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General Introduction
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Chapter 1

Over the last decades, the number of individuals living with and beyond a cancer 

diagnosis has gradually increased[1]–[3]. In 2020, nearly 20 million new cancer 

cases were detected worldwide, and projections forecast this will grow to 28.4 

million new cases by 2040[2]. The increase in cancer incidence is attributed 

to both the growing and aging of the population, as well as changes in the 

prevalence of cancer risk factors[1]–[3]. In middle-to high-income countries, the 

increasing cancer incidence rate is, in varying degrees, paralleled by a graduate 

decline in mortality rates for most cancers, primarily due to (ongoing) successes 

in cancer care and early diagnosis[1], [2]. In the Netherlands, for example, the ten-

year survival of non-metastasized breast cancer increased by 24% since 1989[4]. 

In this context, adequate care to reduce the impact of cancer’s short- and long-

term side effects and its treatment is increasingly important.

1. PHYSICAL EXERCISE

Until the 1990s, and in many countries until recently, cancer patients were advised 

to rest and refrain from strenuous physical activity directly after diagnosis. Over 

the last decades, however, physical exercise has been increasingly recognized 

as an effective strategy to offset various side effects in cancer patients and 

survivors, and inactivity is more often recognized as detrimental. In 2010, the 

American College of Sports Medicine (ACSM) concluded that exercise training 

during and after cancer treatment is generally safe and well-tolerated[5]. Also, 

there was sufficient evidence that exercise could improve some cancer-related 

adverse effects, including fatigue, physical fitness, quality of life, and physical 

functioning, and cancer survivors were advised to avoid inactivity and adhere 

to general physical activity guidelines (i.e., at least 150 minutes per week of 

aerobic activity and two times per week of resistance training)[5]. Since then, 

the number of exercise-oncology studies more than doubled to over 2500 

randomized controlled trials in 2018[6]. Recent insights have been incorporated 

in the 2018 updated ACSM exercise guidelines for cancer survivors[6]. For 16 

clinically relevant adverse effects, the available evidence in terms of exercise 

benefits was evaluated, and if sufficient evidence was available, a more detailed 

exercise prescription in terms of frequency, intensity, time, and type (FITT) of 

exercise was formulated.

There is yet insufficient evidence for seven health outcomes to ascertain the 

effect of exercise, primarily due to a lack of (randomized) studies with these 

parameters as the primary outcome[6] (Table 1). These outcomes include two 
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of the most common and burdensome long-term sequelae of cancer and its 

treatment; cardiotoxicity and cognitive function. Also, given that improvement 

in chemotherapy regimens is proposed as one of the key attributor to increased 

survival rates, chemotherapy treatment tolerance is a health outcome of 

particular clinical interest.

Table 1. Available evidence of exercise per health outcome, as described by the 
ACSM exercise guidelines for cancer survivors [6].

Outcome Available evidence scored as:

Anxiety Strong

Bone health Moderate

Cardiotoxicity Insufficient

Chemotherapy-induced peripheral neuropathy Insufficient

Cognitive function Insufficient

Depressive symptoms Strong

Falls Insufficient

Fatigue Strong

Health-related quality of life Strong

Lymphedema Strong

Nausea Insufficient

Pain Insufficient

Physical function Strong

Sexual function Insufficient

Sleep Moderate

Treatment tolerance Insufficient

1.2 Cardiovascular disease in (breast) cancer patients

Cancer and CVD were conventionally considered two different entities and 

managed accordingly. However, increasing evidence suggests an overlap 

between the two diseases. Cancer and CVD share common risk factors, such as 

age, genetics, and lifestyle-related factors[7], [8]. Some even theorize that having 

one of the two diseases could be considered a risk factor for the onset of the 

respective other disease[9]. A recent study described a direct effect of the tumor 

on cardiac function, even before the receipt of cardiotoxic cancer treatment[10]. 

Vice versa, a diagnosis of heart failure is associated with enhanced tumor growth, 

and increased cardiac biomarkers were found to predict new-onset cancer, 

irrespective of risk factors for cancer[11]. Biologically, multiple pathways have 

1
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been identified that are common to both cancer and CVD, including inflammation 

and resistance to cell death[12]. CVD risk is further augmented during cancer 

treatment, especially in patients receiving anthracyclines, thoracic irradiation, 

or anti-HER2 agents. In a meta-analysis of nearly 50,000 cancer patients treated 

with contemporary anthracycline-based regimens, the incidence of cardiotoxicity 

was 6% (95% confidence interval (CI) 3%-9%) after a median follow-up of nine 

years[13]. A pooled analysis of 11,882 breast cancer patients described an LV 

ejection fraction (LVEF) decline of 7.5% (95%CI, 4.2%-13.1%) following trastuzumab 

treatment[13]. Observational data show even higher incidences, especially in older 

breast cancer patients (>75 years)[14] and those receiving both anthracyclines and 

trastuzumab[15].

Definition and diagnosis of cancer therapy-related cardiovascular toxicity

Since the development of the interdisciplinary field of cardio-oncology in the 

late 1990s [16], various terminologies have been proposed to describe CVD in 

cancer patients. Most former oncology trials reported cardiac side effects, if 

reported at all, via the common terminology criteria for adverse events (CTCAE), 

varying from grade 1 to grade 5[17]. The CTCAE scoring system often does not 

overlap with heart failure or conventional cardiology guidelines (such as the 

NYHA classification)[18]. Also, it predominantly focuses on systolic dysfunction 

and heart failure events, while the currently prevailing hypothesis is that CV 

toxicity encompasses a whole spectrum of CVD, including myocarditis and 

hypertension[19].

To uniform the understanding and definition of what constitutes CV toxicity, the 

recent definition of ‘cancer therapy-related cardiovascular toxicity; CRT-CVT’ 

was proposed and adopted in the first cardio-oncology guidelines[18], [19]. CTR-

CVT includes five CV disease categories: (1) cardiac dysfunction / heart failure; 

(2) myocarditis; (3) arrhythmias and QT prolongation; (4) hypertension, and (5) 

vascular toxicity[18]. Cardiac dysfunction during or after cancer therapy, the 

most notorious CV complication given its association with poor prognosis[20], 

is currently diagnosed in the presence of CV symptoms, cardiac imaging, and 

cardiac biomarkers (i.e., troponin and NTproBNP)[19]. Echocardiography is the first 

imaging modality of choice, with LVEF and global longitudinal strain (GLS) as the 

most important parameters. GLS is defined as the proportion of shortening of 

the myocardium in a longitudinal direction during systole, compared to diastole, 

and expressed as a (negative) percentage. This parameter has been proposed as 

an earlier parameter of CTR-CVT, given that a GLS decline is predictive of future 
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overt systolic decline and cardiomyopathy [21]. In addition to echocardiography, 

a cardiac MRI scan can be performed, which provides the most accurate cardiac 

parameters independent of patients’ habitus. Also, cardiac MRI holds the potential 

for tissue characterization via, among others, late-gadolinium enhancement 

and extracellular volume fraction (ECV) measurements. These parameters are 

considered non-invasive measurements of focal and diffuse myocardial fibrosis, 

respectively[22]. Since autopsy studies describe diffuse myocardial fibrosis as a 

hallmark of cancer therapy-induced cardiotoxicity[23], ECV measurements seem 

particularly interesting in a cardio-oncology context. However, due to the limited 

availability and relatively high costs of cardiac MRI imaging, this modality is 

unsuitable for first-line imaging and, thus, complementary to echocardiography. 

In the UMC Utrecht, we perform cardiac MRI imaging in patients with abnormal 

LVEF or GLS or poor acoustic windows on echocardiography (e.g., obesity, left-

sided mammary implants) or to rule out other causes of LV dysfunction, such as 

myocardial infarction or myocarditis[24]. It has been suggested that structural 

cardiac abnormalities (ECV and troponin) precede functional decline (GLS and in 

a later stadium LVEF)[25], although evidence from longitudinal (imaging) studies 

in cancer patients to support this hypothesis is limited.

The development of CVD during and after cancer survival significantly affects 

morbidity, quality of life, and overall survival [26]–[29]. CVD is currently the major 

competing cause of mortality in patients with early-stage breast cancer[30]. For 

older survivors or those with pre-existing CVD at the start of cancer treatment, 

CVD even surpasses breast cancer itself as the leading cause of death[27], [30], 

[31], leading some to argue that the heart has become “the victim of the modern 

breast cancer treatment” [32]. This context calls for preventive measures to offset 

the increased CVD risk. Most research has been focused on cancer treatment 

alterations (e.g., breath-holding radiotherapy and modifications in anthracycline 

schemes) and pharmacotherapeutic adjuncts, including neurohormonal 

therapies, renin-angiotensin-aldosterone system blockers, and dexrazoxane[19]. 

Although some evidence suggests that these interventions could prevent some 

decline in LVEF[33]–[35], no clear benefit in reducing the incidence of heart failure 

or other clinically relevant outcomes has been demonstrated so far.

Physical activity (PA), or the lack thereof, has been proposed as the main 

predisposing factor for the development and progression of CVD in the general 

population[36]. In populations with CVD, various aerobic exercise interventions 

have been found to improve cardiac outcomes [37], [38]. Mediators of these 

1
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beneficial effects include, among others, improvement of the CVD risk profile 

(i.e., lower blood pressure, better blood lipids profile, and higher insulin sensitivity), 

changes in cardiac metabolism, and decreased atherosclerotic plaque formation. 

To this end, exercise is considered an integral part of care in many cardiac 

populations, such as post-myocardial infarction patients [39], [40].

For cancer patients, however, evidence on exercise-mediated cardioprotection is 

limited. In rodent studies, almost all studies unanimously report positive effects 

of exercise on anthracycline-induced cardiotoxicity[41]. Until now, six randomized 

trials have studied the effect of exercise training during chemotherapy on 

cardiotoxicity within the first year of treatment (Table 1). Although some report 

positive effects on either LVEF or troponin, no study has been able to provide 

conclusive results that demonstrate exercise-mediated cardioprotection in a 

clinical setting. A study by Chung et al. did find that LVEF was preserved in the 

exercise arm, while a significant decline (from 71±5% to 62±2%) was observed 

among control participants after a follow-up of 12 months[42]. However, since 

overall LVEF was still remarkably high at follow-up, with no participants having an 

LVEF (close) to the lower limit of normal (LVEF<50%), these findings are of uncertain 

clinical importance. A relatively large study by Foulkes et al. demonstrated that 

exercise resulted in less of an increase in cardiac troponin post-chemotherapy, 

favoring the exercise arm[43]. These findings were not corroborated by resting 

cardiac imaging in this study, which is surprising, given that all prior research 

demonstrates that 95% of the cases with cardiotoxicity can be identified by a GLS 

decline within the first year after treatment[44]. The authors report better peak 

exercise parameters of cardiac function following exercise[43]. The study by Ma 

observed that the exercise program preserved LVEF, in contrast to the control 

arm[45]. However, given the low methodological quality of this study, results need 

to be interpreted with caution.

24-08-Willeke.indd   1424-08-Willeke.indd   14 04-09-2023   09:0004-09-2023   09:00



15

General Introduction

Ta
b

le
 2

. R
an

d
o

m
iz

e
d

 s
tu

d
ie

s 
o

n
 t

h
e

 e
ffe

ct
 o

f 
e

xe
rc

is
e

 o
n

 c
ar

d
io

to
xi

ci
ty

 in
 c

an
ce

r 
p

at
ie

n
ts

.

R
e

fe
re

n
c

e
S

tu
d

y 
p

o
p

u
la

ti
o

n
S

tu
d

y 
c

h
a

ra
c

te
ri

st
ic

s
O

u
tc

o
m

e

P
a

ti
e

n
ts

A
C

 d
o

se

(m
g

/
m

2
)

E
xe

rc
is

e
 

sp
e

c
ifi

c
a

ti
o

n
s

Fo
ll

o
w

-u
p

Im
a

g
in

g
 

m
o

d
a

li
ty

LV
E

F
G

L
S

B
io

m
a

rk
e

rs
 

(N
Tp

ro
B

N
P

 

a
n

d
 t

ro
p

o
n

in
)

T
is

su
e

 

ch
a

ra
c

te
ri

za
ti

o
n

A
n

tu
n

e
s,

 2
0

13
E

ar
ly

-s
ta

g
e

 b
re

as
t 

ca
n

ce
r

E
X

: N
=4

7

C
O

N
: N

=4
6

41
6

 D
O

X
A

e
ro

b
ic

 a
n

d
 

re
si

st
an

ce
, 2

-3
 

se
ss

io
n

s 
p

e
r 

w
e

e
k 

fo
r 

12
 

w
e

e
ks

.

12
 w

e
e

ks
2D

-e
ch

o
E

X
 =

 C
O

N
E

X
 =

 C
O

N
E

X
 =

 C
O

N
-

C
h

u
n

g
, 2

0
2

2
E

ar
ly

-s
ta

g
e

 b
re

as
t 

ca
n

ce
r

E
X

: N
=1

6

C
O

N
: N

=1
6

24
0

 D
O

X
 

o
r 

45
0

 E
P

I

A
e

ro
b

ic
 a

n
d

 

re
si

st
an

ce
, 2

-3
 

se
ss

io
n

s 
p

e
r 

w
e

e
k 

fo
r 

12
 

w
e

e
ks

.

12
 w

e
e

ks
2D

-e
ch

o
E

X
 >

 C
O

N
-

-
-

Fo
u

lk
e

s,
 2

0
2

2
E

ar
ly

-s
ta

g
e

 b
re

as
t 

ca
n

ce
r

E
X

: N
=5

2

C
O

N
: N

=5
2

24
0

 D
O

X
A

e
ro

b
ic

 a
n

d
 

re
si

st
an

ce
, 3

 

p
h

as
e

s 
fo

r 
12

 

m
o

n
th

s*
*

C
ar

d
ia

c 
M

R
I, 

3D
-e

ch
o

E
X

 =
 C

O
N

(in
 r

e
st

)

E
X

 =
 C

O
N

(in
 r

e
st

)

Tr
o

p
o

n
in

:

E
X

 >
 C

O
N

N
Tp

ro
B

N
P

:

E
X

 =
 C

O
N

-

H
o

rn
sb

y,
 2

0
14

E
ar

ly
-s

ta
g

e
 b

re
as

t 

ca
n

ce
r

E
X

: N
=1

6

C
O

N
: N

=1
6

24
0

 D
O

X
A

e
ro

b
ic

, 3
 

se
ss

io
n

s 
p

e
r 

w
e

e
k 

fo
r 

12
 

w
e

e
ks

.

12
 w

e
e

ks
2D

-e
ch

o
E

X
 =

 C
O

N
-

-
-

1

24-08-Willeke.indd   1524-08-Willeke.indd   15 04-09-2023   09:0004-09-2023   09:00



16

Chapter 1

Ta
b

le
 2

. (
C

o
n

tin
u

e
d

)

R
e

fe
re

n
c

e
S

tu
d

y 
p

o
p

u
la

ti
o

n
S

tu
d

y 
c

h
a

ra
c

te
ri

st
ic

s
O

u
tc

o
m

e

K
ir

k
h

a
m

, 2
0

18
E

ar
ly

-s
ta

g
e

 b
re

as
t 

ca
n

ce
r.

E
X

: N
=1

3

C
O

N
: N

=1
1

24
0

 D
O

X
1 

b
o

u
t 

o
f 

ae
ro

b
ic

 

e
xe

rc
is

e
 b

e
fo

re
 

e
ac

h
 g

if
t 

o
f 

D
O

X

12
 w

e
e

ks
2D

-e
ch

o
E

X
 =

 C
O

N
E

X
 =

 C
O

N
E

X
 =

 C
O

N
*

-

M
a

, 2
0

18
B

re
as

t 
ca

n
ce

r

E
X

: N
=3

1

C
O

N
: N

=3
3

N
R

A
e

ro
b

ic
, 3

 

se
ss

io
n

s 
p

e
r 

w
e

e
k 

fo
r 

16
 

w
e

e
ks

.

16
 w

e
e

ks
2D

-e
ch

o
E

X
 >

 C
O

N
*

-
-

-

* T
h

e 
12

-m
o

n
th

 p
ro

g
ra

m
 c

o
n

si
st

e
d

 o
f t

h
re

e 
p

h
as

e
s.

 P
h

as
e 

1,
 d

u
ri

n
g

 c
h

e
m

o
th

e
ra

p
y:

 3
 s

e
ss

io
n

s 
p

e
r w

e
e

k 
fo

r 1
2 

w
e

e
ks

, s
u

p
e

rv
is

e
d

. P
h

as
e 

2:
 4

 s
e

ss
io

n
s 

p
e

r w
e

e
k 

(2
 s

u
p

e
rv

is
e

d
 

an
d

 2
 u

n
su

p
e

rv
is

e
d

) f
o

r 
14

 w
e

e
ks

. P
h

as
e

 3
: 4

 s
e

ss
io

n
s 

p
e

r 
w

e
e

k,
 u

n
su

p
e

rv
is

e
d

 w
it

h
 r

e
m

o
te

 s
u

p
p

o
rt

 f
o

r 
26

 w
e

e
ks

.

**
 T

ro
p

o
n

in
 o

n
ly

, N
Tp

ro
B

N
P

 w
as

 n
o

t 
m

e
as

u
re

d
.

**
* o

n
ly

 w
it

h
in

-g
ro

u
p

 d
iff

e
re

n
ce

s 
ar

e
 t

e
st

e
d

, n
o

 b
e

tw
e

e
n

-g
ro

u
p

 d
iff

e
re

n
ce

s.

A
b

b
re

vi
at

io
n

s

A
C

 =
 a

n
th

ra
cy

cl
in

e
s,

 C
O

N
 =

 c
o

n
tr

o
l, 

D
O

X
 =

 d
o

xo
ru

b
ic

in
, E

P
I =

 e
p

ir
u

b
ic

in
, E

X
 =

 e
xe

rc
is

e
, G

L
S

 =
 g

lo
b

al
 lo

n
g

itu
d

in
al

 s
tr

ai
n

, L
V

E
F

 =
 le

ft
 v

e
n

tr
ic

u
la

r 
e

je
ct

io
n

 f
ra

ct
io

n
.

24-08-Willeke.indd   1624-08-Willeke.indd   16 04-09-2023   09:0004-09-2023   09:00



17

General Introduction

To increase our knowledge of the role of exercise as a means for offsetting 

CTR-CVT, multiple issues need to be addressed. First, additional research on 

the underlying mechanisms via which exercise can potentially exert cardio-

protection in cancer patients is necessary, given that pathogenesis of CVD in 

this patient category is likely different from non-cancer patients. Identification 

of these mechanisms could aid in the optimization of future exercise programs. 

Second, adequately powered studies with more extensive follow-up periods 

are necessary. Except for the investigation by Foulkes et al., all studies to date 

have limited sample sizes with ~10-20 participants per study arm. Also, the 

first subclinical changes in myocardial function following anthracyclines may 

up to one year after treatment to become apparent on echocardiography[44]. 

However, the indirect effects of cancer treatment, such as the increased risk 

of arterial hypertension or dyslipidemia[46], may take months or even years to 

alter clinical outcomes. Thus, a surveillance period that extends at least beyond 

the first years after treatment, is necessary to adequately establish the effect of 

exercise on CTR-CVT. Last, studies with more accurate outcome assessments 

are required. All currently available evidence is derived from studies using 2D 

echocardiography, mostly with LVEF as the primary outcome parameter. Prior 

research in cancer patients identified that variability in 2D-LVEF assessment 

over time could be as high as 10-13 percentage points due to acquisition 

differences and observer variability[47]. Cardiac MRI is currently considered the 

reference standard for accurate LVEF assessment[48]. An additional argument 

favoring cardiac MRI is that this modality has the potential for myocardial tissue 

characterization by, for example, visualizing and quantifying cardiac edema 

and fibrosis. Given the prevailing hypothesis that cardiac tissue abnormalities 

precede functional impairment[25], with a decline in LVEF considered a rather 

late sign of cardiotoxicity[44], cardiac MRI is more likely to diagnose CTR-CVT 

more accurately and in an earlier stage.

1.3 Cognitive function in (breast) cancer patients

Cancer-related cognitive impairment (CRCI) is common in breast cancer patients, 

especially in those treated with chemotherapy. The prevalence of CRCI varies 

across studies and depends on the definition and treatment phase (i.e., before, 

during, or after treatment). A recent meta-analysis indicated that approximately 

one in three breast cancer survivors may experience clinically significant CRCI 

during or after treatment[49]. Although cognitive complaints are generally 

mild to moderate in nature[50], they can have a profound impact on survivors’ 

functional capacity, ability to return to work, and, thereby, their overall quality of 

1

24-08-Willeke.indd   1724-08-Willeke.indd   17 04-09-2023   09:0004-09-2023   09:00



18

Chapter 1

life[51]. Although cognitive behavioral therapy may offer a practical approach to 

enhancing cognitive function in daily life[52], no treatment is currently available 

to counteract the occurrence of CRCI.

Physical exercise during chemotherapy seems promising in terms of preventing 

cognitive impairment following chemotherapy[53]. Evidence from clinical studies 

is, however, limited and primarily based on studies that used the European 

Organization for Research and Treatment of Cancer Quality of Life Questionnaire-

Core 30 (EORTC QLQ-C30) questionnaire[54] which has a cognitive functioning 

subscale of only two items and therefore limited discriminative ability. In the 

systematic review by Zimmer et al, three of the included randomized trials 

reported statistically significant differences favoring the exercise arm, while 

the remaining six studies found null results[53]. None of the studies included 

objective cognitive testing. Also, all studies focused on the short-term effects 

of exercise on cognitive function, while cancer patients may experience CRCI 

years or even decades after treatment. Whether exercise during chemotherapy 

has lasting effects and thus translates into less CRCI years after treatment is 

currently unknown.

1.4 Chemotherapy treatment tolerance

Ongoing successes in improving (adjuvant) chemotherapy are considered the key 

attributors to increased survival rates in breast cancer patients. However, even 

in the current era of supportive care, over a quarter of breast cancer patients fail 

to adhere to the chemotherapy regime as prescribed[55], leading to suboptimal 

overall – and recurrence-free survival[56].

Prior research identified the elderly and those with a poor performance status 

before cancer diagnosis as being at risk for not completing chemotherapy 

as planned[57]. Conversely, exercise during chemotherapy may improve 

chemotherapy tolerance, although all currently available evidence is derived 

from secondary (underpowered) analyses from randomized studies. Also, there is 

a lack of uniformity in the definition of “chemotherapy completion”, complicating 

the interpretation of the study results.
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2. THE PACT-PACES-HEART STUDY

To improve our knowledge of the role of exercise as a means for offsetting 

cancer-related adverse effects in survivors, we designed a long-term follow-up 

study, the Pact-Paces-Heart study. This study is a combination of two previously 

performed randomized controlled trials; the Physical Activity during Cancer 

Treatment (PACT) study[58] and the comparable Physical exercise during Adjuvant 

Chemotherapy Effectiveness Study (PACES)[59]. Both trials included patients with 

non-metastasized breast cancer scheduled for adjuvant chemotherapy and 

reasonably capable of participating in an exercise program. The studies were 

conducted between 2010-2013 in the Netherlands. The PACT study reported 

positive effects of the 18-week moderate-to high-intensity aerobic and resistance 

exercise program on physical fatigue, submaximal cardiorespiratory fitness, and 

muscle strength. In PACES, the moderate-to high-intensity aerobic exercise 

program offered throughout chemotherapy treatment effectively prevented 

cardiorespiratory fitness, physical functioning, pain, nausea, and vomiting and 

improved treatment tolerance compared to non-exercise controls. For the 

second intervention arm, a home-based, low-intensity exercise program, similar 

yet smaller intervention effects than the high-intensity program were observed.

The comparability of these studies in terms of study design, study population, 

and timing allows for effective combining of PACT and PACES participants in 

the follow-up study. At the time of setting up that study, most participants were 

between seven and nine years after treatment (Figure 1). Eligible participants were 

all original PACT or PACES participants currently free of recurrent or metastasized 

breast cancer. The primary focus of the study was the effect of exercise on 

(long-term) CVD, which was assessed with a cardiac MRI, echocardiography, 

and a cardiopulmonary exercise test (CPET). Also, venous blood samples were 

drawn and stored in a biobank to enable future studies on cardiac biomarkers. To 

evaluate the effect of exercise on long-term cognitive function, participants were 

asked to complete online objective cognitive tests and questionnaires on self-

reported cognitive complaints. Last, outcomes of the original PACT and PACES 

trials, such as fatigue and quality of life, were re-assessed in the follow-up study 

to enable the evaluation of the effect of the exercise program on these outcomes.

1
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Figure 1. visualization of the design of the original PACT and PACES studies, and 
the follow-up Pact-Paces-Heart study.

AIM AND OUTLINE OF THIS THESIS.

The first aim of this thesis is to expand our current knowledge of exercise and 

physical activity in the field of cardio-oncology. Chapter 2 aims to provide a 

comprehensive overview of the CV complications in adult cancer survivors 

years after treatment. This review focuses on the CV consequences of patients 

treated with radiotherapy, chemotherapy, and targeted therapy. In Chapter 3, 

we present the results of a systematic review and meta-analysis that aimed 

to quantify the effect of exercise on cardiotoxicity and report on mechanisms 

underlying exercise-mediated cardio-protection in animal studies. To describe 

all available evidence, we included both preclinical and clinical studies. We 

used a quantitative analysis to obtain a pooled estimate of the effect of exercise 

on cardiotoxicity and a narrative synthesis to describe all underlying pathways 

systematically. In Chapter 4, we used data from a large, previously established 

cohort of breast cancer survivors treated at ages 40-50 years old. Women in this 

cohort were included 5-7 years or 10-12 years after chemotherapy treatment. 

Cardiac function and physical activity were assessed with 2D echocardiography 

with strain analysis and questionnaires, respectively. We studied the association 

between self-reported physical activity in the past years and echocardiographic 

parameters of cardiac dysfunction. In Chapter 5, we present the
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main results of the Pact-Paces-Heart study, i.e., the effect of exercise during 

adjuvant chemotherapy for breast cancer on long-term cardiovascular toxicity. We 

compare cardiac parameters, assessed with cardiac MRI and echocardiography, 

between breast cancer survivors randomized to exercise during chemotherapy to 

non-exercise controls, on average 8.5 years post-treatment. Also, we evaluated 

the association between levels of physical activity during chemotherapy, 

independent of randomization to the exercise program, and cardiac outcomes 

years after treatment.

In the second part of this thesis, we focused on the role of physical exercise 

in improving other cancer treatment-related outcomes. In Chapter 6, we 

assessed the association between pre-treatment levels of physical fitness and 

chemotherapy completion rates in patients with early-stage breast cancer. We 

used data from the original PACT and PACES studies for these analyses, and we 

complemented this with medical data concerning chemotherapy completion. We 

also evaluated if participation in the exercise program modified the association 

between pre-treatment physical fitness and chemotherapy completion. In 

Chapter 7, we assessed the long-term effect of exercise during chemotherapy 

for breast cancer on cognitive functioning in participants of the Pact-Paces-

Heart study. Cognitive outcomes included both objectively tested cognitive 

performance via an online neuropsychological test battery and self-reported 

complaints, which were assessed via questionnaires. Also, we examined the 

association between levels of physical activity during chemotherapy and levels 

of physical activity at follow-up and cognitive outcomes.

Finally, in Chapter 8, we discuss our main findings, as well as, with a specific focus 

on cardio-oncology, methodological and clinical considerations of our studies. 

We also report recommendations for future studies.

1
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ABSTRACT

The number of cancer survivors has tremendously increased over the past 

decades as a result of aging of the population and improvements in early cancer 

detection and treatment. Ongoing successes in cancer treatment are expected 

to result in a further increase in the number of long-term survivors. However, 

cancer treatment can have detrimental cardiovascular side-effects that impact 

morbidity and mortality, reducing quality of life in cancer survivors. The spectrum 

of radiotherapy- and chemotherapy-induced cardiovascular disease is broad, 

varying from subclinical valvular dysfunction to overt congestive heart failure, 

and such effects may not be apparent for more than twenty years after the 

initial cancer treatment. Awareness of these long-term side-effects is of crucial 

value in the management of these patients, in order to reduce the impact of 

cardiovascular morbidity and mortality. This review provides a comprehensive 

overview of the long-term cardiovascular complications of cancer treatments 

(radiotherapy and chemotherapy) in adult cancer survivors.
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1. INTRODUCTION

Over the past decades, improvements in early cancer detection and treatment 

have significantly improved survival rates of many malignancies[1]. Furthermore, 

the incidence of cancer patients has increased (and will increase further) due 

to aging of the population[2]. As a result of these two trends, the population of 

cancer survivors is growing rapidly in the Western world. In 2012, nearly fourteen 

million cancer survivors were alive in the United States and it has been postulated 

that this will increase to eighteen million by 2022[2]. A similar trend is observed 

in Europe[3].

Within the population of cancer survivors, the awareness for health problems 

that can occur after cancer survival is increasing. Besides the risk of recurrent 

or secondary malignancies, functional disabilities and psychosocial distress, 

cancer survivors are prone to develop cardiovascular disease (CVD)[4], [5]. Fig. 1 

provides an example on the characteristic survival pattern observed in survivors 

of Hodgkin’s disease[6]. Compared to people without a cancer history, CVD risk 

is 30% higher in adult cancer survivors[7]. In addition, CVD is the most common 

cause of non-cancer death among cancer survivors and significantly reduces 

the eight-year overall survival from 81% to 60% compared to cancer survivors 

without CVD[8], [9].

2
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Fig. 1. Long term morbidity and mortality. The cumulative risk of death, developing 
a recurrence, second malignancy, or cardiac problem as first event after radiother-
apy for Hodgkin’s disease (adapted from[6], with permission). During the first year, 
relapse of the disease (blue line) is often seen followed by a clinical stable period. 
After approximately 16 years, a sharp increase in cardiovascular disease (red line) and 
secondary malignancies (green) impacts patients’ overall morbidity and mortality.

Traditionally, cancer and CVD were considered two different entities. However, 

there is growing evidence that there might be a common biological pathway, 

as cancer and CVD share common risk factors such as ageing, smoking and 

obesity[10]. Patients with these pre-existing risk factors at baseline are also 

more likely to develop CVD during and after anticancer treatment[11]. Finally, 

preliminary evidence suggests that subclinical myocardial damage can occur 

prior to anticancer treatment, implicating an effect on cardiac function by the 

malignant process itself[12].

The spectrum of anticancer treatment-induced CVD is wide, varying from valvular 

heart disease (VHD) and constrictive pericarditis to ischaemic heart disease and 

overt congestive heart failure (CHF)[13]. The first clinical manifestations may 

appear more than twenty years after exposure[4]. Awareness of these long-

term side effects is therefore of importance in the follow-up and management 

of these patients. This review provides a comprehensive overview of the long-
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term cardiovascular (CV) complications of anticancer treatments (radiotherapy, 

chemotherapy and targeted therapy) in adult cancer survivors. Acute CV 

complications of anticancer treatments in adults[14], as well as long-term side 

effects in childhood cancer survivors will be discussed elsewhere in this issue 

and are out of the scope of this review.

2. LONG-TERM RADIOTHERAPY-INDUCED CARDIOVAS-
CULAR DISEASE

Radiotherapy (RT) is an integral component of anticancer treatment in nearly 

50% of cancer patients[15]. Exposure of the heart to RT has been associated with 

severe long-term CV complications in cancer survivors. In the 1960’s, it was first 

recognised that thoracic RT might induce severe CV sequelae[16], which led to 

drastic refinements in RT techniques over the past decades. As a result, acute 

complications (i.e. acute pericarditis) have become rare and most RT-induced 

complications manifest ten to twenty years after exposure[17]. It is expected that 

the long-term complications will be reduced by the implementation of more 

heart-sparing techniques.

Histopathological, the hallmark of RT-induced damage is fibrosis[18]. The 

underlying pathophysiological mechanism inducing fibrosis formation is not 

fully elucidated. Current theories are based on results from animal studies and 

suggest a complex combination of micro- and macrovascular pathology[15], [19]. 

RT induces microvascular injury which eventually lead to loss of endothelial cells 

and endothelial dysfunction. Macrovascular damage enhances the acceleration 

of atherosclerosis, leading to narrowing of the lumen of coronary arteries and 

further deterioration of the endothelial function and ischaemia[20].

Even though RT can affect virtually every structural component of the CV system, 

the proximal aorta, coronary arteries, valves, pericardium, and conduction system 

are predominantly affected[17] (Fig. 2). Small studies have also suggested regional 

functional myocardial dysfunction due to direct exposure to RT[21] Risk factors for 

RT-induced CV complications are younger age at time of RT exposure, dose >30 

Gy (Gy) or a fractional dose of >2 Gy, the use of concomitant cardiotoxic systemic 

chemotherapy (i.e. anthracyclines) and the presence of CV risk factors or pre-

existing CVD at baseline[13]. As a result, RT-induced sequelae are predominantly 

seen in survivors of Hodgkin’s disease and, to a lesser degree, survivors of 

breast cancer. Additionally, RT-induced complications are increasingly reported 

in survivors of oesophageal and lung cancer, as the survival rates of these 

malignancies are increasing[22], [23].

2
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Fig. 2. Porcelain aorta. Non-contrast CT scan of a 50-year old male patient 44 years 
after mantle field radiation for Hodgkin disease and a mechanical aortic valve 
replacement 15 years ago. Note the severe calcifications in the aorta, pulmonary 
trunk and the mitral and tricuspid valve. LAO = Left Anterior Oblique view, AP = 
Antero-Posterior view.

In a large meta-analysis, pooling results of more than 45,000 survivors of 

Hodgkin’s disease, breast cancer, lung cancer and metastatic testicular cancer, 

the risk of long-term heart failure was 1.8-fold increased for patients treated with 

mediastinal RT (95% confidence interval (CI) 1.1–3.1)[24]. In survivors of Hodgkin’s 

disease, the 40-year cumulative incidence for any CVD was 25% (95% CI 17%–

33%) for patients not treated with mediastinal RT or anthracyclines, which more 

than doubled to 55% (95% CI 41%–52%) for patients treated with mediastinal RT 

alone[25].
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2.1. Coronary artery disease

The association between RT and ischaemic heart disease was controversial for 

many years and first fully recognised after the publication of large epidemiologic 

studies in the 1990’s on survivors of Hodgkin’s disease and breast cancer[26], [27]. 

In a retrospective Dutch cohort study of 2524 survivors of Hodgkin’s disease who 

were treated with RT between 1965 and 1995, a 40-year cumulative incidence 

for coronary artery disease (CAD) as first cardiac diagnosis after treatment 

of 23% (95% CI 21%–25%) was reported[25]. Within this cohort, the majority of 

patients developed more than one cardiac event, of which CHF was the most 

prevalent secondary diagnosis[25]. Compared to the general population, the risk 

for angina pectoris and fatal myocardial infarction was 4.1 and 3.6-fold increased 

for survivors of Hodgkin’s disease[4]. With respect to survivors of breast cancer, 

a large population-based case-control study in 2168 women who underwent 

RT between 1958 and 2001, reported that women receiving left-sided RT had 

significantly higher rates of ischaemic heart disease compared to those receiving 

right-sided RT (mean dose to the heart for left- versus right-sided of 6.6 Gy and 

2.9 Gy)[28]. The risk of major cardiac events increased linearly with 7.4% per Gy 

inflicted to the heart, emphasizing the need for heart-sparing techniques[28]

Although the mechanism of atherosclerotic plaque formation, –rupture and 

occlusion is similar as in non-radiated patients, RT-induced CAD seems to be 

slightly different from conventional CAD. Firstly, post-mortem examination of 

irradiated patients revealed that the plaques were more fibrous and contained 

less lipid components[18]. Secondly, plaques in irradiated patients are more 

often located in the ostium of arteries and tend be smoother, longer and 

more concentric than conventional atherosclerotic plaques[29]. Finally, the left 

descending coronary artery is most often affected (Figure 3) [30]. As a result, 

percutaneous intervention in RT-induced CAD is more challenging. Importantly, 

irradiated cancer survivors can remain asymptomatic for a relatively long period 

of time, even in presence of severe CAD and sudden cardiac death may be the 

first clinical manifestation[31]

2
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Fig. 3. Coronary sclerosis and pericardial calcification. Non-contrast CT scan of a 
80-year old male patient 25 years after mantle field radiation for Hodgkin disease. 
Note the severe proximal coronary sclerosis (and stenosis on angiography) in the 
left coronary artery [panel 1]. There is pronounced pericardial calcification [panel 
2] without constrictive physiology. Also note the sclerosis in the descending aorta 
[panel 3].

Official guidelines on screening and follow-up of cancer survivors at risk for CAD 

are lacking. However, according to preliminary guidelines/expert consensus, it 

is advised to start screening for CAD in patients who received thoracic RT five to 

ten years after exposure and repeat imaging every five year[20]. Imaging modality 

of choice is depended local preferences and availability, although cardiac CT 

might be preferably in a pre-operative setting to rule out a porcelain aorta. For 

longitudinal follow-up, stress echocardiography and cardiac magnetic resonance 

are both feasible modalities, as they are free of ionising radiation[20]

2.2. Valvular heart disease

RT-induced VHD is a common complication in cancers survivors irradiated with 

outdated RT-techniques, with incidences varying between 6 and 31%[32]–[34]. In 

a large case-control study among 1852 survivors of Hodgkin’s disease irradiated 

between 1965 and 1995, the 30-year cumulative risk for any valvular involvement 
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was 3.0% for a dose of 30 Gy, which exponentially increased to 12.4% at doses of 

more than 40 Gy[35]. A splenectomy, at that time routinely performed in all patients 

with Hodgkin’s disease for staging and treatment, more than doubled the risk for 

VHD (relative risk 2.3, 95% CI 1.3–4.3), suggesting a synergetic role for inflammatory 

factors and RT in the pathophysiology of RT-induced VHD[35]. In a more recent 

study among lymphoma survivors treated with an autologous haematopoietic 

stem-cell transplant, chemotherapy and mediastinal RT between 1988 and 2008, 

mild valvular involvement was identified in almost 20% of the patients. Risk factors 

in this cohort for VHD were RT-dose >30 Gy, female gender, age >50 years at 

diagnosis and >3 lines of chemotherapy prior to stem-cell transplant[36].

Fig. 4. Valvular heart disease. Echocardiography of a 72-year-old male patient 35 
years after mantle field radiation and chemotherapy for Hodgkin’s disease. He suf-
fered from progressive aortic valve stenosis (mean pressure gradient of 40 mmHg, 
aortic valve area 0.50 cm2 [panel 3] and a moderate mitral insufficiency. Note the 
calcification of the proximal parts of the mitral valve [panel 2], this can also be ap-
preciated on the 3D transesophageal echocardiography which is presented in the 
surgical view [panel 1].

2
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Within one year after exposure, the first signs of RT-induced valvular damage can 

already be noted on echocardiography as valvular retractions and shortening of 

the mitral and aortic valve[37]. After ten to twenty years, the leaflets progressively 

become more fibrous leading to regurgitation and infrequently valvular stenosis. 

The combination of calcification of the aortic-mitral continuum and both the aortic 

and mitral valve, is the hallmark for RT-induced VHD on echocardiography[38]. 

Typically, the commissures and tips of the leaflets are relatively spared by RT (Fig. 

4), in contrast to rheumatic disease induced valvular dysfunction[39]

2.3. Pericardial disease

Prior to the 1970’s, acute (pleuro)pericarditis was the most common CV 

complication after RT, which usually presented within four weeks after 

exposure[17]. Nowadays, with the implementation of more heart-sparing 

techniques, acute pericardial complications have become rare[13]. Nevertheless, 

chronic pericarditis is a relatively common side effect and may occur in 2.5% of 

cancer survivors after RT to the heart, typically manifesting as fibrous constrictive 

pericarditis[40].

The majority of the patients are diagnosed with asymptomatic pericardial effusion 

which may resolve spontaneously, although tamponade with hemodynamic 

compromise can occur [40]. An onset of pericardial effusion more than two 

years after RT-exposure is uncommon and requires exclusion of other etiologic 

factors, such as infection, CHF and carcinomatous pericarditis[17]. Additionally, 

the presence of post-RT pericardial complications is a sign of severe mediastinal 

exposure and therefore almost never an entity on its own[41]. Hence, screening 

for other comorbidities (i.e. CAD) is of crucial value.

2.4. Conduction abnormalities and arrhythmias

A large spectrum of conduction abnormalities and arrhythmias has been reported 

in irradiated cancer survivors, including sinus node dysfunction, atrioventricular 

block, and (supra)ventricular arrhythmias[42]. Of the intraventricular conduction 

disorders, right bundle branch block is more frequently observed due to its 

proximity to the radiation field[17]. Furthermore, T-wave inversions were reported 

in 45% of breast cancer patients six months after left-sided RT[43]. However, 

electrocardiograms normalised in the majority after ten years. A long-term 

follow-up of 44,423 early-stage breast cancer patients irradiated between 1982 

and 2005 showed no significant increased risk for conduction abnormalities or 

severe ventricular arrhythmias in this cohort[44].
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3. LONG-TERM SYSTEMIC THERAPY-INDUCED CARDIO-
VASCULAR DISEASE

Exposure to systemic therapy (chemotherapy or targeted therapy) may pose 

a threat for CV health in cancer survivors in many ways. The most notorious 

long-term adverse effect is systemic therapy-related cardiac dysfunction. Table 

1 provides an overview of current publications on long term cardiovascular 

complication in systemic therapy. We would like to emphasize that long-term 

follow-up data on CV complications are lacking in the majority of (modern) 

systemic therapy agents and that several of the correlations of CV complications 

after systemic therapy could be confounded by the concomitant use of 

antracyclines.

Table 1. Systemic therapy agents associated with long-term LV dysfunction.

