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ABSTRACT

BACKGROUND: Radiation exposure increases the risk of coronary artery disease (CAD). We
explored the association of CAD with coronary artery dose-volume parameters in patients
treated with 3D-planned radiation therapy (RT).

METHODS: Patients who received thoracic RT and were evaluated by cardiac computed
tomography > 1 year later were included. Demographic data and cardiac risk factors were
retrospectively collected. Dosimetric data (mean heart dose, dpay, dmean, Vso - Vs) were
collected for the whole heart and for each coronary artery. A coronary artery calcium (CAC)
Agatston score was calculated on a per-coronary basis and as a total score. Multivariable
generalized linear mixed models were generated. The predicted probabilities were used for
receiver operating characteristic analyses.

RESULTS: Twenty patients with a median age of 53 years at the time of RT were included. Nine
patients (45%) had > 3/6 conventional cardiac risk factors. Patients received RT for breast
cancer (10, 50%), lung cancer (6, 30%), or lymphoma/myeloma (4, 20%) with a median
dose of 60 Gy. CAC scans were performed a median of 32 months after RT. CAC score was
significantly associated with radiation dose and presence of diabetes. In a multivariable
model adjusted for diabetes, segmental coronary artery dosimetric parameters (dax, dmean,
Vso, Vao Vo, Vao, Vio, and Vs) were significantly associated with CAC score > 0. Vs, had the
highest area under the ROC curve (0.89, 95% confidence interval, 0.80-0.97).
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CONCLUSIONS: Coronary artery radiation exposure is strongly correlated with subsequent
segmental CAC score. Coronary calcification may occur soon after RT and in individuals with
conventional cardiac risk factors.

Keywords: Cardio-Oncology; Radiotherapy; Calcium score; Radiation effects; Atherosclerosis

INTRODUCTION

Radiation therapy (RT) is critical in the management of primary thoracic malignancies,
breast cancers, and lymphomas; however, radiation-induced cardiac toxicity is an important
cause of morbidity and mortality in survivors." There is early development of coronary
artery disease (CAD) after thoracic RT that may result in excess cardiac events and
mortality.” The incidence of ischemic cardiac events is estimated to increase linearly with
mean heart dose (MHD) by 7.4% per Gray (Gy).?”

Radiation-related CAD often takes years or decades to manifest; therefore, most data

regarding the effects of radiation on the heart are derived from patients treated using historical
2-dimensional planning techniques. Consequently, only crude estimations of the dose delivered
to the heart and cardiac substructures are available.?” However, in the current 3-dimensional
(3D) and 4-dimensional RT planning era, the precise dose to anatomic substructures can be
calculated.® Measuring radiation dose received to the coronary arteries in RT treatment plans
may better predict the risk of CAD than whole heart parameters like MHD.”'%

The purpose of this pilot study was to explore the association of CAD with coronary artery
dose-volume measures from 3D RT treatment plans. All patients were treated with 3D RT
treatment planning. The primary endpoints were presence or absence of coronary artery
calcium (CAC) and manifestation of atherosclerosis associated with risk of a cardiac event
and mortality."® This approach will better illustrate the relationship between traditional
cardiovascular risk factors, segmental coronary radiation dose volume, and coronary CAC.

METHODS

Patient cohort

After obtaining Institutional Review Board approval from 2006-2017, 20 consecutive
patients who received RT to the thorax > 1 year prior to undergoing CAC quantification at
our institution were included in this retrospective observational study. RT must have used
computed tomography (CT)-based planning to allow for reliable quantification of coronary
artery dosimetry (Figure 1). Clinical data were retrospectively collected from the electronic
medical record.

