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ABSTRACT

Background. Anthracycline-containing chemotherapy (Anth-C)
is associatedwith long-termcardiovascularmortality. Although
cardiovascular risk assessment has traditionally focused on the
heart, evidence has demonstrated that vascular dysfunction
also occurs during and up to 1 year following Anth-C. Whether
vascular dysfunction persists long-term or negatively influ-
ences cardiac function remains unknown. Hence, the present
study evaluated ventricular-arterial coupling, in concert with
measures of vascular structure and function, in the years
following Anth-C.
Methods. Arterial elastance (Ea), end-systolic elastance (Ees),
and ventricular-arterial coupling (Ea/Ees) were measured
during rest and exercise using echocardiography. Resting
vascular function (flow-mediated dilation) and structure
(carotid intima-media thickness, arterial stiffness) were also
measured.
Results. Thirty breast cancer survivors (6.5 6 3.6 years
after Anth-C) with normal left ventricular ejection fraction

(LVEF) (60%6 6%) and 30 matched controls were studied.
At rest, no differences were found in Ea, Ees, Ea/Ees, or
LVEF between groups. The normal exercise-induced in-
crease in Ees was attenuated in survivors at 50% and
75% of maximal workload (p , .01). Ea/Ees was also
higher at all workloads in the survivors compared with
the controls (p , .01). No differences in vascular struc-
ture and function were observed between the two groups
(p . .05).
Conclusion. In the years after Anth-C, ventricular-arterial
coupling was significantly attenuated during exercise, primar-
ily owing to decreased LV contractility (indicated by a reduced
Ees). This subclinical dysfunction appears to be isolated to the
heart, as no differences in Ea were observed. The previously
reported adverse effects of Anth-C on the vasculature appear
tonotpersist in the yearsafter treatment, asvascular structure
and function were comparable to controls. The Oncologist
2016;21:141–149

Implications for Practice:Anthracycline-induced cardiotoxicity results in significantly impaired ventricular-arterial coupling in the
years following chemotherapy, owing specifically to decreased left ventricular contractility. This subclinical dysfunction was
identified only under exercise stress. A comprehensive evaluation of vascular structure and function yielded no differences
between those treatedwith anthracyclines and controls. Combinedwith a stress stimulus, ventricular-arterial couplingmighthold
significant value beyond characterization of integrative cardiovascular function, in particular as a part of a risk-stratification
strategy after anthracycline-containing chemotherapy. Although vascular function and structurewere not different in this cohort,
this does not undermine the importance of identifying vascular (dys)function in this population, because increases in net arterial
load during exercise might amplify the effect of reductions in contractility on cardiovascular function after anthracycline-
containing chemotherapy.
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INTRODUCTION

Early-stage breast cancer patients are at greater risk of
developing cardiovascular disease relative to age-matched
healthy women [1] primarily owing to the direct cardiotoxic
effects of adjuvant anthracycline-containing chemotherapy
(Anth-C) combinedwith other direct (e.g., hormone therapy)
and indirect (e.g., physical inactivity) perturbations that
occur across the cancer continuum [2]. To date, investigators
have focused almost exclusively on the cardiac-specific
effects of Anth-C (primarily through evaluation of resting
assessment of left ventricular ejection fraction [LVEF]), with
minimal attention to vascular damage. Increased aortic
stiffness [3, 4], endothelial dysfunction [5], and arterial
remodeling [6] have been demonstrated during or up to 1
year following Anth-C. However, whether these impairments
in vascular structure (e.g., arterial stiffness and carotid intima-
media thickness [CIMT]) and function (e.g., endothelial-
dependent flow-mediated dilation [FMD]) persist in the years
following Anth-C and whether they contribute to the impaired
cardiac function observed in breast cancer survivors is cur-
rently unknown.

