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Abstract

Aims The most appropriate timing of exercise therapy to improve cardiorespiratory fitness (CRF) among patients initiating 
chemotherapy is not known. The effects of exercise therapy administered during, following, or during and following chemo-
therapy were examined in patients with breast cancer.

Methods 
and results

Using a parallel-group randomized trial design, 158 inactive women with breast cancer initiating (neo)adjuvant chemother-
apy were allocated to receive (1:1 ratio): usual care or one of three exercise regimens—concurrent (during chemotherapy 
only), sequential (after chemotherapy only), or concurrent and sequential (continuous) (n = 39/40 per group). Exercise con-
sisted of treadmill walking three sessions/week, 20–50 min at 55%–100% of peak oxygen consumption (VO2peak) for ≈16 
(concurrent, sequential) or ≈32 (continuous) consecutive weeks. VO2peak was evaluated at baseline (pre-treatment), im-
mediately post-chemotherapy, and ≈16 weeks after chemotherapy. In intention-to-treat analysis, there was no difference in 
the primary endpoint of VO2peak change between concurrent exercise and usual care during chemotherapy vs. VO2peak 
change between sequential exercise and usual care after chemotherapy [overall difference, −0.88 mL O2·kg−1·min−1; 95% 
confidence interval (CI): −3.36, 1.59, P = 0.48]. In secondary analysis, continuous exercise, approximately equal to twice the 
length of the other regimens, was well-tolerated and the only strategy associated with significant improvements in VO2peak 
from baseline to post-intervention (1.74 mL O2·kg−1·min−1, P < 0.001).

Conclusion There was no statistical difference in CRF improvement between concurrent vs. sequential exercise therapy relative to usual 
care in women with primary breast cancer. The promising tolerability and CRF benefit of ≈32 weeks of continuous exercise 
therapy warrant further evaluation in larger trials.
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Structured Graphical Abstract

Summary of the key findings of this study. The most appropriate timing of exercise therapy to improve cardiorespiratory fitness (VO2peak) in cancer 
patients initiating adjuvant chemotherapy is not known. In this randomized controlled trial of 158 patients with primary breast cancer, concurrent 
(during chemotherapy only) and sequential (after chemotherapy only) had similar VO2peak benefit. Continuous (concurrent plus sequential) exer-
cise was the only schedule associated with significant VO2peak improvements compared to baseline. 

Keywords Aerobic training • Exercise capacity • Cardiorespiratory fitness • Treatment sequencing

Introduction
Adjuvant breast cancer chemotherapy improves clinical outcomes but 
causes physiological toxicity.1,2 Cardiorespiratory fitness (CRF), an inte-
grative measure of whole-body cardiovascular function, declines be-
tween ≈ 5 to ≈ 15% during four to six months of standard adjuvant 
chemotherapy, 3–7 the equivalent to 5–15 years of normal aging.8

The marked decline in CRF predisposes to excess non-cancer compet-
ing morbidity and mortality, 9,10 and its attendant symptom burden.11

The efficacy of prophylactic exercise therapy initiated concurrent 
with adjuvant breast cancer chemotherapy to attenuate the observed 
CRF decline is inconsistent. Exercise therapy tolerability, as defined 
by rates of attrition and adherence rates, is also suboptimal.3,6,12 In con-
trast, exercise therapy is well-tolerated and associated with consistent 
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CRF improvements in the post-treatment setting.13,14 Pan-cancer 
meta-analyses indicate exercise therapy administered in the post- 
treatment setting is associated with superior improvements in CRF 
relative to exercise therapy concurrent with active therapy.15,16

The apparent superior tolerability and CRF benefit of exercise ther-
apy in the post-treatment setting has raised questions regarding its rela-
tive merits during active treatment.17,18 Real-world studies reflect this 
notion. Exercise therapy and general physical activity are infrequently 
discussed or recommended during oncology treatment consulta-
tions.19,20 Avoidance or minimizing exercise therapy during this period 
may, however, heighten susceptibility and severity of physiological and 
symptom-related toxicity. Lack of oncologist recommendation may 
also discourage participation in exercise therapy—a strategy that is 
of great interest to patients seeking to gain some control of their dis-
ease management.21,22 Studies investigating the most appropriate tim-
ing of exercise therapy for breast cancer patients initiating adjuvant 
chemotherapy are required.

We conducted a Phase 2, four-arm randomized controlled trial 
(RCT) to compare the tolerability and efficacy of exercise therapy ad-
ministered concurrent or sequential to chemotherapy, relative to gen-
eral physical activity advice (usual care), in patients with primary breast 
cancer. We hypothesized concurrent exercise therapy would be 
associated with superior improvements in CRF compared with sequen-
tial exercise therapy relative to usual care. A protocol-specified second-
ary objective evaluated the tolerability and efficacy of exercise 
therapy administered concurrent and sequential (i.e. continuous) to 
chemotherapy.