CAC scan acquisition

CAC scans were acquired using a GE 64-slice LightSpeed VCT CT scanner (GE Healthcare,
Milwaukee, W1, USA). For ECG-gated calcium scoring CT, the following protocol was used':
prospective ECG-triggering set at 75% of RR interval; scan range, carina to cardiac apex; peak
voltage, 120 kVp; tube current modulation 210-500 mA; rotation time, 350 ms; temporal
resolution, 175 ms; detector collimation, 64 x 0.5 mm; section thickness/increment, 2.5
mm/2.5 mm; reconstruction kernel, standard; field of view, 250 mm; matrix, 512 x 512.
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Figure 1. Comparison of 3D-RT plan CT with post-RT CAC score using CAC-DRS method. Cardiac risk factors and
coronary radiation dose volumes measurements might play a role in development of atherosclerosis.

3D: 3-dimensional, CAC: coronary artery calcium, CT: computed tomography, DRS: data and reporting system,
RT: radiation therapy.

Coronary artery calcium score quantification

The Agatston score method was used to quantify calcium in epicardial coronary arteries."”)
Presence of calcium was defined as a plaque of > 3 contiguous pixels (1 mm?) with density
> 130 Hounsfield units (HU). Lesion score was calculated by multiplying the lesion area by
the density factor derived from the highest HU.” An experienced cardiac radiologist and
level 3 cardiovascular CT cardiologist performed, directed, and supervised a researcher to
determine CAC scores. These investigators were blinded to the radiation data. CAC scores
were determined using an Aquarius Workstation (TeraRecon, Inc., San Mateo, CA, USA).
To compare visual scores of RT treatment plans with CAC scans, visual CAC-data and
reporting system (DRS) quantification was performed using severity categories, as previously
described."”

CAC-DRS categories
As established by an expert consensus document from the Society of Cardiovascular
Computed Tomography, visual categories (V) used to assess coronary calcium burden are the
following:

1. CAC-DRS VO = no coronary calcifications seen

2. CAC-DRS V1 = mild coronary calcifications

3. CAC-DRS V2 = moderate coronary calcifications

4. CAC-DRS V3 = severe coronary calcifications

The second component in the nomenclature is the number of coronary vessels (N)

with calcifications. For example, a non-gated chest CT with evident moderate coronary
calcifications and calcification in 2 vessels should be assigned category CAC-DRS V2N2.
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Pre-RT coronary artery calcification assessments
Patients in this cohort did not have gated-cardiac computed tomography (CCT) scans

CAC scores after RT

performed prior to RT. However, all patients had a non-contrast-enhanced simulation

CT scan used for RT treatment planning. All simulation CT images were acquired using a
large bore CT scanner. The tube potential was set at 120 kVp. Settings for tube current and
exposure were set on a patient-by-patient basis per institutional protocols as a function of
treatment disease site. The scan mode was helical. Burden of coronary calcification was
evaluated by visual assessment of coronary calcification burden using CAC-DRS, as described
by Hecht et al.’¥)

Radiation dosimetry

RT treatment plans were restored to the Pinnacle treatment planning system (Pinnacle?,
Philips Medical Systems, Fitchburg, WI, USA). An experienced radiation oncologist who
was blinded to the CAC score data contoured the heart and coronary vessels according to
published atlases.®™ Dosimetric data were retrieved from the treatment planning system.

Cardiac risk factors and dosimetric parameters

Cardiac risk factors that were considered included age, obesity (body mass index > 30), history
of previous cigarette smoking, hypertension, dyslipidemia, diabetes mellitus, and family
history of premature coronary atherosclerosis. Dosimetric parameters were defined as:

dinay = maximum dose; d,e,n = mean dose; V, = volume of coronary artery receiving at least X Gy.

Statistical analyses

Spearman correlation coefficients were conducted to evaluate the correlation between CAC
scores and dosimetric parameters and other continuous variables. Log transformation was
performed, if needed. Data collected from all 4 coronary arteries were combined to give a
total of 80 arteries in 20 patients. Analyses of these 80 arteries explored which dosimetric
measures were most strongly associated with CAC score when controlling for each cardiac
risk factor, age at RT, and time from RT to CCT. CAC scores were classified as either zero

or non-zero, reflecting the absence or presence of calcification, respectively. Groups were
compared using Fisher's exact test when appropriate. Log transformed dosimetric data and
time from RT to CCT were used in the analysis. Generalized linear mixed models (GLIMMIX
in SAS?) with a binomial distribution were used to fit a logistic model that accounted for
intra-subject correlation (4 coronary arteries from each patient). The predicted probabilities
from GLIMMIX models were used for receiver operating characteristic (ROC) analyses.