Chemotherapy agents

Anthracyclines Daunorubicin[45]

Doxorubicin[45]

Epirubicin[45]

Idarubicin[46]

Mitoxantrone[46]

Alkylating agents Cyclophosphamide[47]

Antimicrotubule agents Docetaxel[47]

Paclitaxel [48]

Targeted therapy agents

Monocloncal antibodies Trastuzumab [49]

Pertuzumab [50]

Bevacizumab[51]

Tyrosine kinase inhibitors Sunitinib[51]

Lapatinib[50]

Pazopanib [51]

Sorafenib[51]

3.1. Left ventricular dysfunction and congestive heart failure

Systemic therapy-related cardiac dysfunction is a relatively common 

complication and associated with clinical relevant CV morbidity and mortality, 

as well as reduced quality of life in cancer survivors[14], [52]. The incidence and 

extent of left ventricular (LV) dysfunction is highly depended on the type of agent 

used, and in most cases the cumulative dose.
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Traditionally, two types of cardiotoxicity (type I and II) of systemic therapeutic 

agents were described, based on the potential reversibility of the induced 

myocardial dysfunction. Type I agents (e.g. anthracyclines) induce irreversible, 

dose-dependent myocardial dysfunction due to the induction of myocardial cell 

loss by apoptosis. Type II agents (e.g. trastuzumab) on the other hand have been 

found to be dose independent and typically these patients show a reversible 

LV dysfunction upon cessation of chemotherapy[14]. However, this classification 

is nowadays considered arbitrary, as new evidence among cancer survivors 

points out that patients treated with type II agents can develop persistent LV 

dysfunction[53].

3.1.1. Anthracycline-induced cardiotoxicity

Since their introduction in the 1970’s, anthracyclines constitute the cornerstone for 

the treatment of haematologic malignancies, breast cancer and many more[45]. 

In the first studies, incidence of anthracycline-induced cardiotoxicity (AIC) varied 

between 16 and 23%[54], [55]. Several refinements in the following decades (e.g. 

reduction of cumulative dose and infusion scheme) aimed to reduce the incidence 

of clinically relevant cardiotoxicity. A large meta-analysis, pooling results from 

almost 50,000 cancer patients in the current era of adjusted chemotherapy 

protocols, reported an incidence in patients treated with anthracyclines for 

clinical overt cardiotoxicity and subclinical cardiotoxicity of %95)  %6CI %9–%3) 

and %95) %18CI %24–%12) respectively[45].

The main underlying pathophysiological mechanism for AIC is presumably based 

on an interaction between anthracyclines and topoisomerase-2β, which results 

in DNA damage in the cardiomyocytes followed by irreversible cell loss[56]. This 

risk of irreversible myocardial injury increases exponentially with cumulative 

anthracycline dose[57], which consequently led to restrictions of administered 

cumulative dose. Other additional risk factors associated with an increased risk 

for AIC are concomitant (or previous) thoracic RT, African-American ancestry, 

age(<15 or >65 years), other (cardiac) comorbidities, female gender and the use 

of other cardiotoxic chemotherapeutic agents[45].

In the majority of patients receiving anthracyclines, AIC occurs within the first 

year after exposure[58]. However, clinical manifestation of AIC may appear years 

later, due to extensive compensatory mechanisms of the myocardium[59]. If AIC 

manifests as overt CHF, the response to treatment is poor and prognosis grim 

as the majority of patients die within two years[60], [61]. On the other hand, if 

prompt heart failure treatment is initiated when the first sings of LV dysfunction 

are detected, LV function may show some reversibility[58].
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3.1.2. Non-anthracycline-induced cardiotoxicity

Targeted therapy is also associated with the occurrence of treatment-related 

cardiac dysfunction. Trastuzumab, a monoclonal antibody against the human 

epidermal growth factor receptor-2 (HER-2), was introduced in the late 1990’s 

as adjuvant therapy for women with HER-2 positive breast cancer[50]. The first 

study reported an alarming high incidence for severe LV dysfunction of 27% 

in women treated with a combination of anthracyclines, cyclophosphamide 

and trastuzumab[62]. Based on the hypothesis of synergetic cardiotoxicity, 

trastuzumab was from that point on administered separately from anthracycline 

treatment and it was advised to monitor left ventricular ejection fraction (LVEF) 

periodically[63]. A recent meta-analysis of almost 30,000 women treated with 

trastuzumab reported an incidence for severe cardiotoxicity of 3% (95%CI 2.41–3.64) 

at three year follow-up[49]. Older age, a history of anthracycline administration, 

hypertension, obesity and diabetes are risk factors for trastuzumab-induced LV 

dysfunction[64], [65].

In a recent randomised clinical trial (RCT), patients who received anthracyclines, 

cyclophosphamide and paclitaxel (n = 743) were compared with patients treated 

with the same chemotherapy regime, but with additional weekly trastuzumab (n 

= 947). After seven years, cardiac events, defined as a LVEF decline of more than 

10%, cardiac death or manifestations of CHF, occurred in 4% of the patients in the 

trastuzumab-arm versus 1.3% in the control arm[48]. The risk for cardiac events 

greatly increased in patients who had a LVEF of 50–55% after anthracyclines 

(HR 11.8, 95%CI 3.9–36.0), suggesting that sequential trastuzumab administration 

might aggravate underlying myocardial damage. From all patients with LVEF 

decline, the majority recovered to baseline within twelve months. Nevertheless, 

a persistent decline in LVEF was reported in 3.8% of the entire cohort, supporting 

the raising concern on the reversibility of trastuzumab-induced LV dysfunction 

on the long-term[48]. It is conceivable that trastuzumab might induce subclinical 

cardiotoxicity, which may go unrecognized by conventional LVEF measurements 

since novel cardiac imaging parameters are abnormal in an earlier stage[66]. 

The relevance of these observations, as well as the ‘true’ reversibility of these 

subclinical changes has to be explored in long-term follow-up studies.

Although long-term data on the cardiac outcome is lacking, it is worth mentioning 

the potential cardiotoxic effects of other newer targeted therapeutic agents. 

For pertuzumab and lapatinib, two more recent developed anti-HER2 agents, 

preliminary evidence suggest that cardiotoxicity might be similar or less than 

trastuzumab[50]. In a recent meta-analysis, antivascular endothelial growth factor 

(VEGF) agents, such as bevacizumab and sunitinib, are associated with increased 
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cardiac dysfunction and cardiac ischaemia (OR 1.35 (95%CI 1.06–1.70) and OR 2.83 

(95%CI 1.72–4.65)) compared to other systemic agents[51]. For CHF or fatal CV 

events, no significant risk was identified.

With respect to the long-term influence of adjuvant endocrine therapies on 

CVD in postmenopausal breast cancer survivors, the literature is conflicting. In a 

recent study aromatase inhibitors are associated with a higher risk of myocardial 

infarction compared with tamoxifen with a HR of 2.02 (95% CI 1.16–3.53)[67] A 

large observational study including over 13.000 patients with over 72.00 person-

years, on the other hand, showed that the risk of the most serious cardiovascular 

events (cardiac ischaemia or stroke) was not elevated in aromatase inhibitor users 

compared with tamoxifen users[68]. Prospective follow-up studies will be needed 

to evaluate the precise long-term risk and the identification of potential baseline 

risk factors in these patients.

Androgen-deprivation therapy through surgical castration is equally effective 

as medical castration in controlling prostate cancer. This treatment, in particular 

long-term treatment, has been associated with a higher risk of peripheral 

artery disease as well as cardiac complications[69], especially in men with a 

cardiovascular medical history[70] while short term treatment does not show this 

association at long-term follow-up[71]. It should be noted that these data come 

from observational studies and are therefore prone to bias. A recent systematic 

review pointed out the lack of published, reliable evidence (in other words, 

no RCTs) describing the effects of androgen-deprivation therapy on CVD risk 

factors[72].

3.2. Metabolic disorders

The awareness for late metabolic disorders among cancer survivors is increasing. 

Compared to age and gender matched controls, cancer survivors have higher 

incidences of hypertension (65.9% vs 59.5%), diabetes mellitus (23.4% vs 21.5%), 

dyslipidaemia (57.9% vs 55.9%) and obesity (43.4% vs 35.4%, p < 0.01 for all)[9]. 

These disorders can be clustered by the term ‘metabolic syndrome’. Although 

no consensus is reached on its exact criteria, the metabolic syndrome comprises 

risk factors of metabolic origin that often occur simultaneously[73]. Metabolic 

syndrome increases the risk for atherosclerotic disease and might therefore 

attribute to the overall CV risk in cancer survivors[74].
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3.2.1. Hypertension

The most extensively studied component of the metabolic syndrome in cancer 

survivors is hypertension. Although multiple systemic therapeutic agents may 

induce hypertension, anti VEGF agents are most often associated with the onset 

of hypertension[75]. Depending on the type of anti VEGF agent and patients’ 

characteristic, the incidence of hypertension induced by anti VEGF agents varies 

between 11 and 43%[75]. In pooled results of 77 phase III and IV RCTs, VEGF-based 

chemotherapy is associated with a higher risk for hypertension and malignant 

hypertension, defined as >180/110 mmHg with ORs of 5.28 (95% CI 4.53–6.15) and 

5.59 (95% CI 4.67–6.69) respectively[51]. Although long-term outcomes of these 

patients are lacking, prompt antihypertensive therapy is recommended in order 

to minimize long-term complications[13].

Besides anti-VEGF agents, exposure to systemic treatment with cisplatin is 

associated with long-term hypertension, in particular in survivors of testicular 

cancer. In a twenty-year follow-up study of 990 survivors of testicular 

cancer, exposure to cisplatin-based chemotherapy or cisplatin-based 

chemotherapy combined with infradiaphragmatic RT significantly increased 

the use of antihypertensive drugs (OR 3.1 (95%CI 1.9–5.2) and OR 3.7 (95%CI 

1.6–8.9) respectively)[76]. Treatment with RT alone did not increase the risk 

for hypertension. Furthermore, exposure to systemic cisplatin increased the 

prevalence of diabetes from 4.0% in the surgery group to 15.6%. In addition, 

combination therapy with cisplatin and infradiaphragmatic RT also dramatically 

increased the risk for CAD (HR 5.3, 96%CI 1.5–18.5) compared to patients treated 

with surgery alone suggesting a strong influence of metabolic disorders in the 

pathogenesis of CAD in these patients[76].

4. FUTURE PERSPECTIVES

In the past decades, significant improvements have been made in early cancer 

detection and treatment leading to improved prognosis in cancer patients. 

However, cancer treatment has detrimental long-term effects on CV health 

and early recognition of unwanted side effects is needed to initiate preventive 

treatment at an early stage in high-risk patients. Fig. 5 provides a schematic 

overview of the available literature we set out in this overview article.

2
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Fig. 5. Long term complications of anticancer treatment.

To answer the specific clinical problems cancer survivors nowadays face, 

prospective information is needed to fill the current gaps in knowledge. Of 

particular interest are the long-term outcomes of patients treated with non-

anthracyclines as well as the role of conventional CV risk factors in cancer 

survivors. To do so, harmonisation of clinical healthcare pathways combined 

with a large registry of CV follow-up are necessary to make warranted clinical 

decisions. Promising initiatives so far include specialized cardio-oncology 

units[77] and long-term prospective screening programs for multiple CV- and 

other complications (e.g. kidney disease, depression), as is current practice in 

the Netherlands. It is anticipated that these and future multidisciplinary efforts 

will reduce the impact of anticancer treatment related side effects and thereby 

improve the long-term outcome of these patients considerably.
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ABSTRACT

Background

Physical exercise is an intervention that might protect against doxorubicin-

induced cardiotoxicity. In this meta-analysis and systematic review, we aimed 

to estimate the effect of exercise on doxorubicin-induced cardiotoxicity and to 

evaluate mechanisms underlying exercise-mediated cardioprotection using (pre)

clinical evidence.

Methods and results

We conducted a systematic search in the databases of PubMed, EMBASE and 

CENTRAL. Cochrane’s and SYRCLE risk of bias tool were used to assess the 

validity of human and animal studies, respectively. Cardiotoxicity outcomes 

reported by ≥3 studies were pooled and structured around the type of exercise 

intervention. 40 articles were included, of which three were clinical studies. 

Overall, in humans (sample sizes ranging from 24-61), results were indicative 

of exercise-mediated cardioprotection, yet not sufficient to establish whether 

physical exercise protects against doxorubicin-induced cardiotoxicity. In animal 

studies (n=37), a pooled analysis demonstrated that forced exercise interventions 

significantly mitigated in-vivo and ex-vivo doxorubicin-induced cardiotoxicity 

compared to non-exercised controls. Similar, yet slight smaller effects were 

found for voluntary exercise interventions. We identified oxidative stress and 

related pathways, and less doxorubicin accumulation as mechanisms underlying 

exercise-induced cardioprotection, of which the latter could act as an overarching 

mechanism.

Conclusion

Animal studies indicate that various exercise interventions can protect against 

doxorubicin-induced cardiotoxicity in rodents. Less doxorubicin accumulation 

in cardiac tissue could be a key underlying mechanism. Given the preclinical 

evidence and limited availability of clinical data, larger, methodologically rigorous 

clinical studies are needed in order to clarify the role of physical exercise in 

preventing cardiotoxicity in cancer patients.
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List of abbreviations 

CI Confidence interval

DIC Doxorubicin-induced cardiotoxicity

DOX Doxorubicin

dP/dt-max maximum developed pressure per time unit

dP/dt-min Minimum developed pressure per time unit

FS Fractional shortening

FTM Forced treadmill intervention

HSP Heat shock protein

LV Left ventricle / ventricular

LVEF Left ventricular ejection fraction

LVP Left ventricular pressure

MDA malondialdehyde

mPTP mitochondrial permeability transition pore

NT-pro-bnp amino terminal of B-type natriuretic peptide

PE Physical exercise

PGC peroxisome proliferator-activated receptor-gamma coactivator

SERCA sarcoendoplasmic reticulum calcium-ATPase

SMD Standardized mean difference

SOD Superoxide dismutase

SYRCLE Systematic Review Centre for Laboratory animal Experimentation

VWR Voluntary wheel running
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INTRODUCTION

Anthracyclines are a group of antineoplastic antibiotics which have an important 

role in the treatment of a wide variety of cancers. However, use of anthracyclines 

in clinical practice is associated with the development of severe side-effects, 

of which irreversible, dose-dependent cardiotoxicity is among the most 

important[1], [2]. In a pooled analysis of nearly 50 000 cancer patients treated 

with contemporary anthracycline-based chemotherapy regimens, incidence of 

clinical and subclinical cardiotoxicity after a median follow-up of 9 years was 

6% (95%CI 3% - 9%) and 18% (95%CI 12% - 24%), respectively[3]. Cardiotoxicity of 

anthracyclines has been most extensively studied for doxorubicin (DOX), which 

is currently also the most commonly used anthracycline.

The pathogenesis of doxorubicin-induced cardiotoxicity (DIC), although not 

fully elucidated, is presumably a multifactorial complex with key roles for 

topoisomerase-IIβ and generation of oxidative stress. This eventually results 

in double-strand DNA breaks and mitochondrial dysfunction, leading to 

cardiomyocyte apoptosis and necrosis, with loss of functional cardiomyocytes 

as a result [4]–[6]. Since the myocardium has no regenerative capacities, this 

damage is irreversible. Compared to other cardiomyopathies, DOX-induced heart 

failure has a particularly poor prognosis, with more than half of the patients dying 

within two years after diagnosis[7]. As a result of increased incidence as well as 

survival of cancer patients[8], DIC still poses a real clinical challenge.

There is growing awareness of the need to develop effective strategies to reduce 

DIC, of which physical exercise (PE) interventions could be a promising non-

pharmacological[9]. The potential of PE interventions to reduce DIC has been 

demonstrated in numerous preclinical studies[10]. Nevertheless, an estimate 

of the effect of exercise on cardiotoxicity has never been quantified. Moreover, 

preclinical studies often focus on single pathways or molecular/histological 

components, thereby targeting only a small fraction of the multifaceted 

pathogenesis of DIC. To fully understand the relative contribution of these 

mechanisms, a comprehensive overview incorporating all the hypothesized 

pathways is necessary.

The aim of this meta-analysis and systematic review is two-fold; (1) to provide 

a pooled estimate of the effect of PE on preventing DIC and (2) to provide an 

overview of mechanisms underlying exercise-mediated cardioprotection in 

subjects receiving DOX-based chemotherapy in (pre)clinical studies.
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METHODS

The authors declare that all supporting data are available within the article and 

its online supplementary files. This review was prospectively registered in the 

PROSPERO register (registration number: CRD42019118218), and the requirements 

for the ‘Preferred Reporting Items for Systematic Reviews and Meta-Analyses’ 

(PRISMA) Statement were followed[11]. The systematic search, selection of 

articles, internal validity assessment and data extraction were performed by 

two independent researchers (WN and DB). In cases where no consensus was 

reached, a third reviewer (AM) was consulted.

Search strategy and study selection

A systematic search was conducted in PubMed, EMBASE and CENTRAL 

databases on August 14th, 2020. The search string was a combination of search 

terms for anthracyclines, cardiotoxicity and exercise and was developed in 

collaboration with an information specialist from University Medical Center 

Utrecht, Utrecht, The Netherlands (Supplemental Methods). The search was 

limited to the English language, without a date restriction. References of included 

full text articles were checked to identify potentially relevant articles not found 

through the initial search.

Eligible studies compared any type of PE intervention, both single acute bouts 

and chronic exercise, in combination with anthracyclines to no intervention (i.e. 

anthracyclines only). Outcomes included any parameters of cardiotoxicity, such as 

biomarkers, imaging parameters, histopathology and clinical endpoints (i.e. heart 

failure). Studies with both human and animal subjects (with or without cancer) 

were eligible for inclusion. Studies in humans, however, had to be either RCTs 

with cardiotoxicity as one of the outcomes, or mechanistic studies focusing on 

underlying pathways in order to be deemed eligible. Since the effect of PE on 

anthracycline-induced cardiotoxicity has been documented previously[12] and 

might not be the same in children as in adults, given the relevant differences that 

exist between children and adults in anthracycline-induced cardiotoxicity (e.g. 

different pharmacokinetics of anthracyclines[13] and an increased susceptibility 

for cardiotoxicity in patients aged < 4 years of age[14], we excluded children from 

our study population. We also excluded studies combining DOX with any other 

drug or substance, and conference abstracts.

3
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Data extraction & analysis

We collected data using a pre-tested extraction form including information about 

the study population (type of patients, sex, age), study characteristics (number 

of subjects per arm, duration and timing of intervention), characteristics of the 

anthracycline administration (timing, dose and number of doses). Cardiotoxicity 

outcomes, along with their corresponding group averages, measures of variability 

or spread (SD or SE) and group size (n), were extracted and grouped into in-vivo or 

ex-vivo analysis, and human or animal studies. In case results were only reported 

by means of graphs, we contacted authors for numeric data. If no response was 

obtained, the study was excluded for the quantitative analysis.

We compared outcomes between exercising and non-exercising DOX-treated 

subjects. Parameters indicative of cardiac function that were described in ≥3 

studies and were considered sufficiently clinically and statistically homogeneous, 

were pooled. Random effects models were used to allow for heterogeneous 

underlying treatment effects, yet results were reanalyzed using fixed-effect 

models to explore whether this yielded differences regarding the summary 

inferences. Funnel plots with Egger’s test were used to detect publication 

for outcomes that were reported by ≥10 studies[15]. Statistical heterogeneity 

among studies was assessed via forest plots in combination with the I2 statistics 

before undertaking the meta-analysis and presenting pooled results. Outcomes 

were structured around the type of intervention (forced treadmill (FTM) versus 

voluntary wheel running (VWR)). If a study had both a FTM and VWR intervention 

arm, a single pairwise comparison (i.e. FTM or VWR versus control) was entered 

in the appropriate analysis. Continuous outcomes were presented as mean 

differences (MDs) with corresponding 95% confidence intervals (CIs) and the 

variance of the effect size (T2) .

In a sub-analysis, we tested the effect of timing of the PE intervention with respect 

to DOX administration (i.e. before (preconditioning) or concomitant with DOX 

treatment). If a study had multiple intervention arms, the number of subjects in 

the control group was divided approximately evenly among the comparisons 

(forced or voluntary versus control), which were entered as single pairwise 

comparisons into the analysis. Data were analyzed with R (version 3.5.1) and 

RStudio (version 1.1.456, RStudio Inc., Boston, USA). A narrative synthesis was 

used to systematically describe the underlying mechanism for exercise-induced 

cardioprotection.
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Risk of bias assessment

We assessed risk of bias for animal studies using the ‘Systematic Review Centre 

for Laboratory animal Experimentation’ (SYRCLE) risk of bias tool[16]. We used 

the Cochrane risk of bias tool (version 1) for human studies[17]. Per category, 

studies could either score ‘high’, ‘low’ or ‘unclear’ for risk of bias. Authors were 

contacted for further details in case of an ‘unclear’ score. Further internal validity 

was assessed via the reporting of quality indicators. The quality indicators were 

scored as ‘yes’ or ‘no’, corresponding to reported or unreported, respectively.

RESULTS

The search yielded 1224 original articles (Figure 1). One additional article [18] 

was identified through other sources. After full-text screening, 40 articles were 

considered eligible and included in this review. References for articles that were 

excluded on the basis of full-text (n=14) are provided in Supplemental Results A.

Of the 40 studies included in the analysis, 3 were human RCTs[19]–[21] and 

the remaining 37 were conducted in rodents. Details of all study protocols are 

summarized in Table 1.

3
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Figure 1. Flow diagram depicting the search process. The format provided by 
Moger et al[11] in the PRISMA statement was used.
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Characteristics of the clinical studies

The three clinical studies were all conducted in breast cancer patients. Two 

studies by Kirkham et.al. made use of the same population (n=24), describing the 

effects of the first exercise bout before the start of AC-based chemotherapy, and 

of a total of four bouts on subclinical cardiotoxicity (i.e. strain and biomarkers) in 

the first [22]and second report[23], respectively. The PE intervention consisted of 

four 30-min vigorous-intensity treadmill exercise bouts before each gift of DOX. 

The study by Ma (n=64) evaluated the effect of a 16-week PE program during 

chemotherapy [21]. Women allocated to the intervention grouped attended 3 

50-min supervised treadmill sessions per week, while control group participants 

were asked to maintain their normal activity pattern. Cardiac function was 

assessed with echocardiography after four cycles of anthracyclines.

Characteristics of the animal studies

In the 37 animal studies, conducted in mice or rats, the type and duration of 

PE interventions varied widely. The majority (n=21) used FTM interventions, five 

studies used a VWR protocol[24]–[29], and six studies included both, FTM and 

VWR[30]–[35]. Three studies used a swimming training protocol[36]–[38] and 

one study used a protocol to mimic resistance training[39]. Duration varied from 

a single bout[40], [41] to a PE program that lasted 21 weeks[37]. Doxorubicin was 

the only anthracycline administrated with variation in cumulative dose, number 

and frequency of doses and timing with respect to the exercise intervention 

(i.e. preconditioning, concomitant with DOX treatment or postconditioning). 

Cumulative DOX dose varied between 4-100mg/kg, with 20 mg/kg being the 

most used dosage (n=14). The majority of the studies (n=23) used a preconditioning 

protocol, where DOX was administrated up to 24 hours after completion of the 

intervention. Twelve studies had protocols in which, to at least some extent, 

DOX treatment ran parallel to the PE intervention, and two study used a 

postconditioning protocol[40], [42].

Lastly, cardiotoxicity was described via various outcomes, including LV function 

and morphology, histopathology and biochemical analysis. The former was 

assessed in-vivo as well as ex-vivo using echocardiography or isolated heart 

perfusion, respectively.

3
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exercise and anthracycline-induced cardiotoxicity
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exercise and anthracycline-induced cardiotoxicity
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exercise and anthracycline-induced cardiotoxicity

Risk of bias assessment is presented in Figure 2 and Supplemental Results B. In 

brief, the two clinical reports by Kirkham et.al. were overall scored as low risk of 

bias, while the study by Ma was rated as having relatively low methodological 

quality. The animal studies varied widely in terms of risk of bias, with most studies 

scoring low on the items of selection and attrition bias, and relatively high on the 

risk of performance bias. Risk of publication bias, i.e. detected by asymmetry 

in the funnel plots, was not assessed since no outcomes were reported by ≥10 

studies.

Figure 2. Results of the risk of bias assessment for human studies (A), animal studies 
(B) and quality indicators for animal studies (C).

Figure 2A. Results of the risk of bias assessment for human studies. The risk of 
bias was assessed using the Cochrane risk of bias tool. The colour of the cells 
depict the estimated risk of bias for the studies shown on the y-axis in the catego-
ries shown on the x-axis. Green, yellow and red cells respectively represent a low, 
unclear and high risk of bias. Blinding of participants was not possible due to the 
nature of the intervention.

3
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Chapter 3

Figure 2B. Results of the risk of bias assessment for animal studies. The risk of bias 
was assessed using the SYRCLE risk of bias tool. Shown are the percentages of 
studies that were judged to have an ‘unclear’, ‘low’ or ‘high’ risk of bias in the cate-
gories depicted on the y-axis.

Figure 2C. The reporting of quality indicators for animal studies. Shown are the 
percentages of studies that did (yes) or did not (no) report the quality indicators 
depicted on the y-axis.
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exercise and anthracycline-induced cardiotoxicity

The effect of exercise on DIC

Clinical studies

A total of 3 studies reported on physical exercise on anthracycline-induced 

cardiotoxicity in cancer patients. However, results were not pooled since two 

reports made use of the same study population and had substantial clinical 

differences (e.g. duration of PE intervention and timing of outcome assessment) 

compared to the third study. The first study by Kirkham et. al.[22] showed that 

a single treadmill session mitigated increase in the amino terminal of B-type 

natriuretic peptide (NT-proBNP) 24-48 hours after the first anthracycline treatment. 

Nevertheless, echocardiographic parameters, including strain, were comparable 

between the exercise (n=13) and control group (n=10). In the second report[23], 

the four exercise bouts did not prevent a rise in cardiac biomarkers (NT-proBNP 

and cardiac troponin). Longitudinal strain and LVEF remained unchanged in both 

groups before and after chemotherapy. However, the authors reported that the 

PE group had fewer changes in hemodynamics than the control group. The last 

study reported that, in the PE group (n=31), LVEF increased significantly after 

chemotherapy (from 55±3.5% to 60±2.9%), while a decrease (51±5.6% to 47±2.6%, 

P<0.05) was observed in the control group (n=33). However, between-group 

differences were not presented, and risk of bias is high[21].

Animal studies: pooled analysis on in-vivo cardiotoxicity

All animal studies that assessed in-vivo parameters of cardiotoxicity (n=13)[26], [27], 

[31], [32], [34], [35], [39], [43]–[48], made use of echocardiographic-derived fractional 

shortening (FS) as a marker for systolic LV function. All studies used a treadmill 

intervention as PE program, except for one study that used a protocol to mimic 

resistance training[39]. Results of this study, as well as those from a study where 

no numeric data could be obtained[44], were excluded from quantitative analyses. 

Both of these studies found an absolute improvement in FS in exercised rodents 

as compared to controls of 13% and approximately 15%, respectively[39], [44].

Overall, the results of these studies demonstrated that PE interventions are able 

to mitigate DOX-induced impairment in FS. For studies using FTM interventions 

(n=8)[31], [32], [34], [35], [43], [45], [47], [48], FS was significantly higher in exercised 

versus non-exercised rodents ( 8.4% (95%CI: 5.4;11.5), T2 = 18.5. (Figure 3a). A pooled 

analysis of the seven studies that used a VWR intervention revealed a slightly 

lower MD; 5.4% (95%CI: 3.6;7.2), T2 =0[26], [27], [31], [32], [34], [35], [46]) (Figure 3b).

In a sub-analysis regarding the timing of the PE intervention, i.e. preconditioning 

(n=6)[26], [31], [32], [34], [35], [46] or concomitant with DOX administration (n=5)[27], 

3
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[43], [45], [47], [48], the MD was 7.0% (95%CI: 5.2; 8.7), T2=0 and 5.9% (95%CI: 1.0; 10.7), 

T2=23.8, respectively. Heterogeneity was substantial in the latter sub-analysis 

(I2=78%, chi-squared test: p<0.01) (Supplemental Results C).

Ex-vivo parameter: pooled analysis on left ventricular developed pressure

Ex-vivo cardiotoxicity was assessed in twelve animal studies via retrograde 

isolated heart perfusion[26]–[28], [31], [32], [34], [35], [39], [41], [46], [49], [50], in which 

the myocardium is perfused via the coronary system to assess cardiac function 

in controlled loading conditions. Left ventricular developed pressure (LVP), the 

maximum developed pressure per time unit (dP/dt-max) and the maximum rate 

decline per time unit (dP/dt-min) was measured. LVP represents cardiac function 

as whole, whereas the latter are indicators of systolic and diastolic function, 

respectively[51]. Protocols for isolated heart perfusion were mostly comparable. 

One exception was the study by Chicco et. al.[28], where DOX was administrated 

ex-vivo (i.e. the hearts were transplanted prior to DOX administration). This study, 

as well as a study that used a single exercise bout only[41] and the study that 

used a resistance intervention[39], were therefore excluded from the pooled 

analyses.

For LVP, all studies reported results significantly favoring PE (Figure 3c and Figure 

3d). For studies using FTM interventions (n=6)[31], [32], [34], [35], [49], [50], our 

meta-analysis yielded a MD of 19.7 (95%CI:14.3;25.1) mm Hg, T2 = 51.3, compared 

to the non-exercised rodents. The MD was 16.1 (95%CI:11.5;20.8) mm Hg, T2=50.3, 

for studies with VWR interventions versus controls (n=7)[26], [27], [31], [32], [34], 

[35], [46]. Results of dP/dt-max and dP/dt-min were comparable to those of LVP 

and are presented in Supplemental Results D.

In addition to isolated heart perfusion, five studies used histology or electron 

microscopy to establish exercise-mediated cardioprotection ex-vivo[33], [37], [38], 

[52]. Although these studies were too clinically heterogeneous for meta-analysis, 

all showed that microscopically established cardiac abnormalities induced by 

DOX were mitigated through exercise, either via swimming training[37], [38], 

FTM[33], [42], [47], [48], [52], [53] or VWR[33] interventions.
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The analyses of echocardiography and perfusion parameters were repeated 

using fixed-effect models, and yielded no relevant differences from the results 

based on the random effects models (data not shown).

Figure 3. Forest plot of forced (A) or voluntary (B) physical exercise interventions 
on fractional shortening on echocardiography (in-vivo), and of forced (C) or volun-
tary (D) physical exercise interventions on isolated heart perfusion(ex-vivo), com-
pared to non-exercised controls in animal studies. Results are presented as mean 
difference with 95% confidence interval. 
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D

Mechanisms underlying exercise-mediated cardio-protection

Multiple pathways were addressed by the included studies (Table 2), and 

were grouped into those associated with increased oxidative stress and DOX 

accumulation. An overview of the available studies per pathway is presented in 

Table 3.

Exercise and oxidative stress

The induction of oxidative stress through inciting overproduction of reactive 

oxygen species is believed to play an important role in the pathogenesis 

of DIC, supported by increased levels of markers of oxidative stress, such as 

malondialdehyde (MDA), after DOX administration[54]–[56]. Increased oxidative 
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stress is related to a variety of other pathways or proteins, including upregulation 

of antioxidants or heat-shock proteins, inflammation, disruption of calcium 

homeostasis, autophagy and apoptosis. Oxidative stress, or one of the related 

pathways, is the most commonly reported mechanism; 21 studies focused on 

how PE influences oxidative stress[28], [33], [38]–[43], [47]–[50], [52], [53], [57]–[63].

Eighteen studies investigated the effects of PE on antioxidants, which can 

counterbalance oxidative stress [28], [33], [37], [38], [40], [42], [43], [48]–[50], [52], 

[53], [57]–[62], [64]. The vast majority of these studies observed a beneficial effect 

of PE on antioxidants, meaning upregulation of antioxidants in the PE groups 

compared to controls. The most frequently studied antioxidants were superoxide 

dismutase (SOD) and catalase (CAT). Although the effect sizes varied widely, the 

relative increase observed most often was in the range of 30-50%. In four of 

these studies, upregulation of antioxidants coincided with a reduction of DIC on 

either echocardiography[43] or histopathology[37], [38], [59]. Nonetheless, the 

role of antioxidants is ambiguous, as not all studies reported upregulation of 

the same antioxidants, and some studies reported conflicting results. For SOD, 

for example, no attenuation was found by five studies [28], [49], [50], [59], [64], 

while one of these studies reported upregulation of CAT [59] and three studies 

found a cardioprotective effect of PE against DIC via isolated heart perfusion[28], 

[49], [50]. In contrast, in the study by Phungphong et.al. using ovariectomized 

rats, attenuation of oxidative stress markers by PE was observed, but without 

preservation of LV function on echocardiography [48].

Heat shock proteins (HSPs) are proteins that increase in various situations of 

cellular stress, e.g. heat-shock and ischemia[65]. From the family of HSPs, HSP60; 

HSP70; and HSP72 were investigated by 10 studies that yielded conflicting 

results. While the majority described significant upregulation of HSPs by a PE 

intervention[28], [50], [52], [57], [58], [62], two studies reported no increase in HSP 

[49], [59] or even a decrease in HSP following exercise [38]. Moreover, Kavazis 

et. al.[61] found that a swimming intervention, performed under cold conditions 

which prevented upregulation of HSP72, still yielded cardioprotection in DOX-

treated rodents.

3
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Table 3. Overview of available evidence per pathway. DOX = doxorubicin, MHC = 
myosin heavy chain

Pathway N=

Antioxidants 18

Heat shock proteins 10

Cardiac inflammation 2

Calcium homeostasis 3

Mitochondrial permeability transition pore 4

peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1 alpha 2

MHC isoform distribution 6

Autophagy 3

Apoptosis 10

DOX accumulation 4

Cardiac inflammation and remodeling as a result of oxidative stress and 

impaired mitochondrial function[66] is hypothesized to be an important pathway 

in the development of DIC and may eventually lead to increased myocardial 

fibrosis[47]. Ahmadian et.al. demonstrated that a 3-week preconditioning 

program resulted in lower levels of CRP in animals younger than 3 months of 

age compared to controls [57]. Similarly, a treadmill program concomitant with 

DOX administration counteracted activation of an inflammatory response (IL-8, 

TNF-α) and upregulation of fibrotic markers (TGF-β1), which was supported 

by reduced cardiac fibrosis and preserved systolic function on histology and 

echocardiography, respectively [47]. Phungphong et. al., using a two-week 

treadmill program during DOX treatment, found no attenuation of inflammatory 

markers (IL-6 and IL-10), but reported significantly less myocardial fibrosis in 

the exercise group compared controls; 7.0±0.13% versus 8.0±0.27% collagen 

deposition, respectively[48].

Deregulation of intracellular calcium homeostasis has also been proposed 

as a mechanism underlying DIC. This is often attributed to downregulation of 

sarcoendoplasmic reticulum calcium-ATPase (SERCA)2a[67]. SERCA2a is the 

most often expressed isoform of SERCA in cardiomyocytes and is responsible 

for pumping calcium from the cytosol into the sarcoplasmatic reticulum[35]. 

Calcium is of key importance in many cardiac functions and an interruption 

could result in a variety of diseases, including systolic and diastolic dysfunction 

and arrhythmias[68]. In two studies treadmill interventions of five days and eight 

weeks, respectively, prior to and during DOX treatment, partially prevented 

downregulation of SERCA2a [34], [43]. Lien et. al., investigating DOX dosages of 
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10mg/kg and 15 mg/kg in forced and voluntary exercise groups, suggested 

that both exercise modalities can preserve SERCA2a, although the FTM group 

appeared more effective with the higher DOX dosage[34]. Both studies reported 

simultaneous preservation of systolic function. However, one study in which DOX 

administration significantly lowered SERCA2a by about 80%, found no effect of a 

10-week preconditioning PE intervention[35].

Induction and opening of the mitochondrial permeability transition pore (mPTP) 

could result from DOX-induced oxidative stress and associated deregulation in 

calcium homeostasis[69]. The mPTP is a channel in the mitochondrial membrane, 

susceptible to calcium loading conditions. Opening of this channel enhances 

membrane permeability, which can lead to mitochondrial dysfunction via 

cessation of ATP synthesis and apoptosis[69]. Four studies investigated the effect 

of PE on mPTP susceptibility, all of which found that a forced preconditioning 

PE program, varying from a single bout to an endurance protocol of 14 weeks, 

had a positive effect on DOX-induced increased susceptibility to mPTP opening 

[44], [52], [64] [30]. These findings were corroborated by simultaneous reduction 

in DIC on echocardiography[44] and histopathology[52]

Another pathway related to oxidative metabolism is the peroxisome proliferator-

activated receptor-gamma coactivator (PGC)-1 alpha. The PGC-1 alpha plays 

a pivotal role in mitochondrial biogenesis as well as lipid and carbohydrate 

metabolism[70], and is believed to be cardioprotective, since knockout of PGC-

1alpha in mice leads to cardiomyopathy[71]. One study found that a short-term PE 

program induced the expression of PGC-1alpha protein in cardiac (and skeletal 

muscle) tissue by about 50%[18]. The authors proposed that this could prevent 

downstream DOX-induced cardiac and skeletal muscle wasting[18]. Another 

study found a trend for preservation of PGC-1alpha expression by both forced 

and voluntary PE interventions during DOX administration, which corresponded 

with less cardiotoxic changes on histopathology[33].

The distribution of MHC isoforms, i.e. the ratio of fast α-MHC to slower, yet 

more metabolically efficient β-MHC, is of importance for cardiac contractility. 

Upregulation of β-MHC at a cost of α-MHC is reported after exposure to DOX [72], 

and has been attributed, in part, to DOX-induced oxidative stress[27]. Six studies 

found that the distribution of MHC isoforms was unfavorably affected by DOX[27], 

[32], [35], [39], [48], [73]. The studies by Hydock et. al.[27], [32], [35] using both forced 

and voluntary PE programs, found a consistent trend towards lower expression 

of β-MHC (approximately 5-15% reduction) following exercise. These results were 

corroborated by the studies of Pfannenstiel et. al.[39] and Phungphong et. al.[74] 

using a resistance and forced treadmill PE program, respectively. However, two 

3
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other studies found no significant effect of PE on MHC isoform distribution by 

DOX administration alone or in combination with a FTM intervention[45], [49].

The process of autophagy is important for cellular survival by regulation of 

energy sources, removing damaged organelles (e.g. mitochondria) or intracellular 

pathogens[75]. Dysregulation of autophagy could occur via DOX-induced 

oxidative stress and could eventually lead to non-apoptotic cell death [76]. 

Two studies showed that both a 12-day and a 14-week PE intervention during 

treatment can effectively prevent DOX-mediated increase in autophagy[30], [77]. 

However, using a postconditioning protocol, Lee. et.al. found no attenuation of 

autophagy in non-exercised animals, while autophagy was significantly promoted 

in the exercised animals[42].

Apoptosis is an important and final step in the development of DIC, which 

can be promoted through oxidative stress (among others via increased mPTP 

opening) and the formation of topoisomerase-IIDOX-DNA complexes [78], [79]. 

The latter is believed to be a key mechanism underlying DIC, since depletion of 

topoisomerase-IIβ can prevent cardiac toxicity caused by DOX[80]. Attenuation 

of apoptotic signaling by exercise was studied by ten studies[30], [42], [45], [48], 

[49], [52], [53], [61], [64], [81], of which the majority measured caspase-3 or Bcl-2 

family proteins (pro- and anti-apoptotic protein Bax and Bcl-2, respectively). All of 

the studies of caspase-3 activity reported that various PE programs counteracted 

DOX-induced increase in caspase-3 activity[30], [42], [48], [49], [52], [61], [64]. 

Results from studies of the Bcl-2 proteins are less consistent. Alihemmati et al. 

found that a six-week preconditioning high-intensity interval training program 

significantly counteracted DOX-induced upregulation of Bax from about 50% 

to about 10% change and downregulation of Bcl-2 from approximately 80% to 

about 55% change[53]. Two other studies using a 14-week preconditioning[52] 

or concomitant[30] PE protocol also found relatively lower expression of Bax 

in the exercise groups, but no significant changes or trend in Bcl2[30], [52]. No 

attenuation of either Bax or Bcl2 was found by the other studies that investigated 

these proteins [42], [64]. Werner et al. demonstrated that a 3-week voluntary 

running protocol mitigated expression of pro-apoptotic proteins, including p53, 

compared to non-exercised controls[81]. However, another study using levels 

of cleaved poly(ADP-ribose) polymerase (PARP) as marker for apoptosis found 

no effect of either a 2-week FTM intervention or DOX administration alone on 

apoptotic signaling [45].
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DOX accumulation

Compared to other cytosolic compartments of a cell, DOX localizes predominantly 

in mitochondria [44]. Four studies using FTM [31], [44] or VWR[26], [31], [46] 

interventions have investigated whether a PE program can counteract DOX 

accumulation. Three of these studies found significantly lower concentrations of 

DOX, varying from about 25% to 40%, in the LVs of exercised animals compared to 

non-exercised animals within 2 days after injection[26], [31], [44]. The study by Hall 

et.al. reported a non-significant trend of a 38% reduction of DOX accumulation 

in the LV, favoring the 4-months preconditioning group[46]. Parry et. al., using 

tumor-inoculated animals, reported no differences between the study groups 

in changes in DOX accumulation within the tumor [26], indicating that the PE 

program did not interfere with DOX’s therapeutic efficacy. All four studies 

described preservation of myocardial function (on echocardiography or isolated 

heart perfusion) or histology.

Figure 4. Suggested pathways underlying exercise-mediated protection against 
DIC in rodents. Exercise prevents accumulation of DOX in cardiac tissue, thereby 
inhibiting downstream pathways, through which DOX can induce cardiotoxicity. 

Abbreviations: 

DOX = doxorubicin; HSP = heat sock protein; PGC = peroxisome proliferator-activated receptor-gamma 

coactivator (PGC)-1 alpha; MHC = myosin heavy chain

3
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DISCUSSION

The aim of this meta-analysis and systematic review was to generate an estimate 

of the effect of PE on DIC and to systematically evaluate mechanisms underlying 

exercise-induced cardioprotection. The included clinical studies reported 

favorable results for some, but not all outcomes related to cardiac function and 

the available data are therefore not sufficient to demonstrate a protective effect 

of PE in humans. For animal studies, our meta-analysis indicated that both forced 

and voluntary PE interventions significantly improve in-vivo (echocardiography) 

and ex-vivo (isolated heart perfusion) cardiac parameters compared to non-

exercised DOX-treated animals. We identified oxidative stress and related 

mechanisms, and less DOX accumulation in cardiac tissue, as pathways via which 

exercise could exert a protective effect on DIC.