Methods
Trial design and patients
The full methods and protocol are provided in the Supplement. Using a 
parallel-group, four-arm design (see Supplementary material online, 
Figure S1A), women with invasive, node-negative, or node-positive breast 
adenocarcinoma (stage I, II, or III) initiating (neo)adjuvant chemotherapy 
at Duke University Medical Center (DUMC) or Memorial Sloan Kettering 
Cancer Center (MSK) were eligible. Additional eligibility were self-reported 
inactivity (i.e.  < 150 min of moderate or vigorous exercise per week23), and 
be able to complete an acceptable cardiopulmonary exercise test (CPET).24

The study was approved by the DUMC and MSK institutional review 
boards. All patients provided written informed consent.

Procedures
Study participation comprised two phases: (1) ‘during chemotherapy’— 
period between randomization (T0) and completion of the final chemo-
therapy cycle (≈14–20 weeks) (T1), and (2) ‘after chemotherapy’—period 
between the completion of the final chemotherapy cycle (T1) to post- 
intervention (≈28–40 weeks post-randomization) (T2). Chemotherapy 
regimen and additional adjuvant therapy was provided per oncologist dis-
cretion. The T1–T2 period was matched in length to the T0-T1 period 
for each patient; thus, the total study length (T0–T2) for all patients was 
≈ 28–40 weeks (see Supplementary material online, Figure S1A). Patients 
were randomly allocated (1:1:1:1) to receive usual care or one of three ex-
ercise therapy regimens: (i) concurrent [administered for the length of 
chemotherapy (≈14–20 weeks)], (ii) sequential [initiated within 14 days 
of final chemotherapy cycle for ≈ 14–20 weeks], or (iii) continuous [admi-
nistered during chemotherapy (≈14–20 weeks) and continued after the fi-
nal chemotherapy cycle for an additional ≈ 14–20 weeks (i.e. ≈ 28–40 
weeks in total)].

Study interventions
Exercise therapy included aerobic exercise only comprised of individualized 
supervised treadmill walking (Jog Excite 700 or Jog Forma, Technogym, Inc.) 
three times weekly for 20 to 50 min/session (duration range: 60 to 125 min/ 
week). Resistance training was not performed. The dose-intensity of each 
session alternated between 55% to 100% of each patient’s individually mea-
sured CRF (VO2peak) at pre-randomization (T0) or midpoint (T1) consist-
ent with a non-linear (periodized) schedule.13 Exercise therapy dose 
modification was permitted and performed using standardized criteria 
(see Supplementary material online, Table S1).25,26 Patients allocated to 
usual care received home-based advice to perform unsupervised physical 
activity three days/week for 30 min/session for ≈ 28–40 weeks.23

General physical activity advice was provided to the usual care group, as op-
posed to no intervention, to facilitate accrual, and minimize lost to follow- 
up and exercise contamination.27

Endpoints
The primary endpoint was change in VO2peak (ml O2

. kg−1.min−1) evaluated 
by direct measurement of expired gas analysis (ParvoMedics, TrueOne 
2400, USA) using a symptom-limited CPET on an electronic motorized 
treadmill (GE Healthcare, T-2100, USA) with continuous 12-lead ECG ana-
lysis (GE Healthcare, Case Stress Testing System, USA).24 Secondary end-
points were other CPET variables, patient-reported outcomes (PROs), 
cardiac [left ventricular ejection fraction (LVEF)] function, arterial stiffness, 
exercise therapy tolerability, and safety. PROs were quality of life 
(Functional Assessment of Cancer Therapy-General), FACT-Breast, 28 fa-
tigue, 29 pain (Brief Pain Inventory), 30 sleep quality (Pittsburgh Sleep 
Quality Index), 31 and physical function (Medical Outcomes Trust Short 
Form Health Survey).32 Resting LVEF (IE33; Philips, The Netherlands) was 
assessed according to standard guidelines.33 Arterial stiffness central 
(carotid-femoral) and peripheral (carotid-radial) pulse wave velocity were 
assessed using handheld tonometers (SPT-301; Millar Instruments, USA) ac-
cording to standard guidelines.34 All endpoints were evaluated at T0, T1, 
and T2. Tolerability was evaluated by lost to follow-up, exercise therapy at-
tendance (ratio of attended to planned sessions), and relative dose-intensity 
(RDI, ratio of total ‘completed’ to total ‘planned’ cumulative exercise ther-
apy dose).25,26 Safety was evaluated by the type and prevalence of adverse 
events during exercise therapy.26

Statistical analysis
The sample size calculation was based on the primary analysis only: change 
in VO2peak between concurrent exercise therapy and usual care during 
chemotherapy (T0 to T1) vs. change in VO2peak between sequential exer-
cise therapy and usual care (T1 to T2) after chemotherapy (see 
Supplementary material online, Figure S1B). Using a two-sample t-test 
with 34 patients per group provided 80% power using a two-tailed Type 
I error of 0.05. To account for an anticipated lost to follow-up rate of 
15%, the sample size was increased to 40 patients per group. A protocol- 
specified secondary analysis compared continuous exercise therapy with 
all other groups separately from baseline to post-intervention (T0 to T2; 
Supplementary material online, Figure S1C) using pair-wise comparisons.