The area under the ROC curve (AUC) was computed to examine the performance of model
prediction. Recursive partitioning and regression tree methods were used to identify a
cut-point for continuous variables. Hypothesis tests were two-tailed. P-values < 0.05 were
considered statistically significant. Analyses were conducted using SAS 9.4 (SAS, Cary, NC,
USA) and S-Plus 8.2 (TIBCO Software Inc., Palo Alto, CA, USA) software.

RESULTS

Patient characteristics

The cohort was comprised of 20 patients with a total of 80 analyzed coronary arteries. As
summarized in Table 1, patients were a median age of 53 years at the time of RT. The majority
of patients were female (n = 14; 70%) and white (n = 13; 65%). Nine patients (45%) had >

3 cardiac risk factors. Patients received RT for breast cancer (n = 10; 50%; n =5 left-sided),
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Table 1. Patient information

Patient information No. of patients (%)
Age at time of RT, median (IQR) 53 years (41-62)
Female sex 14 (70)
Ethnicity
White 13 (65)
Black 6 (30)
Hispanic 1(5)
BMI > 30 10 (50)
Cigarette smoking history 8 (40)
Hypertension 12 (60)
Dyslipidemia 11 (55)
Diabetes mellitus 5(25)
Family history of premature CAD 2 (10)
Number of cardiac risk factors
0 2 (10)
1 3(15)
2 6 (30)
3 5 (25)
4 3(15)
6 1(5)
Cancer
Breast cancer 10 (50)
Lung cancer 6 (30)
Lymphoma/myeloma 4 (20)
Doxorubicin receipt 9 (45)
Trastuzumab receipt 3(15)

BMI: body mass index, CAD: coronary artery disease, IQR: interquartile range, RT: radiation therapy.

lung cancer (n = 6; 30%), or lymphoma/myeloma (n = 4; 20%). Nine patients (45%) received
doxorubicin, and 3 patients (15%) received trastuzumab. After RT, patients were followed for a
median of 7 years (interquartile range [IQR] 6-10 years).

Pre-RT calcification assessments

Based on simulation CT scans performed immediately before RT, calcifications were present
in 7 coronary arteries of 5 patients. During follow-up, one patient experienced an anterior
acute myocardial infarction. The event occurred 9 years after RT. This patient had a history of
hypertension, dyslipidemia, type 2 diabetes mellitus, and smoking (60 pack-years). She had
pre-existing calcification of the left anterior descending artery (LAD) before RT. On a CCT
performed 19 months following RT, the LAD had a CAC score of 237. This patient did not
change categories when the 3D RT treatment plan CT was compared with the CAC scan using
visual CAC-DRS categories. RT plan was V3N2 and CAC scan (post RT) was V3N2.

Comparison between pre-RT calcification and post-RT calcification

To compare changes in coronary calcification burden between RT treatment plans (pre-RT)
with CAC scans (post-RT), CAC-DRS categories were used (Figure 2). In RT treatment plans
(non-gated CT scans) there were 15 patients with CAC-DRS of 0, 3 patients in the VIN1
category, 1 patient in the V2N2 category, and 1 patient in the V3N2 category. After RT, CAC
scans showed 11 patients with CAC-DRS of 0, 6 patients with VIN1, 1 patient with V3N2, and
2 patients with V3N3. All categories changed in number after RT. See Figure 3 for examples.

Radiation therapy information

The median RT prescription dose and fraction number were 60 Gy (IQR 44-66 Gy) and 30
fractions (IQR 24-33). The RT technique was 3D-conformal in 14 patients (70%), intensity

https://doi.org/10.4250/jcvi.2019.27.e38 9272
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Figure 2. Changes in CAC-DRS categories in subjects (n = 20) before and after RT. Side to side comparison of changes in CAC-DRS in treatment plan (before RT)
with calcium score scans (after RT). CAC: coronary artery calcium, DRS: data and reporting system, RT: radiation therapy.