Clinical studies

In the two reports by Kirkham et. al., no conclusive evidence was provided that 

treadmill interventions are effective in preserving cardiac function following 

treatment with DOX[22], [23]. However, the sample size was small (n=24) and 

imaging was limited to 2D-echocardiography. Given the limitations of this modality 

in terms of temporal variability in serial LV assessment [82], [83], subtle between- 

and within-group changes in this small sample could remain unrecognized. 

Although the study by Ma was rated as having relatively low methodological 

quality and high risk of bias, their results were sufficiently promising to warrant 

replication in a larger sample of cancer patients with adequate follow-up. 

Currently, several clinical initiatives are ongoing. An example is the Exercise 

to prevent Anthracycline-induced CardioToxicity 2.0 (EXACT2) study[84], [85], 

which is investigating the effect of a 12-week supervised PE program during 

chemotherapy. Primary outcome of this RCT

 (estimated study sample of n=100) is change in LVEF on 2D-echocardiography 

from baseline to post-treatment (13 weeks) and six months after baseline. 

Another example is the ongoing Pact-Paces-Heart study[86], which evaluates 

the effect a moderate- to-high-intensity, supervised PE program during breast 

cancer treatment on cardiotoxicity after a long period of follow-up (approximately 

8 years after treatment). This study has a relatively large sample size (n= 

approximately 180) and an extensive cardiac assessment, including cardiac MRI 

and 3D-echocardiography. Results of these studies are expected to provide new 

insights into the effect of PE on cardiotoxicity in humans.
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Meta-analysis in animal studies on the effect of exercise on  
cardiotoxicity

The animal studies in our quantitative analysis yielded evidence that PE 

interventions that vary in terms of type, duration, timing and intensity can provide 

protection against DIC. The effects of forced exercise interventions appeared 

slightly stronger than those of voluntary interventions. Also, contrary to other 

studies included in our review, the study by Sturgeon et. al., which used an 

exercise program with a lower intensity compared to other studies, found no 

protective effect of PE on cardiotoxicity[45]. This could suggest that a certain 

threshold of exercise-intensity is needed in order to achieve cardioprotection. 

Similarly, both exercise programs starting before as well as during DOX 

administration appeared to be cardioprotective, although effects of the former 

were somewhat stronger. It seems intuitive that exercise interventions during 

DOX administration would be (more) effective, given that our qualitative analysis 

on underlying pathways identified accelerated DOX clearance as an important 

mechanism underlying exercise-mediated cardioprotection. Nonetheless, 

initiating a PE program before the start of treatment is likely to have added value 

because of preconditioning of the cardiomyocytes via, among other pathways, 

upregulation of α-MHC expression or ABC transporters (as discussed in a later 

section). These hypotheses, however, need to be investigated in future studies.

The reported effect sizes of our meta-analysis correspond with absolute changes 

in percentage points in FS for FTM and VWR of 8.5% and 5.8%, respectively. 

In rodents, echocardiography is the modality of choice for evaluating cardiac 

function, since it is non-invasive, versatile, cheap and reproducible. Recently, 

reference values for FS for adult rats and mice were published, which ranged 

between 41%-48% and 31%-43%, respectively [87]. This indicates that the observed 

effects are likely to be of clinical importance in rodents. Also, for LVP, beneficial 

results were found for both FTM and VWR interventions as compared to 

controls. Isolated heart perfusion has been proposed as a reliable model for 

the assessment of myocardial function, especially since it provides insight in 

cardiac performance in the absence of neurohumeral influences and variation in 

loading conditions[88]. Thus these results, complemented by the in-vivo-derived 

evidence, support the notion that exercise indeed has cardioprotective potential 

in rodents.

3
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Mechanisms underlying exercise-mediated cardioprotection

In a previous study, reduction of DOX-induced oxidative stress and less DOX 

accumulation have been described as pathways underlying exercise-mediated 

cardioprotection[10]. Our results complement the results of that study by 

providing an update of the novel articles on these topics, as well as describing 

a number of additional underlying pathways.

Oxidative stress and related pathways are the most extensively studied 

mechanisms, and many studies found that PE can counterbalance DOX-induced 

increased markers of oxidative stress [28], [33], [38], [41], [43], [50], [52], [57], [59], 

[61]–[64], [74], [89]. Research on how exercise could alleviate DOX-induced 

oxidative stress has yielded more ambiguous results. Most studies have focused 

on upregulation of antioxidants or HSPs. Although some of these studies yielded 

positive effects, others reported that attenuation of these proteins/enzymes is 

not necessary in order for exercise to exert its cardioprotective effect. This is 

supported by clinical studies in which no significant effect of antioxidants (e.g. 

L-carnitine, coenzyme Q10) on the incidence or extent of cardiotoxicity was 

found[90]. Studies of the other proposed mechanisms are limited in number 

and have yielded varying results. For example, caspase-3, a marker for apoptotic 

signaling has been investigated in seven studies, all of which reported that PE 

mitigated a DOX-induced increase in activity of the enzyme. Nevertheless, 

the only study that investigated whether this corresponded to less DIC in-vivo 

reported no attenuation in LV function by PE[74]. This finding, as well as those 

investigating antioxidants, suggest that other, more upstream pathways are also 

involved. In this regard, it is conceivable that accumulation of DOX in cardiac tissue 

acts as an overarching mechanism, since blocking this phenomenon effectively 

enables PE interventions to tackle all downstream DOX-induced effects (Figure 4). 

This is supported by the fact that all included studies demonstrated that lowered 

DOX accumulation coincided with reduced DIC[26], [31], [44], [46]. As for how PE 

mitigates DOX accumulation, current evidence suggests that DOX accumulation 

is influenced by exercise through upregulation of ABC transporters[26], [31], 

[44]. These transporters can export a wide range of substances, for example 

DOX, out of cells or cell-organelles. Knock-out mice, lacking these receptors, 

show prolonged presence of DOX in cardiac tissue[91]. However, since causality 

between upregulation of ABC transporters and reduction of DOX accumulation 

has not been established, lower DOX accumulation might equally result from 

exercise-mediated alterations in DOX uptake or metabolism. Further research 
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is therefore needed to elucidate the exact underlying mechanisms of exercise-

mediated reduction in DOX-accumulation.

Strengths of the study are the large quantity of studies included using various 

PE protocols and the systematic approach to evaluate the effect of PE on 

cardiotoxicity and underlying mechanisms. A limitation is that many components 

of the methodology of the included animal studies were not adequately reported, 

which could limit the internal validity of these studies as well as the comparison 

of results across studies. For the current report, authors were contacted in 

case a component was scored as ‘unclear’. This resulted in clarification of a 

substantial amount of risk of bias information, thereby improving the quality of 

the evidence. In addition, the wide variety of study protocols made it challenging 

to quantify the protective effects of specific forms of PE and to draw definitive 

conclusions regarding underlying mechanisms. Last, the vast majority of the 

preclinical studies used FS as a parameter for LV function. Since LVEF is currently 

recommended in clinical guidelines[83], this hampers the generalizability to 

cancer patients. Limitations of the clinical studies are the small sample sizes 

and the fact that imaging was limited to 2D-echocardiography. In addition, follow-

up time was too short to detect all relevant cases of cardiotoxicity, given that 

anthracycline-induced cardiotoxicity can manifest within a year after treatment 

(i.e. not necessarily directly after completion of treatment). This limited our ability 

to draw any conclusions about the effects of PE on DIC in humans.

In conclusion, our meta-analysis and systematic review indicate that PE is an 

effective intervention for reducing DIC in rodents. Less DOX accumulation 

in cardiomyocytes could act as an overarching mechanism underlying the 

protective effects of exercise against DIC. While clinical studies in humans are 

limited, the observed effects are congruent with the hypothesis that PE yields 

cardioprotection . Larger, more sophisticated clinical studies with an adequate 

period of follow-up are needed in order to document the role of PE in preventing 

cardiotoxicity in patients with cancer.
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SUPPLEMENTAL MATERIAL

Supplemental Methods

Search strings

Pubmed

PubMed

Chemotherapy Anthracyclines[Mesh] OR Chemotherapy, Adjuvant[Majr:NoExp] OR Mitoxantrone[Mesh] 

OR doxorubicin[Title/Abstract] OR DOX[Title/Abstract] OR Adriamycin[Title/Abstract] 

OR Daunorubicin[Title/Abstract] OR Cerubidine[Title/Abstract] OR Idarubicin[Title/

Abstract] OR Idamycin[Title/Abstract] OR Epirubicin[Title/Abstract] OR Ellence[Title/

Abstract] OR Mitoxantrone[Title/Abstract] OR Novantrone[Title/Abstract]

Cardiotoxicity Cardiotoxicity[MeSH Terms] OR Cardiovascular Diseases[Majr:NoExp] OR Heart 

Failure[Majr]

OR cardiotoxicity[Title/Abstract] OR cardiomyopathy[Title/Abstract] OR 

cardiomyopathies[Title/Abstract] OR cardiotoxic[Title/Abstract] OR CTRCD[Title/

Abstract] OR Cardiac Failure[Title/Abstract] OR Cardiac damage[Title/Abstract] OR 

Cardiac dysfunction[Title/Abstract] OR Cardiac myopathy[Title/Abstract] OR cardiac 

apoptosis[Title/Abstract] OR heart failure[Title/Abstract] OR heart toxicity[Title/

Abstract] OR heart damage[Title/Abstract] OR heart dysfunction[Title/Abstract] OR 

myocardial failure[Title/Abstract] OR Myocardial toxicity[Title/Abstract] OR myocardial 

damage[Title/Abstract] OR myocardial dysfunction[Title/Abstract] OR “ventricular 

failure”[Title/Abstract] OR “ventricular toxicity”[Title/Abstract] OR “ventricular 

damage”[Title/Abstract] OR “ventricular dysfunction”[Title/Abstract] OR cardiomyocyte 

damage[Title/Abstract] OR cardiomyocyte toxicity[Title/Abstract] OR cardiomyocyte 

dysfunction[Title/Abstract] OR cardiomyocyte apoptosis[Title/Abstract] OR 

“cardiomyocytes damage”[Title/Abstract] OR “cardiomyocytes toxicity”[Title/Abstract] 

OR “cardiomyocytes apoptosis”[Title/Abstract] OR “cardiomyocytes dysfunction”[Title/

Abstract] OR cardiac injury[Title/Abstract]

OR heart failures[Title/Abstract] OR heart toxicities[Title/Abstract] OR “ventricular 

toxicities[Title/Abstract] OR myocardial oxidative damage[Title/Abstract] OR cardiac 

oxidative damage[Title/Abstract]

Exercise Exercise[MeSH Terms] OR sports[MeSH Terms] OR Exercise Therapy[MeSH Terms]

OR kinesiotherapy[Title/Abstract] OR walking[Title/Abstract] OR weight lifting[Title/

Abstract] OR sport[Title/Abstract] OR sports[Title/Abstract]

OR ((Physical[Title/Abstract] OR Aerobic[Title/Abstract] OR exercise[Title/Abstract] 

OR endurance[Title/Abstract] OR fitness[Title/Abstract] OR training[Title/Abstract]) 

AND (activity[Title/Abstract] OR exercise[Title/Abstract] OR therapy[Title/Abstract] 

OR program[Title/Abstract] OR training[Title/Abstract] OR conditioning[Title/Abstract] 

OR activities[Title/Abstract] OR exercises[Title/Abstract] OR therapies[Title/Abstract] 

OR programs[Title/Abstract] OR trainings[Title/Abstract]))

OR ((Activity[Title/Abstract]) AND (program[Title/Abstract] OR conditioning[Title/

Abstract])))
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Embase

EmBase

Chemotherapy ‘anthracycline antibiotic agent’/exp OR ‘cancer chemotherapy’/mj OR 

‘mitoxantrone’/de OR ‘doxorubicin’:ti,ab,kw OR ‘DOX’:ti,ab,kw OR ‘Adriamycin’:ti,ab,kw 

OR ‘Daunorubicin’:ti,ab,kw OR ‘Cerubidine’:ti,ab,kw OR ‘Idarubicin’:ti,ab,kw 

OR ‘Idamycin’:ti,ab,kw OR ‘Epirubicin’:ti,ab,kw OR ‘Ellence’:ti,ab,kw OR 

‘Mitoxantrone’:ti,ab,kw OR ‘Novantrone’:ti,ab,kw

Cardiotoxicity ‘Cardiotoxicity’/exp OR ‘cardiovascular disease’/mj OR ‘Heart Failure’/exp

OR ‘c ard iotox ic i t y ’ : t i , ab,k w OR ‘c ard iomyopathy ’ : t i , ab,k w OR 

‘cardiomyopathies’:ti,ab,kw OR ‘cardiotoxic’:ti,ab,kw OR ‘CTRCD’:ti,ab,kw

OR ‘Cardiac Failure’:ti,ab,kw OR ‘Cardiac damage’:ti,ab,kw OR ‘Cardiac 

dysfunction’:ti,ab,kw OR ‘Cardiac myopathy’:ti,ab,kw OR ‘cardiac apoptosis’:ti,ab,kw 

OR ‘heart failure’:ti,ab,kw OR ‘heart toxicity’:ti,ab,kw OR ‘heart damage’:ti,ab,kw 

OR ‘heart dysfunction’:ti ,ab,kw OR ‘myocardial failure’:t i ,ab,kw OR 

‘Myocardial toxicity’:ti,ab,kw OR ‘myocardial damage’:ti,ab,kw OR ‘myocardial 

dysfunction’:ti,ab,kw OR ‘ventricular failure’:ti,ab,kw OR ‘ventricular toxicity’:ti,ab,kw 

OR ‘ventricular damage’:ti,ab,kw OR ‘ventricular dysfunction’:ti,ab,kw OR 

‘cardiomyocyte damage’:ti,ab,kw OR ‘cardiomyocyte toxicity’:ti,ab,kw OR 

‘cardiomyocyte dysfunction’:ti,ab,kw OR ‘cardiomyocyte apoptosis’:ti,ab,kw OR 

‘cardiac injury’:ti,ab,kw

OR ‘heart failures’:ti,ab,kw OR ‘heart toxicities’:ti,ab,kw OR ‘ventricular 

toxicities’:ti,ab,kw OR ‘myocardial oxidative damage’:ti,ab,kw OR ‘cardiac oxidative 

damage’:ti,ab,kw

Exercise ‘Exercise’/exp OR ‘sport’/exp OR ‘kinesiotherapy’/exp

OR ‘sport’:ti,ab,kw OR ‘sports’:ti,ab,kw OR ‘walking’:ti,ab,kw OR ‘weight lifting’:ti,ab,kw

OR ((‘Physical’:ti,ab,kw OR ‘Aerobic’:ti,ab,kw OR ‘exercise’:ti,ab,kw OR 

‘endurance’:ti,ab,kw OR ‘fitness’:ti,ab,kw OR ‘training’:ti,ab,kw) AND (‘activity’:ti,ab,kw 

OR ‘exercise’:ti,ab,kw OR ‘therapy’:ti,ab,kw OR ‘program’:ti,ab,kw OR ‘training’:ti,ab,kw 

OR ‘conditioning’:ti,ab,kw OR ‘activities’:ti,ab,kw OR ‘exercises’:ti,ab,kw OR 

‘therapies’:ti,ab,kw OR ‘programs’:ti,ab,kw OR ‘trainings’:ti,ab,kw))

OR ((‘Activity’:ti,ab,kw) AND (‘program’:ti,ab,kw OR ‘conditioning’:ti,ab,kw))
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Cochrane

#1 MeSH descriptor: [Anthracyclines] this term only

#2 MeSh descriptor: [Chemotherapy, Adjuvant] this term only

#3 MeSh descriptor: [Mitoxantrone] this term only

#4 ‘doxorubicin’ OR ‘DOX’ OR ‘Adriamycin’ OR ‘Daunorubicin’ OR ‘Cerubidine’ OR ‘Idarubicin’ OR 

‘Idamycin’ OR ‘Epirubicin’ OR ‘Ellence’ OR ‘Mitoxantrone’ OR ‘Novantrone’

#5 MeSh descriptor: [Cardiotoxicity] explode all trees

#6 MeSH descriptor: [Cardiovascular Diseases] this term only

#7 MeSH descriptor: [Heart Failure] explode all trees

#8 “cardiotoxicity” OR “cardiomyopathy” OR “cardiomyopathies” OR “cardiotoxic” OR “CTRCD”

OR “Cardiac Failure” OR “Cardiac damage” OR “Cardiac dysfunction” OR “Cardiac myopathy” 

OR “cardiac apoptosis” OR “heart failure” OR “heart toxicity” OR “heart damage” OR “heart 

dysfunction” OR “myocardial failure” OR “Myocardial toxicity” OR “myocardial damage” OR 

“myocardial dysfunction” OR “ventricular failure” OR “ventricular toxicity” OR “ventricular 

damage” OR “ventricular dysfunction” OR “cardiomyocyte damage” OR “cardiomyocyte 

toxicity” OR “cardiomyocyte dysfunction” OR “cardiomyocyte apoptosis” OR “cardiomyocytes 

damage” OR “cardiomyocytes toxicity” OR “cardiomyocytes dysfunction” OR “cardiomyocytes 

apoptosis” OR “cardiac injury”

OR “heart failures” OR “heart toxicities” OR “ventricular toxicities” OR “myocardial oxidative 

damage” OR “cardiac oxidative damage”

#9 MeSH descriptor: [Exercise] explode all trees

#10 MeSH descriptor: [Sports] explode all trees

#11 MeSH descriptor: [Exercise Therapy] explode all trees

#12 “sport” OR “sports” OR “walking” OR “weight lifting” OR “kinesiotherapy”

OR ((“Physical” OR “Aerobic” OR “exercise” OR “endurance” OR “fitness” OR “training”) AND 

(“activity” OR “exercise” OR “therapy” OR “program” OR “training” OR “conditioning” OR 

“activities” OR “exercises” OR “therapies” OR “programs” OR “trainings”))

OR ((“Activity”) AND (“program” OR “conditioning”))

Search (#1 OR #2 OR #3 OR #4) AND (#5 OR #6 OR #7 OR #8) AND (#9 OR #10 OR #11 OR #12)

in Trials

3

24-08-Willeke.indd   10324-08-Willeke.indd   103 04-09-2023   09:0004-09-2023   09:00



104

Chapter 3

SUPPLEMENTAL RESULTS A

References of articles excluded on the basis of full-text screening

All conference abstracts are not shown. [94]–[107]

[94] F. Wang et al., “Aerobic Exercise During Early Murine Doxorubicin Exposure 
Mitigates Cardiac Toxicity.,” Journal of pediatric hematology/oncology, vol. 40, 
no. 3, pp. 208–215, Apr. 2018, doi: 10.1097/MPH.0000000000001112.

[95] K. Sturgeon, G. Muthukumaran, D. Ding, A. Bajulaiye, V. Ferrari, and J. R. Libonati, 
“Moderate-intensity treadmill exercise training decreases murine cardiomyocyte 
cross-sectional area.,” Physiological reports, vol. 3, no. 5, May 2015, doi: 10.14814/
phy2.12406.

[96] A. Calvé, R. Haddad, S.-N. Barama, M. Meilleur, I. A. Sebag, and L. E. Chalifour, 
“Cardiac response to doxorubicin and dexrazoxane in intact and ovariectomized 
young female rats at rest and after swim training.,” American journal of 
physiology. Heart and circulatory physiology, vol. 302, no. 10, pp. H2048-57, 
May 2012, doi: 10.1152/ajpheart.01069.2011.

[97] R. Hayward, C.-Y. Lien, B. T. Jensen, D. S. Hydock, and C. M. Schneider, “Exercise 
training mitigates anthracycline-induced chronic cardiotoxicity in a juvenile 
rat model.,” Pediatric blood & cancer, vol. 59, no. 1, pp. 149–154, Jul. 2012, doi: 
10.1002/pbc.23392.

[98] E. J. Howden et al., “Exercise as a diagnostic and therapeutic tool for the 
prevention of cardiovascular dysfunction in breast cancer patients.,” European 
journal of preventive cardiology, vol. 26, no. 3, pp. 305–315, Feb. 2019, doi: 
10.1177/2047487318811181.

[99] D. S. Hydock, T. L. Parry, B. T. Jensen, C.-Y. Lien, C. M. Schneider, and R. 
Hayward, “Effects of endurance training on combined goserelin acetate and 
doxorubicin treatment-induced cardiac dysfunction.,” Cancer chemotherapy 
and pharmacology, vol. 68, no. 3, pp. 685–692, Sep. 2011, doi: 10.1007/s00280-
010-1523-6.

[100] L. W. Jones et al., “Exercise and Risk of Cardiovascular Events in Women With 
Nonmetastatic Breast Cancer.,” Journal of clinical oncology : official journal of 
the American Society of Clinical Oncology, vol. 34, no. 23, pp. 2743–2749, Aug. 
2016, doi: 10.1200/JCO.2015.65.6603.

[101] M. S. Krause et al., “MRP1/GS-X pump ATPase expression: is this the explanation 
for the cytoprotection of the heart against oxidative stress-induced redox 
imbalance in comparison to skeletal muscle cells?,” Cell biochemistry and 
function, vol. 25, no. 1, pp. 23–32, 2007, doi: 10.1002/cbf.1343.

[102] C. Matsuura et al., “Exercise training in doxorubicin-induced heart failure: effects 
on the L-arginine-NO pathway and vascular reactivity.,” Journal of the American 
Society of Hypertension : JASH, vol. 4, no. 1, pp. 7–13, 2010, doi: 10.1016/j.
jash.2009.10.005.

24-08-Willeke.indd   10424-08-Willeke.indd   104 04-09-2023   09:0004-09-2023   09:00



105

exercise and anthracycline-induced cardiotoxicity

[103] A. C. Nagy, P. GulAcsi-BArdos, Z. CserEp, L. Hangody, and T. Forster, “Late cardiac 
effect of anthracycline therapy in physically active breast cancer survivors - a 
prospective study.,” Neoplasma, vol. 64, no. 1, pp. 92–100, 2017, doi: 10.4149/
neo_2017_111.

[104] T. L. Parry, D. S. Hydock, B. T. Jensen, C.-Y. Lien, C. M. Schneider, and R. Hayward, 
“Endurance exercise attenuates cardiotoxicity induced by androgen deprivation 
and doxorubicin.,” Canadian journal of physiology and pharmacology, vol. 92, 
no. 5, pp. 356–362, May 2014, doi: 10.1139/cjpp-2013-0294.

[105] F. Sharifi, V. D. Roshan, and Z. Mazaheri, “Effect of pretreatment of aerobic training 
on doxorubicininduced left ventricular apoptosis gene expression in aging rat 
model,” Modares Journal of Medical Sciences: Pathobiology, vol. 19, no. 2, pp. 
29–43, 2016.

[106] T. Shimauchi et al., “TRPC3-Nox2 complex mediates doxorubicin-induced 
myocardial atrophy,” JCI insight, vol. 2, no. 15, 2017, doi: 10.1172/jci.insight.93358.

[107] K. Y. Wonders, D. S. Hydock, S. Greufe, C. M. Schneider, and R. Hayward, 
“Endurance exercise training preserves cardiac function in rats receiving 
doxorubicin and the HER-2 inhibitor GW2974.,” Cancer chemotherapy and 
pharmacology, vol. 64, no. 6, pp. 1105–1113, Nov. 2009, doi: 10.1007/s00280-
009-0967-z.

 

3

24-08-Willeke.indd   10524-08-Willeke.indd   105 04-09-2023   09:0004-09-2023   09:00



106

Chapter 3

SUPPLEMENTAL RESULTS B

Risk of bias assessment

The risk of bias assessment for the human studies is presented in Figure 2a. 

The two studies by Kirkham et al.[22], [23] were scored as one, since they made 

use of the same study population and largely the same methodology. These 

studies were scored as low risk of bias on all items. An exception was the item on 

performance bias which was scored as ‘high’, since blinding was not possible due 

to the nature of the intervention. For Ma, the items on selection bias were scored 

‘unclear’, since no information on the randomization procedure was provided. 

Performance bias was scored as high risk of bias, similar to the reports by Kirkham 

et al. Since information on loss of participations was not adequately provided, 

the risk of attrition bias was rated as high. The item on selective reporting could 

not be assessed, as no pre-specified protocol was available.

The risk of bias assessment and reporting of quality indicators for the animal 

studies are presented in Figure 2b and Figure 2c, respectively. Many studies 

did not adequately report on important aspects of the methodology; hence 

most items were initially scored as ‘unclear’. After contacting authors (response 

rate: 73%, n=29/40), 127 of the ‘unclear’ ratings were modified to either ‘low’ 

(n=109) or ‘high’ (n=18) risk of bias. Risk of selection bias, assessed via entries on 

random sequences generation, comparability of baseline characteristics and 

concealment of allocation, were scored low in approximately two-thirds of the 

studies, ‘unclear’ in about 25% and high in the remaining studies. Compared to 

other sources of bias, risk of performance bias comprising entries on random 

housing and blinding of the trial caregivers and researchers (when possible), was 

scored high in 14% and 35%, respectively. Risk of detection bias (random outcome 

assessment and blinding of outcome assessors) were scored relatively low. Drop-

outs were inadequately reported in approximately one-fifth of the studies, leading 

to a high risk of attrition bias in these studies. The item on reporting bias, i.e. 

whether outcomes were selectively reported, was scored ‘unclear’ for all studies, 

since no-preregistered protocols were available.

As for the reporting of methodology, none of the studies provided a sample 

size calculation, and many studies did not mention any form of blinding. Ethical 

approval was, however, reported in the vast majority of the studies.
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SUPPLEMENTAL RESULTS C

Sub-analysis on the timing of the physical exercise intervention

Forest plot (Supplemental Figure 1) present the results of the preconditioning 

physical exercise interventions (i.e. started before DOX treatment) and plot 

(Supplemental Figure 2)) presents the results of those interventions given 

concomitant with DOX administration.

Study

Random effects model
Heterogeneity: I2 = 0%, τ2 = 2.9160, p = 0.72

Jensen, 2013 (FTM, day 1)39

Jensen, 2013 (FTM, day 3)39

Jensen, 2013 (FTM, day 5)39

Jensen, 2013 (FTM, day 7)39

Jensen, 2013 (FTM, day 9)39

Jensen, 2013 (VWR, day 1)39

Jensen, 2013 (VWR, day 3)39

Jensen, 2013 (VWR, day 5)39

Jensen, 2013 (VWR, day 7)39

Jensen, 2013 (VWR, day 9)39

Hydock, 2008 (FTM, day 5)35

Hydock, 2008 (FTM, day 10)35

Hydock, 2008 (VMR, day 5)35

Hydock, 2008 (VWR, day 10)35

Parry, 2015 (day 1)49

Parry, 2015 (day 3)49

Parry, 2015 (day 5)49

Lien, 2015 (FTM, DOX 10)44

Lien, 2015 (FTM, DOX 10)44

Lien, 2015 (VWR, DOX 10)44

Lien, 2015 (VWR, DOX 15)44

Hydock, 2011 (FTM)37

Hydock, 2011 (VWR)37

Hall, 201934

Total

249

13
13
9
8
4

10
9
9
7
7

12
11
10
8

11
11
11
10
13
10
12
16
17
8

Mean

65.0
67.5
59.4
60.2
61.6
63.9
62.2
60.4
58.5
58.3
51.7
44.7
39.5
45.0
68.0
68.0
63.0
56.0
48.0
51.0
45.0
44.7
43.7
50.9

SD

6.2
9.7

10.2
10.9
14.6
9.7
8.5
7.4
5.5

11.5
7.8
8.7
9.4
7.6
6.0
5.0
4.0

12.6
18.0
15.8
10.4
10.7
6.9

27.2

Exercise
Total

128

6
3
2
4
4
6
3
2
4
4
7
6
7
6
9

10
5
5
6
5
6
4
4
8

Mean

56.5
52.4
56.5
51.0
50.5
56.5
52.4
56.5
51.0
50.5
37.9
33.5
37.9
33.5
64.0
61.0
59.0
48.0
39.0
48.0
39.0
40.5
40.5
46.3

SD

10.8
4.4

13.2
7.7
7.8

10.8
4.4

13.2
7.7
7.8
6.8

11.4
6.8

11.4
7.0
7.0
6.0

12.6
21.6
12.6
21.6
4.3
4.3

42.6

Control

−20 0 20

Mean Difference

Favors control Favors exercise

MD

7.1

8.5
15.1
3.0
9.2

11.1
7.4
9.9
3.9
7.5
7.9

13.8
11.2
1.6

11.5
4.0
7.0
4.0
8.0
9.0
3.0
6.0
4.2
3.2
4.6

95%−CI

[  5.2;  9.1]

[ −1.1; 18.1]
[  7.8; 22.3]

[−14.7; 20.6]
[ −1.4; 19.9]
[ −5.1; 27.3]
[ −3.5; 18.2]
[  2.4; 17.3]

[−13.1; 21.0]
[ −1.0; 16.1]
[ −3.6; 19.3]
[  7.1; 20.5]
[  0.8; 21.6]
[ −6.1;  9.3]
[  1.0; 22.0]
[ −1.8;  9.8]
[  1.8; 12.2]
[ −1.8;  9.8]
[ −5.6; 21.6]
[−10.3; 28.3]
[−11.8; 17.8]
[−11.6; 23.6]
[ −2.4; 10.8]
[ −1.9;  8.4]

[−30.4; 39.6]

Weight

100.0%

3.6%
5.9%
1.2%
3.0%
1.4%
2.9%
5.7%
1.2%
4.5%
2.7%
6.8%
3.1%
5.4%
3.1%
8.4%
9.7%
8.5%
1.9%
1.0%
1.6%
1.2%
6.9%
9.9%
0.3%

1

Study

Random effects model
Heterogeneity: I2 = 78%, τ2 = 26.6837, p < 0.01

Dolinsky, 201332

Sturgeon, 201454

Hydock, 2012 (daily inj.)38

Hydock, 2012 (weekly inj.)38

Yang, 202057

Phungphong, 202051

Total

53

10
9
9

10
8
7

Mean

28.0
39.7
46.0
61.0
55.4
26.5

SD

2.2
14.9
12.0
12.6
3.6
2.9

Exercise
Total

57

10
8

15
10
8
6

Mean

23.8
40.3
45.0
52.0
40.0
23.4

SD

3.2
9.4

11.6
15.8
5.5
3.9

Control

−20 −10 0 10 20

Mean Difference

Favors control Favors exercise

MD

5.8

4.2
−0.6

1.0
9.0

15.4
3.1

95%−CI

[  0.8; 10.9]

[  1.8;  6.6]
[−12.3; 11.1]
[ −8.8; 10.8]
[ −3.5; 21.5]
[ 10.8; 20.0]
[ −0.7;  6.9]

Weight

100.0%

23.7%
10.7%
12.9%

9.9%
20.8%
21.9%

2

3
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SUPPLEMENTAL RESULTS D

Results on +dP/dt and –dP/dt

For both +dP/dt and –dP/dt, results are favoring physical exercise groups 

(Supplemental Figures 3-6). In +dp/dt, a pooled analysis of studies using forced 

exercise interventions demonstrated a MD of 430.8 mm Hg (95CI%: 267.5; 594.1), 

T2=21392.1. Results were comparable, yet slighter stronger in the analysis 

on voluntary exercise interventions; MD of 500.3 mm Hg (95CI%: 274.7; 725.9), 

T2=138438.2.

In –dP/dt, a MD of -374.5 (95%CI:-508.9; -240.1), T2=20895.3, and -407.5 (9%CI: 

-596.9; -218.1) mm Hg was found for respectively forced and voluntary exercise 

interventions compared to non-exercised rodents.

Study

Random effects model
Heterogeneity: I2 = 43%, τ2 = 31304.4798, p = 0.06

Hydock, 2008 (day 5)35

Hydock, 2008 (day 10)35

Jensen, 2013 (day 1)39

Jensen, 2013 (day 3)39

Jensen, 2013 (day 5)39

Jensen, 2013 (day 7)39

Jensen, 2013 (day 9)39

Lien, 2015 (DOX 10)44

Lien, 2015 (DOX 15)44

Chicco, 200630

Hydock, 201137

Chicco, 200631

Total

143

13
11
13
12
10
13
10
10
13

7
16
15

Mean

4059.3
3712.9
3402.0
2960.0
3298.0
3009.0
2997.0
4542.1
3628.3
2849.1
3823.3
3190.0

SD

461.9
868.3
281.2
384.5
948.7
576.9
382.6
598.9
434.3
384.3
567.8

1436.9

Exercise
Total

143

15
13
13
12
11
11
14
10
13

7
9

15

Mean

3428.0
3060.4
3033.0
2952.0
2961.0
2861.0
2401.0
3740.1
3424.3
2288.3
3429.9
1952.0

SD

564.8
622.6
995.1
349.9
245.4
583.7
370.4
693.9
449.9
172.6
406.6

1030.2

Control

−2000 −1000 0 1000 2000

Mean Difference

Favors control Favors exercise

MD

429.9

631.3
652.5
369.0

8.0
337.0
148.0
596.0
802.0
204.0
560.8
393.4

1238.0

95%−CI

[ 268.8;  591.1]

[ 250.9; 1011.7]
[  37.8; 1267.2]

[−193.1;  931.1]
[−286.1;  302.1]
[−268.6;  942.6]
[−318.2;  614.2]
[ 289.6;  902.4]

[ 233.9; 1370.1]
[−135.9;  543.9]
[ 248.7;  872.9]

[   8.7;  778.1]
[ 343.3; 2132.7]

Weight

100.0%

9.8%
5.2%
6.0%

12.6%
5.3%
7.7%

12.1%
5.9%

11.0%
11.9%

9.7%
2.8%

3
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Study

Random effects model
Heterogeneity: I2 = 75%, τ2 = 136092.4187, p < 0.01

Hydock, 2008 (day 5)35

Hydock, 2008 (day 10)35

Jensen, 2013 (day 1)39

Jensen, 2013 (day 3)39

Jensen, 2013 (day 5)39

Jensen, 2013 (day 7)39

Jensen, 2013 (day 9)39

Lien, 2015 (DOX 10)44

Lien, 2015 (DOX 15)44

Parry, 2015 (day 1)49

Parry, 2015 (day 3)49

Parry, 2015 (day 5)49

Hydock, 201137

Hydock, 2012 (daily inj.)38

Hydock, 2012 (weekly inj.)38

Hall, 201934

Total

162

10
7

10
9

12
10
10
10
12
11
11
12
15

8
7
8

Mean

3866.8
4409.6
3279.0
2935.0
3029.0
3343.0
2993.0
4656.5
4552.3
3187.6
3036.6
3108.2
4048.3
4021.7
4423.7
2280.7

SD

992.0
1352.8

341.5
285.0
554.3
518.6
471.2
325.1
343.8
393.3
557.9
255.0
370.0
896.3

1478.6
1260.4

Exercise
Total

178

15
13
13
12
11
11
14
10
13
10
10
10

9
14

5
8

Mean

3428.0
3060.4
3033.0
2952.0
2961.0
2861.0
2401.0
3740.1
3424.3
3064.0
3046.9
2789.9
3429.9
2503.4
2594.0
2027.8

SD

564.8
622.6
995.1
349.9
245.4
583.7
370.4
693.9
449.9
283.2
503.6
407.3
406.6

1093.3
1272.9

785.7

Control

−3000 −1000 0 1000 3000

Mean Difference

Favors control Favors exercise

MD

499.6

438.8
1349.2

246.0
−17.0

68.0
482.0
592.0
916.4

1128.0
123.6
−10.3
318.3
618.4

1518.3
1829.7

252.9

95%−CI

[ 275.4;  723.8]

[−239.2; 1116.8]
[ 291.5; 2406.9]
[−334.9;  826.9]
[−288.8;  254.8]
[−277.5;  413.5]

[  10.5;  953.5]
[ 241.4;  942.6]
[ 441.4; 1391.4]
[ 815.5; 1440.5]
[−167.6;  414.9]
[−464.3;  443.7]

[  27.5;  609.1]
[ 293.4;  943.4]
[ 673.5; 2363.1]
[ 266.2; 3393.2]

[−776.3; 1282.1]

Weight

100.0%

5.1%
3.1%
5.8%
8.4%
7.8%
6.7%
7.8%
6.7%
8.1%
8.3%
6.9%
8.3%
8.0%
4.1%
1.7%
3.2%

4

 

Study

Random effects model
Heterogeneity: I2 = 39%, τ2 = 16643.9879, p = 0.08

Hydock, 2008 (day 5)35

Hydock, 2008 (day 10)35

Jensen, 2013 (day 1)39

Jensen, 2013 (day 3)39

Jensen, 2013 (day 5)39

Jensen, 2013 (day 7)39

Jensen, 2013 (day 9)39

Lien, 2015 (DOX 10)32

Lien, 2015 (DOX 15)44

Chicco, 200630

Hydock, 201137

Chicco, 200631

Total

143

13
11
13
12
10
13
10
10
13

7
16
15

Mean

−3441.1
−3262.9
−2751.0
−2202.0
−2405.0
−2233.0
−2139.0
−3721.3
−2900.3
−2043.8
−2871.5
−2003.0

SD

612.1
993.3
313.7
294.4
521.8
576.9
202.4
724.5
337.6
218.0
384.6
623.6

Exercise
Total

143

15
13
13
12
11
11
14
10
13

7
9

15

Mean

−2994.9
−2424.5
−2264.0
−2292.0
−2021.0
−2066.0
−1803.0
−2824.0
−2618.2
−1572.0
−2686.6
−1276.0

SD

774.4
565.1
504.8
536.9
228.8
431.2
318.0
537.4
421.5
339.1
458.8
600.3

Control

−1500 −500 0 500 10001500

Mean Difference

Favors exercise Favors control

MD

−372.0

−446.2
−838.4
−487.0

90.0
−384.0
−167.0
−336.0
−897.3
−282.1
−471.8
−184.9
−727.0

95%−CI

[ −500.5; −243.5]

[ −960.3;   67.9]
[−1500.9; −175.9]
[ −810.1; −163.9]
[ −256.5;  436.5]
[ −734.5;  −33.5]
[ −571.1;  237.1]

[ −544.5; −127.5]
[−1456.4; −338.2]

[ −575.7;   11.5]
[ −770.4; −173.2]
[ −538.9;  169.1]

[−1165.0; −289.0]

Weight

100.0%

5.0%
3.3%
9.8%
9.0%
8.8%
7.3%

15.4%
4.4%

11.0%
10.8%

8.7%
6.5%

5

Study

Random effects model
Heterogeneity: I2 = 73%, τ2 = 106282.5356, p < 0.01

Hydock, 2008 (day 5)35

Hydock, 2008 (day 10)35

Jensen, 2013 (day 1)39

Jensen, 2013 (day 3)39

Jensen, 2013 (day 5)39

Jensen, 2013 (day 7)39

Jensen, 2013 (day 9)39

Lien, 2015 (DOX 10)44

Lien, 2015 (DOX 15)44

Parry, 2015 (day 1)49

Parry, 2015 (day 3)49

Parry, 2015 (day 5)49

Hydock, 201137

Hydock, 2012 (daily inj.)38

Hydock, 2012 (weekly inj.)38

Hall, 201934

Total

162

10
7

10
9

12
10
10
10
12
11
11
12
15
8
7
8

Mean

−3382.3
−3558.6
−2566.0
−2270.0
−2357.0
−2616.0
−2068.0
−3791.4
−3499.4
−2816.4
−2744.5
−2817.9
−3106.6
−3031.7
−3647.0
−1770.7

SD

962.9
1408.2
360.5
213.0
512.7
471.2
253.0
433.8
419.7
261.8
266.7
427.2
214.4
574.7

1337.9
1110.3

Exercise
Total

178

15
13
13
12
11
11
14
10
13
10
10
10
9

14
5
8

Mean

−2994.9
−2424.5
−2264.0
−2292.0
−2021.0
−2066.0
−1803.0
−2824.0
−2618.2
−2871.6
−2766.0
−2737.0
−2686.6
−1898.6
−2171.9
−1342.7

SD

774.4
565.1
504.8
536.9
228.8
431.2
318.0
537.4
421.5
353.4
322.4
451.3
458.8
702.6

1211.9
670.1

Control

−2000 0 1000 2000

Mean Difference

Favors exercise Favors control

MD

−411.7

−387.4
−1134.1
−302.0

22.0
−336.0
−550.0
−265.0
−967.4
−881.2

55.2
21.5

−80.9
−420.0

−1133.1
−1475.1
−428.0

95%−CI

[ −609.0; −214.4]

[−1101.4;  326.6]
[−2221.6;  −46.6]

[ −655.9;   51.9]
[ −312.1;  356.1]
[ −656.1;  −15.9]

[ −937.6; −162.4]
[ −493.8;  −36.2]

[−1395.5; −539.3]
[−1211.2; −551.2]

[ −213.0;  323.4]
[ −233.0;  276.0]
[ −450.6;  288.8]

[ −738.8; −101.2]
[−1675.4; −590.8]
[−2927.9;  −22.3]
[−1326.6;  470.6]

Weight

100.0%

4.2%
2.4%
7.3%
7.5%
7.6%
7.0%
8.4%
6.6%
7.5%
8.1%
8.2%
7.1%
7.6%
5.5%
1.5%
3.2%

6

3
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Chapter 4

ABSTRACT

Background

Higher levels of physical activity (PA) are associated with a lower risk of 

cardiovascular disease in the general population. Whether the same holds for 

women who underwent treatment for breast cancer (BC) is unclear.

Objective

The aim of this study was to evaluate the association between PA in a typical 

week in the past 12 months and cardiac dysfunction in BC survivors.

Methods

We used data from a cohort of BC survivors, who were treated at ages 40-50 

years (N=559). The association between PA and global longitudinal strain (GLS) 

and left ventricular ejection fraction (LVEF) was evaluated using both linear and 

modified Poisson regression analyses adjusted for relevant confounders.

Results

In total, 559 BC survivors were included, with median age of 55.5 years and 

median time since treatment of 10.2 years. GLS was less favorable in inactive 

survivors (-17.1%) than in moderately inactive (-18.4%), moderately active (-18.2%), 

and active survivors (-18.5%), with an adjusted significant difference for active 

versus inactive survivors (β=-1.31 (95%CI:-2.55,-0.06)). Moderately active (n=57/130) 

and active survivors (n=87/124) had significantly lower risks of abnormal GLS, 

defined as >-18%, compared to inactive survivors (n=17/26) (relative risk [RR]=0.65 

(95%CI:0.45-0.94) and RR=0.61 (95%CI:0.43-0.87), respectively). LVEF (in normal 

ranges in all activity categories) was not associated with PA.

