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Abstract

Background—Cardiovascular magnetic resonance (CMR) T1 mapping characteristics are
elevated in adult cancer survivors; however, it remains unknown whether these elevations are
related to age or presence of coincident cardiovascular comorbidities.

Methods and Results—We performed blinded CMR analyses of left ventricular (LV) T1 and
extracellular volume fraction (ECV) in 327 individuals (65% women, aged 64+12 years). Thirty-
seven (37) individuals had breast cancer or a hematologic malignancy but had not yet initiated
their treatment, and 54 cancer survivors that received either anthracycline-based (n=37) or non-
anthracycline-based (n=17) chemotherapy 2.8+1.3 years earlier were compared to 236 cancer-free
participants. Multivariable analyses were performed to determine the association between T1/ECV
measures and variables associated with myocardial fibrosis. Age-adjusted native T1 was elevated
pre- (1058+7 ms) and post- (1040+7 ms) receipt of anthracycline chemotherapy versus
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comparators (965+3 ms, p<0.0001 for both). Age-adjusted ECV, a marker of myocardial fibrosis,
was elevated in anthracycline-treated cancer participants (30.4+0.7%) compared with either pre-
treatment cancer (27.8+0.7%, p<0.01) or cancer-free comparators (26.9+0.2%, p<0.0001). T1 and
ECV of non-anthracycline survivors was no different than pre-treatment survivors (p=0.17 and
p=0.16, respectively). Native T1 and ECV remained elevated in cancer survivors after accounting
for demographics (including age), myocardial fibrosis risk factors, and LV ejection fraction or
myocardial mass index (p<0.0001 for all).

Conclusions—Three years after anthracycline-based chemotherapy, elevations in myocardial T1
and ECV occur independent of underlying cancer or cardiovascular comorbidities suggesting that
imaging biomarkers of interstitial fibrosis in cancer survivors are related to prior receipt of a
potentially cardiotoxic cancer treatment regimen.

Keywords

Cardiotoxicity; Cardiovascular magnetic resonance imaging; Extracellular volume; T1 mapping;
Myocardial fibrosis

Anthracycline-based chemotherapy is associated with subclinical left ventricular (LV)
dysfunction and future cardiovascular (CV) events.1™ Previously, elevated cardiovascular
magnetic resonance (CMR) measures of extracellular volume fraction (ECV), a marker of
diffuse myocardial fibrosis associated with mortality and heart failure,® have been observed
among adult cancer survivors.8 Importantly, it is uncertain whether these elevations in ECV
observed in cancer survivors were related to the increased prevalence of myocardial
comorbidities in the individuals studied, the presence of cancer alone, or the prior receipt of
treatment for their cancer. In addition, regional myocardial edema assessed by T2 mapping
has been identified in acute cardiotoxicity’ but its possible presence in chronic elevations of
ECV has not been studied.

Accordingly, we performed this study to determine how CMR-derived measures of ECV
obtained from individuals who previously received anthracycline-based chemotherapy for
breast cancer or hematologic malignancy were related to measures obtained from individuals
with cancer or coincident CV co-morbidities. To accomplish this, we measured ECV (and its
component measures including LV myocardial T1 with and without gadolinium contrast)
using CMR among adult cancer survivors previously treated with anthracycline-based
chemotherapy. Also, we assessed myocardial T2 mapping measures for myocardial edema.
As comparators, we assessed newly diagnosed cancer patients prior to receipt of
chemotherapy, cancer survivors treated with non-anthracycline chemotherapy, and cancer-
free control participants with and without risk factors for CV fibrosis.

METHODS
Study population

A total of 327 participants were placed into one of three groups: 236 control participants
without cancer, 37 cancer participants yet to receive scheduled cancer treatment, and 54
cancer survivors (of whom 37 received anthracycline-based chemotherapy and 17 received
non-anthracycline chemotherapy). The 327 individuals were drawn from two NIH funded
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concurrent (years 2010-2012) cohort studies that underwent CMR scanning at Wake Forest
Health Sciences on the same scanner and with the same imaging protocol. The first cohort
included 224 participants from Exam 5 of the Multi-Ethnic Study of Atherosclerosis
(MESA)8 with no history of cancer. The second cohort included 91 cancer participants
consecutively recruited from the Comprehensive Cancer Center at Wake Forest School of
Medicine (and 12 healthy community-dwelling comparators). Cancer participants were
either scanned prior to receipt of chemotherapy or after completion and were uniquely
classified into one study group (no serial scans included).