Figure 3. Axial slice from CCT scans and 3-dimensional RT plans demonstrate regional association between radiation dose and coronary calcification. (A) RT to left
breast and regional lymph nodes was delivered 1year before CCT in (B). Prescription dose was 50 Gy. This patient had history of hypertension and dyslipidemia.
(B) CCT demonstrating calcification of LAD. LAD CAC score was 46.55. (C) Chemoradiation therapy was administered for non-small cell lung cancer 10 years prior
to CCT in (D). Prescription dose was 70 Gy. This patient had history of hypertension, dyslipidemia, and cigarette smoking. (D) CCT demonstrating calcification

of LAD and left circumflex artery. LAD CAC score was 318.05, and left circumflex CAC score was 255.43. CAC: coronary artery calcium, CCT: cardiac computed
tomography, LAD: left anterior descending artery, RT: radiation therapy.

modulated RT in 5 patients (25%), and proton therapy in 1 patient (5%). The MHD was
amedian of 3 Gy (IQR 0-13 Gy). Dose-volume parameters for each coronary artery are
summarized in Table 2.
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Table 2. Coronary artery dosimetry and coronary artery calcium score

Coronary artery Radiation dosimetry, median (IQR) Calcium score, median
oax (GY)  diean (GY) Vso (%) Vo (%) Vs (%) Vao (%) Vio (%) Vs (%) (IQR, range)

LM 5 (0-39) 3(0-38)  0(0-0) 0 (0-0) 0(0-96)  0(0-100) 1(0-100) 38 (0-100) 0 (0-0, 0-54)

LAD 14 (0-41) 5 (0-18) 0 (0-0) 0 (0-3) 0(0-38)  0(0-43) 2(0-46) 12 (0-62) 0 (0-10, 0-318)

Cx 9 (0-33) 2 (0-13) 0 (0-0) 0 (0-0) 0 (0-15) 0 (0-26) 3(0-46) 9 (0-56) 0 (0-0, 0-255)

RCA 18 (0-41) 7 (0-17) 0 (0-0) 0 (0-3) 0 (0-18) 1(0-35)  11(0-56) 17 (0-63) 0 (0-0, 0-767)

Cx: circumflex, dya: maximum dose, dyean: mean dose, IQR: interquartile range, LAD: left anterior descending, LM: left main, RCA: right coronary artery, V,: volume of
coronary artery receiving at least X Gy.

Coronary artery calcium scores

There were 9 patients with a CAC > O (mean age 56 years, range 29-72 years) and 11 patients
with a CAC = 0 (mean age 52 years, range 36-68 years). There were no significant differences
between groups regarding age at CAC scan (p = 0.29 by Wilcoxon-Mann-Whitney). CAC
scans were performed at a median of 32 months after RT (IQR 20-61 months). Scans were
performed either to investigate the cause of chest pain as part of a coronary CT (n = 8) or to
screen asymptomatic patients (n = 12). CAC scores were assigned to each coronary artery,
as summarized in Table 2. Of 80 coronary arteries in 20 patients, 14 arteries in 9 patients
demonstrated calcifications (CAC > 0).

Correlation between radiation dosimetry and coronary artery calcium scores
As shown in Table 3, increasing radiation exposure was associated with higher CAC scores.
CAC score was significantly associated with multiple parameters, including the du.x, dmean,
and V,, of coronary arteries. An association with other coronary artery dose-volume measures
approached statistical significance. MHD was not significantly correlated with CAC score. In
univariate analysis, MHD was not predictive of CAC.