The heart and systemic vasculature are integral compo-
nents of the cardiovascular network, with changes in one
component affecting performance of the other. Under-
standing not only how the heart and systemic vasculature
function independently, but also how they interact (termed
ventricular-arterial coupling) is important when evaluating
global cardiovascular function [7]. Ventricular-arterial cou-
pling combines a measure of net arterial load or arterial
elastance (Ea) and end-systolic elastance (Ees), a load-
independent measure indicating LV contractility, specifically
under stress [8]. Although ventricular-arterial coupling (Ea/
Ees) is inversely related to LVEF [9], it provides information
beyond systolic function by also evaluating alterations in
arterial function or ventricular function, or both. Under
stress, Ea/Ees is a surrogate measure of cardiovascular
reserve capacity (CVRC), because it permits integrative
assessment of the heart and vasculature’s ability to respond
to an increased workload [7, 10]. During exercise, the
cardiovascular system favors Ees to supply appropriate
cardiac output, resulting in a reduction in Ea/Ees [10]. If
Anth-C increases Ea and/or reduces Ees by having a direct
effect on the vasculature or myocardium, respectively, the
reduction in Ea/Ees commonly observedwith exercise will be
greatly attenuated, indicative of reduced CVRC. Pathologic
impairments in CVRC are etiologic in many chronic disease
conditions [11], and surrogate measures of CVRC such
as Ea/Ees are prognostic of mortality and cardiovascular
events [12].

Studies todatehaveonlyexaminedvascular function in the
short-term and only examined heart and vascular function in
isolation, primarily under resting conditions. Therefore, the
purpose of the present study was to evaluate both the
independent and the integrative effects of the heart and
vasculature at rest and during exercise in breast cancer
survivorswithpreserved LVEF (.50%)whohad receivedAnth-
C.Wehypothesized that the normal reduction in Ea/Eeswould
be attenuated during exercise in breast cancer survivors.
Furthermore, we hypothesized that CIMT, arterial stiffness,

and FMD would be significantly impaired in the patients com-
pared to the controls.

METHODS

Patients and Study Design
Using a cross-sectional design, 30 estrogen receptor-positive,
HER2-negative early-stage (stage I-III) breast cancer survivors
treated with adjuvant Anth-C 2–15 years previously were
recruited from the British Columbia Cancer Agency Cancer
Registry. Also, 30 age-, body mass index (BMI)-, and activity
level-matched women were recruited for comparison pur-
poses.The research complied with the Declaration of Helsinki,
and written informed consent that had received institutional
ethics board approval was obtained from all participants
before initiating the study. All study assessments were
performedoveraperiodof3daysandwere standardizedacross
patient and control subjects. A detailed description of the
study methods is provided in the supplemental online data.

Measurements

Cardiopulmonary Exercise Testing
Each participant performed an incremental cardiopulmonary
exercise test to symptom limitation on an upright electri-
cally braked cycle ergometer (Ergoline 800S; CareFusion Corp.,
San Diego, CA, http://www.carefusion.com) with expired-gas
analysis (SensorMedics Vmax 29C; CareFusion Corp.) according
to American Thoracic Society Guidelines as modified for cancer
populations [13].

Echocardiographic Measurements of Cardiac Function
and Ventricular-Arterial Coupling
Two-dimensional transthoracic echocardiographic images (IE33;
Philips, Amsterdam, The Netherlands, http://www.philips.ca/
healthcare/solutions/ultrasound) were performed in the apical
four- and two-chamber views to determine the left ventricular
end-diastolic volume (EDV), end-systolic volume (ESV), and LVEF
by the modified Simpson rule [14]. Measures were obtained
at rest and during steady-state exercise using a discontinu-
ous exercise protocol at 25%, 50%, and 75% of the subject’s
maximal work rate (Wmax). Diastolic filling parameters were
collected at rest according to published guidelines [15]. Ea
was calculated as the ratio of end-systolic pressure (ESP) to
stroke volume (SV) [16]. ESP was determined by the validated
equation 0.9 3 systolic blood pressure (SBP) measured by
manual sphygmomanometry [17]. Ees was calculated using
the validated single beat technique, using the measurements
of blood pressure, stroke volume, LVEF, and pre-ejection and
systolic ejection time intervals from LV outflow Doppler, as
previously described [18]. A trained sonographer who was
unaware of the group allocation performed all echocardio-
graphic assessments and analysis.

