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Supervised exercise training in
patients with cancer during
anthracycline-based chemotherapy
to mitigate cardiotoxicity: a
randomized-controlled-trial
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Prisca Eser1,3 and Matthias Wilhelm1,3*
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Cardiology, Inselspital, Bern University Hospital, Bern, Switzerland, 4Department of Medical Oncology,
Inselspital, Bern University Hospital, Bern, Switzerland, 5Department of Physical Therapy, Faculty of
Medicine, University of British Columbia, Vancouver, BC, Canada

Background: Exercise training (ET) has been shown to mitigate cardiotoxicity of
anthracycline-based chemotherapies (AC) in animal models. Data from
randomized controlled trials in patients with cancer are sparse.
Methods: Patients with breast cancer or lymphoma receiving AC were recruited
from four cancer centres and randomly assigned to 3 months supervised ET.
Primary outcome was change in left ventricular global longitudinal strain (GLS)
from baseline (before AC) to post AC (AC-end) compared between the
EXduringAC group, who participated in an exercise intervention during AC
including the provision of an activity tracker, and the control group EXpostAC,
who received an activity tracker only. Secondary outcome parameters were
changes in high sensitivity Troponin T (hsTnT), NT-pro-brain natriuretic peptide
(NT-proBNP), peak oxygen consumption (peak VO2) and objectively measured
physical activity (PA) during this same time-period. All assessments were
repeated at a 12-week follow-up from AC-end, when also the EXpostAC group
had completed the ET, that started after AC. In exploratory analyses, robust
linear models were performed to assess the association of PA with changes in
echocardiographic parameters and biomarkers of LV function.
Results: Fifty-seven patients (median age 47 years; 95% women) were randomized
to EXduringAC (n= 28) and EXpostAC (n= 29) group. At AC-end, GLS deteriorated
in both study groups (albeit insignificantly) with 7.4% and 1.0% in EXduringAC (n=
18) and EXpostAC (n= 18), respectively, and hsTnT and NT-proBNP significantly
increased in both groups, without difference between groups for any parameter.
Change in peak VO2 (−1.0 and −1.1 ml/kg/min) at AC-end was also similar
between groups as was duration of moderate-to-vigorous PA (MVPA) with a
median of 33 [26, 47] min/day and 32 [21, 59] min/day in the EXduringAC and
Abbreviations

AC, anthracycline-based chemotherapies; BP, blood pressure; CV, cardiovascular; CVD, cardiovascular disease;
CRF, cardiorespiratory fitness; CORE, cardio-oncologic rehabilitation programme; CPET, cardiopulmonary
exercise test; EF, ejection fraction; ET, exercise training; GLS, global longitudinal strain; hs- CRP, high-
sensitivity C-reactive protein; hsTNT, high-sensitive troponin-T; LAVI; left atrial end-systolic volume index;
LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEDVi, left ventricular end-diastolic
volume index; LVESV, left ventricular end-systolic volume; MVPA, moderate to vigorous physical activity;
NT-proBNP, N-terminal pro-brain natriuretic peptide; PA, physical activity; QOL, quality of life.
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EXpostAC group, respectively. In the robust linear model including the pooled
patient population, MVPA was significantly associated with a more negative GLS
and lesser increase in hsTnT at AC-end.
Conclusion: In this small scale RCT, supervised ET during AC was not superior to
wearing a PA tracker to mitigate cardiotoxicity. The dose-response relationship
between PA and cardioprotective effects during AC found in our and previous
data supports the notion that PA should be recommended to patients
undergoing AC.

Clinical Trial Registration: ClinicalTrials.gov, identifier NCT03850171.

KEYWORDS

cardiotoxicity, global longitudinal strain, physical activity tracking, accelerometry, exercise

training, biomarkers
1. Introduction

Due to improvements in anticancer therapies and early cancer

detection, the number of cancer survivors has increased

substantially over the last decades (1). There is a need for

adequate long-term care of cancer survivors including the

management of side-effects from cancer treatment.

Anthracycline-based chemotherapies (AC) form an integral part

of antineoplastic regimens in the treatment of breast cancer and

lymphoma and have a dose-dependent adverse effect on the

heart and/or vascular endothelial function (2). Although various

mechanisms have been proposed to explain the AC-induced

cardiovascular (CV) toxicity (3), the majority of studies suggest

that an increase in oxidative stress, evidenced through the

generation of reactive oxygen species and binding on

topoisomerase-IIβ, may cause cardiac myocyte apoptosis, necrosis

and damage to myocyte mitochondria (4, 5). The presence of

shared risk factors (i.e., inactive lifestyle, obesity, smoking) (6) in

conjunction with AC-induced CV toxicity further augment the

risk of cardiovascular disease (CVD) in this population (7), and

lead to a reduction in cardiorespiratory fitness (8). Indeed, a

recent study reports that breast cancer survivors have a 1.8-fold

increased risk of death from CVD 7 years post-diagnosis

compared to age-matched women from the general population

with CVD accounting for 35% of non-breast-cancer related

mortality (9).

While left ventricular (LV) remodelling may not be apparent

until months to years after chemo- and/or radiotherapy (10),

other markers enabling the detection of subclinical cardiotoxicity

have been proposed. These markers include a decrease in LV

global longitudinal strain (GLS) (11) and elevation of

biochemical markers of acute myocardial injury and

haemodynamic stress, such as high-sensitivity Troponin-T

(hsTnT) and N-terminal pro-brain natriuretic peptide (NT-

proBNP), respectively (12).

Exercise-based cardio-oncology rehabilitation programmes

have been recommended by the 2022 ESC Guidelines on cardio-

oncology (12). Structured exercise training (ET) has been shown

to prevent the loss in cardiorespiratory fitness (CRF), a global

marker of cardiovascular health, in exercising patients (13–16) or
02
prevent a further decline after AC in patients who sustained a

decline in cardiac function (17).

Evidence for a cardioprotective effect of ET on cardiac markers

during AC therapy stems mainly from animal studies which have

been summarized in two meta-analyses, suggesting that ET

improves fractional shortening, a marker of systolic function, in

trained rats compared to their sedentary counterparts (18, 19).

Both meta-analyses found greater cardioprotective effects when

the ET programme was started prior to AC-therapy and

conducted concomitantly to AC-therapy in comparison to after

Doxorubicin exposure (18, 19).

In humans, data from cross-sectional and cohort studies

assessing the association between self-reported physical activity

(PA) and cardiac function support the hypothesis of a

cardioprotective effect of exercise (20, 21). However, randomized

controlled trials in humans are sparse, and results from animal

studies could not be fully translated (15, 22, 23).

We therefore aimed to compare changes in markers of cardiac

function and myocardial injury between patients performing

supervised ET during AC and patients receiving only advice on

PA, with all patients receiving an activity tracker. As many

people nowadays use some form of PA tracking either with

dedicated devices or simply by mobile phone apps, we used

standardised PA tracking as the control intervention in order to

account for the confounding influence of wearing a tracking

device on levels of PA (24) and to provide objective PA

measurements over 6 months in both groups. We hypothesized

that ET during AC would mitigate the decline in GLS and

increase in hsTnT and NTpro-BNP, compared to PA advice

only. In exploratory analyses, we further aimed to assess the

association of objectively measured PA with changes in GLS,

LVEDVi, hsTnT and NTpro-BNP.
2. Materials and methods

2.1. Study design

The CAPRICE-Study (Cancer Adverse Effects Prevention with

Care & Exercise) was a prospective, randomized controlled
frontiersin.org
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multicentre study, investigating the effect of exercise therapy

timing with regard to cardiotoxicity and patient preference in

early breast cancer and lymphoma patients receiving AC

therapies (clinicaltrials.gov number NCT03850171). The study

was conducted in four large Swiss cancer referral centres

including one university hospital after it was approved by the

Ethic Committee of the Canton of Bern, Switzerland.

Women and men aged 18 years and older with histologically

confirmed breast cancer and lymphoma who were scheduled for

first time AC were eligible for this study. Participants were

excluded if they had: (1) a known or newly diagnosed structural

heart disease; (2) a contraindication to maximal

cardiopulmonary exercise testing (CPET); (3) cancer-specific

contraindications to exercise; (4) previous radiotherapy of the

mediastinum and/or the left breast; or (5) significant cognitive

impairment or inability to follow the study procedures (i.e., due

to language problems).

Group allocation was done using the minimization method,

implemented in the randomization software MinimPy to balance

between group characteristics as follows: type of cancer (breast

cancer or lymphoma), age (< or ≥50 years, baseline left

ventricular global longitudinal strain (≤−19% or >−19%),
previous cancer therapy (previously treated with cardiotoxic

therapy or not previously treated with cardiotoxic therapy),

human epidermal growth factor receptor 2 (HER2) status

(positive or negative) and chemotherapy cycle length (2 or 3

weeks). The allocation was performed after recruitment by an

independent statistician from another university department. The

intervention group participated in a centre-based cardio-

oncologic rehabilitation programme during AC (EXduringAC),

including the provision of an activity tracker, while the control

group (EXpostAC) received an activity tracker only and
FIGURE 1

Study scheme. AC, anthracycline-based chemotherapies.

Frontiers in Cardiovascular Medicine 03
performed the rehabilitation programme in the time-period from

AC-end to 12-week follow-up. In the same time- frame from

AC-end to 12-week follow-up, the EXduringAC group received

an activity tracker only (Figure 1). Patients attended the

laboratory for three visits: before or within 2 weeks of

AC-initiation (baseline, week −1 to 2), in the first 2 weeks upon

AC completion (AC-end, week 8–14, primary outcome visit) and

at approximately 12 weeks after AC completion (12-week follow-

up, week 20–26).