Correlation between covariates and coronary artery calcium scores

CAC scores were significantly associated with known covariates. Most cardiac risk factors
were highly associated with coronary calcification (Table 4). When analyzed as a continuous
variable, CAC scores were significantly associated with the number of cardiac risk factors
(left anterior descending: Spearman's correlation coefficient (SCC) = 0.7, p = 0.002; left
circumflex: SCC = 0.5, p = 0.02; right coronary: SCC = 0.6, p = 0.005). Left main CAC poorly
correlated with cardiac risk factors. When all 80 coronary arteries were analyzed together
and CAC scores were considered as binary data (CAC score > O vs. CAC = 0), the number of
cardiac risk factors was highly associated with CAC status (p < 0.0001).

Table 3. Correlations between coronary artery dosimetry and coronary artery calcium score

fo diean Vso Vo Vi Vao Vio Vs Mean heart dose

Left main

SCC 0.m on -0.10 -0.10 -0.15 -0.17 0.25 0.25 0.23

p-value 0.7 0.7 0.7 0.7 0.5 0.5 0.3 0.3 0.3
LAD

§cC 0.50 0.38 0.39 0.53 0.41 0.42 0.29 0.46 0.32

p-value 0.03" 0.10 0.09" 0.02" 0.07 0.06" 0.21 0.04* 0.17
Left circumflex

SCC 0.31 0.39 0.44 0.44 0.25 047 0.32 0.49 0.42

p-value 0.18 0.097 0.05" 0.05" 0.29 0.48 0.7 0.03" 0.06"
RCA

SCC 0.44 0.55 0.40 0.46 0.34 0.30 0.31 0.31 0.37

p-value 0.05" 0.01* 0.08" 0.04* 0.4 0.19 0.19 0.19 0.1

dimax: Maximum dose, dpean: mean dose, LAD: left anterior descending, RCA: right coronary artery, SCC: Spearman correlation coefficient, V,: volume of coronary
artery receiving at least X Gy.
*p <0.05, Pp < 0.1.
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Table 4. Risk factors by status of coronary artery calcification

CAC scores after RT

Variables Coronary arteries with Coronary arteries with no Fisher exact
calcification (n =14) calcification (n = 66) p-value

Age < 55 year 4 37 0.080

Age » 55 year 10 29

BMI <30 6 34 0.770

BMI > 30 8 32

Non-smokers 4 44 0.014"

Smokers 10 22

No hypertension 2 30 0.040*

Hypertension 12 36

No hyperlipidemia 0 36 <0.001*

Hyperlipidemia 14 30

Non-diabetics 5 55 <0.001"

Diabetics 9 n

No family history of premature CAD 10 62 0.028"

Family history of premature CAD 4 4

Mean heart dose = 0 2 30 0.040"

Mean heart dose > 0 12 36

BMI: body mass index, CAD: coronary artery disease.

*p < 0.05.

Statistical modeling

Patients were grouped by presence or absence of diabetes, since this was the cardiac risk
factor most associated with coronary calcification in a univariate model and with the highest
odds ratio (OR) related to coronary calcification. Presence or absence of diabetes was also the
only cardiac risk factor that achieved significance in the multivariate model. In a univariate
logistic model including all 80 arteries, diabetes (OR, 9.26; 95% confidence interval [CI],
1.77-48.37) was the only variable significantly associated with CAC score > O (Table 5). Also,
diabetes was the only risk factor with a trend towards significance (p = 0.05) in a multivariate
generalized linear mixed model associated with presence of coronary calcification. There was
a non-significant trend that age at RT was associated with CAC score on univariate analysis.
The odds of CAC > O vs. CAC = 0 increased with age (OR, 1.07, p = 0.07). Conversely, there
was no association between CAC score and time from RT to CCT (p = 0.9 based on the
univariate logistic model).

Table 6 shows the final multivariable GLIMMIX models. These models included diabetes
and coronary artery dose-volumes. CAC score was significantly associated with multiple
parameters, including the coronary artery dosimetric parameters of day, Aimean, and Vso— Vs.
All models were highly predictive of coronary calcification (each AUC > 0.8). The model that
included Vs, had the highest AUC estimate (0.89, 95% CI, 0.80— 0.97).