Measurement of Vascular Structure and Function
Central (carotid-femoral pulse wave velocity [PWV]) and
peripheral (carotid-radial PWV) arterial stiffness were
assessed using handheld tonometers (SPT-301; Millar Instru-
ments, Houston, TX, http://www.millar.com), adhering to
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international guidelines [19]. Local arterial stiffness of the
carotid artery was determined using a previously reported
method [20] to calculate arterial compliance, distensibility,
and b-stiffness index. Our standard error of measurement for
PWV is 0.17 m/s, with a coefficient of variation of 3.5%. CIMT
wasmeasured with the subject in the supine position using an
8-MHz high-frequency linear array transducer. Images were
taken of the far wall, 1 cm proximal to the carotid bulb. The
CIMT at end diastole (1 frame before the R interval) of 10
successive beats was recorded and averaged. Our standard
error ofmeasurement for CIMT is 0.039mm,with a coefficient
of variation of 5.3%.

Endothelial function was evaluated using the FMD
technique, which measures flow-mediated endothelial-
dependent vasodilation of the brachial artery, according
to international guidelines [21]. To assess endothelial-
independent vasodilation of the brachial artery, a sublingual
400-mg spray dose of glyceryl trinitrate (GTN) was adminis-
tered, and changes indiameterwere recorded for.5minutes.
Our standard error of measurement for FMD is 0.3%, with a
coefficient of variation of 3.6%.

Statistical Analysis
Toexamine thedifferencesbetweengroups, theWilcoxon rank
sumtest for independent nonparametric sampleswasused for
continuous variables and Fisher’s exact test for categorical
variables. No adjustments were made for multiple compari-
sons. A two-sided significance level of 0.05 was used for all
statistical tests. Simple regression analysiswas also performed
to study the associations between the time from Anth-C
completion and performance of vascular and ventricular-
arterial coupling measures. All statistical analyses were
conducted using SAS, version 9.3 (SAS Institute, Cary, NC,
http://www.sas.com), by an independent statistician. An a
priori sample size calculationwasperformedusingpreliminary
data from our group, which demonstrated that breast cancer
survivors had an Ea/Ees of 0.11 higher than that of the age-,
BMI-, and activity-matched controls at 75% Wmax. Using this
difference in the primary outcome (i.e., Ea/Ees of 0.11), a
sample of 30 subjects per groupwere required, assuming a SD
of the change score of 0.15, a power of 0.8, and using a two-
tailed test with an a of 0.05.

RESULTS

Patients were recruited from May 2011 to October 2013. A
total of 145 potentially eligible patients were contacted for the
study, and33 (23%)were interested in participation. Of these, 3
patientswere unable to participate, and 30 completed all study
assessments. Thirty matched controls were also recruited. The
study flow is presented in supplemental online Figure 1. The
subject characteristics are presented in Table 1. No significant
differences were found in the baseline characteristics between
survivors and controls. The cardiopulmonary exercise data are
presented in Table 2. The peak oxygen consumption (VO2peak)
andWmax were not different between groups.

Ventricular-Arterial Coupling
The measures of ventricular-arterial coupling are presented in
Figure1.Nosignificantdifferenceswereobservedfortheresting
measures of ventricular-arterial coupling. Ea was also not

different at any exercise intensity between the two groups. Ees
was reduced in survivors comparedwithcontrol subjects at 50%
and75%Wmax (p, .01).TheEa/Ees ratiowasalsohigherat25%,
50%, and 75% Wmax (p , .01) in survivors compared with
controls. No significant relationships were found between the
time from Anth-C completion and the measures of ventricular-
arterial coupling. Individual Ea/Ees responses from rest to
75% Wmax are presented in supplemental online Figure 2. The
cardiovascular responses stratified by the change in Ea during
exercise are presented in supplemental online Figure 3.