During all visits, patients provided a blood sample, completed

an echocardiogram, a CPET for assessment of peak oxygen

consumption (peak VO2) and a bio-impedance scan to obtain

their body composition. Health-related quality of life (QoL) and

fatigue were assessed using the validated functional assessment of

chronical illness (FACIT) questionnaire, whereas physical activity

pattern were evaluated with the global physical activity

questionnaire (GPAQ). At the baseline visit, all patients were

encouraged to perform leisure time PA according to current

recommendations (25). There were no further instructions or

follow-up calls with regard to PA. They received a hip- or bra-

worn Fitbit Zip activity tracking device (Fitbit, San Francisco,

USA) for the whole 6-month study duration and were instructed

to wear it every day. In addition, all patients were advised to

document the modality, duration and a subjective rating of

exhaustion on the Borg Scale of all training sessions they

completed in a training diary, including individual exercise

performed at home and exercise as part of the rehabilitation

programme. Breast cancer patients received 4 doses of AC either

in a 14-day interval (dose-dense) or in a 21 day interval whereas

lymphoma patients underwent 2–6 cycles of either R-CHOP or

O-CHOP, escalated BEACOPP or ABVD-therapy with

doxorubicin-administration every 3 weeks. A complete list
frontiersin.org
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depicting all administered AC is shown in the supplemental

material (Supplementary Table 1).

In this paper we report the primary outcome change in GLS

from baseline to AC-end and 12-week follow-up, and selected

secondary outcome parameters at AC-end and 12-week follow-up

(change in hsTnT, NT-proBNP, peak VO2 and PA). Detailed

data on secondary outcomes (peak VO2, PA, quality of life and

fatigue) will be reported elsewhere.
2.2. Supervised exercise training

Supervised ET was embedded in a 12-week ambulatory cardio-

oncological rehabilitation programme, including 24 supervised

centre-based and 12 non-supervised home-based exercise

sessions, counselling on PA, psychological aspects, nutrition,

cardiovascular risk factors and pain management. The ET was

offered twice weekly to groups of approximately 10 cancer

patients with exercise sessions lasting 90 min, supervised by

experienced exercise therapists. Sessions started with 30 min of

cycling on an ergometer (including a 5 min warm-up and 3 min

cool-down) at a workload corresponding to the patient’s

individual first ventilatory threshold measured during the CPET

(see below) of the baseline visit, increasing on a weekly basis

targeting to achieve a score of 13 on the Borg scale (26) and

duration of 40 min. After the cycling training, patients

continued with approximately 40–45 min of strength (at 70%–

80% of 1 repetition maximum, 2–3 sets of 8–12 repetitions for

all major muscle groups, targeting a value of 15 on the Borg-

Scale), coordination and/or balance training. At home, the Borg-

Scale was recorded as a measure of intensity and the duration of

the exercise.
2.2.1. Control intervention
The control group received the Fitbit Zip device as did the

intervention group and the simple verbal recommendation of

performing a minimum of 150 min of at least moderate exercise

per week.
2.3. Adaptations of supervised ET during the
COVID-19-pandemic

During the Covid-19 restrictions, the rehabilitation programme

was adapted to a hybrid-tele-rehabilitation model, comprising of

one supervised individual ET session and two non-supervised

ET sessions at home (27). Centre-based endurance sessions on

the ergometer were partly replaced by Nordic Walking sessions

outdoors. Home-based exercise sessions were supervised via the

Fitbit Zip device and feedback was provided by the therapist

via telephone or at the training centre, if possible. All patients

were encouraged to perform at least 150 min of moderate PA

per week, and two weekly strength sessions for major muscle

groups (25).
Frontiers in Cardiovascular Medicine 04
2.4. Adherence with endurance exercise
training

Adherence to the centre-based endurance training was defined

as the percentage of completed training sessions relative to

scheduled sessions. For patients in the EXduringAC group,

adherence was calculated from the beginning of the ET

intervention until the AC-end visit, whereas in the EXpostAC

group, adherence was determined in the time-period from AC-

end to 12-week follow-up from beginning to the end of ET

participation, with 2 completed weekly centre-based sessions to

achieve full adherence. In addition to compliance with solely

centre-based ET, which for some patients had to be adapted due

to Covid-19-related restrictions with only 1 supervised session

per week, a total endurance adherence score was calculated,

comprising centre-based and home-based exercise sessions. For

full adherence 3 weekly exercise sessions had to be completed.

For home-based trainings, only exercise sessions of at least

30 min and with ratings on the Borg Scale of 11 and higher were

considered for analysis of adherence. Due to the group-based

character of the centre-based exercise sessions, it was not possible

to perform a detailed evaluation of the completed strength

training (i.e., load, sets, and repetitions) in our cohort.
2.5. Transthoracic echocardiography

Standard transthoracic 2D echocardiography was performed

before randomisation, at AC-end and at 12-week follow-up. All

echocardiographic images were obtained on a Vivid 95 cardiac

ultrasound system with a 7.5-MHz transducer (GE Medical

system, New Jersey, U.S.A.) by experienced sonographers of an

echo core lab using standard tomographic views. All data was

stored on an external hard-drive and analysed off-line on a

commercially available workstation using TomTec software

(TomTec Imaging Software Systems, 2020). Traditional

echocardiographic parameters of LV geometry, and systolic and

diastolic function were assessed based on contemporary

recommendations. Peak systolic LV GLS was assessed using

standard 2D apical four-chamber, two-chamber and three-

chamber views using speckle-tracking analysis (28). LV GLS was

assessed by an experienced echocardiographer blinded for group

allocation and time point.
2.6. Cardiopulmonary exercise testing

CPETs were performed at baseline, at AC-end and 12-week

follow-up on a cycle ergometer with an individualized ramp

protocol aiming to achieve exhaustion within 8–12 min. The

protocol consisted of a 3-min warm-up at a workload of 5–20

watt followed by an increase of 10, 15, or 20 watt per minute

until voluntary exhaustion and a 2-min active cool-down period.

Throughout the CPET, patients were monitored by a cardiologist

with continuous assessment of a 12-channel electrocardiogram.
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From May 2019 until the end of February 2020 gas exchange was

measured using the breath-by-breath spirometry system Jaeger

Oxycon Pro (Masterscreen CPX, PanGas Healthcare GmbH,

Dagmersellen, Switzerland) which was thereafter replaced by the

Quark spirometric system (Cosmed, Fehraltdorf, Switzerland).

Peak VO2 was determined as the highest value of a 30 s moving

average window. To include only valid peak VO2 in our analysis,

we excluded CPETS with a respiratory exchange ratio below 1.05,

since below this value the identified peak VO2 is from a

submaximal test and does not indicate a true peak value.
2.7. Physical activity tracking

PA of all participants was tracked with a validated hip- or bra-

worn Fitbit Zip device (29) from baseline to 12-week follow-up

visit, which amounted to a duration of 6 months for most

patients. The device enabled constant recording of PA

parameters such as daily steps and daily minutes of low, medium

and high activity. The Fitbit Zip was shown to be within the 10%

equivalence zone around the indirect calorimetry estimate (30).

Feedback regarding the daily steps could be seen by the patient

on the screen of the device and greater detail on daily activity

levels could be assessed by the patient on the Fitbit website. All

patients were instructed to synchronize their devices at least once

every week to ensure the data transfer into the Fitbit app on

their phones, which was installed on the day of their first visit.

At the AC-end and 12-week follow-up visits data was

downloaded from the Fitibit Zip by the study team. Data from

medium and high PA were sumarized to obtain one parameter,

which we termed moderate to vigorous activity (MVPA).

Additionally, all participants kept a training diary in which they

documented modality, duration and Borg Scale of all training

sessions they completed, including individual exercise performed

at home and exercise as part of the rehabilitation programme.

Training sessions not reflected by the Fitbit Zip, such as cycling

or swimming, or when the Fitbit Zip device was not worn, were

added to the Fitbit Zip PA and step data using a formula (if

their duration was at least 10 min and Borg scale ≥12, see

Supplementary Appendix). A detailed description of the

following sections of the methods can be found in the

Supplements: Transthoracic echocardiography, Biomarkers of

myocardial injury, Physical activity tracking, and Serious adverse

events.
2.8. Sample size calculation

Sample size calculation was based on previous studies that

measured GLS before and after AC in patients with breast cancer

(31, 32). Based on these studies, we assumed that the EXpostAC

group will increase GLS by 2% from −20% to −18% and the

EXduringAC group will have an increase of only 0.5% from

−20% to −19.5% (with a standard deviation of 2.5%), congruent

with a clinically meaningful difference between the two groups

(33). Based on a one-sided t-test, an alpha of 0.05 and power of
Frontiers in Cardiovascular Medicine 05
0.8, 102 patients (51 patients per group) were required, assuming

a 15% dropout rate.
2.9. Data analysis

We used the R Studio software (Version 2022.02.3 + 492, R

version 4.2.1.) for all statistical analyses.

Patient characteristics were compared between groups using

Wilcoxon rank sum tests, Chi-square or Fisher’s exact test, as

appropriate. Statistical significance was set at alpha <0.05.

The effect of the exercise intervention on changes in markers of

LV function, myocardial injury and peak VO2 were compared

between the two groups by linear mixed model with group

(EXduringAC and EXpostAC) and time point (visits) as fixed

factors including their interaction. Patients were included as

random intercepts. Primary outcome was the group × time

interaction for GLS from baseline to AC-end of patients with

available GLS at both time points. An additional model was

performed for GLS with heart rate as a covariate to adjust for

higher heart rate that can arise as a consequence of AC-induced

anaemia and consequent changes in preload. Further, a second

model was performed for peak VO2, adjusted for age and BMI.

