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high-risk patients who may be more likely to derive
benefit from cardioprotective agents.
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Exercise Attenuates
Cardiotoxicity of

Anthracycline Chemotherapy
Measured by Global
Longitudinal Strain

Anthracycline-based chemotherapy (AC) is a common
treatment for patients with breast cancer and has
been associated with a dramatic improvement in
breast cancer survivorship. Among patients with
early-stage breast cancer, cardiovascular diseases
represent the most common cause of mortality, and
there is a growing emphasis on strategies for mini-
mizing the toxic effects of breast cancer treatments
on the cardiovascular system (1).

The primary therapeutic approach for preventing
heart failure following anthracycline exposure is to
intervene with heart failure pharmacotherapy in pa-
tients with cardiac dysfunction (1,2). However, pa-
tients may be less responsive to this approach if
dysfunction is detected late (3), and so there is in-
terest in primary preventive approaches. Exercise
training has been proposed as 1 such approach (4)
because it is safe, inexpensive, and already recom-
mended as a strategy for counteracting other adverse
effects of cancer treatment. However, little is known
about whether exercise training can effectively
counteract the cardiotoxic effects of AC.

Cardiac magnetic resonance (CMR) is an increas-
ingly available imaging method for assessing cardiac
function. The excellent image resolution makes CMR
assessment of ventricular volume and function the gold
standard noninvasive technique, and sequences such as
T1 mapping may allow early detection of chemotherapy-
related inflammation, edema, and fibrosis.

In this study, we evaluated native T1 mapping at
3-T using inversion recovery (ShMOLLI) and satura-
tion recovery (SASHA) techniques and measured
global longitudinal strain (GLS) using feature tracking
of cine images, before and after completion of
AC-based chemotherapy. A subset of the study group
underwent exercise training. We hypothesized that:
1) anthracyclines would increase myocardial inflam-
mation (T1 mapping) and impair systolic function
measured by GLS; and 2) exercise training would
attenuate these changes.

This was a single-center, nonrandomized clinical
trial. All research was performed at the Baker Heart
and Diabetes Institute, Melbourne, Australia, be-
tween May 2016 and December 2017. The experi-
mental procedures were explained to all participants,
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FIGURE 1 Change in Native T1 Mapping Time

There was an increase in native T1 time using 2 T1 methods—SASHA (blue) and ShMOLLI

(orange)—after anthracycline-based chemotherapy. The increase was not ameliorated by

exercise (solid line) compared with sedentary control subjects (dashed line).
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with informed consent obtained as approved by the
institutional review boards of the Alfred Health
Research Ethics Committee and registered with
Australia and New Zealand Clinical Trials Registry
(ACTRN12616001602415). All procedures conformed
to the standards set by the Declaration of Helsinki.

A total of 27 participants with recently diagnosed
breast cancer who were scheduled for AC-based
chemotherapy were included. At baseline all partici-
pants were assessed using CMR, repeated 4 months
later (3 weeks after the final cycle of AC). After base-
line assessment, participants pragmatically selected
to usual care or an exercise training intervention.
Details of the exercise program have been published
previously (5). Participants in the exercise group un-
derwent a nonlinear, combined moderate- to
vigorous-intensity aerobic and resistance training
regimen (3/week, 60 min/session, 2 supervised, 1
home-based) that was designed to synchronize with
each participant’s individual chemotherapy cycle.

We performed all CMR examinations on a clinical
3.0-T magnetic resonance imaging scanner (Magne-
tom Prisma, Siemens Healthineers, Erlangen, Ger-
many). All image post-processing was performed
using a dedicated software package (CVI42, Circle
Cardiovascular Imaging, Calgary, Canada). Each study
was analyzed independently by an experienced CMR
reader blinded to the patient group.

Myocardial T1 times were estimated of by means of
prototype ShMOLLI and SASHA sequences (Siemens
Healthineers). This sequence automatically generated
pixel maps of T1 times that were used during post-
processing, with a motion correction algorithm
applied to the raw images.

Each sequence was acquired within an end-
expiration breath-hold using an electrocardiogram-
triggered single-shot acquisition with a balanced
steady-state free precession readout in a single mid–
short-axis slice. Native T1 (pre-contrast) and post-
contrast T1 times were measured in the myocardium
and left ventricular (LV) blood pool by using a region
of interest on the T1 pixel map. T1 measurements were
taken at the mid–short-axis level by taking a region
within the septum.