Cardiac Function
The measures of cardiac function are presented in Figure 2. At
rest, the measures of LV systolic function were not different
between the survivors and controls. ESV was elevated in
survivors at 25% (p, .01), 50% (p, .05), and 75%Wmax (p,
.01). SBP was lower in survivors at all intensities (p, .05), and
heart rate was elevated at rest and 25% Wmax (p , .05). EDV
and SVwere not different at any exercise intensity between the
two groups. LVEF was not different at rest but was reduced
at 25% (p , .001), 50% (p , .05), and 75% Wmax (p , .01) in
survivors. Early and late peak ventricular filling velocities and
pressure gradientsmeasured at restwere unchanged, although
deceleration time and mitral deceleration index were reduced
in survivors (p, .05; supplemental online Table 1).

Vascular Structure and Function
Themeasures of vascular structure and function are presented
in Table 3. The baseline and peak diameters, shear rate, shear
stimulus (measured by the shear rate area under the curve
fromrelease topeakFMD[SRAUC]), time topeakdilation, FMD
normalized to shear rate, SRAUC, and baseline diameterswere
not different between the two groups. Also, no differences
were found in endothelial-independent vasodilation between
groups, except for a faster time to peak dilation after GTN
administration in survivors (p , .05). No differences were
found in CIMT, central and peripheral arterial stiffness, carotid
compliance, distensibility, or the b-stiffness index. Also, no
significant relationships were found between the time from
Anth-C completion and any vascular measure.

DISCUSSION

To our knowledge, this is the first study to use ventricular-
arterial coupling to investigate the integrative effects of the
heart and vasculature in any cancer population. In support of
our primary hypothesis, the expected decrease in Ea/Ees
was attenuated during exercise in breast cancer survivors
compared to controls. This finding primarily resulted from a
decreased Ees, as Ea was unchanged during exercise. Con-
trary to our secondary hypothesis, no differences in vascular
structure and function were observed in breast cancer sur-
vivors in the years following treatment, suggesting that sustained
Anth-C dysfunction is isolated to the heart. It is important to
highlight that the differences in ventricular-arterial coupling
were only unveiled with exercise, because no differences in
Ea/Ees (or LVEF) were observed at rest, emphasizing the im-
portance of stress-based assessments to expose subclinical
cardiovascular dysfunction after Anth-C.
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Table 1. Subject characteristics

Variable Breast cancer patients Controls p value

Subjects (n) 30 30 —

Age (yr)

Mean6 SD 616 7 626 8 .411

Range 46–77 44–77 —

Weight (kg) 69.46 14.1 69.16 9.7 .836

BMI (kg/m2) 25.36 4.6 25.46 3.1 .420

Time since primary diagnosis (yr) 7.06 3.6 — —

Time since Anth-C completion (yr)

