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A B S T R A C T

Purpose
Cancer survivors exposed to anthracyclines experience an increased risk of cardiovascular (CV)

events. We hypothesized that anthracycline use may increase aortic stiffness, a known predictor
of CV events.

Patients and Methods

We performed a prospective, case-control study involving 53 patients: 40 individuals who received
an anthracycline for the treatment of breast cancer, lymphoma, or leukemia (cases), and 13 age-
and sex-matched controls. Each participant underwent phase-contrast cardiovascular magnetic
resonance measures of pulse wave velocity (PWV) and aortic distensibility (AoD) in the thoracic
aorta at baseline, and 4 months after initiation of chemotherapy. Four one-way analyses of
covariance models were fit in which factors known to influence thoracic aortic stiffness were
included as covariates in the models.

Results

At the 4-month follow-up visit, aortic stiffness remained similar to baseline in the control participants.
However, in the participants receiving anthracyclines, aortic stiffness increased markedly (relative to
baseline), as evidenced by a decrease in AoD (P < .0001) and an increase in PWV (P < .0001).
These changes in aortic stiffness persisted after accounting for age, sex, cardiac output,
administered cardioactive medications, and underlying clinical conditions known to influence aortic
stiffness, such as hypertension or diabetes (P < .0001).

Conclusion

A significant increase in aortic stiffness occurs within 4 months of exposure to an anthracycline
which was not seen in an untreated control group. These results indicate that previously regarded
cardiotoxic cancer therapy adversely increases thoracic aortic stiffness, a known independent
predictor of adverse cardiovascular events.

J Clin Oncol 28:166-172. © 2009 by American Society of Clinical Oncology

aorta has been implicated in the pathophysiology of
MI, stroke, and late-onset CHF.”” Stiffening of the

Injury to the left ventricular (LV) myocardium,
reduction of LV ejection fraction (LVEF), and
precipitation of congestive heart failure (CHF)'"
can occur in the weeks to months after receipt of
anthracycline therapy. In addition, latent cardio-
vascular disease (including myocardial infarction
[MI], cardiac death, stroke, and CHF)® is emerg-
ing (5 to 10 years after receipt of anthracyclines)
in patients surviving breast cancer or a hemato-
logic malignancy (leukemia or lymphoma). These
late adverse cardiovascular outcomes are increas-
ing in prevalence as patients attain higher cancer
cure rates.

In other patient populations, such as those
with hypertension, diabetes, or advanced age,7’9
abnormally increased stiffness of the thoracic
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aorta increases LV afterload and serves as a potent
stimulus for LV hypertrophy. In fact, increased aor-
tic stiffness is an independent predictor of adverse
cardiovascular events even after accounting for the
Framingham risk score.””

Because cancer survivors receiving regimens
containing anthracyclines experience an increased
risk of MI, stroke, and CHF, we hypothesized that
the administration of cancer treatment regimens
containing anthracyclines could increase stiffness
within the thoracic aorta. To test this hypothesis, we
performed a case-control study in individuals re-
ceiving anthracycline treatment for breast cancer,
leukemia, or lymphoma (cases), and in relatively
healthy age- and sex-matched individuals without
cancer treatments (controls). In both groups, we
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measured thoracic aortic stiffness at two time points separated by
4 months.

Study Population and Design

This study was approved by the institutional review board of the Wake
Forest University School of Medicine; all participants provided informed
consent. The study population consisted of 53 participants; 40 (age 24 to 65
years with 50% = 50 years of age) were recruited from the hematology and
oncology clinic and inpatient hospital and were scheduled to receive anthra-
cyclines. Other potentially cardiotoxic therapy could be coadministered in-
cluding trastuzumab or cyclophosphamide.'™ The control group (n = 13;
62% = 50 years of age; range, 24 to 65 years of age) included community-
dwelling adult volunteers recruited by mail, age-matched to the participants,
and without clinical or documented evidence of cardiovascular or cardio-
respiratory diseases. Participants were ineligible for enrollment into either
group if they had a contraindication to cardiovascular magnetic resonance
(CMR) imaging (implanted metal or electronic devices) or had received prior
treatment for cancer.

All participants underwent CMR examinations twice, each session sepa-
rated by 3.6 = 0.8 months. In patients receiving cancer therapy, the first CMR

examination was performed before receipt of any cancer treatment, and the
subsequent examination was performed 4 months after initiation of treat-
ment. Acquired images were transferred to workstations for determination of
aortic stiffness, cardiac output, LV volumes (LVV), and LVEF. All studies were
analyzed by individuals blinded to participant identifiers, study group, and the
date or results of the other CMR examination (a blinded, unpaired read).