GLS was calculated using feature tracking on the
cine images on CVI42 software. The myocardium was
defined according to American Heart Association
segments by placing a marker across the mitral valve
annulus and from the annulus to the apex on long-
axis images and by marking endocardial and epicar-
dial borders in the short-axis volumetric stack and 3
apical cine images (4-chamber, 2-chamber, 3-
chamber). Markers were placed at both right ventric-
ular (RV) insertion points on the short-axis images.
All data were analyzed using SPSS Statistics soft-
ware version 23.0 (IBM Corp, Armonk, New York).
Data are presented as mean � SD unless otherwise
stated, and p <0.05 was considered statistically sig-
nificant. Paired Student’s t-tests were used to
compare continuous data. Linear relationships were
assessed using Pearson’s correlation coefficients.
Two-way mixed analysis of variance evaluated the
interaction between groups according to exercise
status.

The 2 groups were well matched, with no signifi-
cant differences in age (46 � 9 years vs. 51 � 12 years;
p ¼ 0.19), body size (body surface area 1.76 � 0.26 m2

vs. 1.83 � 0.24 m2; p ¼ 0.51), LV size (118 � 19 ml vs.
113 � 21 ml; p ¼ 0.50), and LV ejection fraction (LVEF;
62 � 4% vs. 64 � 5%; p ¼ 0.25), or T1 mapping pa-
rameters (ShMOLLI 1,170 � 27 ms vs. 1,179 � 44 ms;
p ¼ 0.55; and SASHA 1,538 � 32 ms vs. 1,538 � 40 ms;
p ¼ 0.99) and GLS (�20.11 � 1.47 vs. �20.48 � 1.66;
p ¼ 0.55). No participants were treated for hyperten-
sion, diabetes mellitus, or dyslipidemia.

The primary breast cancer diagnosis, prescribed
chemotherapy regimen, and dose were similar be-
tween the groups. No participants received trastuzu-
mab during the study period. Adherence to the
exercise intervention was modest, with one-half of
the participants completing 80% of the 24 prescribed
sessions (group average 76%; range 38% to 88%).

There was a significant increase in native T1 time
following AC chemotherapy using SASHA and
ShMOLLI methods across all participants (1,538 �
36 ms vs. 1,581 � 50 ms; p ¼ 0.001; and 1,174 � 36 ms
vs. 1,203 � 37 ms; p ¼ 0.011, respectively) (Figure 1).

The significant increase in T1 times were associated
with a trend to a small reduction in LVEF (63.1 � 4.3%



FIGURE 2 Change in GLS

All participants in the sedentary control group (right, squares)

had a decrease in global longitudinal strain (GLS) after

anthracycline-based chemotherapy (D � 1.6 � 1.4%;

p ¼ 0.002), whereas global longitudinal strain was preserved

in the exercise group (left, circles) (D þ 0.56 � 1.5%,

p ¼ 0.377; interaction for exercise effect; p < 0.001). Mean �
SD are marked on the figure.
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vs. 61.3 � 3.5%; p ¼ 0.066) but no change in LV end-
diastolic volume (p ¼ 0.829), left atrial volume
(p ¼ 0.844), or LV mass (p ¼ 0.856). There was no
change in RV end-diastolic volume (p ¼ 0.852) but a
significant 4.6% decline in RV ejection fraction with
AC (RVEF; 62.7 � 5.7% vs. 58.6 � 6.1%; p ¼ 0.004).

There was a modest negative correlation between
the change in SASHA and the decline in LVEF
(R ¼ �0.424; p ¼ 0.04), but not with ShMOLLI
(p ¼ 0.788). There was also no correlation between the
change in T1 mapping times and the decline in RVEF.

An exercise program did not influence the increase
in native T1 times (interaction p ¼ 0.519 for ShMOLLI;
p ¼ 0.957 for SASHA), nor did it attenuate the change
in LVEF (interaction p ¼ 0.557) and RVEF (interaction
p ¼ 0.631).

Exercise had a significant impact on GLS (interac-
tion for exercise effect; p < 0.001) with a significant
reduction in strain seen in the control group (D �1.6 �
1.4%; p ¼ 0.002) as opposed to preservation of strain in
the exercise group (D þ0.56 � 1.5%; p ¼ 0.377) (Figure 2).

There were no significant correlations between the
change in GLS and changes in LVEF (p ¼ 0.285) or
native T1 times (p > 0.50).