Mean6 SD 6.56 3.6 — —

Range 2.7–13.9 —

Tumor type

Ductal 22 (73) — —

Lobular 2 (7) — —

Mixed ductal and lobular 5 (17) — —

Invasive 0 — —

Metaplastic 1 (3) — —

Nodal status

N0 or N0(1) 13 (43) — —

N1, N1a, N1mic, or N1bi 13 (43) — —

N2 3 (10) — —

N3 0 — —

Nx 1 (3) — —

T stage

I-IC 13 (43) — —

2 13 (43) — —

3 4 (13) — —

Type of surgery

Mastectomy 18 (60) — —

Lumpectomy 12 (40) — —

Dose

Doxorubicin (mg/m2) 4506 62 — —

Epirubicin (mg/m2) 9246 343 — —

Dox/epi combination (mg/m2) 1616 30 / 3116 142 — —

Additional therapy

Taxol 10 (33) — —

Radiation 23 (77) — —

Left-sided 9 (30) — —

Endocrine therapy 30 (100) — —

Tamoxifen/current 7 (23) / 2 — —

Aromatase inhibitor/current 8 (27) / 6 (20) — —

Combination/current 15 (50) / 5 (17) — —

Comorbidities

Hypertensiona 5 (17) 5 (17) —

Obesity (BMI.30 kg/m2) 4 (13) 2 (7) —

Current smoker 0 (0) 0 (0) —

History of smoking 11 (37) 8 (27) —

Exercise behavior

Total exercise (minutes/wk) 3916 207 3276 214 .273

Moderate/strenuous exercise (minutes/wk) 2516 182 2176 127 .430

Data presented as mean6 SD for continuous data and n (%) for categorical data.
aControlled with b-blocker (n5 3) and angiotensin-converting enzyme inhibitor (n5 2) medication in both groups.
Abbreviations: Anth-C, anthracycline-containing chemotherapy; BMI, body mass index; Dox/epi, doxorubicin/epirubicin.
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Exercise-Induced Changes in Ventricular-Arterial
Coupling Are Attenuated in the Years Following Anth-C
In healthy individuals, Ees markedly increases with increasing
exercise intensity, reflecting acute changes in LV contractility
[10]. It is well-established that Anth-C directly injures the

myocardium [22], which induces structural changes that can
perturb myocardial contractile function beyond that com-
monly seen with aging [23]. In the present study, Ees was
normal at rest; however, the typical exercise-induced increase
was attenuated at moderate intensities (i.e., 50% and 75%

Table 2. Cardiopulmonary responses to exercise

Variable Breast cancer survivors Controls p value

Resting data

Heart rate (beats per minute) 806 10 796 9 .842

Systolic blood pressure (mmHg) 1286 17 1376 17 .046a

Diastolic blood pressure (mmHg) 786 18 836 10 .075

Oxyhemoglobin saturation (%) 986 1 996 1 .231

Peak exercise data

Heart rate (beats per minute) 1576 13 1556 13 .525

% Predicted 996 8 986 7 .695

Systolic blood pressure (mmHg) 1736 21 1916 19 .002a

Diastolic blood pressure (mmHg) 856 12 886 13 .197

Oxyhemoglobin saturation (%) 976 1 976 2 .443

VO2peak (mL/kg/min) 23.56 5.5 24.66 5.6 .482

% Predictedb 926 22 986 20 .217

VO2peak (L/min) 1.606 0.36 1.696 0.41 .399

Workload (Watts) 1066 26 1086 27 .687

% Predicted 1006 20 1046 19 .412

O2 pulse (mL/beat) 10.46 2.4 11.16 2.8 .482

Respiratory exchange ratio 1.186 0.08 1.186 0.07 .888

Tidal volume (L) 1.876 0.40 1.956 0.35 .362

Minute ventilation (L/min) 596 14 636 16 .367

% Predicted 626 13 656 16 .600

Respiratory rate (breaths per minute) 326 6 326 7 .889

Dyspnea (Borg units) 56 2 56 2 .756

Leg fatigue (Borg units) 66 2 66 3 .947

Data presented as mean6 SD.
aStatistically significant.
bCompared with sedentary population [34].
Abbreviation: VO2peak, peak oxygen consumption.

Figure 1. Graphs showing the ventricular-arterial coupling measures used in the present study. Arterial elastance (A), end-systolic
elastance (B), and Ea/Ees ratio (C) at different intensities of exercise. Error bars denote the SD of the mean. p, p# .01.

Abbreviations: Ea, arterial elastance; Ees, end-systolic elastance; Ea/Ees ratio, ventricular-arterial coupling.
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Wmax), indicative of contractile impairment. Thus, survivors
have littleorno reserve toaugment contractility in response to
an increase in the exercise-induced metabolic demand.
Evidence of reduced LV contractility was further supported by
the concomitant increases in ESVand reductions in SBPateach
exercise load in survivors, without significant changes in
afterload (the total peripheral resistance was not different
between groups [data not shown]).

In the present study, as exercise intensity increased from
rest to 75% Wmax, control subjects reduced Ea/Ees by 42%,
similar to the findings from previous studies of healthy in-
dividuals (aged 40–70 years) [24, 25]. However, the reduction
in Ea/Ees in survivors was only 28% and was considerably
attenuated compared with that observed in healthy aging
[24, 25]. This inability to appropriately reduce Ea/Ees in

response to exercise stress occurred in the presence of a
preserved stroke volume.Themaintenance of stroke volume
likely resulted from the small, albeit nonsignificant, increase in
EDV (Fig. 2), thus using the Frank-Starling mechanism to
compensate for the attenuated LV contractility. However, the
inability of survivors to reduce Ea/Ees during exercise suggests
that the CVRC is reduced, whichmightmitigate the capacity to
further adjust to future age- or disease-related perturbations
in cardiac or vascular function. For example, in healthy aging,
increased Ea during exercise results in reduced utilization of
the Frank-Starling mechanism and greater reliance on Ees
to meet functional demand [26]. Using similar Ea stratifica-
tions (supplemental online data; supplemental online Fig. 3),
survivors who increased Ea during exercise not only did not
increase EDV, but also had an Ees that increased to ,50%