CMR Technique and Measurements

Phase-contrast cardiovascular magnetic resonance (PC-CMR
studies were performed according to previously published techniques at 1.5
tesla using either a Magnetom Avanto Scanner (Siemens, Munich, Germany)
or a Signa Twinspeed Scanner (General Electric Medical Systems, Waukesha,
WI). Images of the proximal thoracic aorta were obtained in an axial cross-
sectional plane placed at the pinnacle of the main pulmonary artery (identified
with a sagittal localizer). PC-CMR imaging parameters included a 34- to
36-cm field of view, a 256 X 192 matrix, a 10-ms repetition time, a 3- to 5-ms
echo time, a 15- to 20-degree flip angle, an 8-mm thick slice, and a through-
plane velocity encoding of 150 cm/sec.'®'* A nonferromagnetic brachial
blood pressure (BP) cuff was applied to record BP during the PC-CMR image
acquisition.m’11 In addition to measurements of aortic stiffness, we also ac-
quired measurements of LVV and LVEF, according to previously published
techniques.'®'? These sequences incorporated steady-state free-precession
cine white blood imaging techniques in which a series of short axis slices were
positioned across the LV apical four-chamber view beginning at the LV base
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Fig 1. (A) Sagittal magnitude image of the thoracic aorta was used to select the axial plane at the level of pulmonary artery and perpendicular to aortic flow (solid white

line). The distance between ascending and descending thoracic aorta was obtained by tracing the centerline of the aortic lumen (red line). The two velocity-time curves
are shown across the thoracic aorta. The sagittal magnitude image demonstrates the velocity—-time curves for the ascending and descending thoracic aorta. Transit time
of the flow wave was computed on the basis of the upstroke time difference of the velocity—time curve at two different regions (blue line). The location of the best
cross-correlation of two partial upstroke velocity curves was used to estimate the time delay. Pulse wave velocity (PWV) was calculated by dividing the distance
between the ascending and descending thoracic aorta by the transit time of the flow wave. (B) After slice selection from the initial sagittal images, axial phase-contrast
cardiovascular magnetic resonance of the ascending and proximal descending thoracic aorta was obtained. From these images, maximum and minimum aortic areas
over the cardiac cycle were determined by manually tracing the region of interest (red boundaries). Distensibility was then calculated by dividing relative change in aortic
area by pulse pressure multiplied by the resting area at end-diastole.
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and terminating at the LV apex. Imaging parameters included a 34-cm field of
view, a 10-ms repetition time, a 4-ms echo time, a 20-degree flip angle, an
8-mm thick slice with a 2-mm interslice gap, a 256 X 160 matrix, and a
32-kHz bandwidth.

Arterial Stiffness Analysis

All images were analyzed according to previously published techniques
and were transferred to a processing work station where the boundary of the
aortic lumen was defined on the magnitude image of the reference scan by
manually tracing a region of interest. To precisely trace the boundary of the
flow lumen, each image was magnified by 400% to 800%. Thoracic aortic
distensibility (AoD) and pulse wave velocity (PWV) were determined accord-
ing to the previously used formulas displayed in Figure 1.'°'? In addition to
determination of aortic stiffness, cardiac output was measured according to
previously published techniques.'**

Determination of LVVs and LVEF

LVVsand LVEF were measured according to previously published tech-
niques.lo’15 To determine LVV, the endocardial border of the LV cavity was
traced at end-diastole and end-systole for each short-axis slice and then calcu-
lated by summation using Simpson’s rule. The LVEF was calculated from the
ratio of the difference between the LV end-diastolic volume (LVEDV) and LV
end-systolic volume (LVESV) divided by LVEDV. Volume indices were cal-
culated by dividing the LVEDV, LVESV, or LV stroke volume by the body
surface area.