All analyses were conducted under the intention-to-treat (ITT) principle. 
All endpoints were modeled using linear mixed models with random inter-
cepts for patients, an unstructured covariance matrix, and factors (fixed ef-
fects) for study group and timepoint and their interaction. All patients had 
one CPET measurement at T0 and all were included in the analysis with the 
estimation of patient-specific random intercepts. The missed time points 
are not included in the estimation process, but mixed effects models use 
maximum likelihood methods to estimate the means and differences rather 
than taking simple averages and differences. Differences were estimated 
using model-estimated marginal means, and the hypothesis tests were con-
ducted using contrasts. Results are presented as mean ± standard error 
(SE) unless otherwise specified. Sensitivity analyses restricted to patients 
with complete CPET data (i.e. T0, and T1 and/or T2) and adjusting for 
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chemotherapy schedule (neoadjuvant vs. adjuvant) where the model re-
mained the same were conducted for the primary and secondary analyses 
of the primary endpoint. All analyses were conducted using R version 
4.1.1.35–37 Statistical significance was determined by p < 0.05 except for 
the secondary analysis where the alpha was Bonferroni adjusted for the 
three pair-wise comparisons: p < 0.05

3 = 0.017.

Results
Between December 2012 and March 2020, a total of 158 patients ini-
tiating (neo)adjuvant chemotherapy were randomized to: concurrent 
(n = 40), sequential (n = 40), and continuous exercise therapy (n =  
39) or usual care (n = 39) (Figure 1). Patient accrual was stopped early 
due to the COVID-19 pandemic. Participant baseline characteristics 
were balanced between arms (Table 1). For the overall cohort, mean 
pre-randomization VO2peak was 24.9 ± 5.1 mL O2·kg−1·min−1, the 
equivalent of 24% below normative values.38 No patient had evidence 
of systolic dysfunction (LVEF <50%) at baseline.39 Median [quartile 
(Q1–Q3]) time from start of chemotherapy to randomization for all 
patients was 10 (5–14) days.

Primary analysis
Delta VO2peak between concurrent exercise therapy and usual care 
during chemotherapy (i.e. T0 to T1) was 0.65 mL O2

. kg−1.min−1 

(± 0.75) (P = 0.4) (Figure 2A). Delta VO2peak between sequential exer-
cise therapy and usual care after chemotherapy (i.e. T1 to T2) was 
1.53 mL O2

. kg−1.min−1 (± 0.80) (P = 0.06) (Figure 2B). There was no dif-
ference for delta VO2peak between concurrent exercise therapy and 
usual care during chemotherapy compared to delta VO2peak between 
sequential exercise therapy and usual care after chemotherapy (overall 
mean difference, −0.88 ± 1.26 mL O2

. kg−1.min−1; P = 0.48 Figure 2C). 
Sensitivity analyses results did not differ from the primary results (see 
Supplementary material online, Tables S2 and S3). A similar pattern 
was observed for other CPET variables (Table 2), and other secondary 
endpoints (see Supplementary material online, Table S4). 
Non-protocol, self-reported exercise increased in all groups with no 
differences between exercise therapy groups and usual care 
(Table 2). Patient-level (non-model-estimated) changes in VO2peak 
during chemotherapy ranged from −8.10 to 2.40 mL O2·kg−1·min−1 

and −9.30 to 5.70 mL O2·kg−1·min−1 in concurrent exercise therapy 
and usual care, respectively. Patient-level changes in VO2peak after 
chemotherapy ranged from −2.40 to 7.70 mL O2·kg−1·min−1 and 
0.90 to 6.50 mL O2·kg−1·min−1 in sequential exercise therapy and usual 
care, respectively.

Protocol-specified secondary analysis
Continuous exercise therapy was associated with a 1.74 mL 
O2

. kg−1.min−1 (± 0.47) (P < 0.001) increase in VO2peak from baseline 
to post-intervention (i.e. T0 to T2) compared with a 0.83 mL 
O2

. kg−1.min−1 (± 0.55) (P = 0.13), 0.72 mL O2
. kg−1.min−1 (± 0.51) 

(P = 0.16), and −0.16 mL O2
. kg−1.min−1 (± 0.53) (P = 0.77) change 

in concurrent exercise therapy, sequential exercise therapy, and usual 
care, respectively (Table 2; Figure 3). The comparison between con-
tinuous exercise therapy and usual care was significant (mean differ-
ence: 1.90 ± 0.71 mL O2

. kg−1.min−1; P = 0.007). Similar patterns 
were observed for secondary endpoints (see Supplementary 
material online, Table S5). VO2peak either returned to baseline levels 
or beyond at post-intervention (T2) in 70% of patients in the continu-
ous exercise therapy group compared with 60%, 44%, and 40% in 

concurrent exercise therapy, sequential exercise therapy, and usual 
care, respectively.