Conclusion

In long-term BC survivors, higher PA levels were associated with better GLS, but 

not LVEF, with the relatively largest benefit for doing any activity versus none. 

This finding suggests that increasing PA may contribute to cardiovascular health 

benefits, especially in inactive survivors.
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Abbreviations

BMI  body mass index

CVD  Cardiovascular disease

EPIC  European Prospective Investigation into Cancer and Nutrition

GLS  Global longitudinal strain

 HARBOR study   identifying subgroups with High cArdiovascular Risk in Breast 

cancer survivORS

IMN  internal mammary nodes

IQR  interquartile range

LV  left ventricle / ventricular

LVEF  left ventricular ejection fraction

NKI – AVL  Netherlands Cancer Institute – Antoni van Leeuwenhoek

RR  relative risk

SD  standard deviation

UMCG  University Medical Center Groningen
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Chapter 4

BACKGROUND

The population of breast cancer survivors has grown substantially over the last 

decades, due to, among other factors, improvements in early detection and 

anticancer regimens[1]. Advances in primary treatment and cures are expected to 

further increase the number of breast cancer survivors. Consequently, adequate 

evaluation of long-term side effects of breast cancer treatment is of increasing 

importance.

A severe, long-term side-effect of breast cancer treatment is cardiovascular 

disease (CVD), which includes a variety of clinical manifestations and may 

eventually lead to a decline in LVEF[2]. Breast cancer survivors more than 

seven years after treatment have an almost two-fold increased risk of CVD-

related mortality compared to age-matched women without cancer[3]. Among 

patients with pre-existent CVD who survived more than 5 years after treatment, 

cardiovascular death has even replaced breast cancer-related death as the 

leading cause of mortality[4]. The risk of developing CVD depends on the 

type of breast cancer treatment (and for anthracycline and radiotherapy, its 

cumulative dose) as well as patient-related factors[2], [5]. A linear relationship 

between cumulative anthracycline dose and cardiac dysfunction has been 

demonstrated[6]. Radiation exposure of the heart may lead to an increased risk of 

coronary artery disease, valvular heart disease and heart failure[2]. As for patient-

related risk factors, women with an unfavorable cardiovascular risk profile (e.g., 

elderly, presence of hypertension, diabetes mellitus, and obesity) have a higher 

risk of developing CVD[5]. Accordingly, strategies that aim to reduce CVD risk 

should preferably target both treatment- and patient-related factors.

Physical activity has been found to be associated with lower CVD risk in non-

cancer populations[7]. However, less evidence is available on whether physical 

activity can also decrease CVD risk in cancer patients and survivors, given that 

CVD pathogenesis may be different in this population due to exposure to potential 

cardiotoxic treatment. Two observational studies reported that, in breast cancer 

survivors with no prior history of CVD, higher levels of leisure-time physical activity 

were associated with a lower cumulative incidence of cardiovascular clinical 

endpoints, including myocardial infarction and heart failure, independent of the 

presence of other cardiovascular risk factors[8], [9]. Cardiac dysfunction during 

and after cancer treatment is currently considered as a gradual phenomenon, 

where progressive subclinical declines in parameters of cardiac function (i.e., 
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global longitudinal strain (GLS) and left ventricular ejection fraction (LVEF)) can 

eventually lead to overt heart failure[10]. The association between physical 

activity and GLS and LVEF in breast cancer survivors is currently unknown. If 

such an association exists, this could prompt further research and ultimately 

have implications regarding physical activity recommendations for future breast 

cancer patients undergoing treatment with cardiotoxic regimens.

This study aimed to evaluate the association between current levels of physical 

activity and cardiac dysfunction in breast cancer survivors. We hypothesize that 

higher physical activity levels are associated with more favorable values for GLS 

and LVEF.

METHODS

Setting and participants

Data from the HARBOR study (identifying subgroups with High cArdiovascular 

Risk in Breast cancer survivORS) were used for the current analysis. The study 

design and results of this study have been published previously[6]. In brief, 

the HARBOR study was a cross-sectional investigation of long-term cardiac 

dysfunction in breast cancer survivors 5-7 or 10-12 years after treatment. Patients 

were treated between 2002-2007 and 2008-2012 for invasive breast cancer (TNM 

stage I-III) or ductal carcinoma in situ (DCIS), with or without anthracyclines 

(N=306, 54.7%, and N=253, 45.3%, respectively), at ages 40-50 years in either the 

Netherlands Cancer Institute – Antoni van Leeuwenhoek (NKI-AVL), Amsterdam, 

or the University Medical Center Groningen (UMCG), Groningen. Exclusion criteria 

were history of radiotherapy or chemotherapy for other malignancies and history 

of CVD before breast cancer diagnosis. A total of 569 women were enrolled 

in this study. The HARBOR study is registered with ClinicalTrials.gov, identifier 

NCT02485626 and approved by the institutional review board of the NKI-AVL.

Cardiovascular measurements

All women underwent cardiovascular assessment, including physical 

examination, blood and urine sampling, and a 2D echocardiogram. Physical 

examination included blood pressure measurement and evaluation of signs of 

heart failure (i.e., pedal edema, pulmonary congestion). Echocardiograms were 

performed using a GE Vivid E9 machine (GE, Horten, Norway) and a Philips iE33 

(Philips Healthcare, DA Best, the Netherlands) in the UMCG and NKI, respectively. 

All echocardiographic measurements were analyzed centrally (UMCG). In line 

4
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with current guidelines[11], left ventricular (LV) volumes and ejection fraction 

were assessed via Simpson’s biplane algorithm on the apical 2- and 4-chamber 

view and, in case of insufficient imaging quality (N=89, 15.6%), a range was 

reported based in visual inspection. GLS was measured using apical 2-, 3- and 

4-chamber view with TomTec software (TomTec Imaging Software Systems, 

Unterschleissheim, Germany). Imaging quality was insufficient for GLS analyses in 

13.1% (N=74) of the participants. The inter-observer reliability (intraclass correlation 

coefficient) for the GLS analyses was 0.70 (95%CI 0.59-0.70) in a random subset 

of 102 subjects[6].

Physical activity

All participants completed a questionnaire that contained questions on physical 

activity in the past 12 months, assessing both occupational and leisure activities, 

based on questions from the European Prospective Investigation into Cancer 

and Nutrition (EPIC) physical activity questionnaire[12] (Supplemental Material 

A). For occupational activities, participants reported their current employment 

status and the intensity of the activities carried out at work (i.e., best described 

as ‘sedentary,’ ‘standing’, ‘manual’ or ‘heavy manual’). For recreational activities, 

the total hours per week spent on walking, cycling, sports, and gardening were 

recorded for summer and winter separately to limit seasonal influences.

To obtain a total physical activity score, we used the validated Cambridge Physical 

Activity Index (‘Cambridge Index’)[13]. In a cohort of 1941 healthy individuals from 

ten European countries, the Cambridge Index correlated strongest with physical 

activity energy expenditure and time spent in moderate and vigorous physical 

activity, compared to other questionnaire-derived physical activity indices[14]. 

This categorical index, ranging from ‘inactive’, ‘moderately inactive’, ‘moderately 

active’ to ‘active’, is derived by cross-tabulating the level of occupational activities 

with the combined hours per week spent on cycling and sports activity (Table 

1). In calculating this index, all physical activity variables were scored as missing 

if none of the questions were answered, with the assumption being that these 

participants did not complete the questionnaire. All other variables were set to 

zero if at least one question was completed, the assumption being that these 

participants completed the questionnaire but were not engaged in all activities[15]. 

The maximum hours/week spent on any given physical activity variable was set 

to 40 hours/week, and summer and winter scores were averaged to obtain an 

average score for the past year.
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Table 1. Calculation of the Cambridge Physical Activity Index: a cross-tabulation of 
occupational activities with recreational activities.

Time spent in sports and cycling (h/week)

None ≤3.5 >3.5 to ≤7.0 >7.0

Sedentary Inactive Moderately inactive Moderately active Active

Standing Moderately 

inactive

Moderately active Active Active

Manual Moderately 

inactive

Active Active Active

Heavy manual Active Active Active Active

Unknown/missing Inactive Moderately inactive Moderately active Active

Statistical analysis

Characteristics of the study participants were computed per Cambridge 

category and expressed as mean ± standard deviation (SD), median [25th and 

75th percentiles [Q1-Q3], or frequencies (percentages). Linear regression models 

were used with Cambridge Index as the independent and either GLS or LVEF 

as dependent variables and results presented as the regression coefficient with 

95% confidence interval (CI). GLS and LVEF were also dichotomized into impaired 

versus normal using clinically accepted cut-offs, i.e., GLS >-18% / ≤-18%[16] and 

LVEF <53% / ≥53%[17]. The association between physical activity and dichotomized 

GLS or LVEF was investigated using modified Poisson regression with robust 

standard errors (sandwich estimator[18]. Results are presented as relative risk 

(RR) with 95%CI. We did not perform Poisson regression with dichotomized LVEF 

because only 34 patients had a LVEF <53%, of whom only one participant was in 

the inactive reference group.

For sensitivity analyses, we repeated the analyses after excluding patients whose 

(level of) occupational activity data were missing (N=88, 15.7%). Also, analyses 

were repeated with multiple imputation (n=50) by fully conditional specification 

for GLS, since missing data on this variable exceeded 10% (MICE package, 

2021[19]). Last, given that both GLS and LVEF are expressed as percentages 

bound between 0-100, we reanalyzed our data via a beta-regression model[20].

All models were adjusted for age, BMI, radiotherapy (none versus right-

sided, left-sided, or internal mammary chain), time since diagnosis (5-7 years 

or 10-12 years after treatment), and clinically documented cumulative dose 

of anthracyclines. The cumulative dose of epirubicin was transformed into a 

4
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doxorubicin equivalence dose in a similar manner to the original HARBOR 

analyses[6]. In addition, we added adjustment for the presence of CVD risk factors 

at time of study visit (hypertension, hypercholesterolemia, diabetes mellitus, 

smoking; none versus 1-2, or ≥3 risk factors) to the model. These risk factors were 

defined as follows; hypertension as having a blood pressure higher than 140 mm 

Hg (systolic) and 90 mm Hg (diastolic), or being treated with antihypertensive 

medication, hypercholesterolemia as having a total cholesterol ≥6.5 mmol/L or 

being treated with statins, and diabetes as having a fasting glucose ≥6.5mmol/L 

or being treated with glucose-lowering medication. Last, we explored whether 

the treatment with anthracyclines modified the association between physical 

activity and cardiac dysfunction by adding an interaction term to the fully 

adjusted model.

A p-value <0.05 was considered significant, and all analyses were performed 

using R software (R version 4.0.3).

RESULTS

In total, 569 breast cancer survivors participated in the HARBOR study, of whom 

10 (1.8%) were excluded from the current analysis due to the absence of physical 

activity data. Characteristics of the study population (N=559) are presented in 

Table 2. Median [Q1-Q3] ages at diagnosis and at time of study participation were 

46.9 [43.8-49.5] years and 55.5 [52.7-58.5] years, respectively.

Using the Cambridge Physical Activity Index, 28 participants (5.0%) were classified 

as inactive, 127 (22.7%) as moderately inactive, 154 (27.5%) as moderately active, 

and 250 (44.7%) as active at the time of the study visit. Most breast cancer survivors 

reported a sedentary occupation, with very few describing their occupational 

activities as ‘manual’ or ‘heavy manual’.

In the inactive category, the median [Q1-Q3] time since diagnosis was 7.4 [6.9-11.1] 

years, with two-thirds of the survivors being between 5-7 years post-diagnosis. In 

the three other categories, the median time since diagnosis was more than ten 

years. Cardiovascular risk factors were relatively common, especially in inactive 

survivors. Hypertension, for example, was prevalent in 53.6% (N=15/28), 35.4% 

(N=45/127), 37.5% (N=57/154), and 37.2% (N=93/250) in participants in the inactive, 

moderately inactive, moderately active, and active categories, respectively.

Approximately half of the survivors were treated with anthracycline-based 

chemotherapy regimens in all activity categories. Median [Q1-Q3] cumulative 
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doxorubicin (equivalent) dose was 202 [191-243] mg/m2 (inactive category), 240 

[203-242] mg/m2 (moderately inactive category)

and 240 [203-300] mg/m2 (both moderately active and active category). The 

vast majority (>90%) of the participants received breast/chest wall irradiation. 

Relatively few participants received additional treatment with potentially 

cardiotoxic anti-HER2 drug trastuzumab; N=2 (7.1%), N=12 (9.4%), N=16 (10.4%), and 

N=19 (7.6%) for survivors in the inactive, moderately inactive, moderately active, 

and active category, respectively.

Association between physical activity and cardiac dysfunction

GLS was least favorable (-17.1%) in inactive survivors, and better in moderately 

inactive (-18.4%), moderately active (-18.2%) and active survivors (-18.5%) (Table 

3). Corresponding adjusted β-coefficients, compared to inactive survivors, were 

95%)  1.12- CI:-2.41, 0.17), -0.92 (95% CI:-2.21, 0.38) and -1.31 (95% CI:-2.55, -0.06), 

respectively. Similarly, higher physical activity was associated with a lower risk 

of impaired GLS: RR 0.71 (95% CI: 0.50,1.02) for moderately inactive, RR 0.65 (95% 

CI: 0.45,0.94) for moderately active and RR 0.61 (95% CI: 0.43,0.87) for the most 

active, compared to inactive survivors, (Central illustration).

For LVEF, mean values did not differ and were within normal ranges in all 

four physical activity categories. Compared to inactive survivors, adjusted 

β-coefficients for moderately inactive, moderately active and active were 0.27 

(95% CI: -1.64,2.18), 0.20 (95% CI: -1.70,2.09) and 0.35 (95% CI: -1.48,2.18), respectively. 

All interaction terms were non-significant (p>0.10).

4
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Table 3. Association between Cambridge Index and cardiotoxicity.

Inactive Mod. inactive Mod. active Active

N=28 N=127 N=154 N=250

GLS (%)*

- Mean GLS (%) -17.1 ± 2.31 -18.4 ± 3.40 -18.2 ± 2.55 -18.5 ± 3.14

- Unadjusted β (95%CI) Ref. -1.31 (-2.59, -0.02) § -1.12 (-2.39, 0.15) -1.47 (-2.70, -0.24) §

- Part. adjusted β (95%CI) † Ref. -1.14 (-2.43, 0.15) -0.87 (-2.16, 0.42) -1.29 (-2.54, -0.05) §

- Fully adjusted β (95%CI)‡ Ref. -1.12 (-2.41, 0.17) -0.92 (-2.21, 0.38) -1.31 (-2.55, -0.06) §

GLS (>-18%)*

- n/N at risk (%) 17/26 (65.4) 54/115 (47.0) 57/130 (43.8) 87/214 (40.7)

- Unadjusted RR (95%CI) Ref. 0.72 (0.51, 1.01) 0.67 (0.48, 0.94) § 0.62 (0.45, 0.86) §

- Part. adjusted RR (95%CI)* Ref. 0.72 (0.50, 1.03) 0.68 (0.47, 0.98) § 0.61 (0.43, 0.88) §

- Fully adjusted RR (95%CI)** Ref. 0.71 (0.50, 1.02) 0.65 (0.45, 0.94) § 0.61 (0.43, 0.87) §

LVEF (%)

- Mean LVEF (%) 58.7 ± 4.61 59.2 ± 3.97 58.9 ± 4.48 59.1 ± 5.00

- Unadjusted β (95%CI) Ref. 0.49 (-1.40, 2.38) 0.25 (-1.61, 2.11) 0.40 (-1.40, 2.21)

- Part. adjusted β (95%CI)* Ref. 0.37 (-1.55, 2.28) 0.28 (-1.62, 2.18) 0.39 (-1.44, 2.23)

- Fully adjusted β (95%CI)** Ref. 0.27 (-1.64, 2.18) 0.20 (-1.70, 2.09) 0.35 (-1.48, 2.18)

LVEF (<53%)

- n/N at risk (%) 1/27 (3.6) 5/127 (3.9) 10/163 (6.5) 18/249 (7.2)

* GLS data was not available for N=74 (13.2%). †Adjusted for age, BMI, radiotherapy field, cumulative 

anthracycline dose. ‡additionally adjusted for the presence of cardiovascular risk factors (hypertension, 

hypercholesterolemia, diabetes mellitus, smoking). § These findings correspond with a p-value <0.05.

Abbreviations: 

CI = confidence interval, GLS = global longitudinal strain, mod = moderately, part = partial, RR = relative risk.
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All sensitivity analyses (i.e. exclusion of participants for whom (levels of) 

occupational activities were not recorded (n=88, 15.7%), using imputed data for 

GLS (missing in n=74 (13.2%) and the use of a beta-regression model for continuous 

outcomes, yielded comparable results and did not change the conclusions (data 

not shown).

DISCUSSION

In this cross-sectional study of breast cancer survivors, we found that higher 

levels of self-reported physical activity were associated with more favorable 

GLS values, but not with LVEF. This was after accounting for treatment-related 

risk factors (i.e., cumulative dosage anthracyclines and thoracic irradiation) as 

well as patient-related risk factors (i.e., age, BMI, and cardiovascular risk factors). 

Considering that subclinical cardiac dysfunction (i.e., impaired GLS) may precede 

adverse (cardiovascular) events, these results suggest that efforts to increase 

physical activity levels by, for example, offering a physical activity program, may 

contribute to reducing cardiovascular morbidity in breast cancer survivors.

Previous studies have extensively documented the association between physical 

activities and CVD risk in non-cancer populations[7]. Increased physical activity 

has been linked to lower incidence of various CVD, including coronary artery 

disease and heart failure. Conversely, having a largely sedentary lifestyle, 

reflected by low levels of physical activity, is hypothesized to be a main 

predisposing factor for the development and progression of CVD[21]. A meta-

analysis of 38 prospective cohort studies (including approximately 271,000 

4
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participants) and an individual patient data meta-analysis (8 studies, N=36,383), 

both described a non-linear dose-response relationship between higher self-

reported leisure physical activities and lower risk of all-cause mortality over a 

follow-up period with a median of 12 years (range 4-40 years) and 5.8 years (range 

3-15 years), respectively [22] [23]. Both studies reported that the most substantial 

reduction of risk was observed among moderately inactive patients compared to 

those who are not active, with relatively little additional risk reduction for the more 

active categories[22] [23]. For cancer patients and survivors, less evidence on the 

relationship between physical activity and CVD is available. The pathogenesis 

of CVD in this population is likely different, given that patientsmight be treated 

with cardiotoxic regimens. Anthracyclines may inhibit topoisomerase-Iiβ, thereby 

causingdouble-strand DNA breaks, which eventually may lead to irreversible 

loss of functional cardiomyocytes and fibrosis[24]. Pathogenesis of radiation-

induced coronary artery disease is presumably a multifactorial process with key 

roles for endothelial injury and inflammation[25]. As a result, cancer patients 

may present with premature CVD, sometimes even in the absence of traditional 

cardiovascular risk factors. Evidence of physical activitybased on non-cancer 

populations may therefore not necessarily generalize to cancer patients and 

survivors. Two previous studies among breast cancer survivors demonstrated 

that leisure-time physical activity after treatment was associated with a graded 

decrease of CVD[8], [9]. Our observation of a reduction in subclinical cardiac 

dysfunction (GLS) with increased physical activity is in line with these studies. 

The reduction was most apparent for inactive versus non-inactive survivors and 

differences in the magnitude of the association were relatively small among 

breast cancer survivors categorized as either moderately inactive, moderately 

active, or active. Similarly, we also observed a higher burden of cardiovascular risk 

factors among inactive patients. These findings must be interpreted with caution 

given the small numbers in the inactive category. However, it adds support to 

the proposition that even a relatively modest increase in daily physical activity 

may be valuable.

We observed a significant association between physical activity and subclinical 

cardiac dysfunction (i.e., impaired GLS) but not LVEF. GLS abnormalities were 

common (44%). In contrast, LVEF was within the normal range in nearly all patients 

(94%), which may have impeded accurate estimation of the association between 

abnormal LVEF and physical activity. The higher prevalence of impaired GLS 

compared to decreased LVEF may be explained by the prevailing hypothesis 

that considers cancer therapy-related cardiac dysfunction as a continuous 

phenomenon, in which GLS is thought to be an earlier marker of cardiotoxicity 
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than decreased LVEF [10]. Previous studies found that abnormalities in GLS can 

be detected during or shortly after the course of chemotherapy[26]–[28]. A drop 

in LVEF, on the other hand, is proposed as a ‘late’ parameter of cardiotoxicity, 

occurring only after cardiac compensatory mechanisms fail. Exception to this is a 

decline in LVEF during trastuzumab treatment, which occurs in approximately 10% 

of all patients and is mostly reversible upon cessation of treatment[29], [30]. LVEF 

is, in contrast to GLS, a volume-derived index which is, on echocardiography, 

indirectly measured from estimations of LV volumes in systole and at the end 

of diastole[31]. LVEF is therefore highly dependent on the pre- and afterload[32]. 

As such, LVEF is not only a parameter of myocardial contractility, but also of 

LV remodeling. GLS, on the other hand, tracks the myocardium directly and 

quantifies changes in longitudinal lengthening per cardiac segment throughout 

the cardiac cycle[31]. This makes GLS less load-dependent and more suitable 

to detect regional myocardial changes, including tissue composition (e.g., 

interstitial fibrosis)[33]), compared to LVEF. Thus, GLS may be a better parameter 

for assessment of cardiac function. This is further supported by evidence from 

studies demonstrating that GLS is a better predictor of all-cause mortality than 

LVEF[34], [35]. Nevertheless, since the first trial among cancer patients undergoing 

anthracycline-based chemotherapy (N=307) failed to demonstrate the benefit of 

the GLS-guided versus LVEF-guided approach for cardioprotection[36], future 

studies are needed to document the prognostic value of GLS in cancer patients 

in terms of clinical outcomes.

Given the cross-sectional design of our study, we cannot establish the direction 

of the association observed with certainty. It is theoretically possible that 

impaired cardiac function has led to lower physical activity levels (reverse 

causation). Nonetheless, we speculate that the opposite, i.e., higher levels of 

physical activity have led to less cardiac dysfunction, is more likely to underlie 

the association observed [37], [38]. First, from a biological standpoint, a protective 

effect of physical activity on subclinical cardiac dysfunction is plausible, given 

that preclinical studies describe various pathways via which physical exercise can 

yield cardioprotection during and after treatment, including less chemotherapy 

accumulation in the myocardium following physical exercise[39]. Second, it seems 

less likely that subclinical cardiac dysfunction results in lower physical activity 

levels, as patients are unlikely to experience symptoms solely from impaired 

GLS, with LVEF in normal ranges. Third, the observed effect of physical activity on 

cardiac dysfunction is consistent with previous evidence from randomized studies 

in non-cancer populations, documenting beneficial effects of physical exercise 

on cardiac function, including LVEF [40], [41]. The limited evidence from studies 

4
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in cancer patients also points towards the hypothesis of exercise-mediated 

cardioprotection, although no clear benefit has been demonstrated thus far on 

LVEF or GLS [42]–[45]. Last, analyses were adjusted for relevant confounders, 

including cardiovascular risk factors.

Limitations Important strengths of our study include the use of two valid markers 

of cardiac dysfunction, the large study population, and the availability of accurate 

data on potential confounders. However, several limitations should also be 

considered when interpreting our results. First, not all physical activities were 

recorded in the questionnaire, including light-to-moderate activities. Hence, we 

were unable to calculate the total energy expenditure per day. However, the 

Cambridge Index is a validated index that has , compared to other EPIC-derived 

indices, the highest correlation with objectively measured physical activity[14]. 

Second, physical activities were self-reported and therefore vulnerable to 

misclassification. This would, on average, most likely have led to over-reporting 

of the amount of physical activity. Although GLS was unknown to the participants 

and very few participants had cardiovascular symptoms[6], misclassification of 

physical activity-category could have underestimated our association, since 

those with an inactive lifestyle would be more likely to over-report their activities. 

Third, additional subgroup analyses (i.e., in patients treated with anthracyclines 

and with and without trastuzumab) were deemed inappropriate, since only a small 

numbers of patients received sequential treatment with trastuzumab (N=46/316). 

Last, GLS was missing in 74 (13.2%) women. This was unrelated to physical activity 

(data not shown), but participants with missing GLS were more likely to have 

been treated with higher cumulative anthracycline dosages (150.8 vs. 121.5 mg/

m2, p=0.82) and had higher mean BMI (26.9 vs. 25.7 kg/m2, p=0.037). This may 

have led to underestimating the association between physical activity level and 

GLS, although multiple imputation did not result in any relevant difference in our 

inferences.

In conclusion, we found that higher physical activity levels are associated with 

less cardiac dysfunction as expressed by GLS, but not LVEF, independent of 

CV risk factors and potential cardiotoxic breast cancer treatment. A relatively 

large risk reduction was observed for moderately inactive survivors compared 

to inactive breast cancer survivors. This suggests that physical activity programs 

may contribute to reducing cardiovascular morbidity in breast cancer survivors, 

and particularly among those who are physically inactive. Future, prospective 

randomized studies are needed to determine whether cardiac dysfunction 

following breast cancer treatment can be reduced by physical activity programs.
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ABSTRACT

Background

Animal data suggest that exercise during chemotherapy is cardioprotective, but 

clinical evidence to support this is limited. This study evaluated the effect of exercise 

during chemotherapy for breast cancer on long-term cardiovascular toxicity.

Methods

This is a follow-up study of two previously performed randomized trials in 

breast cancer patients allocated to exercise during chemotherapy or non-

exercise controls. Cardiac imaging parameters, including T1 mapping (native T1, 

extracellular volume fraction (ECV)), left ventricular ejection fraction (LVEF) and 

global longitudinal strain (GLS), cardiorespiratory fitness, and physical activity 

levels, were acquired 8.5 years post-treatment.

Results

In total, 185 breast cancer survivors were included (mean age 58.9 ± 7.8 years), 

of whom 99% and 18% were treated with anthracyclines and trastuzumab, 

respectively. ECV and Native T1 were 25.3 ± 2.5% and 1026 ± 51ms in the control 

group, and 24.6 ± 2.8% and 1007 ± 44ms in the exercise group, respectively. LVEF 

was borderline normal in both groups, with an LVEF<50% prevalence of 22.4% 

(n=40/178) in all participants. Compared to control, native T1 was statistically 

significantly lower in the exercise group (β=-20.16, 95% confidence interval (CI): 

-35.35; -4.97). We found no effect of exercise on ECV (β=-0.69, 95%CI: -1.62; 

0.25), LVEF (β=-1.36, 95%CI: -3.45; 0.73) or GLS (β=0.31, 95%CI: -0.76; 1.37). Higher 

self-reported physical activity levels during chemotherapy were significantly 

associated with better native T1 and ECV.

Conclusion

In long-term breast cancer survivors, exercise and being more physically active 

during chemotherapy were associated with better structural but not functional 

cardiac parameters. The high prevalence of cardiac dysfunction calls for additional 

research on cardioprotective measures, including alternative exercise regimens.

Keywords: breast cancer – cardiotoxicity – physical activity – cardiac MRI

Trial registration: International Clinical Trial Registry Platform, NTR 7247.
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Abbreviations:

BC  breast cancer

CVD  cardiovascular disease

ECV  extracellular volume fraction

FU  follow-up

GLS  global longitudinal strain

IQR  interquartile range

LGE  late gadolinium enhancement

LV  left ventricle/ventricular

LVEF  left ventricular ejection fraction

PA  physical activity

PACES  Physical exercise during Adjuvant Chemotherapy Effectiveness Study

PACT  Physical Activity during Cancer Treatment

PASE  physical Activity Scale for the Elderly

RV right ventricle/ventricular

SD  standard deviation

SQUASH  Short QUestionnaire to Assess Health-enhancing physical activity

UMCU  University Medical Center Utrecht
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INTRODUCTION

In light of the growing number of breast cancer (BC) survivors[1], evaluating 

the long-term consequences of BC treatment is increasingly important. 

Cardiovascular disease (CVD) is among the most severe sequelae of BC 

treatment, given its association with increased morbidity and mortality[2].

Exercise during chemotherapy is an established strategy to enhance or 

maintain cardiorespiratory fitness (CRF) in BC patients undergoing treatment[3]. 

Also, there is emerging evidence that weekly exercise during anthracycline-

based chemotherapy may prevent detrimental cardiac function and structure 

changes up to the first year after treatment[4-8]. This is supported by a biological 

rationale, with rodent studies almost unanimously reporting cardioprotective 

effects of exercise interventions started before, during, or after treatment with 

anthracyclines[9]. However, if and to what extent this translates into better long-

term cardiac measurements in BC survivors is unknown.

The current study evaluated the effects of an aerobic and resistance exercise 

intervention during adjuvant chemotherapy for BC on mitigating long-term 

cardiotoxicity and impaired CRF compared to non-exercise controls. Given that 

anthracycline-based chemotherapy is considered to impact CVD risk significantly, 

we hypothesized that if exercise is capable of yielding cardioprotection during this 

relatively short but intense period, allocation to an exercise intervention during 

chemotherapy will translate into reduced long-term cardiovascular toxicity. In 

addition, we hypothesized that BC survivors who are more active years after 

treatment have better CRF.

METHODS

Study participants and design

This study (registered with ICTRP, NTR7247) is a long-term follow-up (FU) 

investigation of two previously performed prospective randomized controlled 

trials; the Physical Activity during Cancer Treatment (PACT, N=204) study and 

the Physical Exercise during Adjuvant Chemotherapy Effectiveness Study 

(PACES, N=230), both conducted between 2009-2013[10,11]. The PACT and 

PACES study included participants with non-metastatic breast cancer, free or 

serious comorbidities (e.g. cardiovascular disease) that would impede physical 

activity. These studies reported the positive effects of an exercise program 
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during adjuvant chemotherapy for non-metastasized breast cancer on various 

outcomes, including fatigue, exercise capacity, and symptom burden. In PACT, 

participants were randomized to either an 18-week, supervised moderate-to 

high-intensity aerobic and resistance exercise program or usual care. PACES was 

a three-armed trial, where participants were randomly allocated to a supervised 

moderate-to high-intensity aerobic and resistance exercise program (comparable 

to PACT’s intervention), a home-based low-intensity program, or usual care. The 

design and timing of data collection are shown in Figure 1.

Figure 1. Original PACT and PACES study, and the follow-up Pact-Paces-Heart 
study.

PACES was a three-armed randomized trial comparing the effects of supervised, 
moderate-to high-intensity and home-based, low-intensity exercise to usual care. 
PACT was a two-arm randomized study, where the exercise arm was similar to 
PACES’ moderate-to high-intensity program. For PACT, a previous questionnaire 
study was performed.

For the current study, all BC participants of the original PACT and PACES studies 

were, in principle, eligible. Exceptions were those who: (i) died during FU; (ii) were 

not considered eligible by their treating physician (e.g., too mentally burdensome 

or severe neuropathy); (iii) received chemotherapy, targeted therapy, or thoracic 

irradiation for recurrent or metastasized breast cancer or other malignancies after 

the completion of the original PACT and PACES; and (iv) those who dropped-out 

during the original PACT study (n=19) or actively declined invitations for future FU 

studies (n=11) at the time of the first FU study[12]. All participants provided written 

5
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informed consent, and the study was approved by the institutional review board 

of the University Medical Center Utrecht (UMCU), Utrecht, The Netherlands.

Study procedures

All PACT and PACES participants were screened for eligibility by their treating 

physician. If participants had died during FU, the cause of death (defined as 

cancer, CVD, or other) was obtained. Eligible women were invited by their treating 

physician (or the study team for PACT participants who, during the first FU study, 

consented to be approached for future studies) for a one-time study visit at the 

UMCU. During the study visit, participants underwent a cardiac MRI including T1 

mapping, echocardiography, a cardiopulmonary exercise test, a venous blood 

test, and an interview (Table 1; detailed information on study outcomes is provided 

in Supplementary file B). In addition, participants were asked to complete online 

questionnaires on patient-reported outcomes (data not included in the current 

manuscript).

Statistical analyses

Intention-to-treat linear or logistic regression models were used with treatment 

allocation (control versus exercise (i.e. the PACT and PACES moderate-to 

high-intensity exercise groups) as independent variables and cardiovascular 

toxicity parameters as dependent variables. For the logistic models, we used 

the following cut-offs; LVEF <50%/≥50%[13], GLS >-18%/≤-18%[14], native T1 

≥1020ms/<1020 and ECV ≥28%/<28%. The latter two are based on institutional 

reference values (UMCU). These analyses were repeated with self-reported PA 

during chemotherapy as the main independent variable, regardless of treatment 

allocation. This was defined as the change in the sum score of self-reported PA 

between the end of chemotherapy (T1) and (T0), expressed as a Z-score, given 

that the two studies used different questionnaires [10,11]. The potential non-

linearity of this relationship was evaluated using restricted cubic splines models.

All models were adjusted for study (PACT vs. PACES), age, thoracic radiotherapy, 

cumulative doxorubicin (equivalent) dosage, and treatment with or without 

trastuzumab. Also, the influence of cardiovascular risk factors was explored by 

adding a composite score to the adjusted model. Cardiovascular risk factors were 

defined as follows: hypertension as having a blood pressure ≥140 mm Hg (systolic) 

and ≥90 mm Hg 90 (diastolic), being treated with antihypertensive medication; 

hypercholesterolemia as having a to total cholesterol ≥6.5 mmol/L and LDL≥ 
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3.5 mmol/L or being treated with lipid-lowering drugs; diabetes mellitus as 

having a HbA1c>42 mmol/L, or being treated with glucose-lowering medication; 

obesity as having a BMI >30 kg/m2; and smoking as being a current smoker. The 

interaction between treatment allocation and doxorubicin (equivalent) dosage 

was tested by adding an interaction term to the fully adjusted model. In case 

of evidence of interaction (p-value<0.10), subsequent stratified analyses were 

provided for the following doxorubicin (equivalent) dosage strata; ≤210 mg/m2, 

210-300 mg/m2, and ≥300 mg/m2).

Table 1. Outcomes measures of the Pact-Paces-Heart study.

Measure instrument Assessment Parameter(s)

Cardiac MRI Cardiac structure T1 mapping: Native T1 and ECV, and LGE

Cardiac function left-ventricular EF, right-ventricular EF

Echocardiography Cardiac deformation global longitudinal strain

Diastolic function Diastolic function

Cardiopulmonary exercise 

test

Cardiorespiratory fitness VO2peak

Venous blood sample Hematocrit, CV risk profile Hematocrit, HbA1C, blood lipids, renal 

function.

SQUASH questionnaire Self-reported physical 

activity

Moderate-to high-intensity leisure and 

sport physical

Face-to-face interview Physical activity in the 

distant past

MET-hours/week

Abbreviations: 

CV = cardiovascular, ECV = extracellular volume, LGE = late gadolinium enhancement, MET = metabolic 

equivalent task, SQUASH = Short Questionnaire to assess Health-enhancing physical activity.

As sensitivity analyses, we explored whether adding data from participants in the 

low-intensity PACES program to the exercise group changed the outcomes of 

the intention-to-treat analyses. Due to low numbers in the low-intensity group, 

we did not perform separate analyses. Also, for those outcomes expressed 

as proportions (i.e., LVEF, GLS, and ECV), we reanalyzed the data using beta-

regression models instead of linear models, assuming that a beta-distribution 

might better fit the outcomes[15]. For the analysis of CRF, analyses were repeated 

without excluding data of participants with submaximal tests (n=22). Last, we 

repeated the analyses using multiple imputations (n=50) by fully conditional 

specification for ECV and GLS since missing data on these parameters exceeded 
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10% (11.6% and 17.15%, respectively)[19]. All analyses were performed with R 

(version 4.0.3.) and Rstudio software (version 1.3.1093).

RESULTS

The mean interval between initial cancer diagnosis and completion of FU 

assessment was 8.5±1.1 years. Of the original PACT (N=204) and PACES (N=230) 

participants, 304 participants were invited for the FU study, of whom 185 women 

(n=185/304; 61%) were included. Ineligible participants were generally evenly 

distributed across study arms, and no cardiac-related deaths were recorded. 

Four participants only completed the online questionnaires. Thus 181 patients 

were included in the current analyses (Figure 2).

Figure 2. Flowchart of participants in the Pact-Paces-Heart study. Participants of 
PACT and PACES are combined in the follow-up Pact-Paces-Heart study.

Participants were comparable to non-participants for most of the original PACT 

and PACES baseline characteristics (Supplemental Tables 1a and 1b), except that 

participants had a lower BMI, higher CRF before chemotherapy, and a higher 

exercise intervention attendance rate.
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Of the 181 participants, 80 had been allocated to a moderate-to high-intensity 

exercise program, 29 to the low-intensity exercise program, and 72 received 

care as usual. These groups had comparable characteristics during the FU study 

visit (Table 2). All participants, except one, were treated with anthracyclines. The 

low-intensity exercise group had higher cumulative dosages (292 [240-332] mg/

m2) and more often received trastuzumab (20.7%) compared to the moderate-to 

high-intensity and control group (235 [210-300] mg/m2 and 240 [210-300] mg/m2, 

and 16.7% and 11.3%, respectively). Cardiac comorbidities were documented for 

23 participants, with a history of ischemic heart disease being the most common 

diagnosis.

Table 2. Characteristics of the Pact-Paces-Heart study per study group at the time 
of study visit. 
Presented as mean ± SD, median [interquartile range], or number (percentages).

Control
N=72

Mod.-to high-int. ET
N=80

Low-int. ET
N=29

Age, years 58.5 ± 7.5 59.1 ± 7.2 59.5 ± 10.2

Original study

 PACT, % 40 (55.6) 46 (57.5) 0 (0)

 PACES, % 32 (44.4) 34 (42.5) 29 (100)

Follow-up time, years 8.6 ± 1.1 8.4 ± 1.2 8.9 ± 0.9

Menopausal status, %

 Premenopausal 4 (5.6) 6 (7.5) 2 (6.9)

 Postmenopausal 67 (93.0) 73 (91.3) 27 (93.1)

 Unknown 1 (1.4) 1 (1.2) 0 (0.0)

Receptor status

 Triple-negative 9 (12.5) 16 (20.0) 4 (13.8)

 ER/PR+, HER2+ 10 (13.9) 13 (16.2) 6 (20.7)

 ER/PR-, HER2+ 3 (4.2) 8 (10.0) 1 (3.4)

 ER/PR+, HER2- 50 (69.4) 43 (53.8) 18 (62.1)

Radiotherapy, %

 No RT 18 (25.0) 20 (25.0) 9 (31.0)

 Left-sided 27 (37.5) 33 (41.2) 12 (41.4)

 Right-sided 27 (37.5) 27 (33.8) 8 (27.6)

5

24-08-Willeke.indd   14124-08-Willeke.indd   141 04-09-2023   09:0004-09-2023   09:00



142

Chapter 5

Table 2. (Continued)

Control
N=72

Mod.-to high-int. ET
N=80

Low-int. ET
N=29

Anthracyclines, %*

 No anthracyclines 0 (0) 1 (1.3) 0 (0)

 Doxorubicin 41 (56.9) 39 (48.8) 22 (75.9)

 Epirubicin 30 (41.7) 39 (48.8) 6 (20.7)

 Unknown 2 (2.8) 0 (0) 1 (3.4)

Cumul. dox. (equi.) dose, mg/m† 240 [210-300] 237 [210-300] 293 [241-352]

Trastuzumab, % 8 (11.1) 13 (16.2) 6 (20.7)

Medication use, %

 Cardiovascular 12 (16.7) 18 (22.5) 6 (20.7)

 Anti-diabetic 3 (4.2) 1 (1.2) 1 (3.4)

 Statins 6 (8.3) 5 (6.2) 3 (10.3)

 Hormonal replacement 16 (22.2) 8 (10.0) 4 (13.8)

 Others 31 (43.1) 23 (28.7) 4 (13.8)

Any comorbidity, % 31 (43.1) 28 (35.0) 8 (27.6)

Cardiovascular risk factors, %‡

 Hypertension 17 (23.6) 25 (31.2) 7 (24.1)

 Hypercholesterolemia 19 (26.4) 34 (42.5) 8 (27.6)

 Diabetes Mellitus 8 (11.1) 2 (2.5) 2 (6.9)

 Obesity 10 (13.9) 14 (17.7) 2 (6.9)

 Smoking, current 3 (4.2) 2 (2.5) 1 (3.4)

Cardiac comorbidities, %§

 Arrhythmias 5 (6.9) 3 (3.8) 0 (0.0)

 Ischemic heart disease 2 (2.8) 2 (2.5) 3 (10.3)

 Impaired EF / heart failure 1 (1.4) 4 (5.0) 0 (0.0)

 Other 1 (1.4) 1 (1.2) 0 (0.0)

 None 63 (87.5) 70 (87.4) 26 (89.7)
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Table 2. (Continued)

Control
N=72

Mod.-to high-int. ET
N=80

Low-int. ET
N=29

Physical activity before diagnosis||

 PACT, min/week 180.0 [60-365] 180.0 [110-270] NA

 PACES, sum score 64 [41-107] 80 [54-121] 79 [46-148]

 Unknown 2 (2.8) 1 (1.2) 1 (3.4)

* Some patients have received both doxorubicin and epirubicin.
† Calculated using Doxorubicin: Epirubicin ratio = 1:0.7
‡ Cardiovascular risk factors are defined as follows:

- Hypertension = having a blood pressure higher than 140 mm Hg (systolic) and 90 mm Hg (diastolic) or 

being treated with antihypertensive medication.

- Hypercholesterolemia = having total cholesterol ≥6.5 mmol/L and LDL≥ 3.5 mmol/L or being treated 

with lipid-lowering drugs.

- Diabetes mellitus = HbA1c>42 mmol/L, or being treated with glucose-lowering medication.

- Obesity = having a BMI >30 kg/m2

- Smoking = current smoker.
§ Only those requiring treatment. Four participants (in the control arm) already had documented cardiac 

comorbidities (arrhythmias) at baseline.
|| The original PACT and PACES study used different questionnaires to assess physical activity before 

diagnosis; the SQUASH[48] and PASE[49], respectively. The SQUASH score indicates minutes per week 

of moderate-to high-intensity leisure and sports physical activity, defined as any activity corresponding 

with an equivalent metabolic task (MET) -value of 4 and higher. The PASE score combines information on 

occupation, leisure, and household activities and ranges from 0 to 793, where higher scores correspond 

with greater physical activity.