All participants were enrolled in research studies were approved by the local Institutional
Review Board and all participants provided written, informed consent. From both cohorts,
we excluded participants with evidence of myocardial infarction, hypertrophic
cardiomyopathy, intra-cardiac masses, or other cardiovascular infiltrative disorders (e.g.,
amyloidosis or sarcoidosis) that could also alter ECV values.

CMR imaging acquisition

All study participants underwent their research CMR examination on a 1.5T Siemens Avanto
scanner (Siemens Medical Systems, Erlangen, Germany) with a phased array chest coil. All
participants underwent a non-contrasted CMR examination for evaluation of native T1, LV
volumes, and LV mass. Participants with estimated glomerular filtration rates (assessed by
serum creatinine levels in blood samples taken from venipuncture prior to CMR
examination) of = 45 ml/min received either 0.15 mmol/kg of Magnevist (Bayer Healthcare
Pharmaceuticals, Montville, New Jersey; n=184) if in the first cohort (MESA)® or 0.2
mmol/kg of ProHance (Bracco Diagnostics, Princeton, New Jersey, n=74) gadolinium
contrast if in the second cohort (participants recruited from the Comprehensive Cancer
Center). Matching imaging protocols (sequences, parameters, and timing with contrast) on a
single scanner were used in both cohorts.

Imaging parameters for all imaging sequences were performed according to previously
published techniques.®-13 For measurement of LV volumes and mass, a short-axis steady-
state free precession cine slices were acquired from the cardiac apex to its base. Cine
imaging parameters included a 360-400 mm field of view collected with a 256x160 matrix,
a 20° flip angle, a 6 mm slice thickness with 4 mm slice gap, a 3-5 ms echo time, and an 8-
10 ms repetition time.14 In participants from the Comprehensive Cancer Center cohort, T2
mapping was collected with a 360x360 field of view, 192x60 matrix, 70° flip angle, 6 mm
slice thickness, acceleration factor of 2, and T2 preparation pulses of 0, 24, and 55 ms.

Myocardial T1 mapping was acquired with a modified Look-Locker inversion recovery
sequence (MOLLI) in a mid-cavity short-axis slice pre-contrast (native T1) and again at 12
and 25 minutes after contrast administration in contrast eligible participants.11-13 The
MOLLI imaging acquired 11 images in the span of 17 heartbeats with a 360x360 mm field
of view collected with a 192x183 matrix, 35° flip angle, 8 mm slice thickness, 1.1 ms echo
time, 2.2 ms repetition time, and an acceleration factor of 2.13
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CMR data analysis

In accordance with previously published techniques, a 3-parameter curve fit with the
Levenberg-Marquardt algorithm was applied to the MOLLI source images to create a T1
map.12 Myocardial endocardial and epicardial borders were carefully drawn manually on
each cine series (at end-diastole and end-systole for LV volumes and mass) and on T1 and
T2 maps to ensure exclusion of the LV blood pool and epicardial fat. The average T1 and T2
were calculated from the segmented myocardium; univariate linear modeling was performed
to determine T1-related heart rate dependency.13

For calculation of extracellular volume (ECV) fraction, a region of interest was placed in the
LV blood pool to determine the T1 of blood. Using the three timepoints (pre-contrast, and 12
and 25 min post-contrast), the partition coefficient was determined from the slope of 1/
Tlmyo Versus 1/T1pjeeq and used to calculate ECV as previously described.!1:15

Statistical analysis

RESULTS

Statistical means and standard deviations were calculated for all continuous variables and
frequencies and percentages were tabulated for all categorical variables. One-way analyses
of variance tests were performed to examine between group differences and two-sided
Student’s t-tests were performed to determine a treatment effect between the pre-treatment
and anthracycline-treated survivor cancer groups. Outcome variables (T1, ECV) were age-
adjusted for the mean age of cancer participants using least-squares means. Finally, a series
of multivariate model analyses were performed to determine the dependency outcome
variables on covariates of participant demographics, CV profile, and LV remodeling
parameters. All analyses were performed in SAS version 9.3 (SAS Institute, Cary, North
Carolina) with p<0.05 considered statistically significant.