Tolerability and safety
Lost to follow-up was significantly lower with continuous exercise ther-
apy (13%) compared with all other groups (32% to 40%; P = 0.04). 
Median RDI was 70% (range, 0% to 100%) and 84% (range, 0% to 
100%) with concurrent exercise therapy and sequential exercise ther-
apy, respectively compared with 83% (range, 0% to 98%; 81% during 
chemotherapy, 82% after chemotherapy) with continuous exercise 
therapy (P = 0.78; Table 3). No serious adverse events were observed. 
The prevalence of exercise-induced tachycardia, the most common re-
ported non-serious adverse event was 39%, 3%, and 39% with concur-
rent, sequential, and continuous exercise therapy, respectively (P <  
0.001; Table 4).

Discussion
International organizations recommend exercise therapy both during 
and following adjuvant chemotherapy, 23,40–42 yet the most appropriate 
timing of exercise therapy relative to treatment initiation is not known. 
We employed a novel design evaluating exercise therapy in the context 
of changes observed within usual care in the same setting and patient 
cohort. This permitted direct comparison of concurrent vs. sequential 
use of exercise therapy relative to chemotherapy administration. This 
trial failed to support the primary hypothesis: there was no statistical 
difference in CRF improvement between exercise therapy adminis-
tered concurrent vs. sequential to chemotherapy, relative to usual 
care (Structured Graphical Abstract). Several findings warrant discussion 
in this paradigm.

First, findings of our study are consistent with several prior contem-
porary trials showing concurrent use of exercise therapy is associated 
with attenuation as opposed to complete abrogation of declines in CRF 
during adjuvant breast cancer chemotherapy.6,12,43,44 In the Combined 
Aerobic and Resistance Exercise (CARE) trial, all exercise regimens in-
vestigated (standard dose aerobic training; combined aerobic and re-
sistance training, and high dose aerobic training) failed to attenuate 
significant declines in CRF during taxane-based chemotherapy.6

Similarly, in the Physical exercise during Adjuvant Chemotherapy 
Effectiveness Study (PACES), a three-arm RCT of either a clinic-based 
or home-based exercise regimen vs. usual care, CRF declined in all 
groups but to lesser extent in the exercise groups.12 Finally, the 
Optimal Timing of Physical Activity in Cancer Treatment (ACT) Trial 
evaluated 24 weeks of exercise training initiated during or after chemo-
therapy in patients with breast, testicular, or colon cancer. From base-
line to immediately post-chemotherapy CRF declined significantly in 
both groups; however, this decrease was significantly attenuated by ex-
ercise during chemotherapy.43 These findings are contrary to the earl-
ier Supervised Trial of Aerobic vs. Resistance Training (START) trial, 
reporting standard dose aerobic training but not resistance training 
completely abrogated the CRF decline observed in the usual care 
group.4 The reasons for the discrepant findings may relate to differ-
ences in timing of exercise therapy relative to chemotherapy adminis-
tration, patient characteristics, and regional differences in standard use 
of chemotherapeutics. Any benefit of exercise therapy requires inter-
pretation in the context of tolerability.25 Prior trials have assessed ex-
ercise therapy tolerability via a single metric: attendance (ratio of 
completed to planned sessions). In this context, findings of the present 
study corroborate the findings of the CARE, START, ACT, and PACES 
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trials showing an attendance rate of ≈ 75%, 4,6,12,43 a rate typically con-
sidered to be acceptable tolerability. However, application of metrics 
adapted from oncology drug trials26 in the present trial revealed ap-
proximately one-third of patients permanently discontinued exercise 
therapy; the rate of dose interruption (missing ≥3 consecutive sessions) 
was 70%. This underscores the significant time, financial, or physiologic-
al toxicities faced by patients during adjuvant chemotherapy present 
major barriers to participation and/or tolerability of exercise therapy 
in this setting.17,18 Rigorous monitoring and reporting of feasibility/tol-
erability is essential to adequately evaluate the overall benefit of exer-
cise therapy during definitive cancer therapy.

Second, our findings corroborate prior work demonstrating exercise 
therapy significantly improves CRF and other physiological outcomes in 
the post-treatment setting.13,14 Direct comparisons are limited since all 
prior post-treatment exercise therapy trials enrolled patients ≥ 1 year 
following definitive therapy; the present study is the first to investigate 
sequential use of exercise therapy in any cancer setting. Our findings 
support prior work in adjuvant breast cancer3,12,43 reporting CRF re-
covers to ‘near’ pre-chemotherapy (baseline) levels ≈ 3 to 4 months 
after therapy cessation, at least in a proportion of patients. While re-
covery to near pre-chemotherapy levels may be clinically satisfying it 
is suboptimal since baseline CRF in the present study was 24% below 
age–sex-matched normative values plus only 40% of usual care patients 
fully returned to their baseline VO2peak. Hence, most primary breast 
cancer patients likely exhibit persistent marked CRF impairments pre-
disposing to a plethora of treatment late-effects.45 Conversely, sequen-
tial use of exercise therapy increased CRF beyond pre-treatment values 
highlighting that without intervention treatment-induced physiological 
impairments are unlikely to fully recover.5,46

