afgelopen
jaren: de beachvolleybal clinic, online pubquizzen, de 30 van Zandvoort, escaperooms
en lasergame, realiseer ik me wat voor leuke groep we zijn. Ik ben ontzettend blij dat
ik ook in de toekomst onderdeel mag blijven van deze gezellige groep onderzoekers.
Lieve en leuke mede promovendi, bedankt voor jullie gezelligheid. De gezamenlijke
lunches, taartmomentjes, promovenski, JOB-overleggen en uitjes, sinterklaasavondjes
en andere gezellige momenten maakten het promoveren nog veel leuker.
Lieve Remco en Denise, bedankt voor alle gezellige avondjes, weekendjes of dagjes
weg. We hebben altijd mega goede ideeën voor het volgende uitje aan het eind van de
avond. Het komt er niet altijd van, maar het is altijd genieten met jullie. Op naar nog
meer van dit soort momenten.
Alle lieve vrienden die ik in de afgelopen jaren om me heen heb gehad, bedankt voor
alle gezellige momenten. Hopelijk volgen er nog veel meer. Lieve Fitbody family, bedankt
voor alle sportuurtjes die ik met jullie heb doorgebracht. Het was heerlijk om soms
even mijn energie kwijt te kunnen tijdens een Super Saturday workout of Hero Wod.
Lieve Rachel en Martijn, helaas hebben jullie dit mooie moment niet mogen meemaken.
Jullie interesse in mijn onderzoek heb ik altijd gewaardeerd. Bedankt voor alle mooie
herinneringen. Jullie zitten voor altijd in mijn hart.
Lieve Cathy, bedankt voor uw steun en belangstelling in mijn promotietraject, maar
vooral ook in mij. Alle lekkere chocolaatjes, theetjes en etentjes gaven mij altijd weer
frisse energie om er tegenaan te gaan. Ik weet dat de deur altijd voor mij open staat
en daar ben ik heel dankbaar voor!
Lieve Paola en Claudia, wat ben ik blij met jullie als zusjes en weet dat ik heel trots op
jullie ben! Ook al zijn we alle drie verschillend in alle opzichten, bij jullie kan ik altijd
mezelf zijn. Samen lachen, samen huilen, ik geniet van alle momenten dat we samen
zijn.
Lieve opa en oma, bedankt voor alles: voor jullie liefde, steun en belangstelling in mijn
werk. Ik vind het heel lief hoe trots en enthousiast jullie altijd zijn over de dingen die
ik doe. Dat betekent heel veel voor mij. Ik kan me geen betere opa en oma wensen. Ik
hou van jullie.
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Lieve papa en mama, al mijn hele leven hebben jullie voor mij klaar gestaan en mij
gesteund in mijn keuzes. Jullie hebben het voor mij mogelijk gemaakt om mijn doelen
na te streven en daar ben ik ontzettend dankbaar voor. Bij jullie voelt het nog steeds als
mijn thuis en daar zal nooit verandering in komen. Bedankt voor alles. Ik hou van jullie.
Lieve Jonie, bedankt voor je onvoorwaardelijke steun de afgelopen jaren. En
onvoorwaardelijke steun dat was het, want wat heb jij het vaak voor lief moeten nemen
dat ik soms avonden of weekenden bezig was met mijn werk en dat zonder maar een
keer hierover te klagen. Ik zou me echt geen betere en lievere vriend kunnen wensen!
Ik vind het heerlijk hoe jij mij aanvult en af en toe (lees: vaak) even op mijn rem trapt,
omdat ik weer 101 leuke dingen tegelijkertijd wil doen. Ik geniet van onze momenten
samen, waarbij we over alles en niets kunnen kletsen onder het genot van een lekker
biertje. Dat biertje zit er voorlopig even niet in voor mij, want we zijn alweer op weg naar
ons volgende avontuur: baby Brouwer is on the way! Ik weet nu al dat dit ons leukste
en mooiste avontuur wordt samen. Ik hou van jou!
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