Investigating the hypothesis that novel CMR
measures would be a sensitive means of identifying
anthracycline-induced cardiotoxicity, we identified a
significant increase in T1 times and a reduction in
GLS representing potential surrogates of early
myocardial inflammation and dysfunction, respec-
tively. Intriguingly, we also observed a significant
attenuation of myocardial dysfunction associated
with a structured exercise program but no effect on
inflammation.

Previous studies have evaluated T1 mapping in the
context of AC chemotherapy (6). In a cross-sectional
analysis of cancer survivors, Jordan et al. (7)
observed an elevation in myocardial native T1 and
extracellular volume (ECV) that was independent of
the underlying cancer and cardiovascular comorbid-
ities. With the larger time interval between treatment
and assessment, these findings suggest that imaging
biomarkers may represent the development of inter-
stitial fibrosis in cancer survivors and reflect a causal link
between cardiotoxic cancer therapies and myocardial
dysfunction.

The findings suggest an acute process in the
myocardium in response to AC chemotherapy,
detectable by T1 mapping, that may represent
inflammation and/or early fibrosis. The increased
native T1 time may be similar to that seen in acute
myocarditis (8) and may be a result of increased free
water associated with inflammation and edema. A
total of 50% of participants had a rise in T1 time >1 SD,
a much higher percentage than that expected to
develop long-term cardiotoxicity related to breast
cancer treatment.

Alterations of myocardial deformation (GLS)
have been shown to precede significant change in
LVEF (9). The decrease in GLS in the control
group of our study is consistent with previous
findings in published echocardiography reports,
with the additional finding of an attenuation with
a dedicated exercise program. This benefit in
cardiovascular performance associated with exer-
cise training during chemotherapy is consistent
with multiple studies that have demonstrated an
improvement in maximal oxygen consumption as
a less specific marker of preserved cardiovascular
function (4,5). Although our previously reported
findings did not determine an association with
echocardiography-derived strain, we believe that
echocardiography and CMR may measure slightly
different aspects of myocardial function—endocar-
dial with feature tracking versus midmyocardial
with speckle tracking.

Our findings suggest a consistent, early toxic effect
on the myocardium. Despite nearly ubiquitous evi-
dence of subclinical cardiotoxicity, the exercise pro-
gram did reduce the negative impact of this AC on
GLS, thus indicating a beneficial and potentially car-
dioprotective effect of exercise during treatment.
Exercise constitutes a holistic therapy and improves
functional capacity through a combination of
enhanced cardiovascular, skeletal muscle, and meta-
bolic processes. It has the potential to attenuate
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chemotherapy-induced injury caused by any, or all,
of these factors.

It is important to determine whether these
changes in T1 mapping persist and whether they
predict long-term cardiotoxicity, cardiovascular
morbidity, and mortality. Moreover, it will be
important to determine whether these surrogate
measures of preserved myocardial function associ-
ated with exercise training also predict a reduction in
long-term clinical events.

The greatest limitation in the interpretation of our
data is the nonrandomized nature of the trial. We
were unable to randomize the participants because of
geographic constraints. It is not possible to exclude
the fact that this selection bias may have influenced
the observed differences in functional capacity.

In patients with breast cancer, native T1 times were
significantly increased immediately following AC
chemotherapy, possibly reflecting myocardial
inflammation. A structured exercise program under-
taken during chemotherapy was associated with
preservation of myocardial function, as opposed to a
reduction in GLS in nonexercising patients, but did
not influence T1 times. The significance of these
changes on long-term cardiac function and heart
failure is yet to be determined.
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Biventricular
Dysfunction in Patients

After Bone Marrow Transplant

Cardiovascular events are a significant cause of
morbidity and mortality in cancer survivors in the
long-term. Anthracyclines (AC) are powerful cyto-
toxic agents, used to treat a wide spectrum of hema-
tologic malignancies and solid tumors. However, 5%
to 23% of patients develop late-onset heart failure
secondary to AC-induced cardiotoxicity (1).

Bone marrow transplantation (BMT) is considered
the treatment of choice for most hematologic malig-
nancies. Heart failure rates are quoted at 5% at 5 years
after BMT, increasing to 10% at 10 years (2). There-
fore, contemporary management of patients with
hematologic malignancies treated with both AC-
based chemotherapy and BMT should include care-
ful consideration of potential cardiotoxicity.

The aim of our study was to comprehensively
evaluate biventricular function using traditional
echocardiographic parameters and 2-dimensional
(2D) speckle tracking strain parameters in patients
with prior BMT.
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