Table 5. Univariate generalized linear mixed models examine association between each risk factor and coronary artery calcification

Risk factors Estimate Standard error OR 95% Cl Limits of OR p value
Age at radiotherapy 0.065 0.036 1.067 0.994 1.145 0.074
BMI > 30 0.365 0.886 1.440 0.245 8.471 0.682
Smoking history 1.585 0.849 4.879 0.893 26.642 0.067
Hypertension 1.571 0.992 4.810 0.661 35.006 0.119
Hyperlipidemia 18.929 2,858.440 >999.999 <0.001 >999.999 0.995
Diabetes 2.226 0.826 9.261 1.773 48.365 0.009"
Family history of premature CAD 1.948 1.265 7.016 0.559 88.072 0.129
BMI: body mass index, CAD: coronary artery disease, Cl: confidence interval, OR: odds ratio.

*p <0.05.
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Table 6. Multivariable logistic models and ROC analyses explore association of radiation dosimetric parameters
and presence of diabetes with subsequent coronary artery calcification

Covariate Multivariable GLIMMIX model ROC model

Estimate Std err p value AUC Std err 95% Cl of AUC
Diabetes (Yes vs No) 2.695 0.829 0.002" 0.856 0.061 0.737 0.975
inax 0.637 0.249 0.013*
Diabetes (Yes vs No) 2.654 0.824 0.002" 0.845 0.060 0.729 0.962
Armean 0.695 0.272 0.013
Diabetes (Yes vs No) 2127 0.853 0.016" 0.888" 0.043 0.803 0.973
Vso 0.167 0.277 0.549
Diabetes (Yes vs No) 2.038 0.846 0.019" 0.886 0.046 0.797 0.976
Va0 0.414 0.237 0.086
Diabetes (Yes vs No) 2.343 0.856 0.008" 0.872 0.052 0.770 0.974
V3o 0.309 0.204 0.135
Diabetes (Yes vs No) 2.472 0.881 0.007* 0.869 0.056 0.759 0.980
Voo 0.326 0.207 0.121
Diabetes (Yes vs No) 2.624 0.811 0.002* 0.836 0.064 0.709 0.962
Vio 0.444 0.201 0.032"
Diabetes (Yes vs No) 2.730 0.788 0.001" 0.801 0.075 0.653 0.949
Vs 0.580 0.210 0.008"

AUC: area under ROC curve, Cl: confidence interval, dy.: maximum dose, dye.,: mean dose, GLIMMIX: generalized
linear mixed, ROC: receiver operating characteristic, Std err: standard error, V,: volume of coronary artery
receiving at least X Gy.

Cardiac risk factors were dichotomized as presence or absence of diabetes.

*p < 0.05, Thighest AUC.

DISCUSSION

We have identified a moderate correlation between coronary artery radiation dose-volume
measures and subsequent calcification scores. In contrast to previous studies based on crude
estimations of cardiac dose, this study involved detailed analyses of radiation dose to the heart
and individual coronary arteries in patients treated with 3D RT planning (Figure 1). Visual
assessment of coronary artery calcification on non-gated CT scans predicts CAC score well

on gated CCT scans.'®?%) Thus, detection of coronary calcification on simulation CT scans
using visual CAC-DRS provides an accurate estimation on the presence or absence of coronary
calcium. Diabetes was the only cardiac risk factor strongly associated with CAC score in our
cohort. However, after controlling for diabetes, radiation exposure dose volume measurements
strongly predicted subsequent coronary artery calcification.

Our findings are consistent with other published results.”'” Interestingly, in these studies,
the risk of CAD was predicted more accurately by coronary artery dose-volume measures
than by MHD. In our study, MHD correlated poorly with coronary CAC, but all coronary
artery dosimetric parameters performed better. Most patients in our study were treated with
3D-conformal RT. In the modern era of advanced radiation techniques and highly conformal
dose distribution, MHD may not be a reliable surrogate for dose to cardiac substructures.
Therefore, dose to individual substructures should be evaluated during RT treatment
planning. It is not sufficient to consider MHD alone; instead, we recommend careful
assessment of which cardiac substructures are exposed.