Participant baseline characteristics are summarized in Table 1. Participants were
predominately white women with an admixture of CV disease risk factors. Cancer diagnoses
included breast cancer, leukemia, lymphoma, and sarcoma. Cancer survivors underwent
CMR examinations 2.8+1.3 after receipt of their treatment (3.0£1.5 years for anthracycline-
treated survivors [n=37] and 2.6+0.0 years for non-anthracycline-treated survivors [n=17]).
The median total doxorubicin equivalent dose was 238 mg/m? (interquartile range 169—245
mg/m2). Due to the small size of the non-anthracycline survivors subset, we focus our
modeling of outcomes on two cancer groups (anthracycline-treated survivors [“post-
treatment” group] and newly diagnosed cancer patients [“pre-treatment” group]) and healthy
comparators in order to investigate the association of cancer and Anth-bC on imaging
markers of myocardial fibrosis. Exploratory analyses comparing the anthracycline-treated to
non-anthracycline-treated breast cancer survivors showed significantly reduced LVEFs and
trends to elevated ECV (p=0.02 and p=0.11, respectively; Supplemental Table and
Supplemental Figure).

The body habitus was similar across all groups (Table 1). The cancer groups were similar in
age but younger than those in the control group without cancer (0<0.0001, Table 1).
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Compared to pre-treatment cancer participants, anthracycline-treated cancer participants
exhibited a reduced LV ejection fraction and trended to have a smaller myocardial mass
index (Table 2, p<0.0001 and p=0.06, respectively). The heart rate during T1 mapping was
similar in all groups after adjustment for age and gender (£>0.30 for all comparisons).
Additionally, among those who received gadolinium, hematocrit values were no different
across groups (p=0.10). The published concordance correlation coefficient (CCC) of T1 and
ECV in the MESA study showed excellent agreement among analysts and low inter-observer
variability (CCC=0.90-0.96).16:17 Analysis of images from the second cohort was
performed by one analyst (JHJ) with over-read by a secondary analyst (GCM) resulting in a
mean ECV difference of 0.56+1.6% with a CCC= 0.84, also showing excellent agreement
between analysts.

Myocardial native T1 was elevated in pre-treatment and post-treatment cancer participants
(1058+7 and 1040+7 ms, respectively) compared to controls without cancer (965+3 ms,
p<0.0001 for both; Figure 1). T2 was within normal ranges for both pre-treatment cancer
participants (51.7+2ms) and anthracycline-treated cancer survivors (52.5+4ms) and was not
correlated with native T1 (r=—-0.01, p=0.94).

As shown in Figure 2, ECV was similar among cancer pre-treatment and controls (27.8+0.7
vs 26.910.2, respectively; p=0.19). However, ECV was elevated in cancer post-treatment
participants (30.4+0.7%) compared with similarly-aged cancer pre-treatment and controls
participants (p<0.01 for both). Figure 3 shows a representative image from a participant in
each study group. There was no measured effect of the contrast agent type or dose on ECV
after adjustment for age and gender among comparators (0=0.22). ECV was calculated with
2 post-contrast T1 values, however, no difference was found when compared to ECV
calculated with 1 post-contrast T1 value (27.39 vs 27.36%, p=0.40). Additionally, there was
no difference in ECV for breast cancer survivors treated with or without radiation therapy
(33.246.4% vs 33.7%, respectively; p=0.94). No significant ECV were observed in the non-
anthracycline breast cancer participants compared to similarly-aged pre-treatment breast
cancer comparators, however, ECV trended higher in anthracycline-treated vs non-
anthracycline-treated breast cancer survivors (Supplemental Figure). Table 3 displays the
multivariable models used to determine whether covariates known to influence T1 indices
were responsible for the statistical difference between the three study groups. The baseline
models (Model 1) examined native T1 or ECV with the study group as a covariate and were
found to be significantly different across the groups (0<0.0001 for both). Model 2 added
age, race, gender, and an interaction for age*gender to Model 1 and again found that native
T1 and ECV remained different across the groups (p<0.0001 for both). Model 3 added CV
health and risk factors for CV events and myocardial fibrosis to Model 2 including: weight,
heart rate, systolic blood pressure, and presence of known coronary artery disease, diabetes
mellitus, hyperlipidemia, and hypertension. After accounting for participants’ demographics
and CV comorbidities, native T1 and ECV were significantly different across the groups
(0<0.0001 for both; Model 3). Finally, Model 4 added LV ejection fraction (LVEF) and LV
mass index to Model 2. Again, CMR findings consistent with elevated myocardial fibrosis
(T1 and ECV) remained elevated even after the adjustments in Model 4 (p<0.0001 for both).
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DISCUSSION