Due to assay-specific non-detection values of <5 ng/L and

<50 pg/ml for hsTnT and NT-proBNP, respectively, a

conservative approach was used by setting these values at 4 ng/L

for hsTnT and at 49 pg/ml for NT-proBNP. Log transformation

was used when necessary.

In exploratory analyses, robust linear models were performed

for change in GLS, LVEDVi, hsTnT and NT-proBNP from

baseline to AC-end for the pooled patient population, including

treatment group and objectively measured PA (expressed as daily

MVPA or steps) as predictor variables.

All analyses were performed on an intention-to-treat (ITT)

basis. In addition, per protocol (PP) analyses were performed. PP

was defined according to which phase (AC or post-AC phase)

patients performed at least 60% of the centre-based training

sessions in. Patients who did not complete 60% of the planned

training sessions in neither phase were excluded from the PP

analysis. Missing data was not imputed.
3. Results

3.1. Study flow and baseline characteristics

The patient flow is shown in Figure 2 (and for PP-analysis in

Supplementary Figure 1). Between May 2019 and June 2022, 143

patients were assessed for eligibility at four centres (whereby two

small centres supplied incomplete screening lists), and 57

patients consented to participate in the study and were

randomized. Twenty-eight patients were allocated to

EXduringAC and 29 to EXpostAC. As a consequence of

slow recruitment due to Covid-19 and limited funding, the

study was stopped before the target sample size was reached.
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Baseline demographic and clinical characteristics are shown in

Table 1.

Six patients (10.5%) discontinued the study before the AC-

end visit (4 EXduringAC, 2 EXpostAC). Patients who dropped

out of the study were 11 years older compared to the remaining

study cohort (p = 0.007) but did not differ with regard to other

baseline characteristics (Supplementary Table 2). Reasons for

discontinuation of the study were time constraints due to

private commitments and other medical appointments, side-

effects from AC-therapy, or no longer being interested in the

study. Six patients chose the timing of their rehabilitation

participation discordant with their randomised group allocation.

Twenty and 17 patients fulfilled the PP criteria in the

EXduringAC and EXpostAC group, respectively. However,

results of all models were consistent between ITT and PP

analyses, so the effect of non-compliant patients or patients

changing group was negligible. Due to insufficient image quality

at baseline and/or at AC-end and a missing visit related to

Covid-19, primary outcome data of GLS could not be analysed

in 15 patients.

Ninety-one percent of the participants had breast cancer and

9% had lymphoma. The majority of patients with breast cancer

were diagnosed with HER2+ (53%) and 50% of breast cancer

patients were undergoing neoadjuvant AC. Three patients (2

EXduringAC, 1 EXpostAC) received 4 cycles of Carboplatin and

6 patients (4 EXpostAC, 2 EXduringAC-group) received 4 cycles

of Trastuzumab prior to AC administration.
FIGURE 2

Study flow.
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AC for all but one breast cancer participants consisted of 4

cycles with 60 mg/m2 doxorubicin combined with 600 mg/m2

cyclophosphamide. One patient not receiving doxorubicin was

administered an equivalent dose of epirubicin. Median [1st and

3rd quartiles] cumulative dose in the EXduringAC group and

EXpostAC group was 240 mg/m2 [234.4, 242.0 mg/m2] and

233.5 mg/m2 [228.3, 238.5 mg/m2], respectively, which was a

small but significant difference between groups.

Two lymphoma patients were diagnosed with Hodgkin’s

lymphoma (stages II and III), two patients suffered from diffuse

large B-cell-lymphoma (stages II and III) and one patient was

diagnosed with follicular lymphoma (stage III–IV). Three

lymphoma patients received six cycles of either R-CHOP or O-

CHOP-therapy, 1 patient received 4 cycles of escalated

BEACOPP and 1 patient was treated with 2 cycles of ABVD-

therapy. All participants were administered the prescribed AC-

dose with no dose reductions occurring.

In one patient randomized to the EXduringAC group, LVEF

dropped from 55% at baseline to 39% at 12-week follow-up (−29%),
which we documented as a serious adverse event. After evaluation

with the data safety monitoring committee of the study, it was

concluded that a causal relation of the event with the study

intervention was unlikely. The patient received treatment with an

angiotensin-converting-enzyme inhibitor and beta-blocker and was

thereafter regularly monitored in the cardio-oncology-unit of the

University Hospital. Due to insufficient image quality at baseline, this

patient was excluded from further analyses of our primary outcome.
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1283153
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


TABLE 1 Baseline characteristics of the study population, shown are n (%), or median [1st and 3rd quartiles].

Characteristics All participants (n = 57) EXduringAC (n = 28) EXpostAC (n = 29) p-value

Inclusion site
Centre 1 (University hospital) 23 12 11

Centre 2 23 11 12

Centre 3 6 3 3

Centre 4 5 2 3

Male 4 (7.0) 2 (7.1) 2 (6.8) 1

Age [years] 47 [38, 57] 50 [38, 57] 46 [38, 57] 0.798

Body mass index [kg/m2] 23.9 [21.6, 27.1] 23.0 [21.9, 26.4] 24.1 [21.5, 27.8] 0.497

Systolic blood pressure [mmHg] 115 [110, 120] 116 [112, 120] 114 [106, 120] 0.249

Diastolic blood pressure [mmHg] 70 [65, 78] 69 [65, 78] 70 [62, 78] 0.979

Hemoglobin [g/L]a 12.9 [12.1, 13.9] 13.0 [12.3, 13.9] 12.9 [12.0, 13.8] 0.966

Anaemiaa 15 (28.8) 8 (28.6) 7 (24.1) 0.836

Cardiorespiratory fitness [ml/min/kg] 24.9 [21.2, 29.2] 24.2 [21.6, 28.4] 25.8 [21.2, 29.9] 0.794

Cardiorespiratory fitness [% of predicted by Wasserman] 103 [88, 118] 101 [88, 118] 105 [84, 116] 0.854

Cardiorespiratory fitness [% of predicted by FRIEND] 88.8 [75.6, 101.0] 86.7 [76.1, 102.6] 94.6 [72.7, 100.8] 0.629

GPAQ MVPA (min/week) 440 [270, 734] 531 [337, 791] 369 [237, 694] 0.348

Tumor site
Breast 52 (91.2) 26 (92.9) 26 (89.7) 0.9999

Lymphoma 5 (8.8) 2 (7.1) 3 (10.3)

BC disease-stage (I, II, III, IV)
Stage I 12 (23.1) 7 (26.9) 5 (19.2) 0.679

Stage II 30 (57.7) 13 (50.0) 17 (65.5)

Stage III 9 (17.3) 5 (19.2) 4 (15.4)

Stage IV 1 (1.9) 1 (3.8) 0 (0.0)

BC clinical subtype
Hormone-positive (ER+/PR+) 30 (52.6) 13 (50.0) 17 (65.4) 0.400

HER2-positive 14 (26.9) 6 (23.1) 8 (30.8) 0.755

Triple negative 13 (25.0) 7 (26.9) 6 (23.1) 1

AC (only for BC)
Neoadjuvant (with preceeding chemotherapy 10 (17.5) 5 (17.9) 5 (17.2) 0.932

Neoadjuvant (no preceeding chemotherapy) 16 (28.1) 7 (25.0) 9 (31.0)

Adjuvant 26 (45.6) 14 (50.0) 12 (41.4)

Dose-dense 25 (43.9) 11 (39.3) 14 (48.3) 0.452

Cumulative AC-dose
BC 236.8 [231.2, 240.0] 240 [234.4, 242.0] 233.5 [228.3, 238.5] 0.021

Lymphoma 293.0 [140.0, 300] 200.0 [150.0, 250.0] 293.0 [216.5, 296.5] 1

Other cancer therapy
Herceptin 11 (19.3) 4 (14.3) 7 (24.1) 0.747

Radiotherapy 39 (68.4) 19 (67.9) 20 (69.0) 1

Left-sided 16 (28.1) 9 (32.1) 7 (24.1) 0.751

Taxol 38 (66.7) 18 (64.3) 20 (69.0) 0.893

Hormone therapy 14 (26.9) 7 (25.0) 7 (24.1) 1

Smoking
Current 4 (7.0) 2 (7.1) 2 (6.9) 0.9999

Former (more than 3 months) 12 (21.1) 7 (25.0) 5 (17.2)

Cardiovascular risk factors
Diabetes mellitus 2 (3.5) 0 (0.0) 2 (6.9) 0.491

Hyperlipidemia 9 (15.8) 4 (14.3) 5 (17.2) 1

Obesity 6 (10.5) 1 (3.6) 5 (17.2) 0.194

Hypertension 3 (5.3) 0 (0.0) 3 (10.3) 0.237

Sum score cardiovascular risk factors 0 [0, 1] 1 [0, 1] 0 [0, 1] 0.077

Indicated are p-values from Wilcoxon two-sample tests or Fisher’s exact test, as appropriate.

BC, breast cancer; AC, anthracycline, GPAQ, global physical activity questionnaire; MET, metabolic equivalent.
aAnaemia was defined as hemoglobin level <120 g/L for women and <130 g/L for men.
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TABLE 2 Baseline values and changes of echocardiographic parameters and biomarkers of myocardial injury according to allocated study group
(Intention-to-treat analysis).