Abbreviations:

 AC = anthracyclines, cumul. = cumulative, dox = doxorubicin, EF = ejection fraction, equi = equivalent, ET 

= exercise training, int.= intensity, min. = minutes, mod. = moderate, NA = not applicable, PACES = Physical 

exercise during Adjuvant Chemotherapy Effectiveness Study, PACT = Physical Activity during Cancer 

Treatment, RT = radiotherapy.

5
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Cardiovascular outcomes

Cardiac imaging parameters and CRF are shown in Table 3.

For ECV, mean values were within normal ranges for most participants; 25.3±%2.5 

in the control group, 24.6±%2.8 in the moderate-to high-intensity exercise group, 

and 25.5±%2.7 in the low-intensity exercise group. The proportion of survivors 

with abnormal values was 14.3% (N=9/63), 11.4% (N=8/70), and 22.2% (N=6/27), 

respectively. Mean native T1 was normal in the moderate-to high-intensity 

exercise group (1007±44 ms) but elevated in the control group (1026±51 ms) and 

the low-intensity exercise group (51±1029 ms).

Abnormal native T1 values were prevalent in 37.7% (N=29/77), 50% (N=35/70), and 

53.6% (N=15/28), respectively. Late gadolinium enhancement (LGE) was present 

in approximately 25% of participants, almost all with mid-wall enhancement. 

We found borderline normal mean LVEF values in all three groups, with the 

lowest mean LVEF in the moderate-to high-intensity exercise group (53.0±7.8%). 

This group also had the highest proportion with an LVEF<50%: 27.8% (N=22/79), 

followed by 20.7% (N=6/29) in the low-intensity exercise group and 17.1% (N=12/70) 

in the control group. The prevalence of abnormal ECV and native T1 was similar 

between those with impaired and normal LVEF, although LGE was more common 

in those with impaired LVEF (Figure 3). For GLS, mean values were borderline 

normal in all groups. However, abnormal values were common. Diastolic function 

was normal in nearly half of the participants, with most diastolic dysfunction 

reported in the moderate-to high-intensity exercise group (N=15/80, 18.8%). CRF 

at FU was comparable across study arms.

Table 3. Cardiac outcomes per study group.
 Presented as mean ± SD, median [interquartile range], or number (percentages).

Imaging modality Parameter Control
N=72

Mod.-to high-int. ET
N=80

Low-int. ET
N=29

Cardiac MRI*

Extracellular volume fraction, %† 25.3 ± 2.5 24.6 ± 2.8 25.5 ± 2.7

ECV>28%‡ 9 (14.3) 8 (11.4) 6 (22.2)

Native T1, ms§ 1026± 51 1007 ± 44 1029 ± 51

Native T1>1020ms‡ 35 (50.0) 29 (37.7) 15 (53.6)

Late gadolinium enhancement, %||

Mid-wall 14 (21.5) 21 (27.3) 5 (17.9)

Sub-endocardial 0 (0.0) 1 (1.3) 0 (0.0)

Other 0 (0.0) 1 (1.3) 2 (7.2)

None 51 (78.5) 54 (70.1) 21 (75.0)
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Table 3. (Continued)

Imaging modality Parameter Control
N=72

Mod.-to high-int. ET
N=80

Low-int. ET
N=29

Left ventricular EF, % 54.6 ± 4.9 53.0 ± 7.8 54.2 ± 7.3

LV EF<50% 12 (17.1) 22 (27.8) 6 (20.7)

Left ventricular EDV, ml/m2 80.9 ± 11.6 82.7 ± 16.9 85.6 ± 15.7

Left ventricular ESV, ml/m2 37.6 ± 8.9 39.8 ± 13.9 39.6 ± 12.6

Right ventricular EF, % 57.2 ± 4.8 55.1 ± 6.6 57.4 ± 5.3

RV EF<50% 5 (7.1) 13 (16.5) 2 (6.9)

Echocardiography

Global long. strain, %# -18.7 ± 3.0 -18.3 ± 2.9 -17.6 ± 2.4

GLS>-18% 23 (36.5) 26 (41.9) 15 (60.0)

Diastolic function

Normal 34 (47.2) 38 (47.5) 13 (44.8)

Intermediate 33 (45.8) 27 (33.8) 11 (37.9)

Impaired 5 (6.9) 15 (18.8) 5 (17.2)

Cardiopulmonary 

exercise test^

VO2peak, ml/kg/min 25.5 ± 5.8 24.9 ± 6.5 24.0 ± 7.1

* All MRI information in n=3 (1.7%) for the following reasons: non-MR compatible cardiac device (n=1) and 
severe claustrophobia (n=2).
† Missing in n=21 (11.6%) for the following reasons: no cardiac MRI performed (n=3), not possible to administrate 
IV contrast (n=8), technical issue (n=6), poor quality (n=3), no ECG gating possible due to atrial fibrillation (n=1).
‡ Institutional reference values (UMCU)
§ Missing in n=6 (3.3%) for the following reasons: no cardiac MRI performed (n=3), poor quality (n=2), no ECG 
gating possible due to atrial fibrillation (n=1).
|| Missing in n=11 (6.7%) for the following reasons: no cardiac MRI performed (n=3), not possible to administrate 
IV contrast (n=8).
# Missing in n=31 (17.1%) for the following reason: imaging quality too poor for strain analysis (n=30) and atrial 
fibrillation (n=1).
^ Missing in n=30 (16.6%) for the following reasons: submaximal exercise test (n=22), logistic constraints (n=3), 
newly-diagnosed atrial fibrillation (n=1), severe hypertension (n=1), newly-diagnosed severe left-ventricular 
dysfunction on cardiac imaging (n=1), unwillingness to perform the test (n=1), hamstring injury (n=1).
Abbreviations: 
ECV = extracellular volume, EF = ejection fraction, EDV = end-diastolic, ET=exercise training, ESV = end-
systolic, GLS = global longitudinal strain, int. = intensity, LV = left ventricle/ventricular, mod. = moderate, RV 
= right ventricle/ventricular.

5
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Figure 3. Relationship between structural and functional cardiac parameters using 
cardiac MRI. In (A) and (B), the relationship between ECV and native T1 and LVEF is 
depicted, respectively. The grey lines indicate the thresholds used for cut-off. Figure 
2C describes the presence and absence of LGE in patients with normal and impaired 
LVEF. Each woman symbol represents 5 participants.

Figure 3a.
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Exercise and long-term cardiovascular toxicity

Figure 3b.

Figure 3c.

Abbreviations:

CT: chemotherapy, ECV: extracellular volume fraction, GLS: global longitudinal strain, LVEF: left ventricular 

ejection fraction, PACES: Physical exercise during Adjuvant Chemotherapy Effectiveness Study, PACT: 

Physical Activity during Cancer Treatment, SD: standard deviation.

5

24-08-Willeke.indd   14724-08-Willeke.indd   147 04-09-2023   09:0004-09-2023   09:00



148

Chapter 5

Ta
b

le
 4

. E
ffe

ct
 o

f 
p

ar
tic

ip
at

io
n

 in
 a

 m
o

d
e

ra
te

-t
o

 h
ig

h
-i

n
te

n
si

ty
 e

xe
rc

is
e

 p
ro

g
ra

m
 d

u
ri

n
g

 c
h

e
m

o
th

e
ra

p
y 

o
n

 c
ar

d
ia

c 
o

u
tc

o
m

e
s 

b
as

e
d

 
o

n
 a

n
 in

te
n

tio
n

-t
o

-t
re

at
 a

n
al

ys
is

.

Im
a

g
in

g
 m

o
d

a
li

ty
P

a
ra

m
e

te
r

R
e

g
re

ss
io

n
 m

o
d

e
l

U
n

a
d

ju
st

e
d

e
st

im
a

te
 (9

5%
C

I)
P

a
rt

ia
ll

y 
a

d
ju

st
e

d
*

e
st

im
a

te
 (9

5%
C

I)
Fu

ll
y 

a
d

ju
st

e
d

†

e
st

im
a

te
 (9

5%
C

I)

C
ar

d
ia

c 
M

R
I

E
C

V
L

in
e

ar
-0

.7
9

 (-
1.

6
9

, 0
.1

1)
-0

.8
0

 (-
1.

71
, 0

.1
1)

-0
.6

9
 (-

1.
6

2,
 0

.2
5)

E
C

V
 (>

28
%

)
lo

g
is

ti
c

0
.7

7 
(0

.2
7,

 2
.1

6
)

0
.7

1 
(0

.2
3,

 2
.1

3)
0

.7
6

 (0
.2

4
, 2

.3
4)

N
at

iv
e

 T
1

L
in

e
ar

-1
9

.8
9

 (-
3

5
.1

2
, -

4
.6

6
)

-2
0

.5
8

 (-
3

5
.4

1,
 -

5
.7

5)
-2

0
.1

6
(-

3
5

.3
5

, -
4

.9
7)

N
at

iv
e

 T
1 

(>
10

20
 m

s)
L

o
g

is
ti

c
0

.6
0

 (0
.3

1,
 1

.1
6

)
0

.5
6

 (0
.2

8
, 1

.1
0

)
0

.5
3 

(0
.2

6
, 1

.0
7)

LV
E

F
L

in
e

ar
-1

.6
7 

(-
3

.7
9

, 0
.4

5)
-1

.5
1 

(-
3

.6
1,

 0
.6

0
)

-1
.3

6
 (-

3
.4

5
, 0

.7
3)

LV
E

F
 (<

50
%

)
lo

g
is

ti
c

1.
8

7 
(0

.8
6

, 4
.2

3)
1.

8
5 

(0
.8

2,
 4

.3
4)

1.
6

7 
(0

.7
2,

 3
.9

9
)

E
ch

o
ca

rd
io

g
ra

p
h

y

G
L

S
L

in
e

ar
0

.4
0

 (-
0

.6
3,

 1
.4

2)
0

.3
7 

(-
0

.6
8

, 1
.4

2)
0

.3
1 

(-
0

.7
6

, 1
.3

7)

G
L

S
 (>

-1
8

%
)

L
o

g
is

ti
c

1.
26

 (0
.6

1,
 2

.5
9

)
1.

30
 (0

.6
1,

 2
.7

7)
 1

.3
4 

(0
.6

3,
 2

.8
8

)

C
ar

d
io

p
u

lm
o

n
ar

y 
e

xe
rc

is
e

 t
e

st
in

g

V
O

2p
e

ak
L

in
e

ar
-0

.6
8

 (-
2.

8
3,

 1
.4

7)
-0

.1
3 

(-
2.

0
8

, 1
.8

2)
0

.2
1 

(-
1.

6
9

, 2
.1

0
)

*  P
ar

ti
al

ly
 a

d
ju

st
e

d
 in

cl
u

d
e

s 
ad

ju
st

m
e

n
ts

 fo
r a

g
e

, r
ad

io
th

e
ra

p
y 

(n
o

n
e

 v
e

rs
u

s 
le

ft
-s

id
e

d
 o

r r
ig

h
t-

si
d

e
d

), 
cu

m
u

la
ti

ve
 d

o
xo

ru
b

ic
in

 e
q

u
iv

al
e

n
t d

o
sa

g
e

, t
ra

st
u

zu
m

ab
 tr

e
at

m
e

n
t,

 

an
d

 s
tu

d
y 

(P
A

C
T

 v
s.

 P
A

C
E

S
).

† 
Fu

lly
 a

d
ju

st
e

d
 is

 t
h

e
 p

ar
ti

al
ly

 a
d

ju
st

e
d

 m
o

d
e

l w
it

h
 e

xt
ra

 a
d

ju
st

m
e

n
t f

o
r 

ca
rd

io
va

sc
u

la
r 

ri
sk

 f
ac

to
rs

 (h
yp

e
rt

e
n

si
o

n
, h

yp
e

rc
h

o
le

st
e

ro
le

m
ia

, d
ia

b
e

te
s 

m
e

ll
itu

s,
 o

b
e

si
ty

, a
n

d
 

b
e

in
g

 a
 c

u
rr

e
n

t 
sm

o
ke

r; 
n

o
n

e
 v

e
rs

u
s 

o
n

e
 o

r 
>1

).

A
b

b
re

vi
at

io
n

s:

C
I =

 c
o

n
fid

e
n

ce
 in

te
rv

al
, E

C
V

 =
 e

xt
ra

ce
llu

la
r 

vo
lu

m
e

, C
V

 =
 c

ar
d

io
va

sc
u

la
r, 

G
L

S
 =

 g
lo

b
al

 lo
n

g
itu

d
in

al
 s

tr
ai

n
, L

V
E

F
 =

 le
ft

 v
e

n
tr

ic
u

la
r 

e
je

ct
io

n
 f

ra
ct

io
n

.

24-08-Willeke.indd   14824-08-Willeke.indd   148 04-09-2023   09:0004-09-2023   09:00



149

Exercise and long-term cardiovascular toxicity

Effect of exercise during chemotherapy on long-term cardio- 
vascular toxicity

We did not find a significant effect of moderate-to high-intensity exercise 

program on ECV (β=-0.69, 95%CI: -1.62;0.25) nor on abnormal ECV (OR=0.76, 

95%CI: 0.24;2.34, Table 4). Native T1 was statistically significantly lower in the 

exercise group compared to controls (β=95% ,20.16-CI: -35.35;-4.97). The odds 

of having an abnormal native T1 appeared lower in the exercise group (OR 

0.53, 95%CI: 0.26;1.07). We found no benefit of exercise for LVEF or GLS (β=-1.36, 

95%CI: -3.45;0.73 and β=0.31, 95%CI: -0.76;1.37), nor on the likelihood of having 

an abnormal LVEF or GLS (OR=1.67, 95%CI: 0.72;3.99); OR=1.34, 95%CI: 0.63;2.88), 

respectively. Also, we found no significant effect of exercise on VO2peak (β=0.21, 

95%CI: -1.69;2.10). Additional correction for the presence of CV risk factors yielded 

comparable results. We found an interaction between doxorubicin equivalent 

dosage and exercise only for ECV (p=0.05). Subsequent stratified analyses did 

not generate a clear dose-response relationship, although the largest effect 

was observed among those treated with higher dosages (first stratum: β=-0.56, 

95%CI: -2.09;0.98), second stratum: β=-0.42, 95%CI: -2.41;1.57 and third stratum: 

β=-0.76, 95%CI: -2.15;0.64). The sensitivity analyses, where data of the participants 

in the low-intensity were combined with those in the moderate-to high-intensity 

exercise group and with multiple imputation for ECV and GLS, did not change 

the overall conclusions (Supplementary Table 2 and Supplementary Table 3 

respectively). The sensitivity analysis with beta-regression models (for ECV, GLS, 

and LVEF) and those without exclusion of submaximal CPETs yielded similar 

results to those generated with the former analyses (data not shown)

Self-reported physical activity during chemotherapy and long-
term cardiovascular toxicity

The associations between the change of PA during chemotherapy (i.e., 

independent of original treatment allocation) and long-term cardiovascular 

parameters are presented in Table 5. An increase in PA was associated with better 

ECV (β=-0.48, 95%CI: -0.95;-0.01) and native T1 values (β=-8.54, 95%CI: -16.47;-0.16). 

Higher PA levels were also non-statistically significantly associated with better 

other cardiac imaging parameters and CRF.

No evidence for non-linearity was found (p>0.10) (Table 5).

5
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Exercise and long-term cardiovascular toxicity

Physical activity years after treatment and cardiovascular toxicity

Levels of moderate-to high-intensity leisure and sports PA at FU were 

comparable for the control and the moderate-to high-intensity exercise group 

(155 [60-360] min/week and 150 [60-368] min/week, respectively) and higher 

in the low-intensity exercise group (240 [30-360] min/week). The MET-hours/

week participants engaged in over the last years were comparable across the 

study arms (Supplementary Table 4). We did not observe a statistically significant 

association between PA patterns at FU and cardiac imaging parameters, but 

higher PA levels at FU were associated with higher VO2peak values (β=0.70, 95%CI: 

0.42;0.98, Supplementary Table 5).

DISCUSSION

This analysis of a large cohort of BC survivors indicates that exercise during 

chemotherapy improved native T1 values but not ECV or functional cardiac 

imaging parameters after a mean FU time of 8.5 years. Higher self-reported 

PA levels during chemotherapy, independent of the exercise program, were 

associated with better ECV and native T1 values. At FU, higher PA levels were 

associated with better CRF but not with cardiac imaging parameters. We found 

structural and functional cardiac abnormalities in a relatively high proportion of 

the BC survivors in our study.

Many rodent studies support the hypothesis that exercise during anthracycline-

based chemotherapy yields short-term cardioprotection via, among other 

pathways, reducing the intracardial accumulation of anthracyclines[9]. Exercise 

also has salutary effects on cardiac function in non-cancer populations[20]. 

However, clinical trials in cancer patients have yielded mixed results[4-8]. Our 

study provides the first-long term results on the effect of exercise on long-

term cardiovascular toxicity. We observed an effect of exercise and higher 

levels of PA on native T1 (and on ECV in the analyses with self-reported PA) 

but not on functional cardiac parameters. Native T1 and ECV are relatively new 

parameters and are proposed as non-invasive surrogate markers of cardiac 

tissue composition[17]. Native T1 is a composite signal of all cardiac T1 values, 

including intra- and extracellular components. Since the myocardial volume 

primarily consists of cardiomyocytes, these cells form the bulk of the native T1 

signal. ECV, by definition, represents the proportion of extracellular volume, and 

it is assumed that ECV changes are primarily driven by interstitial fibrosis[17]. 

These parameters have received increasing attention based on the assumption 

5
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that tissue damage precedes functional decline. Indeed, most[18-21]but not 

all[22] studies have described elevated native T1 and ECV values in the context 

of preserved LVEF in adult cancer survivors treated with anthracyclines. In our 

study, we observed that native T1 abnormalities were prevalent, while ECV 

values were within normal ranges for most participants, suggesting that other 

mechanisms than fibrosis play a role. High native T1 values are reported in the 

context of (chronic) cardiac inflammation[17], while systemic anti-inflammatory 

effects are reported following exercise[23. Whether this could explain the finding 

of lower native T1 in the exercise group is worthy of future research. Of clinical 

importance, both native T1 and ECV have been described as independent 

prognostic factors for all-cause mortality or heart failure hospitalization[24,25]. 

Native T1 was even superior to LVEF in predicting all-cause mortality and major 

adverse cardiocerebrovascular events[33]. This suggests that exercise during 

chemotherapy could be useful to offset the increased CVD risk in BC survivors. 

However, we observed a non-significant yet opposite trend on the functional 

cardiac parameters (i.e., less favorable LVEF and GLS in the exercise group). 

Although we do not believe that this indicates a harmful effect of exercise on 

cardiac functioning, more high-quality, randomized studies that are prospectively 

designed to analyze cardiac outcomes during and after chemotherapy are 

needed to investigate the cardioprotective effects of exercise more robustly. 

There is a large body of evidence supporting the positive effects of exercise on 

enhancing CRF and PA in the timeframe surrounding BC treatment[3]. A recent 

randomized study described that a 24-week exercise intervention performed 

during chemotherapy was more effective in terms of less CRF decline post-

chemotherapy compared to participants that participated in the exercise 

intervention after the completion of chemotherapy [26]. A recent study found that 

a 24-week exercise intervention, performed both during or after chemotherapy, 

was associated with less decrease in CRF compared to controls, with larger 

effects in the group that exercised during chemotherapy [27].However, less 

is known about the effectiveness of exercise interventions in promoting CRF 

and PA years after treatment. A two-year FU study found, comparable to our 

results, no (significant) effect of exercise on CRF or PA[28]. This contrasts with 

two other studies, including the former PACT FU study, which reported higher 

PA levels in BC survivors who exercised during chemotherapy after a FU of 4 

and 5 years[12,29]. Given that PA levels years after treatment were associated 

with better CRF, and considering the importance of CRF in terms of symptom 

burden and survival after cancer[30], our results provide additional evidence 
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that BC survivors could benefit from efforts to maintain their PA levels during 

(long-term) survivorship.

Strengths and limitations

Strengths of our study include the in-depth cardiac assessment, including 

a multiparametric cardiac MRI scan, in combination with CRF and PA 

measurements, in a large sample after an appropriate FU period of, on average, 

8.5 years post-treatment. The first potential study limitation is the possibility 

of selective response. Inherent to our study design, we cannot rule out that 

participation was related to (not) having CVD. Also, we observed a lower 

BMI, higher CRF before chemotherapy and a higher attendance rate among 

participants, compared to non-participants. This could have resulted in a lower 

prevalence of cardiac abnormalities among our relatively fit and healthy subset 

of participant, which could have limited our ability to study an effect of exercise 

on CVD. However, given that participation rates were similar across the trial arms 

with no cardiac deaths reported during FU and that some of our primary outcome 

parameters (i.e., ECV and GLS) are related to subclinical (asymptomatic) CVD, a 

selective response seems less likely. A second limitation is that no pre-treatment 

cardiac measurements were available. Hence, we could not establish baseline 

comparability between groups for these measures nor correct for any relevant 

baseline differences in our analyses. Third, GLS was missing for 31 participants 

(17.1%). This occurred more often in patients with left-sided than right-sided 

breast cancer (58.1.% versus 49.3%) and with higher BMI (28.2 ±4.4 versus 25.3 ±4.0 

kg/m2). This might have underestimated the prevalence of GLS abnormalities 

but is unlikely to influence the analysis of exercise effects. Multiple imputation 

analyses support the latter. Last, participants, relative to non-participants, had 

higher adherence rates, which might limit the generalizability of our results to 

the whole BC population.

Future directions

We found an LVEF<50% prevalence in almost a quarter of our study population 

after a mean FU of 8.5 years, which is higher than described in a former study 

among anthracycline-treated patients[31]. This is surprising, given our, apart 

from having BC, healthy sample at diagnosis. The clinical significance of this 

finding warrants further (longitudinal) exploration. Also, preclinical studies have 

used exercise interventions with volumes and intensities that would not be 

feasible in cancer patients undergoing treatment[9], and a recent meta-analysis 

5
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observed only a positive effect of exercise on LVEF when limiting the analyses to 

studies with ≥36 exercise sessions[46]. Thus, future studies considering different 

exercise interventions or exercise interventions combined with other approaches 

(pharmacological adjuncts, dietary restrictions [32]) may be needed to offset 

long-term cardiotoxicity.

CONCLUSION

A supervised moderate-to-high intensity aerobic and resistance exercise 

intervention during chemotherapy improved native T1, but not ECV or functional 

cardiac imaging parameters, in long-term BC survivors. Self-reported increase in 

PA during chemotherapy was associated with better T1 mapping indices. Higher 

PA levels were associated with better CRF years after treatment but not with 

cardiac imaging parameters. The high prevalence of cardiac abnormalities calls 

for more research on cardioprotective measures, including alternative exercise 

regimens or pharmacological adjuncts, to offset the increased risk of cardiac 

dysfunction in BC survivors undergoing chemotherapy.
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SUPPLEMENTAL FILE A: ADDITIONAL INFORMATION ON 
STUDY OUTCOMES.

Cardiac MRI

Scans were performed on a 1.5T clinical MRI-scanner (Ingenia, Software release 

4.1-5.3, Philips Healthcare). All exams (except two) were reviewed by the same 

cardiovascular imaging expert (TL) blinded to original treatment allocation. 

T1 maps were acquired in three short-axis views (basal, mid-ventricular, and 

apical) using a modified Look-Locker inversion (MOLLI) recovery sequence. 

Extracellular volume (ECV) fraction was calculated as (1 - hematocrit (%) * 

∆R1myocardium*∆R1blood), where ∆R1 is defined as 1/T1. T1 maps were anonymously 

analyzed using dedicated postprocessing software (Medis Suite version 3.2.48.2, 

MapMaker ECV Application version 2.2.44) by a single researcher (WN). Intra-rater 

reliability coefficient in a subset of 15 scans was 0.94 (95%CI 0.86;0.98) for ECV 

and 0.88 (95%CI 0.73;0.95) for native T1. For native T1 and ECV, the mean score of 

the three short-axis slices was used in the final analyses.

All patients underwent steady-state free precession sequences in multiple 

orientations for assessment of wall motion and measurement of functional 

parameters for both LV and right ventricle (RV). Except for ejection fraction (EF), 

all values were indexed to body surface area. All patients underwent viability and 

phase-sensitive inversion recovery enhancement imaging after administration 

of double-dose (0.2 mmol/kg) gadolinium-based contrast agent gadobutrol 

(Gadovist, Bayer Healthcare). Segmental late gadolinium enhancement patterns 

were classified as follows: subendocardial, mid-wall, transmural or epicardial.

The following imaging parameters were used:

- Field of view: 320x320 mm

- Matrix: 256x256

- Flip angle: 60°

- Parallel imaging acceleration factor: 3

- Slice thickness: 8.0mm

- Echo time: 1.7ms

- Repetition time; 4.0ms
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T1 mapping parameters:

- Field of view: 300x300mm

- Matrix: 256x256

- Flip angle: 35°

- Parallel imaging acceleration factor: 2

- Slice thickness: 8.0mm

- Echo time: 1.1ms

- Repetition time; 4.0ms

Echocardiography

Transthoracic 2D-echocardiograms were acquired using a GE Vivid E9 or 

E95 machine. In line with current guidelines for adult cancer survivors[50], 

measurements of LV function, dimensions, and diastology were performed 

using one cardiac cycle. Diastolic function was scored as normal, indeterminate, 

or diastolic dysfunction, according to the most recent guidelines[51]. Global 

longitudinal strain (GLS) was assessed via 2D-speckle tracking echocardiography 

in the apical four-, three – and two-chamber views using offline EchoPAC software 

(version 2.03, GE Vingmed, Horten, Norway). All echocardiography data were 

collected by the same researcher (WN), after receiving sufficient training in GLS 

analysis[52], and were reviewed by the same cardiologist (AT), blinded for original 

treatment allocation.

Cardiopulmonary exercise tests

Cardiorespiratory fitness was assessed with a cardiopulmonary exercise test 

with continuous breathing gas analysis. Cycling workload increased every minute 

by 10,15 or 20 W till exhaustion, on the basis of participants’ symptoms or at 

the discretion of the supervising physician. Peak oxygen uptake (VO2Peak) was 

defined as the average value for the last 30 seconds before exhaustion and 

expressed in ml/kg/min. Only maximum exercise tests, defined as those where 

the respiratory exchange rate ≥1.1, were included in the analysis.

Venous blood sample

A fasting venous blood sample was taken to determine hematocrit (for 

ECV calculation), renal function, and presence of diabetes mellitus and 

hypercholesterolemia.

5
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Physical activity

Physical activity was assessed with the Short Questionnaire to Assess Health 

enhancing physical activity (SQUASH)[48]. This questionnaire comprises questions 

on commuting activing, leisure-time and sports activities, household activities 

and work-related activities. We calculated the minutes per week of moderate-to 

high-intensity leisure and sport physical activity, which include all activities that 

correspond with a MET-value of ≥ 3.0. To obtain an estimate for physical activity 

participants engaged in over the past years (i.e. since completion of the original 

PACT and PACES studies), we used a structured, face-to-face interview[53]. All 

interviews were performed by the same researcher (WN). Total physical activity 

scores were derived in MET-hours per week[53].
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Supplementary table 1a. Characteristics at baseline of original PACT participants, 
and those of participants and non-participants of the Pact-Paces-Heart study. 
Presented as mean ± SD, median (interquartile range] or number (percentages).

Total PACT Non-participants Participants

N=204 N=116 N=88*

Age, years 49.6 ± 8.0 49.2 ± 8.8 50.1 ± 6.9

Study group, %

 Control 102 (50.0) 60 (51.7) 42 (47.7)

 Intervention 102 (50.0) 56 (48.3) 46 (52.3)

Treatment characteristics

 AC dose, mg/m2 256.5 ± 79.9 260.6 ± 87.8 251.1 ± 68.4

 Herceptin, % 30 (14.8) 16 (13.9) 14 (15.9)

Radiotherapy, % 141 (69.1) 81 (69.8) 60 (68.2)

Cardiovascular risk factors

 Hypertension, %† 25 (12.3) 15 (12.9) 10 (11.4)

 Body mass index, kg/m2 26.2 ± 4.8 26.8 ± 5.1 25.3 ± 4.4

 Obesity, %‡ 35 (17.2) 23 (20.0) 12 (13.6)

Any comorbidity, % 26 (12.7) 15 (12.9) 11 (12.5)

Physical fitness

 VO2 peakbaseline 23.8 ± 5.4 22.9 ± 5.1 25.1 ± 5.5

 VO2 peakend chemo 21.1 ± 5.3 20.7 ± 5.4 21.6 ± 5.1

Attendance rate§

 N of classes, % 83.3 (69.4-90.9] 78.8 (59.7-87.2] 86.1 (77.8-91.2]

 >80%, % 54 (52.9) 21 (37.5) 33 (71.7)

* Of whom n=2 only participated via online questionnaires.
† Hypertension is defined as systolic blood pressure >140 mm Hg and diastolic blood pressure >90 mm Hg, 

or documented hypertension.
‡ Obesity is defined as having a BMI>30 kg/m2. 
§ Only applicable for participants in the exercise arm.

5
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Supplementary Table 1b. Characteristics at baseline of original PACES participants, 
and those of participants and non-participants of the Pact-Paces-Heart study. 
Presented as mean ± SD, median (interquartile range] or number (percentages).

Total PACES Non-participants Participants*

N=230 N=133 N=97

Age, years 50.7 ± 9.1 50.6 ± 9.7 50.7 ± 8.4

Study group, %

 Control 77 (33.5) 45 (34.1) 32 (32.7)

 Onco-Move 77 (33.5) 47 (35.6) 30 (30.6)

 On-Track 76 (33.0) 40 (30.3) 36 (36.7)

Treatment characteristics

 AC dose, mg/m2 280.2 ± 65.5 283.5 ± 67.0 276.1 ± 63.61

 trastuzumab % 55 (23.9) 29 (22.0) 26 (26.5)

Radiotherapy, % 180 (79.3) 103 (79.8) 77 (78.6)

Cardiovascular risk factors

 Hypertension, %† 36 (15.7) 20 (15.2) 16 (16.3)

 Body mass index, kg/m2 26.0 ± 4.5 26.4 ±4.9 25.5 ± 3.8

 Obesity, %‡ 37 (16.2) 26 (20.0) 11 (11.2)

 Smoking (baseline), % 29 (12.6) 18 (13.6) 11 (11.2)

Any comorbidity, % 75 (32.6) 15 (12.9) 11 (12.5)

Cardiac comorbidity, % 7 (3.0) 6 (4.5) 1 (1.0)

Physical fitness

 MSECbaseline 256.1 ± 48.5 251.1 ± 50.5 262.9 ± 44.9

 MSECend chemo 218.8 ± 61.5 208.3 ± 66.0 232.4 ± 52.4

Attendance rate§

 N of classes, % 76.7 (60.7-85.2] 74.5 (56.9-83.6] 79.1 (65.2-86.3]

 >80%, % 30 (39.5) 13 (32.5) 17 (47.2)

* Of whom n=2 only participated via online questionnaires.
† Hypertension is defined as having a documented diagnosis of hypertension.
‡ Obesity is defined as having a BMI>30 kg/m2.
§ Only applicable for participants in the supervised exercise arm.
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Supplementary Table 3. Effect of participation in a moderate-to high-intensity 
exercise program during chemotherapy on cardiac outcomes based on an intention-
to-treat analysis using unimputed versus imputed dataset.

Imaging modality Parameter Regression model Unimputed 
analyses*,† 

estimate (95%CI)

Imputed analyses* 

estimate (95%CI)

Cardiac MRI

ECV Linear -0.69 (-1.62, 0.25) -0.65 (-1.58, 0.28)

ECV (>28%) logistic 0.76 (0.24, 2.34) 0.98 (0.87, 1.101)

Echocardiography

GLS Linear 0.31 (-0.76, 1.37) 0.53 (-0.49, 1.56)

GLS (>-18%) Logistic 1.34 (0.63, 2.88) 1.09 (0.92, 1.30)

* Analyses are adjusted includes adjustments for age, radiotherapy (none versus left-sided or right-sided), 

cumulative doxorubicin equivalent dosage, trastuzumab treatment, study (PACT vs PACES) and the presence 

of cardiovascular risk factors (hypertension, hypercholesterolemia, diabetes mellitus, obesity and being a 

current smoker; none versus 1 or >1).
† GLS and ECV measurements could not be completed in 17.1% (31/181) and 11.6% (21/181) of all participants, 

respectively.

Supplementary Table 4. Physical activity patterns per study group in the Pact-Paces-
Heart study. 
Presented as median [interquartile range].

Control
N=72

Mod.-to high-int. EX
N=80

low-int. EX
N=29

Current physical activity (self-reported) a

Moderate-to high-

intensity leisure 

and sport

155 [60-360] 150 [60-368] 240 [30-360]

physical activity, 

min/weekb

Physical activity in the distant past (face-to-face interview)c

Total MET-hours/

week

259 [227-295] 266 [236-298] 246 [227-282]

Moderate-to high-

intensity MET-

hours/week

86 [56 -126]  94 [63-131]  72 [44-120]

a Data on leisure and sport physical activity data were missing in 7/181 (3.9%) participants.
b Moderate-to high-intensity activities were defined as activities that corresponded with a metabolic 

equivalent task (MET) -value of 3 and higher.

c Interviews were not conducted in 4/181 (2.2%) due to logistic constraints.
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Supplementary table 5. Association between self-reported moderate-to high-
intensity leisure and sport physical activity at follow-up and cardiovascular outcomes.

Imaging modality Parameter Regression 
modela

Unadjusted
estimate (95%CI)

Fully adjustedb

estimate (95%CI)

Cardiac MRI

ECV Linear 0.11 (-0.04, 0.25) 0.12 (-0.03, 0.27)

ECV (>28%) logistic 1.06 (0.91, 1.23) 1.08 (0.92, 1.25)

Native T1 Linear -0.20 (-2.66, 2.26) -0.14 (-2.61, 2.34)

Native T1 (>1020 ms) logistic 0.97 (0.87, 1.08) 0.96 (0.86, 1.06)

LVEF Linear -0.15 (-0.48, 0.18) -0.11 (-0.45, 0.23)

LVEF (<50%) logistic 1.06 (0.94, 1.19) 1.06 (0.93, 1.20)

Echocardiography

GLS Linear 0.14 (-0.01, 0.30) 0.15 (-0.02, 0.31)

GLS (>-18%) Logistic 1.08 (0.97, 1.23) 1.08 (0.97, 1.22)

Cardiopulmonary exercise testing

VO2peak Linear 0.53 (0.21, 0.85) 0.70 (0.42, 0.98)

a All estimates are presented per 100 min/week of reported activity.
b Adjusted for age, radiotherapy (none versus left-sided or right-sided), cumulative doxorubicin equivalent 

dosage, trastuzumab treatment, study (PACT vs PACES) and the presence of cardiovascular risk factors 

(hypertension, hypercholesterolemia, diabetes mellitus, obesity and being a current smoker; none versus 

1 or >1).

5
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ABSTRACT

Introduction

An optimal relative dose intensity (RDI) of adjuvant chemotherapy is associated 

with better survival in patients with breast cancer. Little is known about the role 

of physical fitness in attaining an adequate RDI in patients with early-stage breast 

cancer. We investigated the association between pre-treatment physical fitness 

and RDI in this population.

Methods

We pooled individual patient data from two randomized exercise trials that 

studied exercise programs in early breast cancer: the PACES (n=230) and the PACT 

(N=204) study. Logistic regression models were used to evaluate the association 

between pre-treatment fitness and achieving an optimal RDI (≥85%). In addition, 

we added an interaction term to the model to explore the potential moderating 

effect of participating in an exercise program.

Results

Data were available for 419 patients (mean age at diagnosis 50.0±8.6 years). 

In the total sample, lower pre-treatment physical fitness was associated with 

significantly lower odds of achieving ≥85% RDI: age-adjusted OR 0.66 [95%CI 

0.46-0.94]. In patients allocated to the supervised exercise intervention during 

chemotherapy (n=173), the association between pretreatment physical fitness and 

RDI was almost completely mitigated, while it was more pronounced in patients 

who received care as usual (n=172, pinteraction: 0.022).

Conclusion

Early-stage breast cancer patients with relatively lower levels of pretreatment 

physical fitness have lower odds of achieving an optimal dose of chemotherapy. 

Given that physical fitness is modifiable, and our results suggest that following a 

moderate-to-high intensity exercise training during chemotherapy could improve 

treatment completion, clinicians should not refrain from referring patients to 

supportive exercise programs because of low fitness.
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INTRODUCTION

Over the past decades, 5-year breast cancer survival rates have continued to 

improve and are currently higher than 90% in the Netherlands for early-stage 

breast cancer[1]. Improvement in chemotherapy is considered as one of the key 

elements that have contributed to this increased survival rate[2]. The amount 

of chemotherapy received is often expressed as relative dose intensity (RDI), 

which is the ratio of the actual versus the planned dose intensity. In the adjuvant 

setting, a RDI of 85% is a widely accepted threshold, as patients who achieve this 

threshold have a greater likelihood of improved outcomes, including recurrence-

free and overall survival[3]. Failure to achieve the 85% RDI is reported in over 

a quarter of breast patients, mostly due to toxicity, even in the current era of 

adequate supportive care (e.g. effective antiemetics) and tailored treatment 

regimens[3], [4]. In a study of more than 10,000 breast cancer patients treated with 

contemporary chemotherapy regimens, dose delay ≥7 days or dose reduction of 

≥15% was observed in 37% and 35% of the cases, respectively[3] Hence, strategies 

to increase the likelihood of achieving 85% RDI in this patient population are 

warranted.

Currently, breast cancer patients at risk of not completing their planned 

chemotherapy treatment are the elderly and those with poor performance 

status[3]. There is also some evidence that pretreatment low lean body 

mass[5], [6] and low self-reported exercise levels are related to decreased 

chemotherapy completion rates[7], whereas exercise during chemotherapy might 

have a beneficial effect on treatment tolerance. The latter was observed in the 

randomized Physical Exercise During Adjuvant Chemotherapy Effectiveness Study 

(PACES), in which doses adjustments occurred less frequently in the exercise 

groups compared to the controls[8]. Recently, first evidence was provided that 

pretreatment physical fitness was associated with better chemotherapy tolerance 

[9]. Whether subsequent participation in an exercise program modifies this 

association has not been investigated.

Therefore, we conducted a secondary analysis of data from two randomized 

controlled trials (RCTs), including PACES, that evaluated the effects of a supervised 

exercise program during adjuvant chemotherapy for early-stage breast cancer. 

We assessed the association between pre-treatment physical fitness and 

completing chemotherapy treatment (attaining >85% RDI). Additionally, we 

explored whether participating in an exercise program modifies this association.

6
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METHODS

Setting and participants

Data from the Physical Activity during Chemotherapy Treatment (PACT) study and 

Physical Exercise During Adjuvant Chemotherapy Effectiveness Study (PACES) 

were used for the current analysis. The study design and results of the PACT 

study[10]–[12] and PACES[8], [13] have been published elsewhere. In brief, the 

original multicenter studies were both conducted in the Netherlands between 

2009 and 2013 and investigated the effect of an exercise program during adjuvant 

chemotherapy on fatigue, cardiorespiratory fitness, quality of life, and further 

secondary outcomes. In the PACT study, breast cancer patients were randomly 

allocated to either an 18-week moderate-to-high-intensity, supervised exercise 

program (n=102) or a usual care (UC) control group (n=102). PACES had two 

intervention groups and a UC control group (n=77). The interventions in PACES 

were a low-intensity, home-based exercise program (n=77) and a moderate-to-

high intensity supervised exercise program (n=76). The latter was rather similar 

to PACT’s intervention, both comprising two combined aerobic and resistance 

exercise sessions per week. In addition, participants allocated to these study arms 

were asked to be physically active for at least 30 minutes per day for 5 days per 

week. In both studies, adherence to the exercise program was recorded by case 

report files. The attendance rate for the supervised exercise sessions was 83% 

and 71% in PACT and PACES, respectively [8], [11]In PACT, the intervention started 

within 6 weeks after diagnosis with a fixed duration of 18 weeks. The PACES 

interventions started before chemotherapy and continued until three weeks 

post-chemotherapy. Inclusion criteria for PACT and PACES were comparable and 

comprised a histological diagnosis of early breast cancer, being scheduled for 

adjuvant chemotherapy, having no contra-indications for physical activity in terms 

of malnutrition, serious orthopedic, cardiovascular or pulmonary diseases and 

having basic fluency in the Dutch language. For PACT, patients had to be aged 

between 25-75 years, whereas PACES did not have any age restrictions. Patients 

were excluded from PACT if they had a Karnofsky performance status score <60. 

All subjects provided written informed consent and the PACT and PACES studies 

were approved by the institutional review boards of the University Medical Center 

Utrecht and The Netherlands Cancer Institute respectively.
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Study measures

Treatment data were extracted from the medical records. This included 

planned and actually administered chemotherapy (type, dose and duration). 

For each agent, both the planned and actual dose intensity (DI) were calculated 

by dividing the total cumulative dose, expressed in mg per m2 body surface 

area (BSA), by treatment duration in weeks[14]. These analyses were limited to 

chemotherapeutic agents and thus not incorporate the usage of monoclonal 

antibodies (i.e. trastuzumab). Treatment duration was calculated as the duration 

between the first day of chemotherapy administration and the day of completion 

of the last cycle. RDI was calculated by dividing actual DI by planned DI and 

was expressed as a percentage. An overall RDI per regimen was calculated 

by averaging the RDI of all agents included in that regime, regardless whether 

agents were given simultaneously or as a sequential drug combination[14]. In 

case a switch from one type of chemotherapy to another occurred, RDI for the 

first and remaining part of the new regimen were calculated separately and 

averaged to obtain one RDI per patient.

Physical fitness was assessed in PACT and PACES before randomization and 

after the exercise intervention had been completed. In the PACT study, a 

cardiopulmonary exercise test (CPET) with continuous breathing gas analysis 

was used, where cycling workload was increased every minute by 10, 15 or 20 

W till exhaustion, symptom limitation or at the discretion of the supervising 

physician. Peak oxygen uptake (VO2Peak) was defined as the average value 

for the last 30 seconds before exhaustion and was expressed in ml/kg/min. 