The results of this study demonstrate several important findings. First, extracellular volume
fraction measured with CMR is abnormally increased three years after receipt of
anthracycline-based chemotherapy above and beyond that which occurs in the presence of
cancer prior to treatment (Figure 2). Second, elevated ECV persists even after accounting for
pre-existing CV comorbidities associated with subclinical fibrosis development (Table 3).
Third, myocardial native T1 is elevated 3 years after cancer treatment and prior to the time
individuals with cancer initiate their treatment for cancer. This elevation in T1 occurs with a
small but not marked increase in ECV in untreated cancer patients and cancer survivors
treated with non-anthracycline chemotherapy. Fourth, our study demonstrates that increased
subclinical myocardial fibrosis, as manifest by ECV elevations, coincides with decreases in
left ventricular ejection fraction and myocardial mass in adult cancer survivors three years
after receiving anthracycline-based chemotherapy.

Previously in a study of adults surviving beyond 7 years from their cancer treatment with
clinically-indicated CMR examinations, myocardial ECV was elevated compared to healthy
adults free of CV risk factors or cancer.5 In two studies of asymptomatic pediatric cancer
survivors, myocardial T1 and ECV were within normal ranges for younger populations;
however in these same studies, ECV was associated with cumulative anthracycline dose,
reduced exercise capacity, myocardial wall thinning, increased end-systolic fiber stress, and
reduced LV myocardial contractility.18-1° These prior studies did not address whether a) the
ECV elevations were related to other CV comorbidities also associated with subclinical
myocardial fibrosis or b) the presence of cancer in and of itself.

Our results indicate elevation of ECV 31 years (as opposed to the previously reported 7
years) after receipt of anthracycline-based chemotherapy (Figure 2). The magnitude of the
elevation (30+1%) was greater than patients with CV co-morbidities without cancer
(27+£0.2%) and those yet to initiate their cancer treatment (28+1%) but lower than the
previously reported 7-year survivors (36+3%).6 Differences in ECV between the cancer
groups are not likely due to post-treatment anemia as the hematocrit levels in these groups
was equivalent (Table 2, p=0.22). ECV was not different when calculated with one post-
contrast time point, demonstrating the feasibility in using a shorter contrasted protocol that
would improve clinical translation in future work. Chronically elevated ECV has been
shown to represent either a) shift from intracellular to extracellular volume or b) myocardial
fibrosis. The “intermediate” elevation in ECV between the comparator groups in this study
and the previously reported higher values 7 years after treatment raises the possibility that
there may be a transition in development of subclinical fibrosis after receipt of
anthracycline-based chemotherapy. Recently, contrast-enhanced T1-weighted changes have
been observed in cancer patients as early as 3 months after anthracycline-based
chemotherapy initiation,29 however, it is unknown if ECV measures of fibrosis may be
detected this early. A future longitudinal cohort study performed in patients before, during,
and after cancer treatment could address these issues.

Our study design allowed us to compare ECV values in our survivor population with ECV
values from those enrolled in the MESA cohort that possess risk factors for CV events and
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myocardial fibrosis.?! Selection of MESA as the comparator cohort was based on a) similar
CMR protocol to the study cohort, and b) requirement of a comparator since no cancer-free
comparator sub-group (with and without CV co-morbidities) with contemporary T1 and
ECV data was available. Interstitial myocardial fibrosis, assessed by ECV, is known to
increase with age, and in general is higher among women.1! In this study, we identified that
ECV remained elevated in survivors after accounting for age, gender, and their interaction
using multivariable models (Table 3); similar results were found in a sensitivity analysis
with propensity score matching on factors that influence T1. These data suggest the ECV
elevation we observed in survivors previously treated with anthracycline-based
chemotherapy was not dependent on age or gender.