EXduringAC (n = 28) EXpostAC (n = 29)

Baseline Δ baseline to
AC-end

Δ AC-end to
follow-up

Baseline Δ baseline to
AC-end

Δ AC-end to
follow-up

GLS [%] −21.9 (−22.8, −19.1) −1.05 (−3.0, 3.1) 0.6 (−1.1, 2.7) −21.1 (−22.8, −19.1) 0.35 (−1.8, 2.6) −0.9 (−3.0, 3.8)
N = 24 N = 18 N = 19 N = 24 N = 18 N = 17

HR GLS [bpm] 71.5 (67.0, 79.8) 0.5a (−5.8, 12.3) −5.0 (−8.8, 1.5) 67.0 (62.5, 76.3) 8.5a (3.0, 14.3) −3.5 (−8.0, 2.5)
N = 24 N = 18 N = 18 N = 24 N = 18 N = 16

2D LVEF [%] 64.5 (57.7, 68.3) −1.5 (−5.7, 3.4)a 0.2 (−5.9, 4.4) 63.9 (61.4, 67.9) −3.5 (−6.0, 0.3)a 2.0 (−3.9, 4.0)
N = 26 N = 22 N = 21 N = 29 N = 25 N = 23

LVEDVi [ml/m2] 52.3 (43.8, 60.6) −2.6 (−6.6, 4.4) −5.8 (−10.2, 7.9) 47.3 (39.0, 53.1) 0.8 (−9.5, 7.7) −0.4 (−13.1, 6.2)
N = 25 N = 21 N = 21 N = 26 N = 24 N = 23

E/e’ 6.6 (6.1, 8.1) −0.04 (−1.55, 0.91) 0.47 (−1.37, 1.00) 7.2 (5.7, 8.1) −0.36 (−0.78, 1.49) 0.00 (−0.90, 0.84)
N = 28 N = 24 N = 22 N = 29 N = 26 N = 23

E/A ratio 1.12 (1.0, 1.37) −0.09 (−0.22, 0.08) 0.00 (−0.20, 0.24) 1.25 (0.93, 1.44) −0.09 (−0.14, 0.20) −0.06 (−0.37, 0.12)
N = 28 N = 25 N = 23 N = 29 N = 26 N = 24

LAVI [ml/m2] 22.6 (19.9, 28.4) −2.7 (−4.6, 3.11) 0.3 (−3.2, 5.9) 20.6 (18.9, 26.7) 0.4 (−1.3, 3.7) −0.9 (−4.3, 2.2)
N = 26 N = 22 N = 21 N = 29 N = 23 N = 21

NT-proBNP [pg/ml] 56.5 (49.0, 82.0) 35.0 (0.0, 107.0)a −1.0 (−71.0, 41.0) 49.0 (49.0, 53.3) 41.0 (0.0, 93.0)a −37.0 (−107.0, 0.0)
N = 28 N = 21 N = 19 N = 28 N = 23 N = 21

hsTnT [ng/L] 4.0 (4.0, 4,0) 8.0 (6.0, 16.0)a −2.0 (−10.0, 1.0)a 4.0 (4.0, 4,0) 10.0 (6.3, 14.8)a −5.0 (−9.0, −1.0)a

N = 25 N = 21 N = 18 N = 25 N = 22 N = 21

hs-C-reactive protein [mg/L] 1.03 (0.77, 1.58) 0.98 (−0.06, 2.49) −0.96 (−2.63, 0.29) 1.91 (0.97, 3.68) 0.81 (−0.02, 1.37) −0.56 (−2.83, 0.73)
N = 25 N = 22 N = 18 N = 26 N = 22 N = 22

Systolic BP [mmHg] 122.5 (116.0, 134.5) −5.5 (−13.0, 10.0) 1.0 (−10.0, 15.0) 120.0 (111.5, 135.5) 0.5 (−8.8, 14.8) −2.0 (−5.0, 5.5)
N = 26 N = 20 N = 17 N = 27 N = 22 N = 20

Diastolic BP [mmHg] 75.0 (65.8, 84.8) −2.0 (−10.3, 7.0) −3.0 (−13.0, 12.0) 74.0 (63.0, 80.0) −1.5 (−9.5, 11.3) 1.0 (−6.3, 9.3)
N = 26 N = 20 N = 17 N = 27 N = 22 N = 20

Shown are median (1st and 3rd quartiles). Number of patients with sufficient echo quality are also indicated. Significant p-values for group and time interaction or main

effects are indicated and derived from mixed linear models with patients as random factors (intercepts) and EXpostAC group and baseline time point as references.

GLS, global longitudinal strain; HR, heart rate; LVEF, left ventricular ejection fraction; LVEDVi, left-ventricular end-diastolic volume index; hsTnT, high-sensitivity troponin-T;

NT-proBNP, N-terminal pro-brain natriuretic peptide; LAVI, left atrial end-systolic volume index; hs-C-reactive protein, high-sensitivity C-reactive protein; BP, blood

pressure.
ap < 0.05 for main time effect.
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3.2. Intervention adherence

For patients completing ET during AC, ET was started on a

median [1st and 3rd quartiles] of 9 days (7, 11) after their first

AC-cycle, whereas for patients completing the ET after AC, ET

was initiated on a median [1st and 3rd quartiles] of 28 days (19,

45) after their final AC-cycle. According to ITT-analysis, median

[1st, 3rd quartile] adherence with the centre-based endurance

training sessions from initiation of ET until the AC-end visit in

the EXduringAC group was 65% [36, 78], whereas adherence

from beginning of ET until the 12-week follow-up visit was 71%

[38, 88] in the EXpostAC group. Of 19 and 18 patients in the

EXduringAC group and the EXpostAC group, respectively, with

complete documentation on PA, total adherence with endurance

exercise training, including centre-and home-based exercise

sessions was 71% [59, 93] and 87% [67, 100], respectively.

Covid-19-related adaptations of the centre-based exercise

sessions required the shortening of exercise sessions to 60 min in

some patients with the consequence that due to time-restrictions,

endurance exercise sessions were replaced with strength training,

which contributed to the low adherence with the centre-based ET.
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3.3. Changes in echocardiographic
parameters and biomarkers of subclinical
cardiotoxicity

Baseline data and changes in echocardiographic parameters are

shown in Table 2 for ITT groups (Supplementary Table 3 for PP

groups). Individual changes in GLS, LVEDVi, hsTnT and NT-

proBNP are shown in Supplementary Figure 2. At baseline,

echocardiographic and biomarkers were not significantly different

between groups. Changes from baseline to AC-end and 12-week

follow-up in echocardiographic markers were similar with no

differences between the two study groups and consistent results in

the ITT (Tables 2 and 3) and PP analyses (Supplementary Table 3).

GLS at baseline was within the age-expected range (Table 2).

In patients with available GLS at baseline and AC-end (n = 18

in both groups), GLS at baseline was −21.6% [−22.3, −19.0%] and
−21.0% [−22.5, −19.0%] in the EXduringAC group and EXpostAC

group respectively. At AC-end, GLS was −20.0% [−22.7, −18.8%]
and −20.8% [−23.8, −16.9%] in the EXduringAC group (change of

7.4% compared to baseline) and EXpostAC group (change of 1.0%

compared to baseline), respectively.
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TABLE 3 Mixed linear models with fixed effects group and time point
(including interaction) and patients as random factors (intercept).

Estimate (95% CI) t-value p-value

GLS
Intercept −21.08 (−22.32,−19.84) −33.78 0.000

EXduringAC 0.45 (−1.31, 2.21) 0.52 0.608

AC-end 0.63 (−0.89, 2.15) 0.83 0.410

Follow-up 0.83 (−0.63, 2.29) 1.14 0.258

EXduringAC × Visit 2 −0.14 (−2.26, 1.98) −0.14 0.892

EXduringAC × Visit 3 0.92 (−1.18, 3.02) 0.88 0.382

LVEDVi
Intercept 46.77 (41.89, 51.65) 19.20 0.000

EXduringAC 4.95 (−1.99, 11.89) 1.43 0.159

AC-end 0.20 (−4.98, 5.38) 0.08 0.938

Follow-up −0.74 (−6.06, 4.58) −0.28 0.781

EXduringAC × Visit 2 −0.42 (−7.92, 7.08) −0.11 0.910

EXduringAC × Visit 3 0.80 (−6.98, 8.58) 0.20 0.839

Log (hsTnT)
Intercept 1.42 (1.24, 1.6) 16.49 0.000

EXduringAC −0.01 (−0.25, 0.23) −0.05 0.961

AC-end 1.21 (0.99, 1.43) 10.68 0.000

Follow-up 0.76 (0.52, 1) 6.63 0.000

EXduringAC × Visit 2 0.01 (−0.31, 0.33) 0.06 0.954

EXduringAC × Visit 3 0.19 (−0.15, 0.53) 1.12 0.268

Log (NT-proBNP)
Intercept 4.03 (3.81, 4.25) 35.62 0.000

EXduringAC 0.13 (−0.19, 0.45) 0.78 0.438

AC-end 0.57 (0.31, 0.83) 4.21 0.000

Follow-up 0.17 (−0.11, 0.45) 1.23 0.223

EXduringAC × Visit 2 −0.13 (−0.51, 0.25) −0.66 0.514

EXduringAC × Visit 3 0.20 (−0.2, 0.6) 0.98 0.332

Reference category was EXpostAC and baseline. Analysis was done according to

Intention-to-treat. GLS, global longitudinal strain; LVEDVi, left-ventricular end-

diastolic volume index; hsTnT, high-sensitivity Troponin-T; NT-proBNP, N-

terminal pro-brain natriuretic peptide.

Significant values are indicated in bold.
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At 12-week follow-up and in patients with complete GLS data at

baseline and AC-end (n = 18 in EXduringAC, n = 18 in EXpostAC),

GLS was −19.40 [−19.8, −18.9] in the EXduringAC group and

−20.30 [−22.0, −19.5] in the EXpostAC group (Figure 3).

When analysed over the entire study groups, change in GLS did

not exceed the threshold of −15% that has been suggested to

predict a future drop in LVEF (at no time-point) (34). Individual

changes are depicted in Supplementary Figure 2. In an

additional linear mixed model adjusted for heart rate, a higher

heart rate was associated with a less negative GLS, whereby an

increase in heart rate of 10/min resulted in an 0.8% change in

GLS (Supplementary Table 4).