10-12

Statistical Analysis

The baseline population characteristics of the participants in the control
and case groups were compared using  tests (for continuous variables) or x*
tests (for categoric variables). To examine differences between groups on the
primary outcome measures of AoD and PWV, a series of analysis of covariance
(ANCOVA) models were fit. Initially, a simple ANCOVA model was fit for
each outcome where the baseline value of that outcome (PWV or AoD) was
the covariate in the model, and the group indicator (Cancer, yes/no) was the
factor of interest. Next, adjusted models were fit that included the following
additional covariates that have previously been associated with aortic stiffness:
age, sex, body mass index, systolic BP, serum hemoglobin, medication use, and
the presence of hypertension, diabetes, or hyperlipidemia. Finally, an overall
model was fit with all baseline covariates (mentioned above), the cardiac
output during the PC-CMR acquisition, and the baseline CMR outcomes
included to ensure that the baseline differences would not influence potential
differences in follow-up CMR outcomes. Correlation analyses were performed
to determine whether the type or cumulative dose of cancer therapy medica-
tions was associated with any of the CMR outcomes. In addition, to examining
the potential effect of sex, we refit our models for PWV and AoD stratified by
sex. To compare the two groups (cases and controls) in regard to the hemo-
dynamic data and the outcome measurements of LVV, ¢ tests were used.
Unless noted otherwise, all data are reported as mean = standard deviation. All
tests were two-tailed, and P values less than .05 were considered statistically
significant with 80% power to detect a difference between cases and controls
equivalent to 0.91 standard deviations of the measure of variations, assuming a
two-sided testand alpha = .05. Analyses were performed using SAS version 9.1
(SAS Institute, Cary, NC).

CMR procedures were accomplished in less than 30 minutes in all
participants; demographic data are displayed in Table 1. The time
between the first and second examinations for participants receiving
(cases) versus not receiving (controls) cancer therapy were similar
(3.5 = 1 months and 4 = 1 months, respectively; P = .12). Our study
population included eight African American participants (represent-
ing 15% of the study population), among whom seven received cancer
treatment and one was a control participant; the remaining partici-
pants were white. All control and cancer participants had normal renal
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function (Table 1). As shown in Table 1, participants treated for cancer
exhibited trends toward having more hypertension, hyperlipidemia,
diabetes, and anemia than participants in the control group. Partici-
pants receiving cancer treatments were diagnosed with breast cancer
(n = 19), lymphoma (n = 11), or leukemia (n = 10). Therapies
received by participants for treatment of their malignancy included
doxorubicin (n = 30), daunorubicin (n = 10), cyclophosphamide
(n = 35), and trastuzumab (n = 2), according to established
protocols.'®>* Five participants received one of these agents, 33 re-
ceived two of these agents, and two received three of these agents
during the follow-up period. The median cumulative doses of cancer
therapy at 3 to 4 months (roughly at the midpoint of the standard
prescribed regimens) included doxorubicin 215.3 mg/m? (range, 60 to
320 mg/m”), daunorubicin 265 mg/m> (range, 100 to 600 mg/m?),
trastuzumab 919.8 mg (range, 820 to 1,020 mg), and cyclophospha-
mide 54.6 mg/kg and 4,585.7 mg (range 1,080 to 9,980 mg). Addi-
tional chemotherapeutic agents administered to the patients included
the antimetabolites fluorouracil, cytarabine, and methotrexate; the
alkylating agent cisplatin; and plant alkaloids including vincristine and
vinblastine. None of the participants received biologicals such as bev-
acizumab or rituximab or radiation therapy.

Findings regarding AoD and PWV are shown in Figures 2 and 3,
as well as in Table 1. Participants receiving cancer therapy demon-
strated a higher baseline PWV (P <.0001), and tended toward a lower
baseline AoD (P = .06) compared with control participants. At the
follow-up visit, arterial stiffness (AoD and PWV) remained similar to
the baseline value in the control participants; however, in those receiv-
ing cancer therapy, aortic stiffness notably increased (as evidenced by
a decrease in AoD and an increase in PWV) relative to baseline when
compared with that of the control group participants (Figs 2 and 3).

After adjusting for baseline measures of aortic stiffness, AoD and
PWYV remained different between the two groups at the follow-up
sample point in the study (P < .0001 for both). We also performed
analyses to assess the effects on our results of age, sex, body mass
index, systolic BP (baseline), heart rate (baseline), pulse pressure
(PP; baseline), serum hemoglobin (baseline), medical comorbidities
(hypertension, diabetes, hyperlipidemia), resting cardiac output, and
cardioactive medications. Importantly, after adjusting for all of these
conditions, the differences in AoD and PWV between cancer therapy
and control participants persisted at the 4-month follow-up visit
(P <.0001 for both AoD and PWV).

There were no significant associations between cancer diagnoses
(breast cancer versus hematologic malignancies) and baseline PWV
and AoD (P = .86 and P = .78, respectively). Four months after
receiving anthracyclines, both breast cancer and hematologic malig-
nancy participants experienced an increase in PWV (P < .0001 for
both) and a decrease in AoD (P = .0004 for those treated for breast
cancer, and P <.0001 for those treated for a hematologic malignancy).