Figure2. Graphs showing themeasuresofcardiac function. End-systolic volume (A), end-diastolic volume (B), strokevolume (C), ejection
fraction (D), and systolic (dashed line) and diastolic (solid line) blood pressure (E) at rest and during different intensities of exercise. Error
bars denote the SD of the mean. p, p# .01; †, p# .05.

Abbreviation: Wmax, maximal work rate.
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of that of controls, as well as a significant reduction in SBP.
This suggests a failure to meet functional demand. These
exploratory findings suggest that an increase in arterial load
during exercise might amplify the effect of reductions in
contractility on cardiovascular function after Anth-C. Whether
these specific survivors are at highest risk of the onset of symp-
tomatic cardiovascular disease (CVD) requires investigation.

ThecardiovascularresponsetoanacutestressorafterAnth-C
is not well understood, as few studies to date have used a
systemic stressor in conjunction with conventional imaging to
detect subclinical cardiovascular disease [27, 28]. In current
oncology practice, evaluation of cardiac function is almost
exclusively determined via the resting assessment of LVEF.
However, the resting LVEF only provides a snapshot of cardiac
performance under optimal circumstances. It is not a sensitive
measure of early (subclinical) myocyte damage and is not
prognostic in patients with preserved LVEF (.50%) [29]. More
novel techniques, such as echocardiography [27] andmagnetic
resonance imaging [30], to measure subtle changes in cardiac
mechanics and deformation might provide more sensitive
detectionofcardiac injury at rest comparedwith LVEF, although
supporting evidence is still emerging. Although the information
obtained fromrestingassessmentswith thesenovel techniques
might become influential in risk stratification before or after
Anth-C by providing diagnostic and prognostic information

beyond the resting LVEF [31], the utility of these measures for
evaluating integrative cardiovascular function, rather than just
cardiac-specific function, is limited. Because LVEF is influenced
by loading conditions and heart rate (unlike Ees), we contend
that the evaluation of Ea/Ees, combined with a stress stimulus,
will provide a wealth of physiologically and clinically relevant
information that is both additive and complementary to
current (resting LVEF) and emerging techniques. For example,
given that Ea/Ees is ameasure of CVRC and a profound range of
individual responses in Ea/Ees fromrest toexercise exist (froma
60% reduction to 30% increase; supplemental online Fig. 2), it is
possible that Ea/Ees could provide incremental prognostic
information in this population.

Vascular Structure and Function Are Not Different in
the Years Following Anth-C
Increased aortic stiffness [3, 4], endothelial dysfunction [5],
and arterial remodeling [6] have been reported up to 1 year
following Anth-C administration. However, in the present study
and contrary to our hypothesis, Ea was not different at rest or
during any stage of exercise. Also, FMD, arterial stiffness, and
CIMT were not different between the survivors at an av-
erage of ∼6.5 years following Anth-C and the controls.
Endothelial dysfunction has been shown to occur in both
animal models [5, 32] and clinical populations [5] immediately