At AC-end, there was a significant increase in hsTnT by a

median of 8.0 ng/L [6.0, 16.0 ng/L] and 10.0 ng/L [6.3, 14.8 ng/L]

in the EXduringAC group and EXpostAC group, respectively (p

< 0.05 in both groups). NT-proBNP also increased significantly

by a median of 35.0 pg/ml [0.0, 107.0 pg/ml] and 41.0 pg/ml

[0.0, 93.0 pg/ml] in the EXduringAC group and EXpostAC

group, respectively (p < 0.05 in both groups), with no changes

between the groups (p for interaction group × time = 0.954 and

0.514 for hsTnT and NT-proBNP, respectively). The increase in
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hsTnT persisted at follow-up, whereas NT-proBNP was no

longer different when compared to baseline (Tables 2 and 3,

Figure 3).
3.4. Changes in cardiorespiratory fitness

Peak VO2 tended to decrease from the baseline to the AC-end

visit from a median 24.2 ml/kg/min [1st and 3rd quartile 21.6,

28.4 ml/kg/min] to 23.2 ml/kg/min [20.9, 27.0 ml/kg/min] in the

EXduringAC and from 25.8 ml/kg/min [21.2, 29.9 ml/kg/min] to

24.7 ml/kg/min [19.8, 27.7 ml/kg/min] in the EXpostAC group.

From AC-end to 12-week follow-up peak VO2 increased (albeit

insignificantly) to 25.1 ml/kg/min [20.1, 27.7 ml/kg/min] and

26.7 ml/kg/min [22.9, 32.4 ml/kg/min]in the EXduringAC group

and EXpostAC group, respectively. There was no significant

group × time interaction indicating that there was no treatment

effect for peak VO2 neither at AC-end, nor 12-week follow-up

(p = 0.801 and p = 0.413, respectively). Detailed results on peak

VO2 and PA data will be published elsewhere.
3.5. Physical activity data

Self-reported PA at baseline achieved recommended levels of

guidelines in both groups (Table 1). At AC-end, PA data recorded

by Fitbit Zip and complemented with data from training diaries

for cycling and swimming was available from 43 patients. Detailed

PA data will be presented elsewhere. Daily duration of PA did not

differ between EXduringAC and EXafterAC, and neither did daily

number of steps. MVPA was a median 33 min/day [26, 47] min/

day and 32 min/day [21, 59] min/day in the EXduringAC and

EXpostAC group, respectively, and for steps a median 7,641

[6,332, 9,810] steps/day and 6,806 [5,275, 9,429] steps/day,

respectively. Overall, 76% of our cohort reached the recommended

amount of MVPA of 150 min/week during AC (Central Figure).
3.6. Association of physical activity with
markers of LV dysfunction and myocardial
injury at AC-end

In the linear models including the pooled patient population, a

higher step count was associated with a more negative GLS, with an

increase of 2,000 steps/day corresponding to a 1% more negative

GLS. A similar association was found for MVPA with GLS and

hsTnT, with a 30 min increase in MVPA corresponding to a

1.8% more negative GLS and a 3 ng/L lesser increase in hsTnT.

We did not find any associations between activity parameters

and LVEDVi or NT-proBNP (Figure 4 and Table 4).
4. Discussion

In this small scale randomized controlled trial in patients with

cancer receiving AC, the addition of supervised ET during or after
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FIGURE 3

Boxplots per study group (according to Intention-to-treat) and visit in patients with available data at baseline and AC-end for GLS (n= 18 in the
EXduringAC and n= 17 in the EXpostAC group), LVEDVi (n= 21 and n= 24), hsTnT (n= 21 and n= 22) and NT-proBNP (n= 24 and n= 25). AC,
anthracycline-based chemotherapies; GLS, global longitudinal strain; LVEDVi, left-ventricular end-diastolic volume index; hsTnT, high-sensitivity
troponin-T; NT-proBNP, N-terminal pro-brain natriuretic peptide.
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AC was not superior to PA tracking alone to mitigate

cardiotoxicity. Changes in GLS, hsTnT and NT-proBNP did not

differ between the EXduringAC and EXpostAC groups at neither

time-point. Importantly, PA at baseline and objectively measured

PA at AC-end achieved recommended levels of guidelines in

both groups. In our active cohort, supervised ET during AC did

neither lead to an increase in PA nor to a lesser decrease in peak

VO2 compared to the control intervention of PA tracking only.

In the pooled patient population we found a significant inverse

association between PA and changes in GLS and hsTnT at AC-
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end. PA tracking is common practice nowadays and the potential

of PA tracking as alternative to enrolling in an ET programme to

sufficiently raise PA levels in order to alleviate cardiotoxicity may

be investigated in larger studies.

This is the first study using objectively measured PA with an

activity tracker to analyse the association between overall PA

and markers of myocardial function and myocardial injury.

Similarly to previous, larger studies by Foulkes et al. and

Antunes et al. in 104 and 93 breast cancer, respectively, which

evaluated the effect of an exercise intervention (3x/week aerobic
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CENTRAL FIGURE

Supervised exercise training in patients with cancer after anthracycline-based chemotherapy to mitigate cardiotoxicity—a randomised controlled trial. AC,
anthracycline-based chemotherapy; hsTnT, high-sensitivity troponin T; MVPA, moderate and vigorous physical activity.
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and resistance exercise) on cardiac markers of systolic function

between an exercise and usual care group undergoing AC, our

study did not find between-group differences for any

echocardiographic parameters (15, 23). At AC-end, GLS

deteriorated by 1.3% and 1.1% in the exercise groups compared

to 1.0% and 0.8% in the usual care groups in the studies by

Foulkes et al. and Antunes et al., respectively, with no

differences between the groups, despite a significantly greater

decline in peak VO2 in the usual care groups, a finding that was

not confirmed in our study (15, 23).

Against our hypothesis, ET participation during AC did not

result in higher PA in the EXduringAC group nor did it lead to

a reduced decrease in peak VO2 compared to the control group

(more details on peak VO2 and PA data will be published

elsewhere). The mean adjusted decreases in peak VO2 at AC-end

were −1.7 and −1.6 ml/kg/min in our exercise and usual care

group, respectively. This is comparable to the reported changes

of −1.5 ml/kg/min of the exercise group and less than decreases

of −2.9 ml/kg/ml in the usual care group in the BREXIT study

(15), however, losses in peak VO2 were greater than changes of

0.9 and −0.9 ml/kg/min in the exercise and usual care group,

respectively, found by Antunes et al. (23). The provision of PA-

trackers in our cohort may have narrowed the effect of the

supervised ET by preventing the drop in VO2 in our usual care
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group, thereby contributing to the smaller between-group

differences in our study.

While baseline characteristics in the study by Foulkes et al.

were comparable to our cohort (peak VO2 95% and 93% of

predicted in the usual care and exercise group, respectively),

only 7.5% of patients in the study by Antunes et al. fulfilled

the physical activity guidelines at study entry (15, 23), vs. 76%

in our population. The lower baseline peak VO2 and higher

BMI of their patients at albeit similar age suggests that their

cohort consisted of less active and less fit patients. In this

context, it is important to note that changes in peak VO2 are

often inversely related to baseline peak VO2 (35). In our

cohort, there was a significant moderate correlation (r = −0.4,
p = 0.005) between baseline CRF and changes in peak VO2 at

AC-end (Supplementary Figure 3). The reason for this may

be that there is a ceiling effect which allows more potential for

improvement in initially less fit patients. Additionally, peak

VO2 is dependent on motivation and form of the day, where

an exceptionally good performance is more likely to be

followed by a poorer performance and vice versa, a

phenomenon called “regression to the mean” (36, 37). In fact,

most studies investigating changes in peak VO2 in patients

with cancer adjust for baseline values (15, 23, 38, 39).

Consequently, the decrease in peak VO2 in the exercise groups
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FIGURE 4

Association of activity parameters (MVPA and steps) with changes in GLS and hsTnT. MVPA, moderate to vigorous physical activity; GLS, global
longitudinal strain; hsTnT, high-sensitivity troponin-T.
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of the BREXIT and our study at the end of AC, referring to a

similar cohort with high baseline peak VO2 and the increase in

the study by Antunes et al. in less active patients should be

interpreted in this context (15, 23). Nevertheless, the decrease

in peak VO2 at AC-end in our usual care group was similar to

the changes reported in the exercise group of the BREXIT

study (15), suggesting that a decay in cardiorespiratory fitness

was attenuated successfully by the provision of PA trackers by
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a similar amount as providing exercise training interventions

in a comparable cohort.

The fact that MVPA and steps were similar between our study

groups allowed the pooled analysis including all patients in a linear

model, suggesting that higher levels of MVPA during AC may

attenuate myocardial injury. Our findings can be explained by

biologically plausible mechanisms and experimentally

demonstrated results from animal studies (19). A recent
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TABLE 4 Robust linear models for changes in GLS, LVEDVi, hsTnT and NT-proBNP from baseline to AC-end, including study group and activity
parameters steps (left column) or MVPA (right column) as predictors.