White (n = 33) and African American (n = 7) cancer partici-
pants had similar baseline measures of PWV and AoD (P = .36 and
P = .35, respectively). Four months after receipt of anthracyclines,
both whites and African Americans experienced an increase in PWV
(P = .29 for comparison of differences in increased PWV, and a
decrease in AoD; P = .11 for comparison of differences in decrease
of AoD).

For cancer participants, both men (n = 12) and women (n = 28)
had similar baseline measures of PWV and AoD (P = .62 and P = .42,
respectively). Four months after receipt of anthracyclines, both men
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Table 1. Demographic Data for Control Group and Cancer Therapy Recipients (mean = standard error of the estimate)
Control Group Cancer Therapy Group
(n =13) (n = 40)
Characteristic No. % No. % P
Age, years 53 =10 52 = 11 .67
Male 8 62 12 30 .06
White:African American 12:1 33.7 .38
Weight, kg 82+ 17 83 + 21 .36
Height, cm 173 =10 168 =9 .68
BMI, kg/m? 27.6 +5.1 28 +6.3 44
Historical information
Diabetes 1 8 6 13 58
Hypertension 2 15 13 88! 21
Hyperlipidemia 3 23 9 23 1.0
Smoking 0 0 0 0 1.0
Cancer therapy
Doxorubicin 29 72
Daunorubicin 11 28
Cyclophosphamide 28 70
Trastuzumab or herceptin 2 5
Others medications
Beta blocker 1 8 5 13 49
ACE inhibitor 1 8 7 18 .39
ARB 1 8 2 5 .88
Calcium channel blocker 2 15 3 8 .66
Hydralazine 0 0 1 3 .59
Nitrate 0 0 1 3 .59
Diuretic 0 0 6 15 .09
Statin 2 15 8 20 43
Hormone replacement therapy 0 0 2 5 45
Blood parameters
Hemoglobin, g/dL 132 =58 11127 .08
Hematocrit, % 39.8*+143 33.1£93 .07
Serum creatinine, mg/dL 0.81 = 0.1 0.77 £ 0.2 .59
Unadjusted baseline measurements of stiffness
Pulse wave velocity, ms 45+09 6.9+23 < .0001*
Ascending aorta distensibility, 1072 X mmHg ™’ 49+16 41+16 .06
Descending aorta distensibility, 1072 X mmHg™' 48+15 40+16 .06
NOTE. Conditions that could influence stiffness are age, sex, weight, height, body mass index (BMI), systolic blood pressure, pulse pressure, heart rate, historical
diseases (hypertension, diabetes, hyperlipidemia), medications (beta blockers, angiotensin-converting enzyme inhibitor, calcium channel blocker, statin).
Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin Il receptor blocker.
“P value < .05; mean follow-up time * standard error of the estimate, 3.6 + 0.8 months.

and women experienced an increase in PWV (P < .0001 for men and
P = .004 for women compared with control participants), and a
decrease in AoD (P = .0002 for men and P = .0003 for women
compared with control participants).

The cumulative doses of anthracyclines administered in this
study correlated with higher reduction of ascending thoracic AoD
(Pearson correlation coefficient r = 0.34; P = .02). The addition of
trastuzumab or cyclophosphamide to anthracyclines was not associ-
ated with a greater increase in aortic stiffness, relative to receipt of
anthracyclines alone (P = .76).

The baseline hemodynamic data, LVV, and LVEF were not dif-
ferent between the two groups (Table 2). However, at the follow-up
CMR, there was a decrease in diastolic BP, an increase in PP, a decrease
in LVEF, and an increase in LVESV (and LVESV index) in participants
receiving cancer therapy compared with the control group (P = .04,
P =.02,P=.0003, P =.002, and P = .008, respectively). The cardiac
output for both cases and controls remained similar between the

WWW.jco.org

baseline and follow-up exams (P = .86 and P = .95, respectively). The
LVESV was not correlated with AoD or PWV (r = 0.09, P = .51; and
r=0.18, P = .24, respectively).

There are three important new findings in this study. First, cancer
patients who receive anthracyclines exhibit an increase in aortic stiff-
ness compared with age matched individuals who do not receive
therapy for cancer. Second, the increase in aortic stiffness occurs
relatively soon (3.6 * 0.8 months) after initiation of anthracycline
therapy. The increase in stiffness manifests by an increase in PWV and
a reduction in AoD within the thoracic aorta. Third, this increase in
aortic stiffness occurs after accounting for other factors, such as age,
sex, diabetes, hypertension, or hyperlipidemia, that can influence aor-
tic stiffness.