Table 3. Vascular structure and function

Variable Breast cancer survivors Controls p value

Arterial stiffness

Central PWV (m/s) 7.756 1.78 7.876 1.47 .593

Peripheral PWV (m/s) 7.576 1.18 7.136 1.69 .450

Carotid compliance (mm2/mmHg) 0.106 0.04 0.096 0.03 .106

Carotid distensibility (mm/mmHg) 3.293 1023 6 1.063 1023 2.873 10236 9.243 1024 .177

b-Stiffness index 7.536 2.35 8.356 2.45 .221

Flow-mediated dilation

Baseline diameter (cm) 0.3816 0.061 0.3876 0.051 .707

FMD peak diameter (cm) 0.4016 0.07 0.4066 0.05 .587

FMD peak (%) 5.16 2.3 5.26 2.1 .867

Shear rate (s21) 3436 140 3956 180 .395

Shear rate area under the curve 21,8126 11,735 21,0176 7,067 .573

Time to peak (sec) 66.26 23.8 61.26 28.2 .253

FMD/SRAUC 2.83 1024 6 1.43 1025 2.73 10246 1.13 1025 .900

FMD/shear rate 0.01756 0.0103 0.01476 0.0056 .584

FMD (corrected for baseline diameter) (%) 5.16 2.3 5.26 2.1 .839

Glyceryl trinitratea

Baseline diameter (cm) 0.3986 0.062 0.3906 0.050 .872

GTN peak diameter (cm) 0.4716 0.062 0.4616 0.056 .565

GTN peak (%) 18.86 4.5 18.26 2.4 .269

Shear rate area under the curve 13,3786 7,640 14,6586 8,988 .751

Time to peak (seconds) 2996 79 3996 71 .013b

FMD/GTN 0.326 0.15 0.256 0.10 .231

CIMT (mm) 0.656 0.11 0.706 0.15 .231

Data presented as mean6 SD.
aMeasured in 15 of 30 breast cancer survivors and 13 of 30 controls.
bStatistically significant.
Abbreviations: CIMT, carotid intima-media thickness; FMD, flow-mediated dilation; GTN, glyceryl trinitrate; PWV, pulsewave velocity; SRAUC, shear rate
area under the curve from release to peak FMD.
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after Anth-C administration. With removal of the oxidative
stress stimulus (Anth-C), nitric oxide (NO) bioavailability and
vascular function should normalize unless (a) permanent
endothelial remodeling or damage is sustained, (b) NO
bioavailability is chronically reduced from another perturba-
tion, (c) the shear stress stimulus is significantly diminished, or
(d) redundant pathways that upregulate to compensate for
dysfunction in the aforementioned processes are inadequate.
Our data have demonstrated that in this relatively small
cohort, both endothelial-dependent and -independent func-
tion appear normal in the years after treatment. This suggests
that none of these aforementioned causes appear to be the
case. The brachial artery endothelium has been shown to
possess an inherent plasticity with the removal of an acute
perturbation (e.g., after arterial catheter insertion, FMD will
recover completely over a period of several months [33]). It
is possible that in this sample a similar temporal pathophys-
iology has occurred, although prospective longitudinal assess-
ment is required. This normal response also extends to the
structure of the arterial wall, because arterial stiffness and CIMT
after Anth-C administration were similar to controls. As the time
from treatment was the primary difference between previous
studies and the present trial, our data support that arterial
structure, function, and thickness might “normalize” in the
years following Anth-C. Such conclusions, however, should be
interpreted with caution, because the study was powered
according to our primary outcome variable (ventricular-arterial
coupling), not measures of vascular structure and function.

Study Limitations
The major limitation of the present study was the cross-
sectional design. However, owing to the novelty of our
assessments and the need to characterize cardiovascular
function in the long-term after Anth-C, we believe the data
presented is a valuable step in characterizing the post-Anth-C
cardiovascular phenotype in breast cancer. A survival bias
should also be consideredwhen interpreting the results of the
present study. Pressure and flow were not measured directly
in the present study, instead, these were estimated using non-
invasive surrogates. These measures, however, have been val-
idated at rest [18] and have been used in multiple disease
populations during exercise [24, 25], yielding similar results to
those shown in the present study.