Estimate (95% CI) t-value p-value Estimate (95% CI) t-value p-value

GLS GLS
Intercept 3.78 (−0.22, 7.78) 1.89 0.069 Intercept 2.41 (−0.45, 5.27) 1.69 0.104

EXduringAC 0.18 (−2.28, 2.64) 0.15 0.885 EXduringAC 0.62 (−1.78, 3.02) 0.51 0.611

HR GLS 0.07 (−0.09, 0.23) 0.83 0.412 HR GLS 0.02 (−0.1, 0.14) 0.32 0.755

Steps 0.00 (0, 0) −2.36 0.026 MVPA −0.06 (−0.12, 0) −2.30 0.030

R2: 11% R2: 10%

LVEDVi LVEDVi
Intercept −0.28 (−10.92, 10.36) −0.05 0.958 Intercept −2.44 (−11.46, 6.58) −0.54 0.592

EXduringAC −0.63 (−8.47, 7.21) −0.16 0.873 EXduringAC 0.05 (−7.83, 7.93) 0.01 0.989

Steps 0.00 (0,0) 0.04 0.971 MVPA 0.06 (−0.1, 0.22) 0.73 0.471

R2: 5% R2: 4%

hsTnT hsTnT
Intercept 19.21 (10.47, 27.95) 4.40 0.000 Intercept 15.65 (8.51, 22.79) 4.38 0.000

EXduringAC −1.19 (−7.07, 4.69) −0.41 0.688 EXduringAC −0.44 (−5.54, 4.66) −0.18 0.863

Steps 0.00 (0,0) −1.71 0.097 MVPA −0.10 (−0.18, −0.02) −2.36 0.025

R2: 3% R2: 6%

NT-proBNP NT-proBNP
Intercept 85.57 (28.35, 142.79) 2.99 0.005 Intercept 69.34 (25.04, 113.64) 3.13 0.004

EXduringAC 6.18 (−47.28, 59.64) 0.23 0.819 EXduringAC 8.53 (−49.47, 66.53) 0.29 0.770

Steps −0.01 (−0.01, −0.01) −1.67 0.104 MVPA −0.55 (−1.31, 0.21) −1.43 0.163

R2: 1% R2: 2%

For GLS, models were adjusted for heart rate. Reference category was EXpostAC. Group allocation was according to Intention-to-treat. In the models using total steps and

MVPA as predictor, the final models were based on 28 and 27 patients for GLS, 36 and 35 patients for LVEDVi, 33 and 32 patients for hsTnT, and 34 and 33 patients for NT-

proBNP, for EXduringAC and EXpostAC, respectively. The percentages of total variance explained by the models is shown with the R2-value. GLS, global longitudinal strain;

MVPA, moderate to vigorous physical activity; HR, heart rate; LVEDVi, left-ventricular end-diastolic volume index; hsTnT, high-sensitivity troponin-T; NT-proBNP,

N-terminal pro-brain natriuretic peptide; CI, confidence interval; R2, adjusted R2-value.

Significant values are indicated in bold.
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prospective observational study by Peck et al. assessed self-reported

MVPA and cardiac function in 88 breast cancer patients over the

course of AC- and HER2-therapy (20). In their study, every

30 min increase in MVPA during treatment was associated with

a 0.04% improvement in GLS, confirming our results. The dose-

response relationship found in the study by Peck and colleagues

(20) and our study are suggestive of a causal relationship.

Nevertheless, larger studies are needed to confirm our results and

provide consistent evidence.

The significant inverse association of hs-Troponin with PA at

AC-end in our study is in line with the study by Foulkes and

colleagues who found a significantly lesser increase in the

exercise group compared to the usual care group (8-fold vs. 16-

fold baseline values) (15), or a difference by trend in a smaller

study (14), while Antunes et al. did not report between-group

differences in hsTnT, opposing our results (23). In contrast to

our study, Foulkes et al. did not observe a significant increase in

BNP (14), while Antunes et al. found a significant increase in

NT-proBNP at AC-end in the usual care group, however this did

not lead to differences between the groups (17). There is less

evidence on the utility of NT-proBNP or BNP for both,

prediction of cancer therapy-induced LV dysfunction (40) and

effects of exercise on the increase of this biomarker (19).

Some previous studies, however, have found that ET during

AC attenuated the decrease in cardiac function. In the per-

protocol analysis by Antunes et al., the decline in GLS was

attenuated in the exercise group at 3 months post AC (17).
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Similarly, a non-randomized CMR study in 27 early breast

cancer patients found a significant deterioration in GLS in the

control group (1.6 ± 1.4%, p = 0.002), whereas GLS was

preserved in the exercise group (−0.56 ± 1.5%, p = 0.377) (41).

Unfortunately, the study did not assess changes in

cardiorespiratory fitness (41). In another study of similar size

and design (non-RCT), GLS worsened by 0.1% and 0.9% in

the exercise and control group, respectively, with no significant

difference between groups (14). However, none of the non-

randomized studies provided information on total PA, so it

can only be assumed that the exercise group had higher levels

of PA.

It should be noted, that 2 of the 36 patients with available GLS

at baseline and AC-end were male lymphoma patients (6%), who

differ in their CVD risk profile compared to female breast cancer

patients. However, due to the low number of patients with

available primary outcome data, we decided to include these

patients in our main analysis and we did not perform a

sensitivity analysis.
4.1. Strength and limitations

A major strength of our study was the detailed objective

assessment of PA during and following AC, which included PA

based on accelerometry as well as exercise diary for activities like

cycling and swimming. While the Fitbit Zip may overestimate
frontiersin.org
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MVPA (42), the between-group comparison of our study is

nevertheless valid. Further strengths include the randomized

design and use of robust and established primary and secondary

endpoints.

The main limitation of this study is the poor compliance with

group allocation and exercise programme adherence, with only

72.4% und 58.6% compliant patients according to PP criteria in

the EXduringAC and EXpostAC groups, respectively. The

adaptation of exercise sessions due to Covid-19 with the

consequence that in 4 patients, endurance exercise sessions were

shortened or replaced with strength training contributes to the

low adherence and is another limitation of the study. Moreover,

Covid-19 related adaptations of the centre-based ET-programmes

with inclusion of home-based training sessions and differences in

supervised ET in the three different centres resulted in poorly

standardized centre-based ET. Future studies should therefore

carefully plan the implementation and tailored prescription of

ET. In this context, it should be noted that Covid-19 restrictions

in Switzerland were less strict compared to other European

countries which obliged people to remain in their homes. It was

therefore feasible for our patients to replace the centre-based

training sessions with an outdoor session (i.e., walking or jogging

in the forest) and when patients were asked to participate in an

online training session via Zoom, the majority preferred to spend

time outdoors. In addition, due to recruitment difficulties related

to the Covid-19 pandemic, the study was limited by the small

sample size (calculated sample size was 102 patients) and

patients with available primary outcome data (n = 18 in each

group), reducing the power of this RCT. We acknowledge that

ultrasound-based assessment of GLS is noisy which may hinder

the confident analyses of changes in our primary outcome.

However, in our clinic, GLS is routinely assessed with ultrasound

and we did not change this method to avoid additional

assessments for our patients. A further limitation is selection

bias, with studies on exercise interventions often resulting in the

recruitment of physically active patients. This is confirmed by the

fact that our cohort fulfilled the WHO PA guidelines (25) even

during AC. Simple use of PA trackers has been shown to

increase PA and steps (24, 43), which may explain why our

supervised ET intervention did neither lead to a difference in PA

nor change in peak VO2 between groups. Nevertheless, our study

reflects the clinical situation in that private use of PA trackers is

common as is poor adherence to scheduled supervised training

sessions due to other commitments related to cancer therapies,

work and family, or due to fatigue and other, treatment or

disease related, side effects. Due to the short time-frame from

study inclusion to start of AC, we were not able to perform an

objective baseline assessment of PA. We therefore included total

MVPA from GPAQ questionnaire to provide an estimate of

baseline PA of our study sample (with the limitation that this is

a self-reported measure). In addition, the Fitbit Zip only

recorded steps/day and minutes exceeding different physical

activity thresholds. Therefore, only when the tracker was not

worn for a complete day was this day recorded as non-wear

time. If trackers were only worn for part of days, the number of

steps and activity minutes would have been underestimated in
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these patients. Further, we did not monitor the wearing location

of the tracker.

Additionally, in our PP-analysis, there was a trend for the

group × time interaction for GLS at AC-end (p = 0.08),

suggesting that GLS deteriorated more in the EXduringAC

group, opposing our hypothesis. Nevertheless, due to the small

sample size, results from this analysis have to be interpreted

with caution. However, our study is the third largest RCT to

date to report changes in GLS and markers of myocardial

injury during AC with and without exercise intervention. In

addition, our results are in line with the two largest RCTs who

found no difference in GLS in 92 and 73 study patients, despite

a between-group difference in peak VO2 (15, 23). Nevertheless,

decreases in peak VO2 in both our groups were comparable to

the reported changes in the exercise group of the BREXIT study

that implemented a rigorous exercise programme (15).

Importantly, we recruited predominantly active patients at low

risk for development of cardiotoxicity and it should be noted

that the effect of an exercise intervention on markers of

myocardial function may be different in patients with more

pronounced cardiovascular risk factors and therefore results

cannot be generalized to patients at higher risk and or a less

active patient population. Future studies should be designed to

obtain a better understanding of the needs and physical activity

levels of less active patients.
5. Conclusion

This is the first study to demonstrate a significant inverse

association between objectively measured MVPA and markers of

LV dysfunction and myocardial injury.

Objectively measured PA revealed that in physically active

patients with cancer, the addition of supervised ET did not

result in more PA compared to PA advice and feedback by

activity trackers alone. The inclusion of a physically active study

population, the relatively low volume and poor standardization

of the ET due to Covid-19 and the low compliance with ET

contributed to the absence of a difference between our study

groups. Nevertheless, the dose-response relationship between PA

and cardioprotective effects during AC found in our and

previous data strengthens that PA should be recommended to

patients undergoing AC. The potential of PA tracking to

mitigate cardiotoxicity should be investigated in future, larger

studies.
Lay summary

The study aimed to compare changes in cardiac function, blood

markers of damage to the heart muscle and physical fitness

between patients performing a supervised exercise training

programme during anthracycline chemotherapy and patients

receiving only advice on physical activity, with all patients

receiving an activity tracker.
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• Supervised exercise training did not lead to an increase in

physical activity compared to the control intervention of

physical activity tracking only and changes in markers of

cardiac function, myocardial injury and cardiorespiratory

fitness did not differ between the study groups. The amount

of physical activity measured by trackers, however, achieved

recommended levels in both groups.