Third, although no statistical difference between concurrent vs. 
sequential exercise therapy, there was a CRF benefit of 0.9 mL 
O2

. kg−1.min−1 favoring sequential exercise therapy, a clinically important 

change in asymptomatic women.47 The inferior benefit of concurrent 
exercise therapy likely reflects poorer tolerability (reflecting major bar-
riers to exercise therapy participation during chemotherapy) and 
chemotherapy-induced multisystem toxicity impairing normal physio-
logical response to exercise therapy.2 Taxane-anthracycline-containing 
regimens are well known to cause varying degrees of direct injury to the 
cardiac-pulmonary-blood-skeletal muscle axis, the major determinants 
of CRF.2 Mechanistic studies reveal that both central (e.g. cardiac output, 
myocardial fibrosis)46,48 and peripheral (e.g. arterio-venous O2 extrac-
tion, skeletal muscle composition)49,50 limitations are important contri-
butors to impaired CRF in patients previously exposed to anthracycline 
s. Overall, the tolerability-to-benefit ratio favors recommendation of se 
quential use of exercise therapy.

A secondary objective of the present study evaluated the effects 
and tolerability of continuous exercise therapy. Although our study 
was not powered to detect superiority, this regimen was associated 
with significant, clinically meaningful improvements in CRF compared 
with usual care, and numerical improvements in comparison with the 
other exercise therapy sequencing regimens. Tolerability of continu-
ous exercise therapy was also excellent despite being twice the length 
of the other exercise therapy regimens. These findings are, however, 
hypothesis-generating. The promising tolerability and CRF benefit of 
continuous exercise require validation in larger, adequately powered 
trials.

Future directions
Result of the present trial corroborate prior work4–51) highlighting the 
need for investigation of alternative approaches that optimize the efficacy 
and tolerability of exercise therapy in breast, and other oncology, settings. 
For instance, whether the superior effects of continuous exercise on CRF 
relative to other regimes was due to longer program length or timing (i.e. 

Figure 1 CONSORT flow for non-pharmacological trials. Definitions. Did not receive allocated intervention: Did not complete at least 1 exercise 
therapy session; Lost to follow-up: non-completion of the cardiopulmonary exercise test assessment at T2. COVID-19: coronavirus disease 2019.
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Table 1 Characteristics of the participants at baseline

Characteristic All Concurrent exercise Sequential exercise Continuous exercise Usual care
(n = 158) (n = 40) (n =40) (n = 39) (n = 39)

Study site—no. (%)

DUMC 14 (9) 4 (10) 4 (10) 3 (8) 3 (8)

MSK 144 (91) 36 (90) 36 (90) 36 (92) 36 (92)

Age (yrs)—mean (SD) 47 (11) 50 (11) 46 (10) 48 (12) 45 (10)

BMI (kg/m2)—mean (SD) 27 (6) 27 (6) 27 (5) 28 (6) 27 (7)

Smoking status—no. (%)

Never 99 (63) 24 (60) 25 (62) 26 (67) 24 (62)

Former 41 (26) 10 (25) 11 (28) 9 (23) 11 (28)

Current 4 (2.5) 2 (5.0) 0 (0) 1 (2.6) 1 (2.6)

Unknown 14 (8.9) 4 (10) 4 (10) 3 (7.7) 3 (7.7)

Exercise behavior (minutes/week)a— 
median (range)

0 [0, 150] 0 [0, 140] 0 [0, 150] 0 [0, 135] 0 [0, 135]

VO2peak, ml O2
. kg−1.min−1—mean (SD) 24.9 (5.1) 25.2 (6.1) 25.2 (4.7) 23.9 (4.7) 25.4 (4.8)

Resting left ventricular ejection fraction,  
%—mean (SD)

63.3 (2.7) 63.5 (2.1) 63.2 (3.3) 63.0 (3.0) 63.3 (2.2)

Unknown—no. (%) 11 (7) 4 (10) 1 (3) 2 (5) 4 (10)

Resting heart rate, beats.min−1—mean (SD) 79 (11) 77 (10) 78 (9) 81 (13) 80 (10)

Resting systolic blood pressure, mmHg— 
mean (SD)

115 (14) 116 (13) 115 (13) 114 (14) 115 (15)

Resting diastolic blood pressure,  
mmHg—mean (SD)

70 (9) 71 (10) 70 (9) 71 (8) 69 (10)

Peak heart rate, beats.min−1—mean (SD) 173 (15) 171 (14) 172 (14) 173 (16) 177 (14)

Peak systolic blood pressure, mmHg—mean 
(SD)

172 (18) 176 (16) 172 (19) 174 (19) 167 (18)

Unknown—no. (%) 22 (14) 8 (20) 6 (15) 3 (8) 5 (13)