In PACES, physical fitness was assessed with a Steep Ramp Test (SRT). After a 

3-minute warm-up at 10 W, resistance increased by 25 W per 10 seconds until 

exhaustion and until the revolutions per minute dropped below 60 despite strong 

verbal encouragement. The outcome of this test, the maximum short exercise 

capacity (MSEC), is defined as the highest workload achieved before patients can 

no longer maintain a cadence >60 RPM. A more detailed description of both tests 

is provided in the protocol papers of the original studies[8], [11]. The outcomes of 

the CPET (VO2Peak) and SRT (MSEC) have been shown to be strongly correlated 

(ranging from 0.73 to 0.86) in healthy and diseased populations including cancer 

survivors[15]–[20].

6
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Statistical analyses

A binary threshold of 85% RDI per chemotherapy regimen was used as the 

outcome variable. This was chosen on the basis of the predictive value of 

this threshold in terms of overall survival in the adjuvant treatment setting[21]. 

Baseline characteristics were computed for the overall cohort and expressed as 

means (SD) or frequencies (percentages).

Measurements for fitness, expressed either as VO2peak (PACT) or MSEC (PACES), 

were converted into Z-scores by subtracting the mean   and then dividing by the 

standard deviation. Binary logistic regression models were used with Z-scores 

for fitness as explanatory variable and RDI (<85%/≥85%) as dependent variable. 

Potential confounders for these analyses were defined a priori using directed 

acyclic graphs[22] and included age, BMI, presence or absence of comorbidities, 

breast cancer subtype (triple negative; HR+/Her2Neu-; HR-/Her2Neu+, HR+/

Her2Neu+). Potential confounders were only included as covariates in the analyses 

if they were associated with both the explanatory and the outcome variables in 

the data, as based on the point-estimates of association regardless of statistical 

significance, and changed the estimate of the odds ratio (OR) for the central 

determinant by >10% when added to the model[23]. All models were adjusted 

for study (PACT or PACES). A non-linear term (restricted cubic spline) was used 

to investigate a possible threshold effect of physical fitness on 85% RDI%.

To explore whether participation in a moderate-to-high intensity exercise 

program modifies the association between pretreatment fitness and 85% RDI we 

added an interaction term to the adjusted model. All exercise analyses were on an 

intention-to-treat basis and limited to the moderate-to-high-intensity supervised 

exercise and UC groups only, because the home-based exercise group of PACES 

was too small. ORs and their 95% confidence intervals (95% CI) were calculated for 

each group, including the low-intensity, home-based group of PACES, separately 

(the latter only for exploratory purpose).

All data were analyzed with R (version 3.4.3) and Rstudio software (Version 

1.2.5001, Rstudio Inc., Boston, USA). A two-sided p-value of 0.05 was considered 

statistically significant.
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RESULTS

Participants

A total of 434 breast cancer patients participated in PACT or PACES, of whom 

22 were excluded from the current analysis due to the absence of sufficient 

information on chemotherapy regimen (n=10) or because no baseline fitness 

test had been performed (n=5). Characteristics of the total sample (n=419) are 

presented in Table 1.

Table 1. Baseline characteristics of the combined study of the PACT and PACES 
studies of patients with breast cancer receiving adjuvant chemotherapy.

All patients
(n=419)

Mean SD

Age (y) 50.0 8.6

Height (m) 168.4 6.5

Weight (kg) 73.8 13.7

BMI (kg/m2) 26.0 4.6

MSEC (W) (n=222)* 255.4 48.9

VO2Peak (mL/min/kg) (n=197)** 23.8 5.25

% N=

Original study

- PACT

- PACES

47.0

53.0

197

222

Study arm

- PACT: intervention

- PACT: control

- PACES: supervised, high-intensity

- PACES: home-based, low-intensity

- PACES: care as usual

23.9

23.2

17.4

17.6

17.9

100

97

73

74

75

Presence of comorbidities (%) 22.0 92

T stage

- 1 55.4 232

- 2 38.9 163

- 3 4.1 17

- 4 1.0 4

- missing 0.7 3

N class

- 0 43.9 184

6
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Table 1. (Continued)

All patients
(n=419)

Mean SD

- 1 46.8 196

- 2  6.7 28

- 3  2.6 11

Receptor status

 - Triple negative 17.4 73

 - HER+, ER or PR+ 17.2 72

 - HER+, ER or PR-  5.5 23

 - HER-, ER or PR+ 60.0 250

Type of chemotherapy

 - TAC 32.9 13

 - FEC or AC 14.3 60

 - AC/EC, followed by taxanes 26.3 110

 - 3 FEC + docetaxel 23.4 98

 - Other 3.1 11

* only for PACT participants. ** only for PACES participants. MSEC: maximum short exercise capacity. TAC: 

docetaxel, doxorubicin, cyclophosphamide. FEC: 5-FU, epirubicin, cyclophosphamide. AC: doxorubicin, 

cyclophosphamide.

The most frequently administrated chemotherapy regimen was the combination 

of docetaxel, doxorubicin and cyclophosphamide (TAC), followed by a sequential 

treatment regimen that comprises an anthracycline (doxorubicin or epirubicin) 

and cyclophosphamide, followed by either docetaxel or paclitaxel. More detailed 

information on chemotherapy regimens is provided in the Table in Supplemental 

Digital Content 1.

In total, 43 patients (10.3%) did not achieve ≥85% RDI (Table 2). Most common 

reasons for poor chemotherapy tolerance were neuropathy (N=11, 26.8%), nausea 

and/or vomiting (N=5, 12.2%), myelosuppression (N=4, 9.8%), cardiac signs and/or 

symptoms (N=4, 9.8%) and malaise (N=4, 9.8%). For N=8 (19.5%), the specific reason 

for dose modification was not reported.
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Table 2. Reasons for not achieving ≥85% relative dose intensity of the chemotherapy 
regime as planned.

N= %

Neuropathy 11 26,8

Nausea and/or vomiting 5 12,2

Myelosupression 4 9,8

Cardiac signs and/or symptoms 4 9,8

Malaise 4 9,8

Own initiative 3 7,3

Febrile neutropenia 3 7,3

Gastro-intestinal symptoms 1 2,4

Unknown 8 19,5

Total 43 100,0

Association between fitness and RDI

When adjusted for study, lower pre-treatment physical fitness was associated 

with lower odds of achieving ≥85% RDI: OR 0.60 (95% CI 0.42-0.84). There was no 

indication of non-linearity (p=0.80), suggesting no threshold effect. Of the possible 

confounders assumed within the causal model, only age was associated with 

both determinant and outcome. When correcting for age and study, low pre-

treatment physical fitness remained associated with not achieving RDI ≥85%; OR 

0.66 (95%CI 0.46-0.94).

Participation in an exercise program significantly modified the association 

between baseline fitness and RDI ≥85% (pinteraction=0.022). In subsequent stratified 

analyses, for participants of the moderate-to-high intensity supervised exercise 

program (n=173) and the low-intensity home-based exercise program of PACES 

(n=74), pre-treatment physical fitness was not associated with an RDI ≥85%: OR 

0.95 (95%CI 0.54-1.56) and OR 0.88 (95%CI 0.38-2.09), respectively. In contrast, in 

patients allocated to the UC groups (n=172), the association between lower pre-

treatment physical fitness and not reaching RDI ≥85% was more pronounced; OR 

0.31 (95%CI 0.13-0.63).

6
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Table 3. The association between baseline physical fitness and not achieving ≥85% 
relative dose intensity of the chemotherapy regime as planned.

Overall analysis

N included in analysis Odds ratio 95% confidence interval

Baseline physical fitness 419 0.66 0.46 – 0.94

Stratified analyses per randomization*

Supervised, moderate-to-high 

intensity exercise program

173 0.95 0.54 – 1.56

Homebased, low-intensity 

exercise program**

77 0.88 0.38 – 2.09

Care as usual 169 0.31 0.13 – 0.63

All presented results are adjusted for age and study (PACT vs PACES).

* Participation in a supervised, moderate-to-high exercise program moderates the association between 

baseline physical fitness and RDI ≥85% (pinteraction=0.022).

** this group consists of PACES participants only.

DISCUSSION

In the present study, we found that breast cancer patients with lower pre-

treatment physical fitness had a lower likelihood of completing chemotherapy 

as planned. Accordingly, assessing pretreatment physical fitness could aid in 

identifying those at risk for not completing chemotherapy. This subgroup of 

patients is in need of supportive care and might benefit from an exercise program. 

Our explorative analysis supports the idea that a moderate-to-high intensity 

exercise program might mitigate the association between low pretreatment 

physical fitness and not achieving sufficient RDI. Although the current evidence 

for the effectiveness of exercise programs to improve treatment completion is 

inconclusive, with few other options available to improve physical fitness, and 

considering that exercise is safe for cancer patients[24]and has many positive 

effects on chemotherapy-related symptoms (e.g. fatigue)[24], referral to an 

exercise program could be considered, even, or maybe especially, for patients 

with lower pretreatment fitness.

When considering the known association between attaining at least 85% RDI 

and efficacy of chemotherapy in terms of survival and disease progression, the 

findings of this study point out the importance of pretreatment fitness. Recently, 

it was shown that patients with RDI <85% have a 38% increased risk of dying 

from breast cancer compared to those with RDI ≥85%[25]. Accordingly, sufficient 

baseline fitness, or following an exercise program during chemotherapy to 
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mitigate the risk of not achieving 85% RDI due to compromised baseline fitness, 

can be related to improved survival for early-stage breast cancer patients. Indeed, 

Courneya et al.[26] found, in an exploratory follow-up analysis (median of 7.5 

years) of their randomized exercise trial during chemotherapy, that disease-free 

survival tended to be higher in patients who had been allocated to an exercise 

group during treatment, as compared to those who were allocated to the control 

group (disease-free survival (DFS) 82.7% vs. 75.6%, respectively; hazard ratio (HR), 

0.68; 95%CI, 0.37–1.24). Hayes et al. found similar hazard ratios for DFS in their 

follow up of two exercise trials (HR: 0.66, 95% CI 0.38–1.17; p = 0.16)[27]. Although 

these studies are clearly underpowered for such analyses, they show consistent 

results.

Our findings that higher pre-treatment physical fitness is associated with a 

lower risk of dose modifications is in line with a recently published study[9]. This 

secondary analysis of the previously conducted START and CARE study showed 

that breast cancer patients in the highest 20% vs lowest 80% of absolute VO2Peak 

were approximately two times more likely to achieve 85% RDI[9]. Given that this 

analysis included breast cancer patients recruited between 2002-2005 (START) 

and 2008-2011 (CARE), our results complement this study by demonstrating 

that, in women treated with contemporary chemotherapy regimens where 

chemotherapy tolerance is higher (~80% versus ~90% achieved RDI ≥85% 

respectively), pretreatment physical fitness remains a significant factor associated 

with chemotherapy completion. Moreover, we found that physical exercise, and 

specifically exercise with a moderate-to-high intensity, modified the association 

between pretreatment physical fitness and chemotherapy tolerance, suggesting 

that the subgroup of patients with lower pretreatment physical fitness might 

benefit from referral to an exercise program.

Our finding that patients with relatively low physical fitness have lower odds 

of completing chemotherapy may be, at least to some extent, related to the 

amount and quality of skeletal muscle mass. In patients with breast cancer it has 

been shown that a higher relative lean mass is associated with a lower risk of 

chemotherapy modifications[5] and that skeletal muscle gauge (product of muscle 

quantity and quality) is associated with severe toxicities and hospitalization[6]. 

Similar results have also been reported for colorectal cancer patients[28], [29]. 

Nevertheless, in a recent pooled analysis of two exercise trials (n=543 breast 

cancer patients), body composition, including lean body mass, was not found to 

be associated with chemotherapy tolerance[9]. The authors speculate that their 

relative fit and healthy study sample could explain this discrepancy in results. 

Further studies are warranted to document whether standard chemotherapy 
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dosing to body surface area, compared to lean mass, is more likely to result in 

toxicities in patients with relatively low lean body mass. It has been proposed 

that standard chemotherapy dosing in relation to body surface area, compared 

to lean mass, may more easily lead to toxicities in patients with relatively low 

lean body mass. In addition, endurance exercise may protect the muscle from 

anthracycline-induced atrophy[30]–[32], but it is currently unknown if this relates 

to better chemotherapy completion rates.

In the explorative analysis, we found that exercise might counteract the increased 

risk of compromised pretreatment physical fitness. To date, few exercise trials 

have analyzed chemotherapy completion, and these show mixed results. A 

systematic review concluded that evidence is not sufficient to affirm that exercise 

has an effect on chemotherapy completion rate[33]. This was corroborated 

by a more recent analysis by Mijwel et al. of the OptiTrain study, in which no 

beneficial effect of aerobic nor resistance training on chemotherapy completion 

was found[30]. Also, Kirkham et al. found no difference in frequency of dose 

adjustments for the total sample of breast cancer patients in their nonrandomized 

study comparing combined strength and endurance exercise with historical 

controls who received care as usual[34]. They did, however, find significantly less 

dose adjustments for regimens containing doxorubicin in the exercise group[34]. 

Nonetheless, in the reported studies chemotherapy completion was a secondary 

outcome. In addition, pretreatment physical fitness was not incorporated in any of 

these analyses and it is conceivable that participants of these trials were relatively 

healthy[35]. Therefore, in light of our results indicating that those with lower 

pretreatment physical fitness levels are more likely to benefit from an exercise 

program, future studies with chemotherapy completion as a primary outcome 

and a representative study population for the breast cancer population as whole, 

are required to pertain an effect of exercise on chemotherapy completion.

The major strength of our study lies in the availability of a large patient sample, 

derived from RCTs, thereby providing detailed information on physical fitness 

as well as chemotherapy data. Although our results are based on secondary 

analyses of two different studies, we adjusted for study in our analyses and we 

used z-scores for the outcomes of interest.

As limitations we would note that home-based exercise group of the PACES 

trial was relatively small prohibiting a proper dose-response analysis for that 

subgroup. Also, the two different yet highly correlated measures were used to 

assess physical fitness in the two studies: VO2Peak (PACT) or MSEC (PACES). The 

impact on our analyses was, however, limited by using a Z-score for physical 

fitness measurements and adjusting our analyses for original study participation 
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(PACT vs PACES). Furthermore, our data need to be interpreted with some caution, 

given the fact that the confidence intervals around the ORs for both the high- 

and low intensity exercise groups overlap slightly with those of the UC groups. 

Last, we cannot rule out the possibility that clinicians selected chemotherapy 

regimens according to pretreatment physical fitness (i.e. those with lower fitness 

receive less intense regimens), which could have diluted our results.

Despite these cautionary remarks, the results of our study clearly suggest that 

in patients with early-stage breast cancer, a lower level of physical fitness at the 

start of adjuvant chemotherapy is associated with a higher risk of not attaining 

85% RDI thereby compromising long-term patient outcome. Physical exercise 

while receiving chemotherapy, and specifically exercise with moderate-to-high 

intensity, might mitigate this association. Hence, assessing pretreatment physical 

fitness is of importance to identify those patients at risk for not completing 

chemotherapy, and who might therefore gain additional benefit from an exercise 

program as supportive care.

6
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APPENDIX 1: CHEMOTHERAPY REGIMENS

Abbrevation Agents included Total
N= 419

%

TAC Docetaxel, doxorubin, cyclophoshamide 139 32.9

FEC or AC 5-fluorocacil, epirubicin, cyclophosphamide 

(FEC), doxorubicin and cyclophosphamide (AC)

60 14.3

FEC + doce. 5-fluorocacil, epirubicin, cyclophosphamide, 

docetaxel

98 23.3

AC/EC followed by taxanes 

(sequential regime)

Doxorubicin, cyclophosphamide, paclitaxel 110 26.3

Miscellaneous Docetaxel, capecitabine, paclitaxel, epirubicin, 

cyclophosphamide

12 2.9

Description of regimens classified as ‘miscellaneous’:

- Combination therapy docetaxel and capecitabine (n=5)

- Combination therapy of capecitabine and paclitaxel (n=3)

- Monotherapy paclitaxel (n=3)

- Epirubicin, cyclophosphamide and docetaxel, all given sequential (n=1)
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ABSTRACT

Purpose

Cancer-related cognitive impairment (CRCI) following chemotherapy is 

commonly reported in breast cancer survivors, even years after treatment. Data 

from preclinical studies suggest that exercise during chemotherapy may prevent 

or diminish cognitive problems; however, clinical data are scarce.

Methods

This is a pragmatic follow-up study of two original randomized trials, which 

compares breast cancer patients randomized to exercise during chemotherapy 

to non-exercise controls 8.5 years post-treatment. Cognitive outcomes include an 

online neuropsychological test battery and self-reported cognitive complaints. 

Cognitive performance was compared to normative data and expressed as age-

adjusted z-scores.

Results

A total of 143 patients participated in the online cognitive testing. Overall, 

cognitive performance was mildly impaired on some, but not all, cognitive 

domains, with no significant differences between groups. Clinically relevant 

cognitive impairment was present in 25% to 40% of all participants, regardless of 

study group. We observed no statistically significant effect of exercise, or being 

physically active during chemotherapy, on long-term cognitive performance 

or self-reported cognition, except for the task reaction time, which favored the 

control group (β=-2.04, 95% confidence interval: -38.48; -2.38). We observed no 

significant association between self-reported higher physical activity levels 

during chemotherapy or at follow-up and better cognitive outcomes.

Conclusion

In this pragmatic follow-up study, exercising and being overall more physically 

active during or after adjuvant chemotherapy for breast cancer did not yield 

better tested or self-reported cognitive functioning, on average, 8.5 years after 

treatment. Future prospective studies are needed to document the complex 

relationship between exercise and CRCI in cancer survivors.
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INTRODUCTION

Over the last decades, the number of individuals living with and beyond a breast 

cancer diagnosis has increased[1]–[3]. Projections forecast that the population of 

cancer survivors will continue to grow in future years[4]. In this context, adequate 

care of cancer (therapy)-related side effects is increasingly important.

Cancer-related cognitive impairment (CRCI) is among the most common and 

burdensome side-effects in both breast cancer patients and survivors. The 

prevalence of CRCI varies widely across studies, with a mean prevalence 

of 44% for self-reported CRCI [5]. Prior research has reported that effects on 

cognitive performance can be detected even 20 years after treatment[6]. The 

pathophysiology of CRCI is multifactorial, with key roles for (anthracycline-based) 

chemotherapy, having cancer itself, and co-existing fatigue[5]. In most patients, 

complaints of CRCI are mild to moderate[7], yet they can profoundly impact 

the quality of life[8]. Although some interventions are promising, no strategy 

is currently widely implemented or accepted to prevent CRCI in breast cancer 

patients[9]

Physical exercise during chemotherapy has been proposed as a strategy to 

prevent CRCI. Rodent studies describe various pathways via which exercise 

can benefit cognition, such as stimulating hippocampal neurogenesis[10], [11]. 

In non-cancer populations, most studies, but not all[12] report an association 

between higher levels of physical activity[13], [14] or exercise interventions[15], 

[16] and better cognitive outcomes. In cancer patients, most trials studied the 

effect of an exercise intervention after treatment (i.e., in survivors), with most 

of them reporting positive effects on perceived cognition and not on tested 

cognition[17]–[20]. One small, randomized study (N=25 per study arm) suggests 

that an unsupervised, home-based walking intervention during chemotherapy 

might mitigate self-reported CRCI directly after treatment[21]. Evidence from 

larger, well-conducted trials with longer follow-up times is lacking.

In this study, we evaluated the effect of an aerobic and resistance exercise 

intervention during adjuvant chemotherapy for breast cancer on cognitive testing 

and self-reported cognitive complaints measured, on average, 8.5 years after 

treatment. We hypothesized that exercise during chemotherapy, relative to usual 

care control, results in less CRCI years after treatment.

7
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METHODS

Setting and participants

The current analysis is part of the Pact-Paces-Heart study, a follow-up 

investigation of two previously performed randomized controlled trials (RCTs): the 

Physical Activity during Cancer Treatment (PACT) study and the Physical exercise 

during Adjuvant Chemotherapy Effectiveness Study (PACES). The design and 

results of the Pact-Paces-Heart study on cardiovascular outcomes (submitted), 

as well as results of the original studies, have been published elsewhere[22]–[24]. 

In brief, the PACT and PACT studies were conducted between 2009-2013 and 

included 204 and 230 non-metastasized breast cancer patients, respectively. In 

the PACT study, participants were randomized to either a supervised, moderate-

to high-intensity exercise intervention or a control group. The intervention started 

six weeks after diagnosis with a fixed duration of 18 weeks. PACES’ design was 

comparable, except that there was a second intervention arm (a home-based, 

low-intensity exercise program), and both interventions of PACES started with the 

first cycle of chemotherapy and continued until three weeks post-treatment. Both 

studies collected data (e.g., physical fitness, muscle strength, and patient-related 

outcomes, including quality of life) at baseline, at the end of chemotherapy, and 

approximately six months after baseline. In PACT, physical activity levels were 

recorded by the Short Questionnaire to assess Health-enhancing physical activity 

(SQUASH)[25]. PACES used the Physical Activity Scale for Elderly[26]. In the follow-

up study, physical activity was assessed via the SQUASH. Information on the 

exercise intervention is provided in Appendix A.

The parent study included 185 breast cancer survivors free of recurrent or 

metastasized cancer. Participants underwent physical measurements (i.e., 

cardiac MRI, cardiopulmonary exercise test) and completed questionnaires. 

Participation in additional cognitive testing was optional. A detailed description of 

the flow of participants through the studies is provided in Figure 1. The study was 

approved by the UMC Utrecht institutional review board and was registered with 

the International Clinical Trial Registry Platform (identifier NTR7247). All patients 

provided written informed consent.
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Figure 1. Flowchart of participants in the original PACT and PACES studies, and in 
the Pact-Paces-Heart study with cognitive testing.
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Cognitive outcomes

Objective cognitive testing was performed using the online Amsterdam 

Cognition Scan (ACS). The ACS is a recently developed, self-administrated 

neuropsychological test battery that includes 11 computerized tests, based on 

traditional neuropsychological tests, in the following five cognitive domains: 

(1) learning and memory; (2) attention and working memory; (3) processing 

speed; (4) executive functioning; and (5) motor functioning[27]. Reliability and 

validity to traditional neuropsychological tests of the ACS have been previously 

described[27], and other oncology studies have used this tool to assess cognitive 

performance[28], [29].

Subjective cognitive complaints were assessed with the M.D. Anderson Symptom 

Inventory (MDASI) questionnaire[30], with additional questions from the MDASI 

multiple myeloma module [27]. The cognitive questions of this module are not 

specific to multiple myeloma patients and have been previously related to 

tested cognition[31]. We included two questions on the severity of memory and 

attention problems and four questions on interference with daily life. Response 

options were on a 0-10 numeric scale, ranging from “not present” to “as bad 

as you can imagine” and “did not interfere” to “interfered completely” for the 

questions on severity and interference, respectively. From these raw scores, a 

mean subscale score for severity and interference was derived [27]. A previous 

study reported good-to-excellent reliability, with Cronbach α coefficient values 

of 0.88 for the severity subscale and 0.91 for the interference subscale[32]. Also, 

in both the original studies and the follow-up study, all participants of the Pact-

Paces-Heart study completed questionnaires on patient-reported outcomes, 

including the European Organisation for Research and Treatment of Cancer 

Quality of Life Questionnaire Core 30 (EORTC QLQ-C30)[33]. We calculated the 

cognitive functioning scale score from this questionnaire, where higher scores 

(range 0-100) corresponded with better functioning.

Statistical analysis

Numerical data are presented as mean ± standard deviation, and ordinal data 

or numerical data violating normality assumptions as median [min-max]. Using 

pre-defined criteria, all ACS entries indicative of poor test understanding, periods 

of participant distraction, or computer/network problems were identified and 

excluded. For those tests where higher scores corresponded with worse cognitive 

performance, we calculated the absolute median deviation per age category (≤40, 

41-59, ≥59 years), and all entries >3.5 units were considered outliers and removed 

24-08-Willeke.indd   19224-08-Willeke.indd   192 04-09-2023   09:0004-09-2023   09:00



193

Effect of exercise on long-term cognitive functioning

from the database[34]. ACS scores in our sample were compared to normative 

data (based on 248 healthy adult controls)[35], and expressed as age-adjusted 

Z-scores. For the cognitive functioning scale of EORTC QLQ-C30, we interpreted 

our results compared to previously described normative data[36] and used a 

score of <75 as the threshold for clinically relevant cognitive impairment[37].

We used intention-to-treat regression models with treatment allocation 

(moderate-to high-intensity exercise versus control) and cognitive outcomes as 

independent and dependent variables, respectively. All outcomes were modeled 

linearly, except for those expressed on an ordinal scale (i.e., the correct number 

of words or sequences), which were modeled via a modified Poisson regression 

(with a log-link) and expressed as relative differences with robust standard errors 

(sandwich estimates)[38]For the linear models with non-normally distributed 

residuals (e.g., the MDASI questionnaire data where most participants reported 

near-zero scores), estimates and bias-corrected confidence intervals (CIs) were 

calculated using a bootstrapped distribution based on 10,000 replications[39], [40]

All models were adjusted for age, education (low versus middle or high), study 

(PACT versus PACES), currently receiving endocrine treatment, and cumulative 

doxorubicin equivalent dosage (with ratio doxorubicin: epirubicin = 1: 0.7[41]). 

We additionally adjusted these models for baseline EORTC QLQ C30 scores. 

Analyses were repeated with changes in self-reported physical activity during 

chemotherapy, independent of treatment allocation, as the main independent 

variable. Change in physical activity was defined as the level of physical activity 

after the intervention (T1) minus the level of physical activity at baseline (T0) 

and expressed as a z-score, given that the two original studies used different 

physical activity questionnaires. Restricted cubic splines were used to evaluate 

the potential nonlinearity of the latter models. We considered a p-value >0.05 as 

no indication of nonlinearity. Last, we repeated the analyses with physical activity 

levels at follow-up, expressed as minutes/week as the primary independent 

variable. As a sensitivity analysis, we added data from participants of the low-

intensity exercise program from the PACES trial (N=20) to the exercise group.

All analyses were performed with R studio software (version 4.3.0, Rstudio Inc., 

Boston, MA).

7
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RESULTS

Of the 185 Pact-Paces-Heart study participants, 143 (N=143/185; 77.3%) participated 

in the optional cognitive testing. The demographic characteristics of those 

who completed the cognitive testing were comparable to those who did not 

participate in the cognitive testing and the original study sample (Supplementary 

Table 1).

Descriptive results

Of the 143 participants, 66 had been allocated to the moderate-to high-intensity 

exercise program, 20 to the low-intensity program, and 57 to the control arm. 

These groups were comparable in most characteristics (Table 1). The average 

age at the time of cognitive testing was 58.8 ±7.3 years, and the vast majority 

(>90%) of the participants were post-menopausal. Half of the participants in the 

control and low-intensity exercise arm and 56% of the women in the moderate-to 

high-intensity exercise group were highly educated. All participants, except one, 

received treatment with anthracyclines, with median doxorubicin (equivalent) 

dosages of 241 [91-420] mg/m2, 235 [0-420] mg/m2, and 292 [196-431] mg/m2 

in the control, moderate-to high-intensity exercise, and low-intensity exercise 

group, respectively. At the time of cognitive testing, 11 (N=11/57; 19.6%) control 

participants, 7 participants of the moderate-to high-intensity exercise program 

(N=7/66; 10.8%), and 1 participant of the low-intensity exercise program (N=1/20; 

5.0%) received endocrine therapy. Comorbidities were reported in 21 (N=21/57; 

37.5%), 22 (N=22/77; 33.8%), and 5 participants (N=5/20; 25.0%), respectively.

Self-reported QLQ-C30 cognitive functioning scores are presented in Table 2. 

The median score before treatment was 83.3 [0-100.0] in the control and 83.3 

[16.7-100.0] in the moderate-to high-intensity group, with self-reported impaired 

cognitive functioning in 24.6% (N=14/57) and 39.4% (N=26/66), respectively. After 

chemotherapy treatment, these percentages increased to 50.0%(N=24/48) in the 

control arm and 53.0% (N=35/66) in the moderate-to high-intensity exercise arm 

directly after the intervention. At the six-month follow-up, 40.4% (N=21/52) of 

the control participants and 41.3% (N=26/62) of the moderate-to high-intensity 

exercise group participants reported impaired cognitive function. At 8.5 years 

post-treatment, median scores were comparable between study arms; 83.3 [0-

100.0] and 83.3 [16.7-100.0], respectively. However, at follow-up, more patients 

in the exercise group reached the threshold for cognitive impairment (N=31/66; 

47.0%) compared to control participants (N=20/56; 35.7%).
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Table 1. Characteristics of Pact-Paces-Heart participants who completed the 
cognitive testing (N=143). 
Presented as mean ± SD, median [min-max] or number (percentages)

Control  
N=57

Exercise  
N=66

Low-int. exercise 
N=20

Age, years 58.3 ± 7.6 58.9 ± 6.4 59.8 ± 9.3

Original study

 PACT, % 31 (54.3) 39 (59.0) 0 (0.0)

 PACES, % 26 (45.6) 27 (40.9) 20 (100.0)

Follow-up time, years 8.6 ±1.2 8.4 ± 1.2 9.2 ± 0.8

Education, %

 Low 6 (10.7) 2 (3.0) 1 (5.0)

 Middle 22 (39.3) 27 (40.9) 9 (45.0)

 High 28 (50.0) 37 (56.1) 10 (50.0)

Menopausal status, %

 Premenopausal 4 (7.0) 5 (7.6) 2 (10.0)

 Postmenopausal 52 (91.2) 61 (92.4) 18 (90.0)

 Unknown 1 (1.8) 0 (0.0) 0 (0.0)

Receptor status

Triple negative 8 (14.0) 12 (18.2) 3 (15.0)

ER/PR+, HER2+ 8 (14.0) 11 (16.7) 4 (20.0)

ER/PR-, HER+ 2 (3.5) 5 (7.6) 1 (5.0)

ER/PR+, HER- 39 (68.4) 38 (57.6) 12 (60.0)

Radiotherapy, %

 No RT 13 (22.8) 17 (26.2) 8 (40.0)

 Left-sided 21 (36.8) 26 (40.0) 5 (25.0)

 Right-sided 21 (36.8) 22 (33.8) 5 (25.0)

 Unknown 2 (3.5) 0 (0.0) 2 (10.0)

Anthracyclines, %

 No anthracyclines 0 (0.0) 1 (1.5) 0 (0.0)

 Doxorubicin 34 (60.7) 30 (46.2) 15 (78.9)

 Epirubicin 22 (39.3) 34 (52.3) 4 (21.1)

 Unknown 1 (1.8) 1 (1.5) 1 (5.0)

Cumulative dose AC, mg/m2* 241 (91-420) 235 (0-420) 292 (196-431)

Medication use, %

 Cardiovascular 9 (16.1) 15 (23.1) 4 (20.0)

 Anti-diabetic 0 (0.0) 1 (1.5) 1 (5.0)

 Statins 3 (5.4) 3 (4.6) 2 (10.0)

7
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Table 1. (Continued)

Control  
N=57

Exercise  
N=66

Low-int. exercise 
N=20

 Endocrine treatment 11 (19.6) 7 (10.8) 1 (5.0)

 Other 22 (39.3) 17 (26.2) 1 (5.0)

Any comorbidity, % 21 (37.5) 22 (33.8) 5 (25.0)

* Calculated using Doxorubicin : Epirubicin ratio = 1 : 0.

Abbreviations:

AC = anthracycline (equivalent0, ER = estrogen, HER = human epidermal growth factor receptor, int. = intensity, 

PR = progesterone, RT = radiotherapy.

Scores on the ACS and the MDASI 8.5 years post-treatment are presented in 

Table 3. Based on the age-adjusted z-scores, participants in our study tended to 

score lower than healthy controls on the tests assessing learning and memory, 

attention and working memory, and motor functioning. Above average, although 

with wide/ non-significant confidence intervals, z-scores were observed for tests 

of the domain’s processing speed and executive functioning.

Table 2. Cognitive functioning based on the EORTC QLQ C-30 in the original studies, 
and at follow-up.
Presented as median [min-max] or number (percentages)

Control (N=57) Exercise (N=66)

Data missing 
(N, %)

Cognitive 
functioning

Data missing 
(N, %)

Cognitive 
functioning

Cognitive functioning

 Before treatment 0 (0) 83.3 [0-100.0] 0 (0) 83.3 [16.7-100.0]

 End of chemotherapy 9 (15.8) 75.0 [16.7-100.0] 0 (0) 66.7 [16.7-100.0]

 6-months after baseline 5 (8.8) 83.3 [16.7-100.0] 4 (4.5) 83.3 [0-100.0]

 8.5-years after baseline 1 (1.8) 83.3 [0-100.0] 0 (0) 83.3 [16.7-100.0]

Cognitive functioning <75, (%)

 Before treatment 0 (0) 14 (24.6) 0 (0) 26 (39.4)

 End of chemotherapy 9 (15.8) 24 (50.0) 0 (0) 35 (53.0)

 6-months after baseline 5 (8.8) 21 (40.4) 4 (4.5) 26 (41.3)

 8.5-years after baseline 1 (1.8) 20 (35.7) 0 (0) 31 (47.0)
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For self-reported cognitive functioning (MDASI) 8.5 years after treatment, most 

patients reported none or mild symptoms with median scores of 1.50 [0-10] in 

control participants and 2.0 [0-9] in participants of the moderate-to high-intensity 

exercise program. Moderate or severe symptoms were reported by 6 (10.7%) 

and 5 (8.9%), 9 (13.6%), and 7 (10.6%) participants, respectively. Scores on the 

interference subscale were 0.33 [0-7] in the control group and 0.92 [0-7.3] in the 

moderate-to high-intensity exercise group.

Effect of moderate-to high-intensity exercise on long-term 
tested and perceived cognition

We did not find any significant effect of moderate-to high-intensity exercise during 

chemotherapy on objective cognitive testing 8.5 years after treatment (Table 4). 

The result for the test Reaction Time significantly favored the control group (β per 

10-ms=1.87, 95%CI: 0.06; 3.69). Estimates for self-reported cognitive functioning 

(MDASI) tended to favor control participants, although the results were not 

statistically significant. The models with additional correction for baseline EORTC 

QLQ-C30 cognitive functioning scores yielded comparable results, except for 

the results for the Reaction Time test (β per 10-ms=1.83, 95%CI: -0.01; 3.67). In 

the sensitivity analysis, where data of participants of the low-intensity exercise 

program were added to the intervention group, the result on the test Reaction 

was not significant anymore; β per 10-ms=1.70, 95%CI: -0.03; 3.43, while the test on 

Digit Sequence II now significantly favored the exercise arm (relative difference 

per number of sequences of 1.14, 95%CI: 1.02, 1.26). The other models generated 

similar conclusions to those presented in Table 4 (data not shown).

Association between physical activity levels and long-term 
cognition

An increase in physical activity level during chemotherapy was not associated 

significantly with objectively assessed or self-reported cognitive functioning 

years after treatment (Table 5). Similarly, physical activity levels at follow-up were 

not associated significantly with cognitive outcomes (relative differences range 

from 0.99 to 1.01, and beta coefficients per 0 to 0.07 per 10-minute difference in 

reported physical activity, data not shown).
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DISCUSSION

In this follow-up study, we investigated the effect of exercise and physical 

activity on tested cognitive functioning and self-reported cognitive complaints 

in patients with breast cancer who had participated in one of two randomized 

clinical trials of exercise programs during their primary chemotherapy treatment 

approximately 8.5 years earlier. Overall, cognitive performance in some domains 

(particularly learning and memory) was mildly impaired compared to normative 

data. Most, but not all, participants reported low levels of perceived cognitive 

symptoms, with less interference in daily life. We observed no significant effects 

of moderate-to high-intensity exercise or being more physically active during 

chemotherapy on tested or perceived cognitive functioning years later, compared 

to non-exercise controls. Moreover, regardless of randomization, we found no 

significant association between those who reported higher physical activity levels 

at follow-up and (better) cognitive outcomes.

Most previous studies that have investigated the effects of exercise performed 

after the treatment of breast cancer on CRCI reported positive effects on (self-

reported) cognitive outcomes[17]–[19] However, minimal evidence is available 

on the efficacy of exercise during chemotherapy on CRCI. From a mechanistic 

point of view, multiple pathways support the hypothesis of exercise-mediated 

neuroprotection, including increased resting brain-derived neurotrophic factor 

(important for various cellular processes such as neurogenesis), local changes in 

vascularization, and less neuroinflammation[42]–[44]. This biological rationale is 

supported by the results of a recent, large observational study of breast cancer 

patients undergoing adjuvant chemotherapy (N=580), that found that higher 

self-reported physical activity levels before and during chemotherapy were 

associated with better perceived and objectively measured cognitive function 

after chemotherapy completion[45]. The two currently available trials that report 

on the efficacy of exercise during chemotherapy generated inconclusive results. 

The first study randomized breast cancer patients to either an unsupervised, 

home-based walking intervention during chemotherapy (N=25) or usual care 

(N=25) and found significantly higher levels of perceived cognitive complaints in 

the latter group but not in the exercise group[21]. There was evidence for between-

group differences (p interaction for study group x time: 0.05). Nevertheless, given 

the limited sample size and that objective cognitive functioning appeared to be 

unaffected, limited conclusions for clinical practice can be made from these 

results, and thus more robust evidence is needed.
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Our results indicate that exercise during chemotherapy did not have (positive) 

effects on tested CRCI years after treatment. This finding does not necessarily 

mean that there were no exercise effects directly after treatment, given that 

cognitive performance may change over time. The original PACES study reported 

an effect of exercise on self-reported cognitive complaints, based on the EORTC 

QLQ C-30, with an effect size of 0.33 [23]. In a longitudinal, randomized study 

among breast cancer patients that studied the effects of self-affirmation(N=160), 

perceived cognitive symptoms also varied over time. While the MDASI scores 

initially increased from baseline to the end of chemotherapy, at six months after 

chemotherapy, scores on the symptom subscale gradually decreased to an 

average of 2.10±2.01 for patients in the control arm[46]. These findings have been 

corroborated by longitudinal neuroimaging studies documenting decreased 

cognitive performance during chemotherapy, with partial recovery[47] or even 

increased performance years after treatment in some patients[48]. Our study 

also observed above-average test scores in the domains of Processing Speed 

and Executive Functioning, but confidence intervals were wide. The current 

prevailing hypothesis is that the adult brain, although to a lesser extent than 

during childhood/adolescence, has the capacity to adapt to environmental 

changes and recover after disease by, for example, recruiting alternative neuronal 

circuits[49]–[51]. These neural plasticity processes are likely susceptible to 

cognitive training, such as memory training or speed tasks [52], [53]. If and to 

what extent participants compensated for cognitive impairments over time (with 

or without exercise) is an interesting topic for future research.

Based on the MDASI questionnaire, more than three-quarters of our study 

participants reported no or mild cognitive symptoms. Scores on the interference 

subscale were also low. Nevertheless, these results also indicate that a 

substantial proportion has moderate, or even severe, cognitive complaints 

years after treatment. The latter aligns with the findings on the EORTC QLQ-C30 

questionnaire, in which 40% of the participants reached the threshold for clinically 

relevant cognitive impairment. The MDASI questionnaire assesses cognitive 

symptoms and their interference in the past 24 hours, while the EORTC QLQ-

C30 cognitive functioning is based on the past week. Subscales on the former 

instrument are also based on more questions with more extensive scoring ranges, 

which might have allowed for reporting more details on cognitive complaints. 

Prior research has reported a good (ρ=0.69) and a moderate correlation (ρ=0.49) 

between the MDASI symptom and interference subscale and the EORTC QLQ-

C30 cognitive functioning scale, respectively[32].

7
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Our current study was designed as a post-hoc, post-trial follow-up (FU) 

investigation of two original randomized trials (i.e., the PACT and PACES study). 

This post-trial FU design allowed for pragmatically investigating the effect of 

exercise and physical activity on long-term CRCI in a relatively large sample of 

breast cancer survivors. Post-trial FU studies can effectively detect persistent 

or even enhanced treatment effects years after completion of the original trials, 

sometimes referred to as the ‘legacy effect’ [54], [55]. Also, delayed adverse 

effects, which take years or even decades to become clinically apparent, can 

be detected by PTFU[56], as exemplified by former studies documenting the 

cardiotoxic properties of high-dose thoracic radiotherapy[57]–[59]. However, by 

design, post-trial FU studies may be susceptible to selective response/drop-out, 

especially with more extended periods of FU. In the context of our research, 

it is conceivable that breast cancer survivors who were originally randomized 

to the intervention program, or controls which are currently relatively fit and 

free of symptoms, were more willing to participate in our follow-up trial (and 

especially in additional, optional cognitive tests). Indeed, we included slightly 

more participants who were originally randomized to the exercise arm than to the 

control arm; 46% (n=66/143) versus 40% (n=57/143), respectively. The proportion 

of control participants in this follow-up study with cognitive impairment before 

treatment was lower (n=14/57; 24.6%) than the proportion in the exercise group 

(n=26/66; 39.4%). Thus, a selective response may have dilated our results to a 

certain extent, although we observed no significant difference in demographic 

characteristics between those who participated in our FU study and those who 

did not. A recently published systematic review recommended using registries 

and data linkage as the most effective approach for post-trial FU studies[56]. Given 

that such an approach is not possible for endpoints such as patient-reported 

outcome measures, we suggest, as we did in the first follow-up of PACT[24], that 

future randomized studies embed a question in the informed consent that allows 

for potential future data linkage and study invitation to facilitate future post-trial 

FU investigations.

Our study has several strengths and limitations in addition to those related to 

the post-trial FU design. A strength is the combination of objectively tested and 

self-reported cognitive outcomes in our study, given that these outcomes often 

are not highly correlated and might measure different constructs of CRCI[60], [61]. 