• This is the first study that found that the more physical activity

patients performed, the smaller the damage to the heart was by

the chemotherapy, suggesting that performing sufficient

physical activity protects the heart muscle against the risk of

damage from anthracycline chemotherapy.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by Kantonale

Ethikkommission Bern (KEK) Hörsaaltrakt Pathologie, Büro

H372 Murtenstrasse 31 3010 Bern. The studies were conducted

in accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.
Author contributions

CS: formal analysis, investigation, project administration,

visualization, writing – original draft, writing – review and

editing. CR: investigation, writing – review and editing. LS:

writing – review and editing, data curation, formal analysis. MR:

conceptualization, resources, writing – review and editing. TS:

writing – review and editing, conceptualization, resources. KC:

writing – review and editing. PE: conceptualization, methodology,

supervision, validation, writing – review and editing, writing –

original draft. MW: conceptualization, funding acquisition,

methodology, supervision, validation, writing – review and editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.
Frontiers in Cardiovascular Medicine 15
The study was funded by a Swiss Cancer Research Grant to the

CAPRICE study (ClinicalTrials.gov: NCT03850171) under grant

number HSR-4360-11-2017.
Acknowledgments

We gladly acknowledge all oncologists and breast care nurses
for their contribution in the recruitment of breast cancer and
lymphoma patients, specifically Barbara Zeyen, Urban Novak,
Monika Biedermann and Karin Biedermann from the
Inselspital in Bern, Christa Baumann and Alexander
Heini from the Lindenhofspital Bern, Andreas Barth and
Michele Ciriolo from the Bürgerspital Solothurn and
Jean-Marc Lüthi, Christoph Ackermann and Jeanne Godau
from the Spital Thun. In addition, we would like to thank
Konstantinos Koskinas for the evaluation of the serious
adverse event in his role as the independent data safety
committee of the study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.

1283153/full#supplementary-material
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71(3):209–49. doi: 10.
3322/caac.21660
2. Jacobse JN, Steggink LC, Sonke GS, Schaapveld M, Hummel YM,
Steenbruggen TG, et al. Myocardial dysfunction in long-term breast cancer
survivors treated at ages 40-50 years. Eur J Heart Fail. (2020) 22(2):338–46.
doi: 10.1002/ejhf.1610
frontiersin.org

https://ClinicalTrials.gov
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1283153/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1283153/full#supplementary-material
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1002/ejhf.1610
https://doi.org/10.3389/fcvm.2023.1283153
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Schneider et al. 10.3389/fcvm.2023.1283153
3. Cappetta D, Rossi F, Piegari E, Quaini F, Berrino L, Urbanek K, et al. Doxorubicin
targets multiple players: a new view of an old problem. Pharmacol Res. (2018)
127:4–14. doi: 10.1016/j.phrs.2017.03.016

4. Vejpongsa P, Yeh ET. Prevention of anthracycline-induced cardiotoxicity:
challenges and opportunities. J Am Coll Cardiol. (2014) 64(9):938–45. doi: 10.1016/
j.jacc.2014.06.1167

5. Takemura G, Fujiwara H. Doxorubicin-induced cardiomyopathy from the
cardiotoxic mechanisms to management. Prog Cardiovasc Dis. (2007) 49(5):330–52.
doi: 10.1016/j.pcad.2006.10.002

6. Mehta LS, Watson KE, Barac A, Beckie TM, Bittner V, Cruz-Flores S, et al.
Cardiovascular disease and breast cancer: where these entities intersect: a scientific
statement from the American heart association. Circulation. (2018) 137(8):e30–66.
doi: 10.1161/CIR.0000000000000556

7. Sturgeon KM, Deng L, Bluethmann SM, Zhou S, Trifiletti DM, Jiang C, et al. A
population-based study of cardiovascular disease mortality risk in US cancer patients.
Eur Heart J. (2019) 40(48):3889–97. doi: 10.1093/eurheartj/ehz766

8. Jones LW, Courneya KS, Mackey JR, Muss HB, Pituskin EN, Scott JM, et al.
Cardiopulmonary function and age-related decline across the breast cancer
survivorship continuum. J Clin Oncol. (2012) 30(20):2530–7. doi: 10.1200/JCO.2011.
39.9014

9. Bradshaw PT, Stevens J, Khankari N, Teitelbaum SL, Neugut AI, Gammon MD.
Cardiovascular disease mortality among breast cancer survivors. Epidemiology. (2016)
27(1):6–13. doi: 10.1097/EDE.0000000000000394

10. Cardinale D, Colombo A, Bacchiani G, Tedeschi I, Meroni CA, Veglia F, et al.
Early detection of anthracycline cardiotoxicity and improvement with heart failure
therapy. Circulation. (2015) 131(22):1981–8. doi: 10.1161/CIRCULATIONAHA.114.
013777

11. Sawaya H, Sebag IA, Plana JC, Januzzi JL, Ky B, Tan TC, et al. Assessment of
echocardiography and biomarkers for the extended prediction of cardiotoxicity in
patients treated with anthracyclines, taxanes, and trastuzumab. Circ Cardiovasc
Imaging. (2012) 5(5):596–603. doi: 10.1161/CIRCIMAGING.112.973321

12. Lyon AR, López-Fernández T, Couch LS, Asteggiano R, Aznar MC, Bergler-
Klein J, et al. 2022 ESC guidelines on cardio-oncology developed in collaboration
with the European hematology association (EHA), the European society for
therapeutic radiology and oncology (ESTRO) and the international cardio-oncology
society (IC-OS). Eur Heart J Cardiovasc Imaging. (2022) 23(10):e333–465. doi: 10.
1093/ehjci/jeac106

13. Hornsby WE, Douglas PS, West MJ, Kenjale AA, Lane AR, Schwitzer ER, et al.
Safety and efficacy of aerobic training in operable breast cancer patients receiving
neoadjuvant chemotherapy: a phase II randomized trial. Acta Oncol. (2014) 53
(1):65–74. doi: 10.3109/0284186X.2013.781673

14. Howden EJ, Bigaran A, Beaudry R, Fraser S, Selig S, Foulkes S, et al. Exercise as a
diagnostic and therapeutic tool for the prevention of cardiovascular dysfunction in
breast cancer patients. Eur J Prev Cardiol. (2019) 26(3):305–15. doi: 10.1177/
2047487318811181

15. Foulkes SJ, Howden EJ, Haykowsky MJ, Antill Y, Salim A, Nightingale SS, et al.
Exercise for the prevention of anthracycline-induced functional disability and cardiac
dysfunction: the BREXIT study. Circulation. (2023) 147(7):532–45. doi: 10.1161/
CIRCULATIONAHA.122.062814

16. van der Schoot GGF, Ormel HL, Westerink N-DL, May AM, Elias SG, Hummel
YM, et al. Optimal timing of a physical exercise intervention to improve
cardiorespiratory fitness. JACC CardioOncol. (2022) 4(4):491–503. doi: 10.1016/j.
jaccao.2022.07.006

17. Kerrigan DJ, Reddy M, Walker EM, Cook B, McCord J, Loutfi R, et al. Cardiac
rehabilitation improves fitness in patients with subclinical markers of cardiotoxicity
while receiving chemotherapy: a randomized controlled study. J Cardiopulm Rehabil
Prev. (2023) 43(2):129–34. doi: 10.1097/HCR.0000000000000719

18. Ghignatti PVDC, Nogueira LJ, Lehnen AM, Leguisamo NM. Cardioprotective
effects of exercise training on doxorubicin-induced cardiomyopathy: a systematic
review with meta-analysis of preclinical studies. Sci Rep. (2021) 11(1):6330. doi: 10.
1038/s41598-021-83877-8

19. Naaktgeboren WR, Binyam D, Stuiver MM, Aaronson NK, Teske AJ, van Harten
WH, et al. Efficacy of physical exercise to offset anthracycline-induced cardiotoxicity: a
systematic review and meta-analysis of clinical and preclinical studies. J Am Heart
Assoc. (2021) 10(17):e021580. doi: 10.1161/JAHA.121.021580

20. Peck SS, Esmaeilzadeh M, Rankin K, Shalmon T, Fan CS, Somerset E, et al. Self-
reported physical activity, QoL, cardiac function, and cardiorespiratory fitness in
women with HER2+ breast cancer. JACC CardioOncol. (2022) 4(3):387–400.
doi: 10.1016/j.jaccao.2022.06.006

21. Naaktgeboren WR, Groen WG, Jacobse JN, Steggink LC, Walenkamp AME, van
Harten WH, et al. Physical activity and cardiac function in long-term breast cancer
survivors: a cross-sectional study. JACC CardioOncol. (2022) 4(2):183–91. doi: 10.
1016/j.jaccao.2022.02.007

22. Kirkham AA, Eves ND, Shave RE, Bland KA, Bovard J, Gelmon KA, et al. The
effect of an aerobic exercise bout 24 h prior to each doxorubicin treatment for breast
cancer on markers of cardiotoxicity and treatment symptoms: a RCT. Breast Cancer
Res Treat. (2018) 167(3):719–29. doi: 10.1007/s10549-017-4554-4
Frontiers in Cardiovascular Medicine 16
23. Antunes P, Joaquim A, Sampaio F, Nunes C, Ascensão A, Vilela E, et al. Effects
of exercise training on cardiac toxicity markers in women with breast cancer
undergoing chemotherapy with anthracyclines: a randomized controlled trial. Eur
J Prev Cardiol. (2023) 30(9):844–55. doi: 10.1093/eurjpc/zwad063