Peak diastolic blood pressure,  
mmHg—mean (SD)

65 (9) 64 (8) 64 (8) 67 (12) 64 (10)

Unknown—no. (%) 22 (14) 8 (20) 6 (15) 3 (8) 5 (13)

Race and ethnicity—no. (%)b

Asian 16 (10) 6 (15) 3 (8) 2 (5) 5 (13)

Hispanic 23 (15) 2 (5) 8 (20) 4 (10) 9 (23)

Native Hawaiian or other Pacific Islander 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Non-Hispanic Black 27 (17) 8 (20) 6 (15) 8 (21) 5 (13)

Non-Hispanic White 78 (49) 21 (52) 21 (52) 20 (51) 16 (41)

Other 5 (3) 0 (0) 1 (3) 1 (3) 3 (8)

Unknown 9 (6) 3 (8) 1 (3) 4 (10) 1 (3)

Disease stage—no. (%)

IA 51 (32) 10 (25) 13 (32) 16 (41) 12 (31)

IB 5 (3) 1 (3) 1 (3) 2 (5) 1 (3)

IIA 40 (25) 13 (32) 14 (35) 6 (15) 7 (18)

IIB 40 (25) 10 (25) 6 (15) 13 (33) 11 (28)

IIIA 16 (10) 3 (8) 6 (15) 2 (5) 5 (13)

Continued 
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Table 1 Continued  

Characteristic All Concurrent exercise Sequential exercise Continuous exercise Usual care
(n = 158) (n = 40) (n =40) (n = 39) (n = 39)

IIIB 2 (1) 0 (0) 0 (0) 0 (0) 2 (5)

IIIC 4 (3) 3 (8) 0 (0) 0 (0) 1 (3)

Clinical subtype—no. (%)

ER+/PR+ 92 (58) 19 (48) 27 (68) 19 (49) 27 (69)

HER2+ 18 (11) 6 (15) 4 (10) 5 (13) 3 (8)

ER−/PR−/HER2− 33 (21) 11 (28) 6 (15) 9 (23) 7 (18)

Other 15 (10) 4 (10) 3 (8) 6 (15) 2 (5)

Surgery—no. (%)

Lumpectomy 83 (53) 21 (52) 21 (52) 19 (49) 22 (56)

Mastectomy 73 (46) 18 (45) 19 (48) 20 (51) 16 (41)

Other 2 (1) 1 (3) 0 (0) 0 (0) 1 (3)

Chemotherapy—no. (%)

Dose-dense 129 (82) 35 (88) 31 (78) 30 (77) 33 (85)

Neoadjuvant 49 (31) 16 (40) 12 (30) 8 (21) 13 (33)

Anthracycline-containing 110 (70) 30 (75) 28 (70) 24 (62) 28 (72)

Anthracycline and Capecitabine 8 (5) 4 (10) 1 (3) 2 (5) 1 (3)

Antibody therapy—no. (%) 38 (24) 9 (22) 14 (35) 6 (15) 9 (23)

Unknown 14 (9) 4 (10) 4 (10) 3 (8) 3 (8)

Radiotherapy—no. (%) 121 (77) 31 (78) 29 (73) 29 (74) 32 (82)

Left-sided 56 (35) 10 (25) 15 (38) 13 (33) 18 (46)

Endocrine therapy—no. (%) 111 (70) 29 (72) 30 (75) 24 (62) 28 (72)

Current CVD medications—no. (%)

Statin 16 (10) 8 (20) 5 (12) 3 (8) 0 (0)

Beta-blockers 11 (7) 2 (5) 3 (8) 5 (13) 1 (3)

Aspirin/anti-platelet 8 (5) 3 (8) 3 (8) 2 (5) 0 (0)

Diabetes medication 7 (4) 5 (12) 2 (5) 0 (0) 0 (0)

Calcium channel blocker 7 (4) 0 (0) 4 (10) 2 (5) 1 (3)

Angiotensin receptor blockers 6 (4) 2 (5) 2 (5) 2 (5) 0 (0)

ACE inhibitors 5 (3) 2 (5) 2 (5) 1 (3) 0 (0)

Diuretic 2 (1) 1 (3) 1 (3) 0 (0) 0 (0)

Pre-existing (controlled) CVD 
conditions—no. (%)

Type 2 diabetes 8 (5) 5 (12) 2 (5) 1 (3) 0 (0)

Hyperlipidemia 14 (9) 8 (20) 4 (10) 2 (5) 0 (0)

Hypertension 21 (13) 5 (12) 7 (18) 8 (21) 1 (3)