© 2009 by American Society of Clinical Oncology 169
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Fig 2. Results of ascending aortic distensibility for the control participants (A)
and the participants receiving cancer therapy (B). As shown, the aortic distensi-
bility decreased in participants receiving cancer therapy.

The emergence of cardiovascular events is becoming increasingly
relevant in cancer survivors.”>*° Five years after treatment for breast
cancer, CHF occurs in 1% to 5% of individuals.”® In 10-year survivors
of breast cancer, data from 1970 through 1986 indicate that women
who received adjuvant chemotherapy or radiation therapy experience
an increase in MI (hazard ratio, 2.55; 95% CI, 1.55 to 4.19; P < .001)
and stroke (hazard ratio, 1.85; 95% CI, 1.25 to 2.73; P = .002).”°
Cardiovascular disease is the most important cause of excess mortal-
ity, after secondary malignancy, in long-term survivors of Hodgkin’s
and non-Hodgkin’s lymphoma.?” >

To the best of our knowledge, this is the first study to examine
aortic stiffness in patients receiving cancer therapy. Heightened aortic
stiffness serves as a stimulus to LV hypertrophy” and can reduce
coronary artery perfusion (promoting subendocardial ischemia).”" In
patients not receiving cancer treatment, aortic stiffness is also associ-
ated with a future risk of adverse cardiovascular events even after
accounting for the Framingham risk score.”” As shown in Figures 2
and 3, administration of cancer therapy adversely affected aortic stift-
ness, a known risk factor of cardiac events.

The magnitude of the increase in PWV observed 3.6 months after
receipt of chemotherapy in this study was clinically relevant compared

170 © 2009 by American Society of Clinical Oncology
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Fig 3. Pulse wave velocity (PWV) results for the control participants (A) and the
participants receiving cancer therapy (B). PWWV increased in participants receiving
cancer therapy.

with that in prior studies of PWV in other study populations. At the
follow-up visit, the PWV in the participants treated for cancer in-
creased 6.6 ms to an average of 13.5 = 4.7 ms whereas the mean
increase in PWV in the control group was 0.1 ms. Previous studies
have shown that a 5-ms change in PWV is relatively large and is
associated with cardiovascular mortality in patients with essential hy-
pertension.*” In a study by Laurent et al*? of 1,980 hypertensive pa-
tients age 50 = 13 years (one of three women), 56 cardiovascular
events occurred during an average follow-up of 122 = 53 months.
They found that a PWV value of 11.5 = 3.4 ms was associated with an
odds ratio of 1.51 for cardiovascular mortality. In this same study, a
5-ms increase in PWV was equivalent to an increase in cardiovascular
risk associated with aging 10 years (odds ratio = 2.14).

Anthracyclines may influence aortic stiffness through one of
several mechanisms. Anthracyclines increase oxygen free radicals
and induce oxidative stress,' thereby increasing arterial stiffness
by causing structural changes within the vascular matrix and inter-
fering with endothelial regulation of vascular smooth muscle tone.
Vascular endothelial damage diminishes nitric oxide synthesis and
promotes endothelial cell dysfunction that increases vascular stiff-
ness.”> Anthracyclines promote overexpression of inflammatory
cytokines that can cause endothelial injury.**”

The average baseline PWV of the cancer participants was slightly
increased relative to previously published values for age-equivalent