In addition, we performed other models that included CV comorbidities and LV remodeling
measures such as LV ejection fraction or mass. As shown in Table 3, ECV remained elevated
relative to those without cancer after accounting for weight, heart rate, systolic blood
pressure, known coronary arterial disease, diabetes, hyperlipidemia, hypertension, LVEF,
and LV mass index. These data confirm that elevations of ECV, a strong indicator of
subclinical myocardial fibrosis, occurs 3 years after receipt of anthracycline-based
chemotherapy independent of other CV co-morbidities previously associated with
progressive LV myocardial fibrosis. Left ventricular myocardial ECV increases with age and
the ECV of untreated cancer patients was similar to controls who were 10 years older.

To measure ECV, we calculated LV myocardial T1 before (“native T1”) and after the
administration of gadolinium contrast (Figure 3). Overall, native T1 and ECV values of our
comparator non-cancer group are similar to those previously reported in the literature.11:22
As expected, elevated native T1 coincided with elevated ECV among cancer survivors (Table
3). We included an exploratory analysis of non-anthracycline breast cancer survivors that
showed an intermediate ECV between comparators and anthracycline-treated survivors;
these preliminary findings should be further investigated in a larger study powered to
determine the relationship of non-anthracycline chemotherapy with changes in myocardial
fibrosis. Interestingly, we found that newly diagnosed cancer patients exhibited elevated
native T1 but their ECV elevation was far less than to survivors who received anthracycline-
based chemotherapy. T2 was within normal limits in anthracycline-treated cancer survivors
(52.5ms) and thus indicates that their increased ECV is more likely related to myocardial
fibrosis and not increased water content or myocardial edema.

It is important to note that ECV reflects interstitial processes that influence T1 whereas
native T1 may reflect changes in myocellular composition (e.g., intra-myocellular edema, or
deposition of protein, lipids, or iron), interstitial processes, and/or changes in myocardial
oxygenation or perfusion.23:24 Previously, both skeletal and cardiac muscle have
demonstrated increased intracellular edema related to inflammatory cytokines associated
with cancer before treatment.2> Thus, our observation of T1-related changes in newly
diagnosed cancer patients may be related to the presence of comorbidities, cancer-related
processes, or a mixture of both.

Our findings of reduced LVEF and LV mass loss in adult survivors treated with
anthracyclines are consistent with prior reports.26-28 The higher LV mass among cancer-free
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comparators is likely age-related. Neilan, et al., reported reduced LV mass and LVEF in
anthracycline-treated survivors with elevated ECV® and lower LV mass was related to
increased risk for CV events in survivors with anthracycline-induced cardiomyopathy.26
Importantly, LV mass is determined during CMR by measuring the myocardial volume
residing between the epi- and endocardial contours from three-dimensional image
acquisitions spanning the cardiac apex to its base planned in the LV short axis plane.® This
tissue volume is multiplied by a widely accepted specific density constant for normal
myocardial tissue. In the setting of abnormal myocardial tissue —as in anthracycline
cardiotoxicity — the true LV “myocellular” mass may be underestimated when replaced by
fibrous tissue. Thus, these study results indicate that not only do 3-year cancer
anthracycline-treated survivors have a reduced LV mass, but also 30% of the tissue
categorized as mass is actually “extra-myocellular volume” that does not include functioning
cardiac myocytes.