An additional limitation is that, apart from the EORTC QLQ-C30 questionnaire, 

cognitive outcomes were not included in the original trials, and thus we cannot 
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correct for baseline values of the outcome. Also, not all participants experienced 

cognitive impairment prior to the intervention, with half of them reaching the 

threshold for clinically impaired cognitive functioning (Table 2). This means that 

the other half was unlikely to benefit from the intervention, which presumably 

limited our ability to study the effectiveness of the exercise program on cognitive 

functioning. Last, our exercise program was not tailored specifically to address 

cognitive complaints and was perhaps not the most optimal program for that 

purpose. A previous meta-analysis indicated that, in addition to aerobic and 

resistance exercise, non-western traditional modes of exercise, such as Tai Chi 

or yoga, are at least equally effective in improving cognitive functioning[62]. Thus, 

a multicomponent exercise program incorporating more holistic exercises might 

confer greater improvement in cognition functioning.

In conclusion, in this pragmatic follow-up study, we observed no significant effect 

of exercising or being more physically active during chemotherapy on tested and 

perceived cognitive functioning years after treatment for breast cancer. Similarly, 

higher levels of reported physical activity at follow-up were not associated 

with better cognitive outcomes. Future prospective studies are warranted to 

investigate the complex relationship between exercise and enhanced physical 

activity among breast cancer patients who have experienced treatment-related 

impairment in their cognitive functioning.
7
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Supplementary table 1. Demographic characteristics of the original PACT (N=204) 
and PACES (N=230) participants, and participants in the follow-up study.
Presented as mean ± SD, median [min-max] or number (percentages)

Original PACT and 
PACES

Pact-Paces-Heart 
study (N=185)

N=434 cognitive testing 
N=143

no cognitive 
testing 
N=42

Age, years 50.1 ± 8.6 50.3 ± 7.2 50.8 ± 9.3

Original study, %

 PACT 204 (47.0) 70 (49.0) 18 (42.9)

 PACES 230 (53.0) 73 (51.0) 24 (57.1)

Randomization, %

 Exercise: high-int 178 (41.0) 66 (46.2) 16 (48.5)

 Exercise: low-int  77 (17.7) 20 (14.0) 9 (21.4)

 Control 179 (41.2) 57 (40.0) 17 (40.4)

Education, %

 Low 40 (9.4) 9 (6.3) 0 (0.0)

 Middle 176 (41.4) 58 (40.8) 12 (28.6)

 High 209 (49.2) 75 (52.8) 30 (71.4)

Receptor status, %

Triple negative 78 (18.0) 23 (16.1) 6 (14.3)

ER/PR+, HER2+ 73 (16.8) 23 (16.1) 8 (19.0)

ER/PR-, HER+ 23 (5.3) 8 (5.6) 4 (9.5)

ER/PR+, HER- 260 (59.9) 89 (62.7) 24 (57.1)

Cumulative dose AC, mg/m2* 240 [0-431] 240 [0-431] 240 [176-420]

Pre-treatment cognitive functioning

 EORTC QLQ-C30 83 [0-100] 83 [0-100] 83 [0-100]

 EORTC QLQ-C30<75, % 142 (32.8) 50 (35.0) 13 (31.0)

Abbreviations:

AC = anthracycline (equivalent0, ER = estrogen, EORTC QLQ C-30: European Organization of Research and 

Treatment of Cancer Quality of Life, HER = human epidermal growth factor receptor, PR = progesterone, 

RT = radiotherapy.

7

24-08-Willeke.indd   21324-08-Willeke.indd   213 04-09-2023   09:0004-09-2023   09:00



214

Chapter 7

APPENDIX A: EXERCISE INTERVENTION OF PACT AND 
PACES

The moderate-to high-intensity exercise programs of the PACT and PACES 

studies comprised two sessions of aerobic and resistance exercise per week 

under the supervision of a trained physical therapist. The programs were tailored 

to the participants’ exercise capacity. The attendance rate was 81% and 73% for 

PACT and PACES, respectively[22], [23]. In addition, participants were encouraged 

to be physically active for at least 30 minutes per day on the remaining days 

of the week. Participants allocated to the low-intensity, home-based exercise 

program of PACES were coached by a trained oncology nurse and received 

written information on physical activity. PACT and PACES control participants 

were asked to maintain their pre-treatment physical activity levels.
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The short-term effects of exercise during adjuvant chemotherapy on various 

important health outcomes, including cancer-related fatigue, physical fitness, 

and quality of life, have been documented over the last year by multiple studies 

and meta-analyses[1]–[4]. However, less evidence is available on whether exercise 

during chemotherapy has long-lasting effects and thus translates to fewer or less 

severe cancer-related sequelae years after treatment. This question is essential 

for cardiovascular disease (CVD), one of the most common yet burdensome 

adverse effects of cancer and its treatment. CVD may manifest during cancer 

treatment or years after that, as a result of both direct and indirect cardiotoxicity[5] 

and competes with cancer (or, in some patient categories, even surpasses it) 

as the leading cause of death[6]–[8]. With no other effective pharmacological 

preventive strategy available, gaining insight into the potential of exercise during 

chemotherapy to protect against long-term cardiotoxicity is of high clinical 

importance. To this end, the first aim of this thesis was to expand our knowledge 

of the role of exercise and physical activity in preventing CVD in long-term cancer 

survivors. In the second part of this thesis, we evaluated the effects of exercise on 

two other understudied clinical outcomes; cognitive function and chemotherapy 

treatment tolerance.

In this chapter, we will first discuss the main findings of this thesis. Then, we will 

discuss the clinical and methodological considerations, especially the direction 

for future exercise-cardio-oncology studies.

1. MAIN FINDINGS

1.1 Physical activity and exercise in cardio-oncology

Cancer patients and survivors are at increased risk of CVD as a result of both 

increased baseline CVD risk and anticancer treatment. Although subclinical 

cardiac abnormalities are likely detectable within the first year after treatment 

by active surveillance, first manifestations may take years or even decades after 

treatment to become clinically apparent. In Chapter 2, we aimed to provide an 

overview of these long-term complications of cancer therapy (radiotherapy and 

systemic treatment) for adult cancer survivors. The spectrum of CVD in cancer 

patients, often referred to as cancer therapy-related cardiovascular toxicity 

(CTR-CVT)[5], is wide and varies from subclinical valvular disease to overt heart 

failure. Virtually all components of the CV system can be affected by cancer 

treatment, although some are more prone than others. Thoracic radiotherapy 

is mainly associated with accelerated coronary artery disease and valvular 

heart disease and, to a lesser extent, with pericardial disease, conduction 
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abnormalities, and arrhythmias. The most notorious complication of systemic 

therapy is left ventricular dysfunction, primarily documented after treatment with 

anthracyclines or anti-HER2 agents (i.e., trastuzumab). Other CV complications 

of systemic therapy include myocardial ischemia, peripheral artery disease, and 

metabolic disorders, including arterial hypertension, dyslipidemia, and insulin 

resistance.

In Chapter 3, we summarized the available evidence on the effect of exercise 

on doxorubicin-cardiotoxicity in a systematic review and meta-analysis. We 

found that, in rodent studies, our pooled analyses indicated that both forced 

and voluntary exercise interventions significantly mitigated in- and ex-vivo 

doxorubicin-induced cardiotoxicity compared to non-exercise controls. In 

contrast, in clinical studies, results were indicative of exercise-mediated 

cardioprotection, but given the small number of studies with limited sample sizes 

and follow-up, not sufficient to ascertain a protective effect of exercise. As for 

the underlying mechanisms, we identified oxidative stress and related pathways 

and less doxorubicin accumulation as mechanisms underlying exercise-induced 

cardioprotection. We hypothesized that the latter could act as an overarching 

mechanism, effectively tackling other downstream doxorubicin-induced effects, 

including oxidative stress.

Up to now, research has been primarily focused on the effects of exercise on 

cardiotoxicity in cancer patients during or shortly after primary treatment. Exercise 

is any planned, structured, or repetitive physical activity to improve or maintain 

physical fitness [9]. Whether physical activity in daily life, including recreational 

and household activities, is associated with cardiac function in breast cancer 

survivors years after treatment is unknown. Therefore, in Chapter 4, we evaluated 

the association between physical activity and global longitudinal strain (GLS), an 

early marker of cardiotoxicity, and LVEF. Compared to being inactive, we observed 

that a modest increase in leisure-time physical activity was associated with a 

relatively large risk reduction, independent of cardiovascular and treatment-

related risk factors. This finding indicates that efforts to increase physical activity, 

by, for example, physical activity programs, may confer a reduction of CVD risk 

in breast cancer survivors, particularly among those that are inactive. Last, in 

Chapter 5, we evaluated the effect of exercise and physical activity during 

chemotherapy for breast cancer on long-term CTR-CVT in the Pact-Paces-

Heart study. We found that an exercise program during chemotherapy improved 

structural, but not functional, cardiac imaging parameters after a mean follow-
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up of 8.5 years. Self-reported increase in physical activity during treatment was 

also associated with better structural cardiac imaging parameters, i.e., indicative 

of less myocardial fibrosis. Also, we observed a high prevalence of cardiac 

abnormalities, with more than a quarter of the prior relatively fit and healthy 

participants having an LVEF below 50% 8.5 years after treatment. This underlines 

the need to routinely incorporate cardiac screening in the follow-up programs 

for breast cancer survivors and calls for more research to offset the increased 

CVD risk in breast cancer survivors.

1.2 Physical exercise and its effect on other cancer-related  
outcomes

In the second part of this thesis, we gained insight into the role of physical exercise 

in improving two other clinical outcomes; poor treatment tolerance and cognitive 

complaints in breast cancer. In Chapter 6, we aimed to study the association 

between pretreatment physical fitness and chemotherapy completion and 

whether participation in an exercise program modified this association. We used 

data from the original PACT and PACES studies for these analyses, complemented 

with medical data on chemotherapy tolerance. We observed that those with lower 

levels of pretreatment physical fitness are less likely to complete chemotherapy 

as planned. This association was almost completely mitigated in patients that 

exercised during chemotherapy, while it was more pronounced in non-exercise 

controls. These findings indicate that assessing pretreatment physical fitness 

is important to identify those at risk for not completing chemotherapy and that 

those patients could potentially benefit from referral to an exercise program as 

additional care. Last, in Chapter 7, we studied the effect of exercise and physical 

activity during chemotherapy on cognitive function years after treatment. We 

observed no effect of exercise or physical activity during chemotherapy on both 

tested and perceived cognition. Also, current levels of physical activity were 

not associated with cognitive function. Based on these results, we concluded 

that in our sample of breast cancer survivors, exercise and physical activity 

during chemotherapy had no beneficial effects on cognitive function years after 

treatment. The results of the exercise-related studies are summarized in figure 1.
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Figure 1: visual summary of the findings of the exercise-related studies in this 
thesis. Each panel represents a chapter. Note that Chapter 1 (general introduction) 
and Chapter 2 (overview of long-term cardiovascular disease in adult cancer survi-
vors) are not included, since these chapters generated no new findings related to 
exercise-cardio-oncology.
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2. CLINICAL CONSIDERATIONS ON THE FINDINGS IN 
THIS THESIS

This thesis aimed to investigate the long-term effects of exercise and physical 

activity on (cardiovascular) side effects in breast cancer survivors. Here, clinical 

considerations on the main findings are discussed.

First, our results provide, in general, additional support for the role of exercise 

as supportive care during cancer therapy. A large body of scientific evidence 

already supports the proposition that exercise should be an integral part of 

cancer care. Clinical data demonstrate that higher physical activity levels are 

associated with better survival outcomes for at least the most prevalent cancer 

subtypes [1]. Also, exercise can mitigate many cancer-related adverse effects, 

including fatigue, reduced physical fitness, mood disorders, and impaired health-

related quality of life [3]. It may also improve bone health and sleep quality[3]. 

Preclinical evidence indicates that exercise may also directly affect tumor 

progression (i.e., growth, latency, and metastasis)[10] as well as enhance the 

effect of an existing anticancer treatment[2]. However, despite all this, exercise 

is currently not routinely incorporated in all clinical care pathways, and most 

cancer patients and survivors still fail to meet the physical activity guidelines[11], 

[12]. For oncologists and other healthcare providers, limited knowledge of the 

beneficial effects of exercise for cancer patients is considered as one of the 

barriers that hinders them from exercise prescription[13]. Increasing efforts to 

create awareness of these effects might help to overcome this barrier. More 

research, especially on health outcomes that previously received little attention 

(including CTR-CVT, cognition, and treatment tolerance), on the role of exercise 

and how this translates to clinical practice for cancer patients could aid in creating 

additional support and awareness.

In the studies in this thesis, we observed no direct long-term beneficial clinical 

effect of exercise in terms of, for example, lower symptom burden. This contrasts 

with the short-term effects of the PACT and PACES studies, which both report 

positive effects of exercise on cancer-related symptoms[14], [15]. As for the 

studies in the first (cardio-oncology) part of the thesis, we did, however, observe 

that exercise and higher levels of physical activity correspond with better markers 

of subclinical cardiotoxicity, i.e., lower ECV and Native T1 and more negative GLS. 

Also, survivors with higher self-reported physical activity levels had fewer CVD 

risk factors, such as hypertension or diabetes.
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The clinical significance of subclinical cardiac parameters, as well as 

improvements in the CVD risk profile, lies in the ability of these parameters to 

predict future CVD events. Native T1, ECV, and GLS are independent prognostic 

factors for all-cause mortality and heart failure hospitalization[16]–[20]. A healthier 

CVD risk profile is associated with lower all-cause and CVD mortality [21], [22]. In a 

cardio-oncology context, it is assumed that CTR-CVT is a gradual phenomenon 

where subclinical disease precedes symptomatic disease[23]. The latter occurs 

when cardiac compensatory mechanisms fail, indicating the progression of the 

disease to the next phase, which corresponds with an increased risk of adverse 

clinical events (Figure 2). In this regard, our results could indicate that exercise 

during chemotherapy prevents early cardiac remodeling, which might translate 

to better long-term clinical outcomes. Such findings would be consistent with 

other cardiac populations in which exercise programs have been demonstrated 

to improve short-term cardiac function and morphology[24] and, in the long term, 

reduce the risk of myocardial infarction and, eventually, cardiac mortality [25]. 

Whether less subclinical cardiotoxicity translates to better long-term clinical 

outcomes must be confirmed by longitudinal follow-up of the Pact-Paces-Heart 

and HARBOR cohort. However, while awaiting this confirmatory data, with no 

other effective strategy available, exercise during cancer could be considered a 

strategy to mitigate CTR-CVT.

In the second part of this thesis, in Chapter 6, we found that breast cancer 

patients with lower pretreatment physical fitness were less likely to complete 

chemotherapy as planned. In an explorative analysis, participation in an exercise 

program almost entirely mitigated this association. Poor chemotherapy tolerance 

is associated with less optimal disease-free survival[31]. Physical fitness is, in 

brief, the capacity of the heart, lungs, vascular system, and skeletal muscles 

to generate energy for physical activity[9]. It is the net result of a combination 

of non-modifiable factors, such as age and genetics, and modifiable factors, of 

which physical activity, sedentary time, and a nutritious diet are among the most 

important[32]. To this end, it can be theorized that sufficient pretreatment physical 

fitness, or following an exercise program to improve physical fitness, increases the 

likelihood of chemotherapy tolerance and thus can be related to better survival 

outcomes. This aligns with former studies[33], [34]. Here, a paradox could occur. 

If indeed better (maintained) physical fitness translates into lower levels of acute 

toxicity, and thereby to increased achieved chemotherapy tolerance, the long-

term toxicity related to higher doses of received chemotherapy might also be 

increased. Our results as reported in part one of the thesis show mixed results in 
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this regard. On the one hand, although not statistically significant and with wide 

95%CIs low LVEF was more common in the exercise groups. On the other hand, 

subclinical parameters of cardiotoxicity significantly favored the exercise group. 

Clearly, whether the cardioprotective effect of exercise offsets the increased 

chemotherapy burden resulting from higher chemotherapy tolerance requires 

more research. However, given the lack of other options to improve pretreatment 

physical fitness and considering that exercise is associated with less symptom 

burden in cancer patients, we believe that overall, our results do support for the 

role of exercise as supportive care for oncology outcomes, especially for those 

with low pretreatment physical fitness.

Figure 2. Timeframe of detection of cancer-therapy related cardiac dysfunction in 
most patients. Troponins can be useful to detect future CTRCD but require re-
peated sampling to detect a clinically significant rise and the optimal timing with 
respect to chemotherapy must be established[26]. Increase in T1 mapping indices 
(i.e., T1 relaxation time and ECV) are reported within weeks following chemother-
apy by some, but not all, studies[27]–[29]. A (relative) decline in GLS is considered 
a strong predictor for subsequent CTRCD[20]. A decline in LVEF is considered a 
rather late sign of CTRCD and treatment response, if any at that stage, is highly 
dependent on prompt initiation of heart failure treatment[30].

As a second clinical consideration, we observed a high prevalence of CV 

abnormalities in two clinical cohorts of breast cancer survivors described in 

this thesis, especially in the Pact-Paces-Heart study (Chapter 5), regardless of 

allocation to exercise of control conditions during chemotherapy. In a previously 

described meta-analysis of nearly 50,000 cancer survivors (of whom half 

were treated with anthracyclines), cumulative incidence for clinically overt 

and subclinical cardiotoxicity after a median follow-up of nine years was 6% 
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(95%CI: 3%-9%) and 18% (95%CI: 12%-24%), respectively[35]. In a more recent, 

prospective cohort study of 2635 patients with various malignancies scheduled 

for anthracycline-based chemotherapy, 266 (~9%) survivors developed 

cardiotoxicity (defined as a reduction in LVEF > 10 percentage points to <50%) 

after a mean follow-up of 5.2 In years [36]. In the HARBOR cohort, abnormal LVEF 

prevalence was 11% in breast cancer survivors nine years post-treatment[37]. 

However, subclinical cardiotoxicity, defined as having a GLS>-17%, was prevalent 

in more than 40% of all study participants[38]. In the Pact-Paces-Heart study, 

we observed an LVEF<50% prevalence as high as 24% (n=43/179) 8 years post-

treatment. Compared to other studies, our study population was relatively old at 

the time of cardiac imaging and received, especially for a cohort of breast cancer 

survivors, a high cumulative dose of anthracyclines. Given that these variables 

are considered among the most important risk factors for CTR-CVT[39], this 

might account, at least in part, for the discrepancy in proportions. Also, in Pact-

Paces-Heart, participants were included before treatment and followed till years 

after treatment. This contrasts with the HARBOR study, in which survivors were 

included years after treatment. Thus, those who developed or died of CVD before 

inclusion might have been underrepresented. Nevertheless, the HARBOR cohort 

was embedded in a larger cohort of breast cancer survivors with comparable 

CVD incidence and mortality, making survivor bias unlikely. For the Pact-Paces-

Heart study, it can be theorized that we only selected those with (or with interest 

in) CVD for the follow-up cardiac assessment, which might have resulted in a high 

proportion of abnormal LVEF. However, the baseline characteristics of participants 

are comparable to non-participants in the follow-up study. No cardiac deaths 

were reported during follow-up, and some of our primary outcome parameters 

were related to subclinical (i.e., asymptomatic) CVD. Also, our Pact-Paces-Heart 

study population was, apart from having breast cancer, a relatively healthy and 

fit study population with few clinically documented comorbidities and an interest 

in participating in an exercise trial. Thus, even if selection bias has occurred and 

the Pact-Paces-Heart data reflects a subpopulation with (an interest in) CVD, it 

remains worrisome that such high proportions of LVEF abnormalities can occur 

in a relatively healthy breast cancer population. Prior research described that 

having an LVEF in the range of 40% to 50%, regardless of experiencing symptoms, 

corresponds with a five-fold increased risk of developing heart failure and a 

60% increased risk of CV mortality within 12 years [40]. Thus, active follow-up of 

those with impaired LVEF in our study seems necessary, as well as the need to 

include regular, long-term cardiac assessment in follow-up programs for newly 

diagnosed breast cancer patients.
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3. METHODOLOGICAL CONSIDERATIONS OF THE 
PACT-PACES-HEART STUDY

The Pact-Paces-Heart study was designed as an a-priori unplanned, post-trial 

follow-up (FU) investigation of two former randomized controlled trials; the PACT 

and PACES study. These two studies were both conducted in The Netherlands 

between 2010-2013 and included participants with non-metastasized breast 

cancer (and colon patients[41], [42]) scheduled for adjuvant chemotherapy. PACT 

and PACES randomized participants to a moderate-to high-intensity exercise 

arm supervised by a physiotherapist or a usual care group. PACES had a second 

intervention arm comprising a low-intensity, home-based exercise program. In 

PACES, the exercise interventions started at the first cycle of chemotherapy and 

continued three weeks after that. The median duration was 19 weeks, coinciding 

with the fixed intervention period of 18 weeks in PACT. Given these similarities, 

we assumed that participants could be effectively combined in a pooled follow-

up study.

This pragmatic post-trial FU study design yielded a relatively large sample of 

breast cancer survivors; N=185. This is, compared to former exercise-cardio-

oncology studies, with distance the largest study. Also, survivors in our study 

were, on average, 8.5 ± 1.1 years after treatment. A new randomized exercise study 

with such a follow-up duration, especially in combination with 185 participants 

undergoing extensive CV screening, would be (exceptionally) costly and time-

consuming. Thus, the post-trial FU design enabled us to effectively study a 

large sample of breast cancer survivors years after treatment. However, this 

design also has limitations, of which the possibility of selective response is the 

most important. The original studies included 434 breast cancer patients (PACT: 

N=204, PACES: N=230), of whom 185 participated in the follow-up trial. This 43% 

(n=185/434) is comparable to non-participants for most original PACT and PACES 

baseline characteristics, including age and cumulative anthracycline dosage. 

Also, ineligible participants (i.e., those that died during follow-up or were treated 

for recurrent or metastasized cancer) were generally evenly distributed across 

the intervention and control arm, with no cardiac-related deaths recorded. As 

such, it can be hypothesized that the influence of selective response is limited. 

However, in the context of an exercise trial, it is also conceivable that those 

who were originally randomized to the intervention arm or those controls who 

are relatively fit and healthy were more willing to participate in the follow-up 

investigation. Indeed, we observed slightly higher participation rates in the 
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moderate-to high-intensity exercise arm than in the control group; 45.0% versus 

40.2%, relatively. Also, in Chapter 5, we observed more symptomatic heart disease 

(cardiac comorbidities) in the exercise group. An impaired LVEF below 50% was 

also more common in the exercise group, with the regression estimates for this 

parameter also favoring the control group, although confidence intervals were 

wide. For the structural parameters ECV and native T1, which likely reflect an 

asymptomatic disease stage, results favored the exercise arm. These results 

could support the hypothesis that we mainly selected the healthy controls free 

of cardiac symptoms for this follow-up investigation.

Another perhaps contradictory explanation for our trend of worse cardiac 

function in the exercise arm is that breast cancer patients could better tolerate 

their chemotherapy regime by following the exercise program and thus receive 

higher cumulative anthracycline dosages. Prior research describes an inverse 

relationship between anthracycline dosage and LVEF[37], [43]. We observed 

no difference in median anthracycline dosage between the moderate-to high-

intensity exercise and control group. Nevertheless, the potential paradox, with 

less acute toxicity and better chemotherapy tolerance on the one hand, and 

increased risk of long-term (cardiovascular) sequelae on the other hand, is a 

topic worthy of future research.

A second yet related methodological consideration is that our Pact-Paces-Heart 

study was an unplanned post-trial FU investigation. This means that, when 

designing and conducting the original PACT and PACES studies, participants were 

not asked, for example, whether they allowed to be approached for future studies 

during the information consent procedure. This complicated the accrual process 

for the follow-up study, especially in the current era of privacy regulations. In 

addition, no baseline cardiac or cognitive measurements were included in the 

original studies. This limited our ability to establish, at follow-up, if the groups 

were genuinely comparable at baseline or correct for any baseline values of the 

outcomes. A recent systematic review recommends using data linkage or access 

to medical records over clinical-based approaches as the most cost-effective 

approach for post-trial FU studies, thereby limiting the proportion lost to FU [44]. 

We suggest that all future randomized studies include a question in the informed 

consent that allows for potential future study invitations and data linkage with 

registries to overcome logistical barriers and (selective) loss-to-follow-up.

Last, participants in our study are presumably not fully representative of the 

entire population of interest. Prior exercise-oncology studies, including PACT 
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and PACES, report participation rates between 11% and 45%[14], [15], [45]–[48]. 

Participants were, compared to non-participants, more often highly educated, 

younger, more active, and more likely to be working[48], [49]. In Chapter 7, we 

describe the results of exercise during chemotherapy on long-term tested and 

perceived cognition in 143 breast cancer survivors, of whom approximately 50% 

reported cognitive impairment after chemotherapy. The other half reported no 

cognitive impairment before or after chemotherapy; thus, this group is unlikely to 

experience any beneficial effects of exercise. This might explain, among others, 

the null effects of these analyses. Different recruitment strategies are needed 

to include more high-risk patients in future studies. Herein, the involvement of 

the oncologist and radiotherapist seems crucial, given that most patients want 

to receive information on physical activity and prefer their medical specialist as 

the primary information source[50], [51].

4. FUTURE STEPS; MOVING EXERCISE-CARDIO- 
ONCOLOGY STUDIES FORWARD

Evidence from the current available exercise-cardio-oncology studies is, 

as a whole, indicative that exercise during chemotherapy could yield some 

cardioprotection in cancer patients and survivors. However, specific knowledge 

gaps must be addressed to move this field of research forward. These knowledge 

gaps, grouped by those related to (i) study population, (ii) study design, and (iii) 

outcome assessment, are discussed below.

As for the study population, all currently available evidence is derived from 

patients with non-metastasized breast cancer. From a cardio-oncology 

perspective, this group is of high clinical importance, given the high incidence 

rate of breast cancer, the increased a-priori risk of CVD (most breast cancer 

diagnoses are in post-menopausal women) and the high 10-year survival 

rates[52]. However, more research is needed on other populations. Of particular 

interest are the (long-term) survivors of Hodgkin lymphoma and the increasing 

populations of the other most common malignancies; lung cancer, colorectal 

carcinoma, melanoma, and prostate cancer[53]. Since these patients differ 

substantially in terms of baseline CVD risk, type of treatment, and prognosis, 

results cannot necessarily be extrapolated from one population to another. 

Also, more research is needed on patients with advanced cancer. With the 

advent of new (immunotherapeutic) agents, the landscape for some types of 

advanced cancer has changed dramatically. For patients with metastasized 
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melanoma, for example, immunotherapy improved median survival from a 

few months[54] to more than five years[55]. Compared to chemotherapy and 

radiotherapy, immunotherapeutic agents induce a different spectrum of CV side 

effects, such as myocarditis[56]. Also, as a result of overall muscle wasting (i.e., 

sarcopenia), patients with advanced cancer are at risk for a degenerative form 

of cardiomyopathy, which predisposes them even further to heart failure and 

(ventricular) arrhythmias[57]. Since exercise is currently recommended as first-line 

therapy for sarcopenia in cancer patients[58], this could be a promising strategy 

to enhance CVD risk in patients with advanced care.

A second important knowledge gap relating to the study population is the 

lack of evidence on high-risk patients. As described earlier, presumably, 

a healthy subset of breast cancer patients self-selected to participate in the 

original PACT and PACES trials. Considering the low incidence rate of LV decline 

during anthracycline-based chemotherapy for breast cancer[59], with most 

cases occurring in the elderly or those with pre-existent CVD or predisposing 

comorbidities (i.e., hypertension, diabetes mellitus, obesity, hypercholesterolemia)

[36], [39], the selection of low-risk participants could account, in part, for the 

lack of intervention effect in most current studies. Also, based on our systematic 

review in Chapter 6, we observed that animal trials used chemotherapy dosages 

that were, on average, 2-5 times higher than those used in clinical studies. In 

our explorative analysis of the Pact-Paces-Heart study, in which we stratified 

women according to their cumulative anthracycline dosage, we also found the 

highest intervention effect among those treated with more than 300mg/m2 

of anthracyclines. This dosage coincidence with the only currently registered 

pharmacotherapeutic therapy for cardioprotection, dexrazoxane. This agent is 

only recommended in patients with metastatic disease who have already received 

300mg/m2 of anthracyclines and are scheduled for additional anthracycline-

based chemotherapy[60], [61]. For dosages <300mg/m2, no favorable risk/

benefit ratio for dexrazoxane has been established[60]. Although overall risk-

benefit ratios for exercise are likely different (and more favorable), a future study 

focusing specifically on those scheduled for high-dose chemotherapy is of 

clinical interest for this (increasing) patient category.

In terms of study design, there is a need for large trials that are prospectively 

designed to analyze cardiac parameters as a response to exercise during and 

years after chemotherapy treatment. Recently, another post-hoc PTFU analysis of 

the previously performed OptiTrain study was published[62]. In the per-protocol 

follow-up analysis, which included 88 of the original 240 participants (36.7%), the 
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cardiac biomarker NTproBNP was lower in the two exercise groups than in the 

usual care group after one year of follow-up. Also, those with an increase of this 

biomarker at 1-year follow-up had a significant drop in VO2peak at two years, 

indicating that higher levels of NTproBNP are likely indicative of compromised 

long-term cardiopulmonary fitness. This study could be, similar to our Pact-

Paces-Heart trial, susceptible to attrition bias by design, and thus results need 

to be confirmed by a prospectively designed study. From a scientific point of view, 

such a study is best designed as a randomized controlled trial. However, with 

the growing body of evidence documenting the beneficial effects of exercise 

during chemotherapy on other health outcomes, randomization to a usual care 

(i.e., non-exercise) arm seems to challenge the concept of clinical equipoise. 

Alternative study designs can be considered without the involvement of a non-

exercise control group or a wait-list control group. Also, former RCTs in exercise-

oncology, including the PACT study, have suffered from contamination, meaning 

that non-exercise controls also substantially increase their physical activity levels. 

Recently, an alternative design to the conventional RCT was proposed; the Trials 

Within Cohorts (TWiCs), in which the intervention study is performed within a 

longitudinal, observational cohort[63]. The TWiCs design was found to prevent 

contamination yet increases noncompliance in the intervention group, thereby 

requiring a larger sample size[64]. Currently, various initiatives are ongoing that 

are routinely collecting cardiac outcome data in cancer patients undergoing 

treatment, including the Dutch cardio-oncology registry (ONCOR) [65], which 

could be candidates for a future (pilot) cardio-oncology exercise TWiC study.

Second, there is a need for studies that analyze cardiac parameters as a response 

to different exercise regimens. Currently, studies used exercise regimens that 

are relatively comparable in terms of frequency, intensity, time, and type of 

exercise (FITT), meaning that most trials used an aerobic exercise program with 

an intensity of ~70% of the estimated maximum exercise capacity, with or without 

additional resistance exercises. On average, the supervised exercise program 

was 12 weeks, with two to three weekly sessions [66]–[70]. In a recently published 

meta-analysis, there was some evidence that, when limiting the analyses to 

only those studies that used ≥36 exercise sessions, an exercise intervention 

significantly prevented LVEF decline (mean difference of 3.25%, 95%CI 1.2-5.3) 

compared to non-exercise controls[71]. Results were not statistically significant 

when studies that used a lower exercise volume were included. In a non-cancer, 

high-risk population, a combined aerobic and resistance exercise program 

was superior to aerobic or resistance training in isolation to improve CVD risk 
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profile, including cardiorespiratory fitness[72]. Also, in a large meta-analysis of 

18 trials in patients with clinically stable heart failure (HFrEF), moderate-intensity 

continuous training with a duration of ≥6 months substantially improved LVEF, 

while an exercise duration of <6 months was associated with only a modest 

increase in LVEF (weighted mean difference 6.3%, 95%CI 4.4-8.1% and 3.7%, 95%CI 

1.6-5.8%, respectively)[24]. High-intensity aerobic exercise training was not found 

to be superior compared to moderate-intensity exercise in this pooled analysis. 

If these results translate to cancer patients is currently unknown, and thus more 

research is needed to identify the optimal FITT exercise prescription in this 

patient category.

The third knowledge gap relates to the assessment of CVD in cancer patients. 

First, more data is needed on the effect of exercise on structural cardiac 

parameters, such as the presence and extent of myocardial edema and 

fibrosis. All previous studies focused on functional cardiac parameters except 

for our Pact-Paces-Heart study. The prevailing hypothesis is that CTR-CVT is a 

gradual phenomenon, where tissue abnormalities precede functional decline 

(GLS and in a later stadium LVEF, Figure 2). This is supported by observational 

studies demonstrating that an increase in cardiac troponin I, as a marker for 

acute myocardial damage, can already be detected after the two first cycles of 

anthracycline-based chemotherapy[73], [74]. Interestingly, the study by Foulkes et 

al. reported that post-chemotherapy troponin I release was less increased in the 

exercise group compared to the usual care group (8-fold versus 16-fold increase, 

p=0.002, respectively)[75]. In contrast, in the OptiTrain study, no differences in 

troponin T release were observed among the exercise intervention groups 

and the control group[62]. Compared to usual care, they reported less of an 

increase in NTproBNP at one-year follow-up in these exercise groups [62]. This 

could be interpreted as more cardiac remodeling in the latter group, although 

an increase in NTproBNP could be related to various factors, including tumor 

progression[76], age, and comorbidities[77]. The results of the Pact-Paces-Heart 

study add to the results of these biomarkers studies by describing that exercise 

and being more physically active during chemotherapy are associated with fewer 

structural cardiac abnormalities. In a recent cardiac MRI study of 40 patients 

undergoing anthracycline-based chemotherapy, both native T1 and ECV were 

significantly increased from baseline to post-chemotherapy[28]. Moreover, a 

pig study demonstrated that early changes in cardiac tissue composition, e.g., 

intracardiomyocyte edema, were detected by cardiac MRI within six weeks after 

the initiation of doxorubicin. Interestingly, stopping doxorubicin upon detecting 
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these abnormalities prevented LVEF decline, whereas continuation resulted 

in overt, irreversible cardiotoxicity[78]. Future clinical studies are needed to 

document longitudinal changes in cardiac MRI parameters as a response to 

exercise in cancer patients.

In summary, a prospectively designed randomized study that includes 

pretreatment cardiac measurements and measures after chemotherapy, and, 

at least the first year after that, could help address these knowledge gaps. 

Preferably, cardiotoxicity is assessed via a cardiac MRI, given the interest in 

structural parameters. Consent for linkage with registries or medical records is 

a-priori obtained to allow for potential future PTFU studies.

CONCLUSION

Exercise during chemotherapy has many positive effects on cancer patients. 

Preclinical data almost unanimously supports the proposition of exercise-

mediated cardioprotection during chemotherapy via, among others, accelerated 

intracardial chemotherapy clearance. We observed that exercise and higher levels 

of physical activity during chemotherapy for breast cancer were associated with 

better structural, but not functional cardiac parameters, years after treatment. 

Also, breast cancer survivors who were more active had less subclinical 

cardiotoxicity and better CVD risk profiles. These findings do not necessarily 

immediately affect cardiac function or complaints. However, given that subclinical 

parameters are predictive of future adverse clinical events, these findings may 

translate to better long-term outcomes. Therefore, longitudinal follow-up of these 

cohorts is necessary. Also, more research on more diverse study populations, 

different exercise regimens, and more structural cardiac outcomes is warranted 

to provide more insight into the role of exercise in mitigating CTR-CVT.
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Appendices

ENGLISH SUMMARY

Exercise is an increasingly recognized effective strategy to counteract cancer-

related symptoms during and shortly after chemotherapy, such as cancer-

related fatigue [1]–[4]. However, whether exercise during chemotherapy has 

lasting effects and thus translates to fewer sequelae years after treatment has 

received little attention. In the absence of other effective preventive strategies, 

whether exercise yields long-term benefits is particularly important for cancer 

therapy-related cardiovascular toxicity (CTR-CVT), one of the most common 

yet burdensome late effects of cancer and its treatment. In the first part of this 

thesis, we evaluate the role of exercise and physical activity in mitigating cancer 

therapy-related cardiovascular toxicity (CTR-CVT) in cancer survivors years after 

treatment. The (long-term) effects of exercise on two other understudied clinical 

outcomes, cognitive function, and chemotherapy tolerance, are discussed in the 

second part of this thesis.

1. PHYSICAL ACTIVITY AND EXERCISE IN CARDIO- 
ONCOLOGY

Chapter 1 introduced the clinical background of the studies in this thesis. The 

number of individuals with and beyond a cancer diagnosis has consistently 

increased over the last decades[5]–[7], and projections forecast that this trend 

will continue in the future [6]. To adequately address cardiovascular side effects in 

the increasing population of cancer survivors, the interdisciplinary field of cardio-

oncology emerged in the late 1990s [8]. Initially, the scope of cardio-oncology 

was mainly on treating cardiac side effects, although the emphasis currently 

shifted more towards early diagnosis and prevention.

Although cancer and CVD are generally considered two different entities, 

increasing evidence suggests an overlap between these two diseases. Cancer 

and CVD share common risk factors (such as age and smoking), and multiple 

biological pathways are common to both disorders[9]–[11]. The anticancer 

treatment further augments the baseline CVD risk in cancer patients, leading 

to an almost two-fold increased risk of dying of CVD in breast cancer survivors 

years after treatment compared to cancer-free age-matched controls[12]. 

CVD competes with breast cancer itself, or in the elderly or those with pre-

existing CVD before cancer treatment even surpasses it as the leading cause of 

mortality[13]–[15].
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Chapter 2 provided an overview of the long-term cardiovascular sequelae of 

anticancer treatment in adult cancer survivors. Patients treated with thoracic 

radiotherapy are primarily at risk for accelerated coronary disease and left-

sided valvular disease, although virtually all components of the cardiovascular 

system can be affected by accidental radiotherapy. Radiotherapy-related CVD 

is primarily reported in patients irradiated with high thoracic dosages, such as 

the former mantle field radiation for Hodgkin’s lymphoma[16]. Nevertheless, 

radiotherapy-related CVD is also described in patients irradiated with more 

contemporary radiotherapy techniques[17]. In patients treated with systemic 

therapy, left ventricular (LV) dysfunction (often referred to as cancer-related 

cardiac dysfunction; CTRCD) is among the most notorious complications. CTRCD 

has been predominately reported following treatment with anthracyclines and 

anti-HER2NEU agents (i.e., trastuzumab). Overt systolic heart failure manifesting 

years after anthracycline-based chemotherapy is reported in approximately 6% 

of patients treated with contemporary regimens and is, historically, associated 

with an adverse prognosis[18], [19].

Nevertheless, with the advent of more advanced cardiac screening methods, 

the first subclinical abnormalities can now be detected within the year after 

anthracycline-based chemotherapy. If heart failure medication is prompted, 

recovery of left ventricular systolic function (LV ejection fraction; LVEF) can be 

achieved in most patients[20]. Such findings stress the need for routine, clinical 

implementation of early detection methods, of which echocardiography-derived 

global longitudinal strain (GLS) seems a particularly promising parameter. Cardiac 

MRI imaging, if available, can provide additional information, including non-

invasive measurements of diffuse myocardial fibrosis by quantifying native T1 

relaxation time and extracellular volume fraction (ECV). The current prevailing 

hypothesis for anthracycline-related CTRCD is that change in cardiac tissue 

composition precedes functional decline (GLS and a later stadium: LVEF)[21].

In Chapter 3, we summarized and quantified the evidence of the effect of exercise 

during anthracycline-based chemotherapy on in-vivo and ex-vivo parameters 

of cardiotoxicity and evaluated pathways underlying exercise-mediated 

cardioprotection. To this end, we included both clinical and preclinical studies. 

In preclinical studies (N=37), almost all studies report significantly less in-vivo 

and/or ex-vivo cardiotoxicity in exercising animals than in non-exercise controls. 

Our pooled analysis, structured around the type of intervention, indicated slightly 

larger intervention effects for those animal studies treated with forced exercise 

than voluntary exercise interventions. Accelerated cardiac chemotherapy 

24-08-Willeke.indd   24324-08-Willeke.indd   243 04-09-2023   09:0004-09-2023   09:00



244

Appendices

clearance, presumably by upregulation of transporting receptor proteins, 

and less oxidative stress following exercise could underly exercise-mediated 

cardioprotection. We propose that the former could act as an overarching 

mechanism, effectively tackling all downstream effects. In the clinical studies 

(N=3), overall results were indicative that exercise could mitigate anthracycline-

related CTRCD to a certain extent. However, given the small sample sizes (N < 30 

per study arm) and limited follow-up period, we concluded that evidence was 

insufficient to confirm the preclinical results in a clinical setting.

Most prior research has focused on exercise’s effects on CTR-CVT in cancer 

patients. Exercise is defined as any planned, structured, or repetitive physical 

activity to improve or maintain physical fitness [22]. However, whether daily life 

physical activity, including household and recreational activities, is also associated 

with cardiac outcomes has received little attention. Such an association could 

stimulate further research with the potential to change physical activity 

recommendations for cancer survivors. Therefore, in Chapter 4, we studied 

the association between physical activity levels and myocardial function in 

long-term breast cancer survivors in the HARBOR cohort. The HARBOR cohort 

(Identifying Subgroups with High Cardiovascular Risk in Breast Cancer Survivors) 

included 569 female breast cancer survivors treated at ages 40 to 50 years[23]. 

Based on self-reported physical activity levels, breast cancer survivors were 

classified into the following four categories of the Cambridge Physical Activity 

Index; (1) inactive, (2) moderately inactive, (3) moderately active, or (4) active[24]. 

Echocardiography was performed, on average, ten years after chemotherapy 

treatment. Compared to inactive survivors, we observed higher physical activity 

levels were associated with a lower risk of impaired GLS after correction for 

patient- and treatment-related risk factors. The reduction was most apparent 

for those that were moderately inactive compared to those who were inactive, 

with relatively few additional risk reductions in the two most active categories. 

LVEF was within normal ranges in all physical activity categories and was not 

associated with physical activity. We concluded that higher physical activity 

levels were associated with GLS, but not LVEF, independent of CVD risk factors. 

This finding suggests that physical activity programs may confer CVD benefits in 

breast cancer survivors, especially those physically inactive. Prospective studies 

are, however, necessary to confirm the results of our cross-sectional analysis.

In Chapter 5, we presented the results of the Pact-Paces-Heart study. We studied 

the effect of exercise and physical activity during chemotherapy on CTR-CVT 
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in breast cancer survivors years after treatment. The Pact-Paces-Heart study 

was designed as a post-trial follow-up (FU) investigation of two previously 

performed, comparative randomized trials; the PACT (N=204) and PACES (N=230) 

studies. These two Dutch studies investigated the short-term effect of exercise 

during adjuvant chemotherapy for breast cancer on various health outcomes, 

including fatigue, quality of life, and physical fitness[25], [26]. We included 185 

(N=185/434; 43%) breast cancer survivors free of recurrent or metastasized breast 

cancer. The mean time since treatment was 8.5 years. Cardiovascular outcomes 

were assessed with a cardiac MRI (structural cardiac parameters; extracellular 

volume fraction (ECV) and native T1 and LVEF), an echocardiogram (GLS), and a 

cardiopulmonary exercise test (VO2peak).