Any 27 (17) 9 (22) 8 (20) 9 (23) 1 (3)

aExercise defined as the total minutes of self-reported moderate/vigorous exercise per week. 
bOther race category self-defined as ‘other’. 
Chemotherapy, radiation, and endocrine therapy rates include only those patients receiving each treatment. 
CVD, cardiovascular disease; DUMC, Duke University Medical Center; MSK, Memorial Sloan Kettering; SD, standard deviation; BMI, body mass index; ER, estrogen receptor; PR, 
progesterone receptor; HER2, human epidermal growth factor receptor 2; ACE, angiotensin converting enzyme.
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during and after chemotherapy) is not known. Meta-analyses evaluating 
the effects of exercise therapy generally report longer programs (greater 
than ∼15 weeks) are not associated with superior improvements relative 
to shorter programs; 15,52,53 however, increasing exercise program length 
alone may allow more time for physiological adaptation and augment CRF 
response.54–56 Trials directly investigating the most appropriate length of 
exercise programs are needed.42,57 As in other clinical settings, 58

exercise-induced improvements in the present trial may be due to a com-
bination of early exercise initiation and longer program length. Specifically, 
the modest exercise therapy attenuation of CRF decline during chemo-
therapy resulted in patients having a higher VO2peak at chemotherapy 
cessation. This, in turn, may have potentiated physiological adaptation 
in the post-chemotherapy setting, permitting prescription and tolerance 
of greater exercise therapy doses. In contrast, chemotherapy-induced de-
cline in CRF was unabated among patients allocated to sequential exercise 
therapy which subsequently attenuated exercise therapy benefit after 
treatment cessation. Thus, the exercise-associated mitigation of fitness 
declines during chemotherapy observed in the present trial likely provides 
a critical foundation/cardiovascular base for superior adaptation to exer-
cise after therapy. A trial evaluating whether CRF improvement with 32 
weeks of exercise therapy initiated only after chemotherapy would be as 
efficacious as 32 weeks continuous exercise therapy (i.e. during and after 
chemotherapy) could address this important question. An ongoing clinical 
trial will evaluate whether increasing aerobic exercise therapy length and/ 
or dose improves CRF response in post-treatment breast cancer 
(ClinicalTrials.gov Identifier: NCT04458532); however, increasing exer-
cise therapy dose and/or volume alone may be inadequate to ameliorate 
dysfunction across specific systems (i.e. cardiopulmonary–vascular–mus-
cular axis) manifest during chemotherapy.59 Identifying central and/or 
peripheral components contributing to poor CRF via imaging and/or inva-
sive hemodynamic monitoring during CPET may facilitate the design of 
more personalized exercise therapy prescriptions to augment CRF 

benefit.59 Finally, we selected supervised exercise sessions to maximize 
exercise therapy fidelity and safety/tolerability; however, the primary rea-
son for non-participation and loss to follow-up was related to inconveni-
ence (i.e. time commitment) of attending in-person exercise sessions or 
study assessments. A fully digitally enabled, decentralized clinical trial so-
lution could lower patient burden by reducing or eliminating site-based 
visits and allowing for implementation of high-fidelity exercise therapy de-
livery. Ongoing clinical trials testing remotely delivered site-less exercise 
therapy models may address major challenges to trial participation and 
enhance exercise therapy adherence.

Study limitations
Our study has important limitations. First, our findings are limited to 
less active patients with primary breast cancer initiating chemotherapy 
and do not generalize either to those engaging in regular exercise ther-
apy or initiating other types of systemic or localized cancer therapies. 
Additional work is needed to evaluate the efficacy of exercise therapy 
to offset cardiovascular toxicities during contemporary therapies.60,61

Furthermore, unlike prior adjuvant exercise therapy trials where pa-
tients received standard dosing, 3,6,12 over 80% of patients in our trial 
received dose-dense regimens. The tolerability and response to exer-
cise therapy in these settings is likely distinct. Second, generalizability 
of our findings may be limited by recruitment of a cohort of patients 
highly motivated to voluntarily participate in a lifestyle intervention. 
This well-established ‘healthy volunteer effect’ may be associated 
with more favorable changes in clinical trial settings than those ob-
served when the intervention is implemented in the community.62

Third, our lost to follow-up rate was like prior comparable trials 
(e.g. ACT); 43 however, this may have impacted study power. 
Nevertheless, it is important to note that the estimated effect size is 
much smaller than the pre-specified effect size used to design this 

A B C

Figure 2 Change in model-estimated marginal means of VO2peak. Panel A: Change in VO2peak during chemotherapy for concurrent exercise therapy 
and usual care (Delta 1). Panel B: Change in VO2peak after chemotherapy for sequential exercise therapy and usual care (Delta 2). Panel C: Overall 
comparison (Delta 3): difference between Delta 1 and Delta 2 (i.e. difference for the change in VO2peak between concurrent exercise therapy and 
usual care during chemotherapy vs. change in VO2peak between sequential exercise therapy and usual care after chemotherapy). Error bars indicate 
1 standard error. VO2peak, peak oxygen consumption; T0; baseline; T1; immediately after last chemotherapy cycle; T2, post-intervention at ≈ 28–40 
weeks post-randomization.
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Figure 3 Change in model-estimated marginal means of VO2peak from baseline to post-intervention (T0 to T2). Error bars indicate 1 standard error. 
VO2peak, peak oxygen consumption; T0; baseline; T2, post-intervention at ≈ 28–40 weeks post-randomization.
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Table 3 Tolerability of exercise regimens