CONCLUSION
Despite preserved cardiac function indicated by resting LVEF,
the use of exercise echocardiography combined with Ea/Ees
revealed subclinical dysfunction, with the heart and vascu-
lature not appropriately coupled to deliver blood to the
periphery owing to a reduced Ees. These results highlight that

although reductions in ventricular contractility persist in the
years following Anth-C, surprisingly, in our relatively small cohort,
vascular thickness, stiffness, and functiondonot. Although the
present study can only provide a cross-sectional “snapshot”of
cardiovascular function in the years after Anth-C, we contend
that such a comprehensive evaluation of subclinical dysfunc-
tion across the cardiovascular network has elucidated novel
areas of focus and clarification for future study. First, although
vascular function and structure were not different in the
present cohort, this does not undermine the importance of
identifying vascular (dys)function in this population, as in-
creases in arterial load during exercise may amplify the ef-
fect of reductions in contractility on cardiovascular function
after Anth-C. Verification of our findings, especially in those
with a high comorbidity burden, is warranted. Second, it is
plausible that Ea/Ees, combined with a stress stimulus, holds
significant value beyond the characterization of integrative
cardiovascular function and CVRC, in particular as a part of a
risk-stratification strategy following Anth-C. Prospective lon-
gitudinal studies are now required to elucidate how changes in
Ea/Ees from diagnosis to late survivorship are related to CVD
onset after Anth-C. Such information will then provide the
foundation for interventional strategies that can specifically
target areas of dysfunction within the cardiovascular system to
optimize cardiovascular outcomes following Anth-C exposure.

ACKNOWLEDGMENTS

We greatly acknowledge the work of the Kelowna General
Hospital Echocardiography Laboratory, in particular Terri
Coleman, Margaret Hill, Shelley Guenther, and Lila Mah. This
work was supported by the Canadian Breast Cancer Founda-
tion, British Columbia/Yukon Division. G.K. was supported by
the Canadian Institute of Health ResearchMaster’s Award, the
Frederick Banting and Charles Best Canada Graduate Scholar-
ship, and theBill TymchukCancerResearchAwardEndowment
Fund.N.E. is supportedbyaClinical Scholar CareerAward from
the Michael Smith Foundation for Health Research.

AUTHOR CONTRIBUTIONS
Conception/design: Graeme J. Koelwyn, Lee W. Jones, Neil D. Eves
Provision of study material or patients: Susan L. Ellard, Neil D. Eves
Collection and/or assembly of data: Graeme J. Koelwyn, Nia C. Lewis, Susan L.
Ellard, Jinelle C. Gelinas, J. Douglass Rolf, Bernie Melzer, Samantha M.
Thomas, Neil D. Eves

Data analysis and interpretation: Graeme J. Koelwyn, Nia C. Lewis, Lee W.
Jones, SamanthaM.Thomas, Pamela S. Douglas, Michel G. Khouri, Neil D. Eves

Manuscript writing: Graeme J. Koelwyn, Lee W. Jones, Neil D. Eves
Final approval of manuscript:Graeme J. Koelwyn, Nia C. Lewis, Susan L. Ellard,
LeeW. Jones, Jinelle C. Gelinas, J. Douglass Rolf, BernieMelzer, SamanthaM.
Thomas, Pamela S. Douglas, Michel G. Khouri, Neil D. Eves

DISCLOSURES

The authors indicated no financial relationships.

REFERENCES

1. Hooning MJ, Botma A, Aleman BM et al. Long-
termriskofcardiovasculardisease in10-yearsurvivors
of breast cancer. J Natl Cancer Inst 2007;99:365–375.

2. Koelwyn GJ, KhouriM,Mackey JR et al. Running
on empty: Cardiovascular reserve capacity and late
effects of therapy in cancer survivorship. JClinOncol
2012;30:4458–4461.
3. Chaosuwannakit N, D’Agostino R Jr., Hamilton

CA et al. Aortic stiffness increases upon receipt of

anthracycline chemotherapy. J Clin Oncol 2010;28:
166–172.
4. Drafts BC, Twomley KM, D’Agostino R Jr. et al.

Low tomoderate dose anthracycline-based chemo-
therapy isassociatedwithearlynoninvasive imaging
evidence of subclinical cardiovascular disease. JACC
Cardiovasc Imaging 2013;6:877–885.

5. Duquaine D, Hirsch GA, Chakrabarti A et al.
Rapid-onset endothelial dysfunction with

Adriamycin: Evidence for a dysfunctional
nitric oxide synthase. Vasc Med 2003;8:101–
107.
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