JOURNAL OF CLINICAL ONCOLOGY
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Table 2. Hemodynamic Data and Left Ventricular Volume (mean * standard
error of the estimate)
Cancer
Control Therapy
Group Group
Variable (n=13) (n = 40) P
Baseline
Systolic blood pressure,
mmHg 120.2 +5.8 120.8 + 14.8 .89
Diastolic blood pressure,
mmHg 79.7 £ 42 766 =123 .38
Pulse pressure, mmHg 405 + 2.3 43.8 +8.9 19
Heart rate, beats/min 781 +7.7 795+128 .69
LVEDV, mL 102.5 +18.4 113.1 £ 295 21
LVESV, mL 419+11.3 49.7 = 18.2 15
LVSV, mL 60.9 = 13.6 65.2 £ 20.5 49
LVEDVi, mL/m? 53.5+11.2 579+ 129 27
LVESVi, mL/m? 21.1 =58 25279 .09
LVSVi, mL/m? 322+6.2 33.0+8.0 .75
LVEF, % 609 52 58.6 + 6.3 24
Cardiac output, L/min 4.7 0.7 48+ 15 .86
Follow-up*
Systolic blood pressure,
mmHg 120.6 + 6.4 123.0 £ 22.8 .59
Diastolic blood pressure,
mmHg 80.2 52 74.4 +15.9 .04t
Pulse pressure, mmHg 404 2.2 49.6 =135 .02t
Heart rate, beats/min 76.2 56 76.4 +15.0 .95
LVEDV, mL 98.8 £ 15.2 118.6 = 39.7 .08
LVESV, mL 413297 549 + 125 .002t
LVSV, mL 57.4 +10.6 62.7 = 20.0 .36
LVEDVi, mL/m? 51.6 +9.9 60.3 153 .06
LVESVi, mL/m? 20.7 £52 27.9*89 .008t
LVSVi, mL/m? 309 *53 32.0=*84 .65
LVEF, % 59.9 + 4.1 539 + 6.4 .0003t
Cardiac output, L/min 45+0.8 45+x14 .95
Abbreviations: LVEDV, left ventricular end-diastolic volume; LVESV, left
ventricular end-systolic volume; LVSV, left ventricular stroke volume; LVEDVi,
left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic
volume index; LVSVi, left ventricular stroke volume index; LVEF, left ventric-
ular ejection fraction.
*Mean follow-up time = standard error of the estimate, 3.6 = 0.8 months.
TP value < .05.

healthy individuals®® as well as the values present in our control par-
ticipants. The relatively higher incidence of underlying medical con-
ditions such as hypertension and diabetes known to influence aortic
stiffness in our cancer participants may account for this higher base-
line value of PWYV relative to these other populations. After account-
ing for baseline differences in aortic stiffness in our populations, the
effect of cancer treatment remained associated with an increase in
aortic stiffness (P < .0001).

We found that higher cumulative doses of anthracyclines corre-
lated with aortic stiffness. Because we have no data on the longitudinal
follow-up of our participants, we are uncertain whether the increase in
aortic stiffness observed 4 months after treatment is reversible. Further
longitudinal studies regarding the relationship of aortic stiffness to
chemotherapy dosing could better address the time-dependent nature
of our findings.

Those treated for breast cancer and those treated for a hemato-
logic malignancy experienced similar increases in aortic stiffness after
receipt of anthracyclines. In addition, those receiving doxorubicin and
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daunorubicin experienced increases in aortic stiffness at the relatively
low median cumulative doses of doxorubicin 215.3 mg/m* and
daunorubicin 265 mg/m®. Both whites and African Americans expe-
rienced an increase in aortic stiffness.

Our study also demonstrated a decrease in LVEF that was related
toan increase in LVESV after receipt of anthracyclines. The increase in
LVESV occurred without an increase in systolic BP indicating a right-
ward shift of LVESV relationship due to reduced LV contractility.”>*°
We found no differences in LVEDV in our study, which suggests that
changes in LV preload did not influence the changes noted in LVEF in
this study. Importantly, even though LVEF was somewhat diminished
in the cancer participants, cardiac output was maintained in cancer
participants at their 4-month visit relative to baseline. Thus, we do not
believe changes in cardiac output were responsible in the observed
changes in aortic stiffness in the cancer participants.

Our study has potential limitations. First, our case-control study
design may lead to underestimating or overestimating the association
between treatment exposure and adverse events because of potential
differences in the number of confounding factors that may exist be-
tween our case and control groups. Importantly, however, after ac-
counting for those potential confounding factors, the differences in
AoD and PWV between cancer and control participants persist
(P < .0001). Second, the calculation of AoD relies on a brachial
assessment of PP as a surrogate for PP in the ascending aorta. Al-
though this approach is used widely and correlates with invasive mea-
sures (r = 0.95; P < .001),'>'>*! brachial BP may not be entirely
representative of central aortic pressure. In this study, PWV, calcu-
lated by dividing the distance between ascending and descending
thoracic aorta by transit time of flow wave, was also analyzed. PWV
measures are relatively load-independent and thus negate the neces-
sity for BP measurements. Our PWV measures markedly increased
after chemotherapy and paralleled the increases in aortic stiffness
observed with our AoD results.

Patients who receive anthracycline chemotherapy experience
marked reductions in measures of thoracic AoD and increases in
thoracic aortic PWV. The results of this study indicate that previously
regarded cardiotoxic chemotherapy adversely increases aortic stiff-
ness, a known independent predictor of cardiovascular events.
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