24. Chaudhry UAR, Wahlich C, Fortescue R, Cook DG, Knightly R, Harris T. The
effects of step-count monitoring interventions on physical activity: systematic review
and meta-analysis of community-based randomised controlled trials in adults. Int
J Behav Nutr Phys Act. (2020) 17(1):129. doi: 10.1186/s12966-020-01020-8

25. Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, et al.
World health organization 2020 guidelines on physical activity and sedentary
behaviour. Br J Sports Med. (2020) 54(24):1451–62. doi: 10.1136/bjsports-2020-102955

26. Marcin T, Trachsel LD, Dysli M, Schmid JP, Eser P, Wilhelm M. Effect of self-
tailored high-intensity interval training versus moderate-intensity continuous exercise
on cardiorespiratory fitness after myocardial infarction: a randomised controlled trial.
Ann Phys Rehabil Med. (2022) 65(1):101490. doi: 10.1016/j.rehab.2021.101490

27. Scherrenberg M, Wilhelm M, Hansen D, Völler H, Cornelissen V, Frederix I,
et al. The future is now: a call for action for cardiac telerehabilitation in the
COVID-19 pandemic from the secondary prevention and rehabilitation section of
the European association of preventive cardiology. Eur J Prev Cardiol. (2021) 28
(5):524–40. doi: 10.1177/2047487320939671

28. Voigt JU, Pedrizzetti G, Lysyansky P, Marwick TH, Houle H, Baumann R, et al.
Definitions for a common standard for 2D speckle tracking echocardiography:
consensus document of the EACVI/ASE/industry task force to standardize
deformation imaging. J Am Soc Echocardiogr. (2015) 28(2):183–93. doi: 10.1016/j.
echo.2014.11.003

29. Mora-Gonzalez J, Gould ZR, Moore CC, Aguiar EJ, Ducharme SW, Schuna JM
Jr, et al. A catalog of validity indices for step counting wearable technologies during
treadmill walking: the CADENCE-adults study. Int J Behav Nutr Phys Act. (2022)
19(1):117. doi: 10.1186/s12966-022-01350-9

30. Lee JM, Kim Y, Welk GJ. Validity of consumer-based physical activity monitors.
Med Sci Sports Exercise. (2014) 46(9):1840–8. doi: 10.1249/MSS.0000000000000287

31. Tan TC, Bouras S, Sawaya H, Sebag IA, Cohen V, Picard MH, et al. Time trends
of left ventricular ejection fraction and myocardial deformation indices in a cohort of
women with breast cancer treated with anthracyclines, taxanes, and trastuzumab. J Am
Soc Echocardiogr. (2015) 28(5):509–14. doi: 10.1016/j.echo.2015.02.001

32. Stoodley PW, Richards DA, Boyd A, Hui R, Harnett PR, Meikle SR, et al. Altered
left ventricular longitudinal diastolic function correlates with reduced systolic function
immediately after anthracycline chemotherapy. Eur Heart J Cardiovasc Imaging.
(2013) 14(3):228–34. doi: 10.1093/ehjci/jes139

33. Marwick TH. Global longitudinal strain monitoring to guide cardioprotective
medications during anthracycline treatment. Curr Oncol Rep. (2022) 24(6):687–94.
doi: 10.1007/s11912-022-01242-y

34. Oikonomou EK, Kokkinidis DG, Kampaktsis PN, Amir EA, Marwick TH, Gupta
D, et al. Assessment of prognostic value of left ventricular global longitudinal strain for
early prediction of chemotherapy-induced cardiotoxicity: a systematic review and meta-
analysis. JAMA Cardiol. (2019) 4(10):1007–18. doi: 10.1001/jamacardio.2019.2952

35. Eser P, Marcin T, Prescott E, Prins LF, Kolkman E, Bruins W, et al. Predictors
for one-year outcomes of cardiorespiratory fitness and cardiovascular risk factor
control after cardiac rehabilitation in elderly patients: the EU-CaRE study. PLoS
One. (2021) 16(8):e0255472. doi: 10.1371/journal.pone.0255472

36. Stigler SM. Regression towards the mean, historically considered. Stat Methods
Med Res. (1997) 6(2):103–14. doi: 10.1177/096228029700600202

37. Shephard RJ. Regression to the mean. A threat to exercise science? Sports Med.
(2003) 33(8):575–84. doi: 10.2165/00007256-200333080-00003

38. Thorsen L, Skovlund E, Strømme SB, Hornslien K, Dahl AA, Fosså SD.
Effectiveness of physical activity on cardiorespiratory fitness and health-related
quality of life in young and middle-aged cancer patients shortly after chemotherapy.
J Clin Oncol. (2005) 23(10):2378–88. doi: 10.1200/JCO.2005.04.106

39. Courneya KS, Mackey JR, Bell GJ, Jones LW, Field CJ, Fairey AS. Randomized
controlled trial of exercise training in postmenopausal breast cancer survivors:
cardiopulmonary and quality of life outcomes. J Clin Oncol. (2003) 21(9):1660–8.
doi: 10.1200/JCO.2003.04.093

40. Michel L, Mincu RI, Mahabadi AA, Settelmeier S, Al-Rashid F, Rassaf T, et al.
Troponins and brain natriuretic peptides for the prediction of cardiotoxicity in cancer
patients: a meta-analysis. Eur J Heart Fail. (2020) 22(2):350–61. doi: 10.1002/ejhf.1631

41. Costello BT, Roberts TJ, Howden EJ, Bigaran A, Foulkes SJ, Beaudry RI, et al.
Exercise attenuates cardiotoxicity of anthracycline chemotherapy measured by
global longitudinal strain. JACC CardioOncol. (2019) 1(2):298–301. doi: 10.1016/j.
jaccao.2019.09.002

42. Ferguson T, Rowlands AV, Olds T, Maher C. The validity of consumer-level,
activity monitors in healthy adults worn in free-living conditions: a cross-sectional
study. Int J Behav Nutr Phys Act. (2015) 12:42. doi: 10.1186/s12966-015-0201-9

43. Vetrovsky T, Borowiec A, Juřík R, Wahlich C, Śmigielski W, Steffl M, et al. Do
physical activity interventions combining self-monitoring with other components
provide an additional benefit compared with self-monitoring alone? A systematic
review and meta-analysis. Br J Sports Med. (2022) 56(23):1366–74. doi: 10.1136/
bjsports-2021-105198
frontiersin.org

https://doi.org/10.1016/j.phrs.2017.03.016
https://doi.org/10.1016/j.jacc.2014.06.1167
https://doi.org/10.1016/j.jacc.2014.06.1167
https://doi.org/10.1016/j.pcad.2006.10.002
https://doi.org/10.1161/CIR.0000000000000556
https://doi.org/10.1093/eurheartj/ehz766
https://doi.org/10.1200/JCO.2011.39.9014
https://doi.org/10.1200/JCO.2011.39.9014
https://doi.org/10.1097/EDE.0000000000000394
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1161/CIRCIMAGING.112.973321
https://doi.org/10.1093/ehjci/jeac106
https://doi.org/10.1093/ehjci/jeac106
https://doi.org/10.3109/0284186X.2013.781673
https://doi.org/10.1177/2047487318811181
https://doi.org/10.1177/2047487318811181
https://doi.org/10.1161/CIRCULATIONAHA.122.062814
https://doi.org/10.1161/CIRCULATIONAHA.122.062814
https://doi.org/10.1016/j.jaccao.2022.07.006
https://doi.org/10.1016/j.jaccao.2022.07.006
https://doi.org/10.1097/HCR.0000000000000719
https://doi.org/10.1038/s41598-021-83877-8
https://doi.org/10.1038/s41598-021-83877-8
https://doi.org/10.1161/JAHA.121.021580
https://doi.org/10.1016/j.jaccao.2022.06.006
https://doi.org/10.1016/j.jaccao.2022.02.007
https://doi.org/10.1016/j.jaccao.2022.02.007
https://doi.org/10.1007/s10549-017-4554-4
https://doi.org/10.1093/eurjpc/zwad063
https://doi.org/10.1186/s12966-020-01020-8
https://doi.org/10.1136/bjsports-2020-102955
https://doi.org/10.1016/j.rehab.2021.101490
https://doi.org/10.1177/2047487320939671
https://doi.org/10.1016/j.echo.2014.11.003
https://doi.org/10.1016/j.echo.2014.11.003
https://doi.org/10.1186/s12966-022-01350-9
https://doi.org/10.1249/MSS.0000000000000287
https://doi.org/10.1016/j.echo.2015.02.001
https://doi.org/10.1093/ehjci/jes139
https://doi.org/10.1007/s11912-022-01242-y
https://doi.org/10.1001/jamacardio.2019.2952
https://doi.org/10.1371/journal.pone.0255472
https://doi.org/10.1177/096228029700600202
https://doi.org/10.2165/00007256-200333080-00003
https://doi.org/10.1200/JCO.2005.04.106
https://doi.org/10.1200/JCO.2003.04.093
https://doi.org/10.1002/ejhf.1631
https://doi.org/10.1016/j.jaccao.2019.09.002
https://doi.org/10.1016/j.jaccao.2019.09.002
https://doi.org/10.1186/s12966-015-0201-9
https://doi.org/10.1136/bjsports-2021-105198
https://doi.org/10.1136/bjsports-2021-105198
https://doi.org/10.3389/fcvm.2023.1283153
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