Compared to those originally randomized to the control arm, we found more 

favorable ECV and native T1 values, but not LVEF and GLS, in exercising breast 

cancer survivors. Independent of randomization, higher physical activity during 

chemotherapy was significantly associated with better ECV and native T1. Those 

who currently reported higher levels of physical activity had significantly higher 

VO2peak values, but we found no association with cardiac imaging parameters. In 

the overall study sample, we observed a high prevalence of cardiac abnormalities, 

with over a quarter of the prior relatively fit and healthy breast cancer patients 

having an LVEF below the clinical threshold of 50%. This underlines the need to 

incorporate cardiac screening in breast cancer follow-up programs routinely and 

calls for additional research on cardioprotective measures, including alternative 

exercise regimens.

1.2 Physical exercise and its effect on cancer-related outcomes

Survival rates for most cancers, including breast cancer, have substantially 

improved over the last years, and ongoing improvements in chemotherapy 

regimens are considered one of the main drivers for this success[6], [7], [27], [28]. 

Nevertheless, approximately one-third of the breast cancer patients treated with 

contemporary chemotherapy regimens fail to adhere to the prescribed treatment 

schedule [28]. In Chapter 6, we studied the association between pre-treatment 

physical fitness and chemotherapy completion and whether this association was 

modified by participation in an exercise program during chemotherapy. For these 

analyses, we complemented the data of the original PACT and PACES studies 

with medical data on chemotherapy completion. We observed that breast cancer 

patients with lower pre-treatment physical fitness are less likely to complete 

chemotherapy as planned. This association was almost completely mitigated 

in patients allocated to the exercise program, while it was more pronounced in 
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non-exercise control patients. These results show that pre-treatment physical 

fitness is vital to identify those at risk for not completing chemotherapy and that 

this patient group may especially benefit from referral to an exercise program as 

supportive care during chemotherapy.

Cancer-related cognitive impairment is common in breast cancer survivors 

treated with chemotherapy; approximately one in three patients report a certain 

extent of cognitive complaints at some stage of the disease[29]. Cognitive 

complaints can profoundly impact daily life by, among others, limiting return to 

work after cancer treatment. In Chapter 7, we studied the effect of exercise on 

cognitive performance and complaints years after chemotherapy in participants 

in the Pact-Paces-Heart study. Cognitive performance and complaints were 

assessed via an online, self-administrated test battery of neuropsychological 

tasks and questionnaires, respectively. A total of 143 participants of the Pact-

Paces-Heart parent study (N=143/185; 77%) completed the optional cognitive 

testing. Half of the participants reported clinically relevant cognitive complaints 

after chemotherapy in both exercise and the control group. At follow-up, cognitive 

performance was mildly impaired on some, but not all, cognitive domains in 

our study sample compared to normative data, with no statistically significant 

difference between those allocated to the exercise or the control arm. We 

observed no effect of exercise or being physically active during chemotherapy 

on long-term tested or perceived cognition. Similarly, higher physical activity 

levels reported at follow-up were not associated with cognitive outcomes. We 

concluded that, in our study sample, exercise during chemotherapy was not 

associated with long-term cognitive outcomes, and future studies should target 

patients at high risk for developing cognitive impairment.

In Chapter 9, we discussed the main results presented in this thesis. Also, 

we elaborate on the clinical and methodological considerations of the 

abovementioned studies and suggestions on how the research field of exercise-

cardio-oncology can move forward. We concluded that, in general, our results 

provide additional support for exercise as supportive care during cancer 

treatment. Also, our clinical studies’ high prevalence of cardiac abnormalities 

stresses the need for long-term cardiac follow-up in this patient category. Our 

primary methodological consideration relates to the Pact-Paces-Heart study’s 

unplanned, post-trial FU design. Such studies are, by design, susceptible to 

selective drop-out, although we observed no results indicative of selection bias. 

Focusing on hard clinical endpoints could limit selective loss-to-follow-up in 
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future post-trial FU studies[30]. To fully document the role of exercise in mitigating 

CTR-CVT, a future, large, randomized, prospectively designed study that includes 

structural and functional cardiac outcomes collected before and directly after 

treatment and at least one year after chemotherapy is necessary. To adequately 

allow post-trial FU beyond that period, we suggest including consent for linkage 

with registries and medical records a-priori in the informed consent procedure.
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Fysieke training als ondersteunde therapie gedurende de kankerbehandeling 

wordt steeds meer bewezen effectief geacht om kanker-gerelateerde symptomen 

tijdens en direct na de behadeling tegen te gaan. Zo leidt fysieke training tijdens 

chemotherapie tot minder kanker-gerelateerde vermoeidheidsklachten en 

zorgt het voor behoud van de fysieke fitheid direct na de behandeling [1]–[4]. 

Echter, of fysieke training tijdens chemotherapie ook bescherming kan bieden 

tegen de effecten op lange termijn van kanker is nog onduidelijk. Deze vraag 

is vooral van belang voor hart- en vaatziekten. Hart- en vaatziekten behoren 

tot de meest voorkomende alsook meest belastende langetermijneffecten van 

kanker en de daarmee samenhangende behandelingen. Er is op dit moment 

geen (medicamenteuze) behandeling om dit te voorkomen.  

In het eerste deel van dit proefschrift wordt de invloed van fysieke training 

en lichaamsbeweging tijdens chemotherapie op het voorkomen van hart- en 

vaatziekten bij kankeroverlevenden jaren na de behandeling geëvalueerd. De 

(lange termijn) effecten van fysieke training tijdens chemotherapie op twee 

andere klinisch-relevante uitkomsten; cognitief functioneren en het kunnen 

volhouden van de chemotherapie, worden besproken in het tweede deel van 

dit proefschrift.  

1. FYSIEKE TRAINING BINNEN DE CARDIO-ONCOLOGIE 

In Hoofdstuk 1 wordt de achtergrond van de in dit proefschrift beschreven studies 

geschetst. Over de afgelopen decennia neemt het aantal kankerpatiënten toe, 

onder andere als gevolg van de vergrijzing [5]–[7]. Daarnaast genezen steeds 

meer patiënten van kanker of leven ze langer door na de behandeling, onder 

andere als gevolg van steeds beter wordende chemotherapiebehandelingen. 

Deze twee trends samen resulteren in een continu groeiende groep 

kankeroverlevenden. Met het toenemen en langer leven van deze groep worden 

de langetermijneffecten van kanker steeds beter zichtbaar. Dit maakt goede 

nazorg na kanker van toenemend klinisch belang. 

Dat kankerpatiënten en - overlevenden een hogere kans hebben op hart- en 

vaatziekten werd voor het eerst al beschreven in 1979[8]. Het leidde er, 20 

jaar later, toe dat er een nieuw vakgebied werd opgericht dat zich specifiek 

bezighoudt met het voorkomen en behandelen van hart- en vaatziekten bij 

kankerpatiënten; de cardio-oncologie[9]. Initieel richtte de cardio-oncologie zich 

vooral op het behandelen van de (acute) bijwerkingen van de kankerbehandeling, 
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maar de laatste jaren verschuift de aandacht steeds meer naar vroege detectie 

van schade aan het hart. 

Kanker en hart- en vaatziekten werden jaren gezien als twee verschillende 

entiteiten en ook op die manier behandeld. Echter, binnen de cardio-oncologie 

is er toenemend bewijs dat er een overlap is tussen deze twee ziektebeelden. 

Zo delen ze bepaalde belangrijke risicofactoren, zoals leeftijd en roken. 

Daarnaast zijn er deels dezelfde biologische mechanismen betrokken bij het 

ontwikkelen van zowel kanker als hart- en vaatziekten[10]–[12]. Dit leidt ertoe 

dat kankerpatiënten, nog voorafgaand aan de behandeling voor kanker, al een 

verhoogd risico hebben op hart- en vaatziekten. Dit risico neemt gedurende 

de kankerbehandeling verder toe. Overlevenden van kanker hebben een ruim 

twee keer zo hoge kans om te overlijden aan hart- en vaatziekten ten opzichte 

van leeftijdsgenoten zonder kanker [13]. Hart- en vaatziekten zijn op dit moment 

de belangrijkste niet kanker-gerelateerde doodsoorzaak bij kankerpatiënten. 

Echter, voor een aanzienlijk deel van de kankerpatiënten is inmiddels, als gevolg 

van de toegenomen overlevingskansen, het risico om te overlijden aan hart- 

en vaatzieken zelfs groter dan het risico om aan kanker zelf te overlijden [14]–

[16]. Daarnaast gaat het ontwikkelen van hart- en vaatziekten na een succesvol 

geachte kankerbehandeling ook gepaard met verhoogde kans op andere ziektes 

en aanzienlijk verminderde kwaliteit van leven.  

In Hoofdstuk 2 wordt een overzicht gegeven welke hart- en vaatziekten bij 

welke type kankerbehandeling kunnen optreden. Bestraling kan nadelige 

effecten hebben op vrijwel elk binnen het bestralingsveld gelegen onderdeel 

van hart- en vaatstelsel. Meest voorkomend zijn echter het lekken of vernauwen 

van de hartkleppen en het versneld dichtslibben van de kransslagaders, met 

een verhoogd risico op een hartinfarct op relatief jonge leeftijd als gevolg. 

Deze aandoeningen worden vooral beschreven bij patiënten die bestraald 

zijn met een hoge dosis radiotherapie op de borstkas, zoals bij de voormalig 

gebruikte mantelveldbestraling voor lymfeklierkanker[17].  Echter, ook bij 

patiënten die op dit moment bestraald worden met relatief lage doseringen 

worden al cardiovasculaire bijwerkingen beschreven [18]. Bij kankerpatiënten die 

systemische therapie (chemotherapie, immunotherapie of hormonale therapie) 

ondergaan is het ontwikkelen van verminderde pompkracht van het hart, met 

hartfalen als gevolg, de meest gevreesde bijwerking. Dit is vooral beschreven 

bij patiënten die zijn behandeld met anthracycline bevattende chemotherapie 

en middelen gericht tegen het HER2-eiwit, zoals trastuzumab bij HER2-positieve 
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borstkanker. Hartfalen jaren na behandeling met anthracyclines is beschreven 

bij ongeveer 6% van de kankeroverlevenden. Als de eerste tekenen, zoals 

benauwdheid of enkeloedeem, zichtbaar werden was de prognose lange tijd zeer 

somber, waarbij het merendeel van de patiënten kwam te overlijden binnen twee 

jaar [19], [20]. De laatste jaren is echter toenemend aandacht voor het opsporen van 

de eerste afwijkingen aan het hart, nog voordat dit leidt tot klinische symptomen. 

Als er wordt gestart met hartfalen medicatie in dit asymptomatische stadium, 

is bij een aanzienlijk deel van de patiënten herstel van de pompfunctie van het 

hart mogelijk [21]. Dit illustreert het belang van het routinematig screenen van de 

hartfunctie van kankerpatiënten. Bij screening met behulp van echocardiografie 

is de globale longitudinale strain (GLS) een veel belovende parameter, omdat 

deze eerder afwijkingen laat zien dan de linkerventrikel ejectiefractie (LVEF), de 

gangbare maat voor de pompfunctie van het hart. Een MRI-scan van het hart, 

indien beschikbaar, kan aanvullende diagnostische informatie leveren door de 

weefselsamenstelling van het hart te beschrijven. Dit gebeurt aan de hand van 

de T1 relaxatietijd (native T1) en het extracellulaire volume (ECV). De gedachte 

hierachter is dat de weefselsamenstelling van het hart al meetbaar afwijkend 

wordt, voordat de achteruitgang in hoe het hart samenknijpt (GLS en in een later 

stadium LVEF) meetbaar is [22].

In Hoofdstuk 3 wordt het effect op het hart beschreven van fysieke training 

tijdens anthracycline bevattende chemotherapie. Hierbij hebben we al het 

beschikbare bewijs samengevat van zowel dier- als mensstudies en, indien 

mogelijk, door middel van een meta-analyse, gekwantificeerd. Daarnaast wordt 

besproken welke biologische mechanismen betrokken zijn bij het voorkomen 

van hartschade door fysieke training. Vrijwel alle dierstudies (N=37) beschrijven 

significant minder hartschade bij de dieren die (bijv. door middel van een looprad) 

getraind werden tijdens chemotherapie in vergelijking tot de controlegroep (de 

dieren niet getraind werden). Het effect van training bij de dierstudies die een 

geforceerde beweeginterventie gebruikten was groter dan in de studies waarbij 

dieren vrijwillig konden trainen. De onderliggende biologische mechanismen 

lijken vooral te bestaan uit versnelde klaring van chemotherapie uit het 

hart, vermoedelijk door een toename van transporter receptoreiwitten, en 

verminderde oxidatieve stress. Onze hypothese is dat versnelde chemotherapie 

klaring optreedt als een overkoepelend mechanisme dat alle daaropvolgende 

mechanismen en effecten positief beïnvloedt. De beschikbare klinische studies bij 

patiënten met kanker (N=3) beschreven aanwijzingen dat een beweeginterventie 

tijdens chemotherapie kan leiden tot minder hartschade. Echter, deze studies 
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waren beperkt tot een kleine groep patiënten (N < 30 per studie arm) en een 

korte follow-up tijd. We concludeerden daarom dat het klinisch bewijs op dat 

moment onvoldoende was om de resultaten van de dierstudies te bevestigen 

bij kankerpatiënten. 

Het meeste wetenschappelijke onderzoek heeft zich tot nu toe gericht op het 

effect van fysieke training in het voorkomen van hartschade bij patiënten met 

kanker. Met fysieke training worden geplande, gestructureerde of repetitieve 

bewegingen bedoeld die als doel hebben om de fysieke fitheid te verbeteren 

dan wel te behouden [23]. Het is echter onduidelijk of de mate van bewegen 

in het dagelijks leven, zoals bij huishoudelijke of recreatieve activiteiten, ook 

geassocieerd is met cardiovasculaire uitkomsten. Een eventuele associatie 

zou gevolgen kunnen hebben voor het beweegadvies voor kankerpatiënten. 

Om die reden hebben we in Hoofdstuk 4 de associatie tussen het lichamelijk 

activiteitenniveau en de hartfunctie op lange termijn onderzocht, bij 

borstkankeroverlevenden binnen het HARBOR-cohort. Dit cohort bestaat uit 

569 vrouwen die op de relatief jonge leeftijd van 40-50 jaar voor borstkanker 

behandeld zijn [24]. Ongeveer 10 jaar na de behandeling werd zowel het fysieke 

activiteit niveau en de hartfunctie gemeten. Op basis van het niveau van hun 

zelf-gerapporteerde lichamelijke activiteit werden de vrouwen ingedeeld in één 

van de vier categorieën van de Cambridge Physical Activity Index; (1) inactief, (2) 

overwegend inactief, (3) overwegend actief, of (4) actief [25]. Ten opzichte van de 

inactieve groep bleken hogere fysieke activiteit niveaus geassocieerd te zijn met 

een lager risico op het hebben van een slechtere hartfunctie (gemeten met GLS). 

Hierbij hebben we de invloed van andere patiënt- en behandeling-gerelateerde 

risicofactoren voor hart- en vaatzieken uitgesloten door daarvoor in de analyses 

te corrigeren. De grootste relatieve afname van risico werd gezien voor de 

“overwegend inactieve” groep ten opzichte van de “inactieve” groep, met relatief 

weinig extra risico vermindering voor de twee meest actieve categorieën. LVEF 

was in alle categorieën binnen de normaalwaarden en niet geassocieerd met 

fysieke activiteit. We concludeerden dat de hogere fysieke activiteitenniveaus 

geassocieerd waren met meer gunstigere GLS-waarden, maar niet LVEF, 

onafhankelijk van risicofactoren voor hart- en vaatziekten. Dit suggereert dat 

beweeginterventies mogelijke positieve cardiovasculaire gezondheidseffecten 

kunnen bewerkstelligen, vooral bij de inactieve groep borstkanker overlevenden. 

Prospectieve studies zijn echter nodig om de bevindingen van deze cross-

sectionele analyse te bevestigen.   
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In Hoofdstuk 5 worden de resultaten van de Pact-Paces-Heart studie 

beschreven. In deze studie wordt het effect van een fysiek trainingsprogramma 

tijdens chemotherapie op hartschade bestudeerd in een groep borstkanker 

overlevenden, ruim acht jaar na behandeling. De Pact-Paces-Heart studie is 

een vervolgonderzoek van twee eerder uitgevoerde, gerandomiseerde studies; 

de PACT (N=204) en de PACES (N=230) studie [26], [27]. Deze twee Nederlandse 

studies onderzochten het effect van een beweeginterventie tijdens adjuvante 

chemotherapie voor borstkanker, op verschillende uitkomsten direct na de 

chemotherapie, zoals vermoeidheidsklachten en kwaliteit van leven. Aan de 

vervolgstudie deden 185 (N=185/434; 43%) borstkankeroverlevenden mee, die in 

de tussenliggende periode van 8.5 jaar niet waren behandeld voor een recidief 

of uitgezaaide borstkanker. Cardiovasculaire uitkomsten werden gemeten met 

een MRI-scan van het hart (weefselsamenstelling; natieve T1-tijd en het ECV, en 

de LVEF), een echocardiogram (GLS) en een maximale inspanningstest (piek 

zuurstofopnamecapaciteit, VO2peak). 

In borstkankeroverlevenden die deel hebben genomen aan het trainings-

programma observeerden we een significant gunstigere samenstelling van het 

hartweefsel ten opzichte van de controlegroep. Deze resultaten vonden we niet 

voor LVEF, GLS of de gemeten fysieke fitheid. Ook bleek dat de huidige zelf-

gerapporteerde fysieke activiteit niveaus waren geassocieerd met gunstigere 

samenstelling van het hartweefsel, ongeacht of patiënten destijds hadden 

deelgenomen aan het fysieke trainingsprogramma. Borstkankeroverlevenden 

die op het moment van deelname aan de vervolgstudie aangaven meer fysiek 

actief te zijn hadden significant hogere VO2peak waarden, maar geen betere 

cardiale parameters. In de gehele studiegroep observeerden we relatief 

veel cardiale afwijkingen, waarbij meer dan een kwart van de – voorafgaand 

aan de borstkanker relatief gezonde en fitte vrouwen – een verminderde 

pompfunctie van het hart had. Dit bevestigt het belang van het implementeren 

van routinematig cardiale screeningsprogramma in borstkanker follow-up 

programma’s. Daarnaast illustreert het ook dat er meer aanvullend onderzoek 

nodig is naar methodes om het hart te beschermen, zoals mogelijk anders 

vormgegeven beweegprogramma’s. 

1.2 Fysieke training en andere kanker-gerelateerde uitkomsten. 

Voor de meeste vormen van kanker, inclusief borstkanker, zijn de 

overlevingskansen de afgelopen decennia aanzienlijk toegenomen. Continue 

verbeteringen in chemotherapiekuren wordt beschouwd als één van de 

belangrijkste oorzaken van dit succes [6], [7], [28], [29]. Echter, op dit moment 
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lukt het ongeveer een derde van de borstkanker patiënten niet om de 

voorgeschreven chemotherapie vol te houden, veelal als gevolg van bijwerkingen 

(bijv. misselijkheid en vermoeidheid) [29]. In Hoofdstuk 6 bestudeerden we de 

associatie tussen fysieke fitheid bij aanvang van de behandeling en de mate waarin 

de chemotherapie werd volbracht zoals deze was voorgeschreven. Daarnaast 

bestudeerden we of een deelname aan een fysiek trainingsprogramma tijdens de 

chemotherapie hierop van invloed was. Voor deze analyses gebruikten we data 

van de eerdergenoemde studies PACT en PACES, aangevuld met gegevens over 

de mate waarin de chemotherapie is getolereerd. We zagen dat voor patiënten 

met een lagere fysieke fitheid voorafgaand aan de behandeling de kans kleiner 

is dat zij de chemotherapie zoals voorgeschreven volbrengen. Deze relatie werd 

echter vrijwel compleet tenietgedaan als patiënten deelnamen aan een fysiek 

trainingsprogramma tijdens chemotherapie. In de niet-bewegende controlegroep, 

daarentegen, hing de fysieke fitheid voorafgaand aan de behandeling juist sterker 

samen met de mate van volbrengen van de chemotherapie. Deze resultaten 

tonen aan dat het meten van fysieke fitheid voorafgaand aan de behandeling 

helpt om diegenen met een verhoogd risico op het niet volhouden van de 

chemotherapie te identificeren. Daarnaast suggereren de resultaten dat vooral de 

niet fitte patiënten met kanker baat kunnen hebben bij een beweegprogramma 

als ondersteunde behandeling tijdens de chemotherapie. 

Kanker-gerelateerde cognitieve problemen, zoals vergeetachtigheid, zijn op enig 

moment in het ziekteproces beschreven bij ongeveer een derde van de met 

chemotherapie behandelde borstkanker patiënten [30]. Deze cognitieve klachten 

kunnen een grote impact hebben op het dagelijkse leven en bijvoorbeeld door 

de terugkeer naar werk te bemoeilijken. In Hoofdstuk 7 onderzochten we het 

effect van fysieke training op objectieve en subjectieve cognitie uitkomsten bij 

deelneemsters aan de Pact-Paces-Heart studie. Het cognitief functioneren werd 

gemeten met online neuropsychologische testen. Cognitieve klachten werden 

gescoord met vragenlijsten. In totaal namen 143 van de 185 deelneemsters van 

de Pact-Paces-Heart studie deel aan dit cognitief onderzoek. Ongeveer de helft 

van de deelneemsters gaf aan direct na de chemotherapie cognitieve klachten te 

hebben ervaren. Ruim acht jaar na behandeling waren sommige onderdelen van 

het cognitief functioneren, zoals geheugen en snelheid van informatieverwerking, 

lager bij borstkankeroverlevenden ten opzichte van de gemiddelde populatie. 

Dit was zowel in de beweeg- als in de controlegroep het geval. We zagen 

geen effect van fysieke training tijdens de behandeling of van de mate waarin 

deelnemers aangaven te hebben bewogen tijdens chemotherapie, op cognitief 
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functioneren of het ervaren van cognitieve klachten. We concludeerden dat, in 

onze studiegroep, fysieke training tijdens behandeling niet geassocieerd was met 

cognitief functioneren of het ervaren van cognitieve klachten op de lange termijn. 

Onze aanbeveling is dat toekomstige studies zich vooral richten op patiënten met 

verhoogd risico op cognitieve klachten. 

In Hoofdstuk 8 bediscussieerden we de belangrijkste bevindingen van dit 

proefschrift. Ook worden hier de meest belangrijkste klinisch en methodologische 

beperkingen besproken en doen we aanbevelingen voor verder onderzoek naar 

fysieke activiteit binnen de cardio-oncologie. We concludeerden dat, in het 

algemeen, de resultaten in dit proefschrift het belang van fysieke training als 

ondersteunende behandeling tijdens chemotherapie lijken te onderschrijven. 

Dat cardiale afwijkingen desondanks veelvoorkomend bleken te zijn, impliceert 

dat het vervolgen van de hartfunctie op lange termijn noodzakelijk is. De 

belangrijkste methodologische beperking van de Pact-Paces-Heart studie 

is het feit dat – ten tijde van de originele studies – dit vervolgonderzoek nog 

niet gepland was. Dit maakt de studie in theorie gevoelig voor selectieve uitval 

van deelnemers. Dit betekent dat in plaats van de hele studiegroep, er alleen 

een deel mee doet dat juist wel (of geen) klachten van hart- en vaatziekten 

ervaart, waardoor de uitkomsten vertekend zouden kunnen zijn. We zagen in 

onze gegevens echter geen aanwijzingen voor selectieve uitval. Het toespitsen 

op harde klinische uitkomsten, zoals (cardiovasculair) overlijden, vermindert de 

kans op selectieve uitval in toekomstige vervolgonderzoeken, omdat dit soort 

gegevens vaak voor meer mensen beschikbaar zijn [31]. Een grote, prospectieve, 

gerandomiseerde studie die zich focust op zowel de weefselsamenstelling 

als de functie van het hart, gemeten voorafgaand aan -, direct en jaren na de 

behandeling is nodig om de rol van fysieke training definitief te beschrijven in 

de literatuur. Dit laatste hoofdstuk sluit af met de aanbeveling om tijdens de 

informed consent procedure van originele studies al toestemming te vragen voor 

het eventueel toekomstig linken van studiegegevens aan medische databases, 

om zo toekomstig vervolgonderzoek adequaat te kunnen uitvoeren. 
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DANKWOORD 

Dit proefschrift kwam tot stand met hulp van zeer veel betrokkenen, van wie ik 

ontzettend veel hebben mogen leren, zowel als in mijn werk als arts-onderzoeker, 

maar ook zeker op privégebied. Dit hele proces heeft me gevormd tot wie ik op 

dit moment ben en hoe ik in het leven sta. Ik wil hieronder een aantal mensen in 

het bijzonder bedanken. 

Als eerste mijn vader. Als klein meisje heeft jouw eerste hartoperatie, jaren na je 

eerdere behandeling voor kanker, een hoop indruk op mij gemaakt. De jarenlange 

poli controles die hierop volgden, groeiden uit toch onze gedeelde uitjes. Hierin 

wist jij deze altijd vakkundig op te rekken, met als doel dat ze uitvloeide in een 

koffie, lunch en liefst ook diner. Jouw ziekteproces heeft me van jongs af aan de 

noodzaak tot cardio-oncologische zorg en onderzoek doen inzien. Toch is het 

vooral de manier hoe je in het leven stond wat mij bij blijft. Ik heb zo ontzettend 

veel van jou geleerd. Dat ik ook maar een beetje op jou zou lijken beschouw ik 

als één van de grootste complimenten. 

Beste prof. W.H. van Harten, beste Wim. Ik herinner me onze eerste ontmoeting 

nog goed en hoe ik toen al onder de indruk was van jouw vermogen de grote 

lijnen te overzien. Ik ben je dankbaar voor je hoe die rol tijdens mijn promotie hebt 

ingevuld, waarbij je ook zeker oog had voor mijn privéleven met kinderen. Jouw 

motto om zaken, waar mogelijk, parallel in plaats sequentieel in te plannen pas 

ik nog steeds op veel dingen toe. 

Beste prof. A.M. May, beste Anne. Op praktisch mijn eerste dag in het Julius 

Centrum begreep ik van mijn kersverse collega’s dat ze jou wilden voordragen 

voor de supervisor of the year verkiezing. Terugkijkend op de afgelopen jaren zou 

zo’n titel een understatement zijn voor de rol die jij tijdens mijn promotietraject 

hebt gehad. Ik heb enorm veel van je geleerd; je pragmatisme met toch oog 

voor detail en vermogen om elk probleem razendsnel om te zetten in behapbare 

to-do’s. Daarnaast heeft met jou mogen samenwerken er zeker aan bijgedragen 

dat ik mijn promotietraject niet alleen als leerzaam, maar ook leuk en gezellig 

heb ervaren. Heel veel dank!  

Beste dr. M.M. Stuiver, beste Martijn. Ik denk niet dat er zoiets bestaat als een 

‘nuttige informatieoverdracht per minuut’ index, maar anders zou jij hier, op een 

leuke manier, ontzettend hoog op scoren.  Eén meeting was voldoende om mij 
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met zoveel nieuwe inzichten en energie op pad te helpen. Je interesse voor R 

en statistiek werkt aanstekelijk. Ik ben je enorm dankbaar voor al je hulp en alles 

wat ik van je heb mogen leren. 

Beste dr. W.G. Groen, beste Wim. Ik heb altijd het gevoel gehad dat jij dit 

project als jouw ‘kindje’ beschouwde. Ik voel me dan ook heel vereerd dat je 

dit aan mij durfde uit te besteden. Ik heb veel geleerd van jouw kennis van 

inspanningsfysiologie. Dank voor je oprechte betrokkenheid en steun de 

afgelopen jaren, ik heb me altijd heel welkom gevoeld. 

Beste prof. dr. N.K. Aaronson, beste Neil. Jouw betrokkenheid bij het Pact-

Paces-Heart studie team heb ik altijd als een enorm voorrecht en toevoeging 

beschouwd. Ik ben je heel dankbaar voor alles wat ik van jou en je jarenlange 

expertise heb mogen leren. 

Ik wil ook alles deelneemsters aan de Pact-Paces-Heart studie bedanken 

voor hun deelname. Het waren intensieve meetdagen, veelal op zaterdag (!), 

waarbij jullie zowel een MRI-scan, een hartecho, een bloedafname, een fietstest 

en testje van de vaatfunctie ondergingen. We verzochten jullie ook nog in de 

vroege ochtend nuchter te arriveren met vaak een flinke reistijd. Fantastisch dat 

jullie hiertoe bereid waren! Zonder jullie inspanningen was dit proefschrift er 

simpelweg niet geweest. 

Geachte leden van de leescommissie; professor Bots, professor Hartgens, 

professor van Leeuwen, professor Linn en professor Verkooijen: ik wil jullie 

hartelijk bedanken voor jullie tijd en bereidheid mijn proefschrift te lezen. 

De eerdergenoemde Pact-Paces-Heart studie meetdagen vonden plaats in het 

UMC Utrecht. Gezien de verscheidenheid aan studiemetingen waren deze dagen 

niet mogelijk geweest zonder betrokkenheid van veel verschillende disciplines 

en afdelingen. Ik ben heel dankbaar voor de samenwerking en ook trots dat 

we deze meetdagen door hebben kunnen zetten tijdens de Coronapandemie. 

Tim Leiner, je hebt me als student wegwijs gemaakt in de wondere wereld van 

de cardiale MRI en stond aan het begin van mijn wetenschappelijke loopbaan. 

Ik ben heel blij dat we onze samenwerking ook tijdens mijn promotietraject 

hebben kunnen voorzetten. Arco Teske, jouw cardio-oncologische expertise 

waren onmisbaar binnen het studieteam. Ik ben heel dankbaar voor je klinische 

input, maar ook dat je me hebt leren echo-en en alle de studie echo’s wilde 

24-08-Willeke.indd   26424-08-Willeke.indd   264 04-09-2023   09:0004-09-2023   09:00



265

Dankwoord

superviseren. Alle betrokken sportartsen en Frank Backx: heel veel dank voor 

de prettige samenwerking en inzet – ook tijdens jullie vrije zaterdagen. Sanne 

Schagen, veel dank dat we ook de Amsterdam Cognition Scan hebben kunnen 

opnemen binnen de Pact-Paces-Heart studie. Ik heb ook met veel plezier met 

je samengewerkt bij het cognitie paper. Chermaine, Cynthia, David, Laurine, 

Lisanne, Marjolein, Michel en Pauline; zonder jullie hulp en inzet als stagiaires 

was het uitvoeren van de studie niet mogelijk geweest. We opereerden als een 

echt team op de zaterdagen en heb enorm veel van jullie inbreng en begeleiden 

geleerd. Dank Markella dat je tijdens mijn eerste zwangerschapsverlof de studie 

draaiende wilde houden, ondanks dat Corona hier een stokje voor stak. En heel 

leuk dat er met de circadiane ritme data nu een overlap in onze projecten zit! 

De Epi Kanker groep van het UMC Utrecht; ondanks mijn gastaanstelling heb ik 

me altijd ontzettend welkom gevoeld. Dank voor de leuke uitjes en gezelligheid! 

Dear van Harten-group, I have taken great joy in walking this PhD-path with you. 

Despite the variety of our topics, there always was a common group feeling, 

especially during one of our many borrels in Amsterdam. Dear Melanie and 

Nora, thanks for being such fun roommates and for tolerating me gradually 

overgrowing our room with plants. I hope we will continue to speak to each 

other in the future. Dear Hester, my physical activity partner in crime, thanks for 

your listening ear and understanding. I wish you all the best in Switzerland and 

hope we can finally plan our racing bike date upon your return. 

Emmie, Roxanne en Anouk: ik had vooraf niet durven hopen dat ik zulke goede 

vriendschappen uit mijn promotietijd zou overhouden. Ondanks de inhoud van 

onze proefschriften, zijn we over de afgelopen jaren minder gaan bewegen en 

meer taart gaan eten. Hoe bijzonder ook dat we alle vier tegelijk zwanger zijn 

geweest. Aan bijkletsen komen we tijdens de huidige kinder-playdates niet meer 

toe, maar alsnog kom ik elke keer blij en tevreden terug. Dank voor vooral heel 

veel gezelligheid de afgelopen jaren! 

In de afgelopen jaren heb ik bestaande vriendschappen verder uitgediept en 

ook nieuwe vriendschappen gevormd. Lieve Sexy Six: al ruim dertig jaar zijn 

wij vriendinnen, en wat mij betreft is dit slechts het begin van alles wat nog 

komen gaat. Lieve Claire, onze vriendschap begon zittend op een bed tijdens 

een ongemakkelijk introductie gesprek in de geneeskunde kennismakingsweek. 

Wat ben ik blij dat jij naast mij zat toen. We hebben zo ontzettend veel gedeeld 

tijdens onze studie en de jaren erna. Onze reis door Laos en Cambodje, die we 
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vooral etend, slapend en lezend hebben doorgebracht beschouw ik echt als 

één van onze hoogtepunten. Lieve Charisma, wat ben ik blij dat ik jou heb leren 

kennen tijdens de Epi master. Je hebt een energie en enthousiasme die maken 

dat ik je graag om me heen hebt. Dank voor al onze fijne gesprekken. Lieve 

Sabine, in een ander dankwoord werd beschreven dat jij niet half beseft wat 

voor fantastisch en uniek persoon je bent. Ik neem dit graag over omdat het zo 

spot-on is. Dank voor alle inzichten de afgelopen jaren. Lieve Tanneke, binnen 10 

minuten zijn we weer op de hoogte van elkaars leven, ook al zien we elkaar soms 

maanden niet. Ik bewonder jouw kracht en energie. Dank voor jouw visie op de 

wereld, daar wil ik meer van horen met meer wijn. Lieve Elise, mijn meest recent 

opgedane vriendin, maar ik zou me geen leven meer zonder jou kunnen en willen 

voorstellen. Ik ken niemand zo attent en integer als jij. Ook al ben je zelf veelste te 

vroeg bevallen, presteer je het toch om voor míj een verjaardagscadeautje met 

handgeschreven kaartje te hebben. Dank voor alle waardevolle gesprekken, yoga 

sessies en levenslessen. Lieve Anna, mijn partner in crime op vele boevenpaden 

door Cuba, Amsterdam en omstreken. Wat een verrijking zijn al deze avonturen 

met jou geweest. Je bent echter ook diegene die mijn vriezer van ingevroren 

maaltijden komt voorzien op het moment dat mijn wereld even stilstond. Ik zou 

je altijd en voor alles durven te bellen. Dank voor je jarenlange aanvoerderschap 

van team rosé en nog zoveel meer. 

Lieve (schoon)familie, veel dank voor jullie steun en interesse de afgelopen jaren. 

Lieve Tijs, meer van jou in mijn leven zou beter zijn; we delen zoveel opvattingen 

en interesses, en raken nooit uitgepraat. Helaas ben ik na jaren door de mand 

gevallen en delen we niet meer dezelfde haarkleur. Lieve Wieke en Wouter, 

gevoelsmatig horen jullie voor mij in deze paragraaf thuis. Dank voor jullie steun 

en gezelligheid au lac de afgelopen jaren, vanaf dat ik kind ben, maar ook zeker 

de meer recentere jaren. Lieve van der Lindens, it takes a village to raise a child. 

Met jullie allen op fietsafstand wonend van ons en onze mini’s begrijp ik pas 

wat die uitspraak inhoudt. Ik wist tijdens onze eerste ontmoeting, waar ik 5 kilo 

aardappelsalade in mijn handen gedrukt kreeg, al dat het met jullie nooit saai 

zou worden.

Lieve PW en Antoinette, ik heb me altijd enorm welkom bij jullie gevoeld. Dank 

voor al jullie hulp en opvang voor de mini’s – ze mogen in hun handjes knijpen 

met jullie als Opa en Oma. Lieve Bel, ik beschouw je als iets tussen een vriendin 

en een zus in, maar misschien wel het beste van allebei. Ik kijk enorm uit om 

taart etend met jou de winter door te gaan. Lieve Coen, met jou in de buurt is het 

voor mij onmogelijk om op te houden met lachen. Dank voor hoe jij dingen kunt 
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relativeren. Lieve Guido en Rennie, wat fijn dat we steun aan elkaar hebben door 

de ‘zo zijn ze..’ gesprekken te voeren. Lieve Caroline, ik heb diepe bewondering 

voor hoe jij in het leven staat. Dank voor alle levenslessen en energie. Lieve 

Harry, dank voor je gezelligheid de afgelopen jaren. Lieve Bernard, je hebt me 

geïntroduceerd in de wondere wereld van het racefietsen. Ik kijk met zoveel 

plezier terug op onze gemaakte tochten. Dank voor onze goede gesprekken 

en je oprechte interesse. Ik wens jullie en klein Bert al het goeds in de wereld. 

Lieve Pump, opgroeien met jou als grote zus maakt veel dingen een kwestie van 

goed volgen. Al 20 jaar gaan wij als de pumpkins door het leven. Ik denk dat het 

kenmerkend is voor de bijzondere band die wij samen hebben, versterkt door 

de vele hoogtepunten samen maar ook de diepe dalen. Ik ben heel blij – in jouw 

geval heel letterlijk – om jou naast mij te hebben staan tijdens mijn verdedigen. 

Lieve Mama, waar te beginnen met jou te bedanken. Van kinds af aan heb je je 

zo ingezet voor ons als gezin, ik besef dat nu pas ten volste sinds ik zelf moeder 

ben. Ik begrijp dankzij jou wat onvoorwaardelijkheid betekent en ik vind het een 

voorrecht te zien dat mijn kinderen nu diezelfde behandeling van je krijgen. Dit 

proefschrift is door en voor papa, maar natuurlijk ook minstens zoveel voor jou. 

Liefste Lot en Chiel, jullie zien opgroeien met die kleine snoetjes maakt 

eigenlijk al het andere relatief. Dat is niet per se handig als er een proefschrift 

naast een klinische baan moet worden afgerond, maar ik zou het op geen 

andere manier willen. Ik leer enorm veel van jullie en jullie bergen met energie 

en onbevangenheid. Blijf vooral zo puur zoals jullie nu zijn.  Liefste Geert, onze 

eerste vakantie brachten we samen wildkamperend door in de Noorse vrieskou. 

In al ons enthousiasme waren we vergeten ons goed in te lezen in het weer, met 

als gevolg dat pindakaas uit de pot etend in de tent zaten omdat het buiten te 

koud was om eten op te warmen. Ik herinner me van dat moment zo het besef 

dat ik in jou iemand had gevonden met wie ik de wereld aan kon en wilde gaan. 

Dat we er een paar jaar later als zo’n gelukkig gezinnetje bij zouden zitten, had 

ik toen niet durven hopen. Ik geniet ervan hoe jij orde en structuur probeert te 

behouden in ons leven, en alleen maar liefdevol kan toekijken als onze kleine 

agents of chaos alles vervolgens doorkruisen. Dank voor de persoon die je bent, 

voor de mensen om je heen, voor onze kinderen en voor mij. Ik kijk uit naar alles 

wat wij nog samen gaan mee maken. Ik hou van jullie!   

24-08-Willeke.indd   26724-08-Willeke.indd   267 04-09-2023   09:0004-09-2023   09:00



268

Appendices

ABOUT THE AUTHOR 

Willeke Naaktgeboren was born in Rotterdam, 

the Netherlands. During childhood, she was 

interested in being outdoors and various 

sports, including wakeboarding and field 

hockey. She played the latter at a competitive 

level and won the national championship in 

field hockey five times. After graduating from 

the Gymnasium at the Montessori Lyceum 

Rotterdam, she began her Biomedical 

Sciences studies at Utrecht University in 

2009. One year later, she switched to study 

Medicine at the same university. During her studies, she participated in the 

Honours Programme, an extracurricular activity program focused on deepening 

research and academic skills. Willeke also worked as a student-assistant teacher 

in physiology and anatomy. In 2013, she went abroad for her obstetrics-gynecology 

internship in rural India. Following this unique experience, she continued her 

(extracurricular) research, now focusing on cardio-oncology. In her master’s thesis, 

Willeke studied the role of cardiac MRI imaging in diagnosing chemotherapy-

induced cardiotoxicity in patients treated for breast cancer and presented the 

results at the SCMR Congress in Washington, USA. Subsequently, she moved 

to London for an elective cardio-oncology internship, for which she received 

funding from, among others, the Nijbakker-Mora Stichting and the Circulatory 

Health Travel Grant of the UMC Utrecht. In these months, she was mostly focused 

on the cardiovascular complications of patients with multiple myeloma.

After obtaining her medical degree, she started working on this thesis in 2017 as 

a Ph.D. candidate at the Netherlands Cancer Institute and the UMC Utrecht. She 

worked under the supervision of prof. W.H. van Harten, prof. A.M. May, dr. M.M 

Stuiver and dr. W.G. Groen. During her research, she collaborated closely with 

various departments, including cardiology, radiology, medical oncology, and sports 

medicine, in conducting the Pact-Paces-Heart study. In 2021, she received a Master 

of Science in Clinical Epidemiology from Utrecht University. As of November 2022, 

Willeke started as a cardiology resident at the Spaarne Gasthuis in Haarlem, the 

Netherlands. She lives near Haarlem with her partner Geert and their two children, 

Lot and Chiel, and they are expecting their third child in spring 2024.  

24-08-Willeke.indd   26824-08-Willeke.indd   268 04-09-2023   09:0004-09-2023   09:00



269

About the author

24-08-Willeke.indd   26924-08-Willeke.indd   269 04-09-2023   09:0004-09-2023   09:00



24-08-Willeke.indd   27024-08-Willeke.indd   270 04-09-2023   09:0004-09-2023   09:00





M
o

vin
g

 c
a

rd
io

-o
n

co
lo

g
y fo

rw
a

rd
W

ille
ke

 N
a

aktg
e

b
o

re
n

Willeke Naaktgeboren