Variable All Concurrent 
exercise

Sequential 
exercise

Continuous exercise Usual 
care

Pa

(n = 158) (n = 40) (n = 40) (n = 39) (n = 39)

Intervention length, weeks—median 
(range)

20 (9, 46) 16 (9, 22) 15 (9, 24) 28 (14, 42) 28 (12, 46) N/A

Lost to follow-up—no. (%) 48 (30) 16 (40) 13 (32) 5 (13) 14 (36) 0.04

Attendance, %—median (range) 78 (0, 100) 71 (0, 100) 84 (0, 100) 82 (0, 97) N/A 0.74

Permanent discontinuation—no. (%) 40 (34) 13 (32) 17 (42) 10 (26) N/A 0.28

Dose interruption—no. (%) 77 (65) 28 (70) 16 (40) During: 23 (59) After:  
28 (72) Overall: 33 (87)

N/A <0.001

Dose modification—no. (%) 12 (10) 4 (10) 4 (10) 4 (10) N/A >0.99

Pre-treatment dose modification—no. 
(%)

2 (2) 0 (0) 0 (0) 2 (5) N/A 0.11

Early session termination—no. (%) 44 (37) 17 (42) 7 (18) 20 (51) N/A 0.005

Relative dose-intensity, %—median 
(range)

78 (0, 100) 70 (0, 100) 84 (0, 100) During: 81 (0, 100) After: 82  
(0, 100) Overall: 83 (0, 98)

N/A 0.78

Definitions. Lost to follow-up: non-completion of the cardiopulmonary exercise test assessment at post-intervention; attendance: ratio of total number of attended to planned 
treatments; permanent discontinuation: permanent discontinuation of treatment prior to T1 (concurrent) or T2 (sequential and continuous); dose interruption: missing ≥3 consecutive 
sessions; dose modification: ≥ 10% of sessions requiring modification (reduction/escalation) of intensity or duration; pre-treatment dose modification: reduction of pre-treatment session 
intensity; early session termination: early termination of planned session duration; relative dose-intensity, the ratio of total ‘completed’ to total ‘planned’ cumulative dose. 
aKruskal–Wallis rank sum test; Pearson’s chi-squared test for differences across all applicable groups. 
bAll variables are collectively counted as 1 entity in the same patient unless otherwise indicated. 
no, number; N/A, not applicable.
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trial.63 Furthermore, the study over-enrolled to account for potential 
dropout. Consequently, the negative finding is likely not a result of 
low power due to attrition. Finally, we evaluated the acute effects of 
a relatively short exercise intervention. Longer-term evaluation of ex-
ercise therapy tolerability and efficacy is required.

Conclusions
Prevention, mitigation, and recovery of treatment-induced multisys-
tem physiological toxicity is recognized as an important clinical need 
in the management of patients with cancer.64,65 Within this para-
digm, exercise therapy is a potential non-pharmacological strategy 
that may complement other supportive care therapies to offset tox-
icity.59 We found no statistical difference in CRF improvement be-
tween exercise therapy administered concurrent vs. sequential to 
chemotherapy, relative to usual care. As such, this is a negative trial 
based on the primary analysis. The promising tolerability and benefit 
of exercise therapy following a continuous schedule warrants fur-
ther evaluation. Our findings have important implications for the 

clinical management of breast cancer patients initiating adjuvant 
chemotherapy.
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Fatigue 9 (8.3%) 3 (8.3%) 0 (0%) 6 (17%) 0.04
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Dyspnea 3 (2.8%) 0 (0%) 0 (0%) 3 (8.3%) 0.10

Post-exercise tachycardia 2 (1.9%) 0 (0%) 1 (2.8%) 1 (2.8%) >0.99

Musculoskeletal/other

Arthralgia 6 (5.6%) 2 (5.6%) 1 (2.8%) 3 (8.3%) 0.87

Back pain 4 (3.7%) 1 (2.8%) 1 (2.8%) 2 (5.6%) >0.99
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Myalgia 1 (0.9%) 0 (0%) 0 (0%) 1 (2.8%) >0.99

Peripheral sensory neuropathy 1 (0.9%) 0 (0%) 1 (2.8%) 0 (0%) >0.99

Data presented as number of patients (%). Events counted once per patient as one entity. 
aAdverse events are summarized for Memorial Sloan Kettering Cancer Center patients allocated to exercise therapy. 
bFisher’s exact test; Pearson’s chi-squared test. 
Definitions. Adverse categorized according to Common Terminology Criteria for Adverse Events and Exercise Oncology Exercise Physiology standard guidelines which included: 
Exercise-induced tachycardia: Exercise session heart rate ≥ 10 beats per min outside of prescribed range; post-exercise tachycardia: heart rate not recovered to below 100 beats per 
minute within 20 min post-exercise.
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