These study results have important clinical ramifications. Myocardial extracellular
remodeling with increased collagen and fibrosis stiffens the left ventricle, and in other
populations, contributes to LV dysfunction, fatigue, and reduced exercise capacity.2%-31 To
date, most anthracycline cardiotoxicity research has focused on myocellular injury. The 3-
year post-treatment ECV elevation warrants additional research to investigate the time-
course of onset and the clinical importance of myocardial fibrosis and whether it relates to
the CV mortality and exercise intolerance observed in cancer survivors.18:32 Current
surveillance strategies focused only on LVEF after symptoms could miss the onset of
subclinical fibrosis,3:33 and therapies for fibrosis differ from those that prevent myocellular
injury.34

Our results are interpreted in the setting of the following limitations. First, our cross-
sectional analysis does not allow us to determine the time-course of ECV elevation among
individuals treated for cancer. A prospective longitudinal study with matched control
participants would aid in understanding the time-course of myocardial fibrosis development,
inflammatory processes, LV functional deterioration and associations with CV events.
Second, only 69% of cancer patients exhibited estimated GFR values =45 ml/min and
consented to receipt of contrast; thus, we are uncertain of the assessment of ECV in those
with reduced GFR values. Third, two different contrast agents were administered in the
study with a mild decrease in dose for the cancer participants. ECV assessments comparing
other types of gadolinium contrast agents observed a mean ECV difference of only 0.01%:;3%
a similar effect in this study would not alter our observation of elevated ECV in
anthracycline-treated survivors. Furthermore, we found no significant effect of the contrast
agent and dose on ECV measurements among control participants. Future prospective
studies could use a single contrast agent and dose in order to eliminate this potential
confounder.

In conclusion, in adult cancer survivors treated with anthracycline-based chemotherapy,
myocardial ECV — a marker of diffuse fibrosis — is abnormally elevated three years after
treatment. This elevation occurs after accounting for other risk factors such as age, the
presence of cancer, or co-existent cardiovascular co-morbidities thereby suggesting receipt
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of anthracycline-based chemotherapy is associated with the adverse accumulation of left
ventricular interstitial myocardial fibrosis in cancer survivors.
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Clinical Perspective

This study found that in adult cancer survivors treated with anthracycline-based
chemotherapy, myocardial extracellular volume (ECV)—a marker of diffuse fibrosis—is
abnormally elevated three years after cancer treatment compared with untreated cancer
patients and comparators without cancer. This elevation occurred independent of other
risk factors and CV co-morbidities previously associated with LV myocardial fibrosis. T2
was within normal limits in anthracycline-treated cancer survivors and thus indicates that
their increased ECV is more likely related to myocardial fibrosis. These study results
have important clinical ramifications. Myocardial extracellular remodeling with increased
collagen and fibrosis stiffens the left ventricle, and contributes to LV dysfunction, fatigue,
and reduced exercise capacity. To date, most anthracycline cardiotoxicity research has
focused on myocellular injury. Current surveillance strategies focused only on LVEF
after symptoms could miss the onset of subclinical fibrosis, and therapies for fibrosis
differ from those that prevent myocellular injury. This study could serve as a foundation
for additional research to investigate the onset of myocardial fibrosis and its relation to
CV mortality and exercise intolerance observed in cancer survivors so that new clinical
pathways can be created that best account for this occurrence and improve the
cardiovascular health of cancer survivors.
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Figure 1. CMR Assessments of Myocardial T1
Myocardial native T1 of control participants without cancer (9653 ms) and cancer pre-

treatment participants (1058+7 ms) compared with cancer survivors treated with
anthracycline chemotherapy (1040+7 ms). Myocardial T1 is elevated in both cancer groups,
reflecting potential myocardial fibrosis compared with cancer-free control participants
(p<0.0001 for both).
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Figure 2. CMR Assessments of Myocardial ECV
Myocardial extracellular volume (ECV) measured by cardiovascular magnetic resonance in

controls (26.9£0.2%) and cancer pre-treatment participants (27.8+0.7%) compared with
cancer survivors treated with anthracycline chemotherapy (30.4+0.7%). ECV incrementally
increases across the groups (p<0.0001) with a significant increase in post-treatment ECV
values compared with pre-treatment ECV values (p<0.01).
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Figure3. T1 and ECV map images
Representative left ventricular (LV) short axis native T1 (top row) and extracellular volume

(ECV, bottom row) maps are shown in similarly-aged participants. The LV and right
ventricular (RV) blood pool cavities are noted. On each image, the color of pixels in the
images (color scales on left) identifies the native T1 (milliseconds) and ECV (%). Insets on
the ECV maps demonstrate the change in color intensity within the anterolateral wall of
each ventricle. As shown, ECV is elevated in the cancer survivor previously treated with

anthracycline-based chemotherapy.
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