In our study, the association of CAC score with radiation exposure occurred relatively soon
after RT. Typically, CAD is considered a late adverse event. For example, in a large study of
Hodgkin lymphoma survivors, the median time to clinically evident CAD was 19 years.”
Furthermore, other studies have demonstrated coronary artery calcification decades after
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RT.”* Conversely, in our study, CCT scans were performed at a median of only 32 months
after RT. Notably, in our cohort, coronary calcification was observed almost exclusively in
patients with traditional risk factors for CAD. Thus, we hypothesize that individuals with
pre-existing risk factors may experience accelerated atherosclerosis after radiation exposure,
which may be appreciable within just a few years after treatment.

Our work is not without limitations. First, we could not assess for an association of radiation
dose with ischemic cardiac events because only one patient in our cohort experienced an
event. This patient did not have a significant change in CAC-DRS category pre- and post-RT,
and because we are unable to compare morphologic plaque changes in this study, we do not
know which type of changes elicited this event. The presence of non-calcified atherosclerosis
was not assessed, and Rademaker et al.”) suggests that RT causes both CAC and non-calcified
CAD. Second, baseline CCT scans were not available, so CAC scores from before RT were
unavailable. However, we did evaluate the presence of calcifications on simulation CT scans
that were performed just before RT with the CAC-DRS method.® Our findings suggest

that measurement of coronary dose volume parameters and CAC-DRS might be useful in
clinical practice. It may be reasonable to use coronary dose volumes to predict development
of atherosclerosis and to use CAC-DRS to assess for changes and compare non-gated with
gated non-contrast CT. Calcifications were appreciable in only 7 arteries before RT, compared
with 14 arteries on subsequent CCT scans. Thus, calcification occurred after RT in a sizable
proportion of cases. Furthermore, the significant association of regional CAC score with
radiation exposure strongly suggests that radiation played a role in calcification. Third, we
were unable to capture cardiac risk factors with granularity. For example, both a patient

with well-controlled blood pressure on a single anti-hypertensive agent and a patient with
uncontrolled blood pressure on multiple cardiac medications were classified in the same
fashion as having hypertension. Fourth, we were unable to explore the effect of cardiac
medications on outcome. It was impossible to reliably capture all cardiac medications that
were used because cardiac disease was managed outside of our institution in many cases,
and medications were frequently modified with variable documentation in our system. Fifth,
we did not include an age-sex-matched control group without radiotherapy, and there was
wide interval variability between RT treatment and the CAC scan (median 32 months, IQR =
20-61 months). However, as mentioned earlier, there were no significant differences between
age at CAC scan and CAC score > 1 (p = 0.29 by Wilcoxon-Mann-Whitney). Sixth, this cohort
consisted of patients who were selected for evaluation by CCT. Therefore, their risk of
calcification may have been higher than that of unselected patients treated with thoracic RT.
Lastly, the small sample size and event rate limited statistical analyses. Therefore, we are
cautious with the conclusions and encourage further validation.

Conclusions

Conventional cardiac risk factors are the strongest predictor of CAC score; however, when
controlling for these factors, radiation exposure is significantly associated with coronary
calcification. Coronary calcifications were observed almost exclusively in patients with
multiple conventional cardiac risk factors, especially diabetes. MHD correlated weakly with
CAC score (which is currently used clinically to limit doses). Other coronary dose volume
parameters correlated better with calcium score and were predictive. An implication of our
hypothesis generating findings is that CAC quantification may be a useful screening tool

to detect early, subclinical CAD after RT in high-risk individuals. There might be a role for
baseline CAC scan evaluation in patients with cardiac risk factors. Cardiac substructures
likely have various dose-toxicity relationships. The identification of dose-volume constraints
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for individual substructures may help guide modern RT planning and reduce progression of
CAD in cancer survivors.
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