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ABSTRACT

Research over the last several decades has deateddtrat cancer and its
corresponding therapies are associated with aeased risk of ischemic heart disease in
cancer survivors as compared to the general popaldthough several mechanisms
have been proposed, the reasons for this assaoclaie not been completely elucidated.
Atherosclerosis, a complex pathologic processahatinvolve the coronary arteries, is
the most common cause of ischemic heart diseaseeaadrch has suggested cancer and
its therapies may be involved in its development.

Coronary artery calcification is a surrogate madecoronary atherosclerosis
with a large amount of research demonstratingaii#tyato quantify burden of disease as
well as predict cardiovascular events. Non-invasietection and quantification of CAC
is performed with computed tomography and has biged in both the clinical setting as
well as large cohort studies serially monitoringdoavascular risk factors and events.
This thesis explores the novel application of CAGanarker of atherosclerosis to
investigate the association of CAC progressiorr tivee with cancer and its therapies in

cancer survivors.



CHAPTER 1: BACKGROUND AND INTRODUCTION

Cancer and Cardiovascular Disease

Over the last two decades, the medical commungyréeognized that cancer and
its treatment can result in undesired complicatiemms toxicities leading to increased
cardiovascular morbidity and mortalityith improvements in diagnosis, treatment and
subsequent cancer free survival, there are ovaerillidn cancer survivors in the United
States in 2013 Given the increasing size of this population, aseeardiovascular
effects from the cancer or from its therapies ageoaving concern.

As compared to the general population, severalerarand their associated
therapies have been implicated as increasing $keoficoronary artery disease and
myocardial infarctiori.® In a study following 4,414 long term survivorségter than 10
years after diagnosis) of breast cancer, ratesyotardial infarct, angina pectoris and
congestive heart failure were compared to the géfemale population The
standardized incidence ratio (SIR) for acute mydiehinfarction in breast cancer was
1.23 (95% CI 1.08 to 1.39) and for angina pecteas 1.30 (95% CI 1.16 to 1.45). These
increased ischemic risks were associated with brgadiation even after accounting for
traditional risk factors such as diabetes, hypsrten and hyperlipidemia.

Hodgkin lymphoma survivors also have an increaseddn of ischemic
cardiovascular disease as compared to the geraalgtion. In a study of 1,474
individuals diagnosed with Hodgkin lymphoma on agr 18.7 years earlier, the
standardized incidence ratio for coronary heagaBe was 3.2 (95% CI 2.7 to 3.7) in the

lymphoma population indicating a greater than 38misk of angina or myocardial



infarction? Similar to the findings in the breast cancer sturBatment with radiation
therapy increased the risk of ischemic events @0Interestingly, young age at the
start of treatment was also a risk factor for isclwecardiac events.

A third type of cancer and subsequent treatmemtneg associated with
increased ischemic disease is testicular cancerstady of 2,512 men who had survived
more than 5 years beyond their cancer diagno®sSIR of coronary heart disease
(myocardial infarction or angina pectoris) was @ased at 1.17 (95% CI 1.04 to 1.31).
Important risk factors included the combinatiorradiation and chemotherapy, recent
smoking, and nonseminomatous cancer type (p<0.05).

Potential Mechanisms of Increased Atherosclerosis

With increased incidence of ischemic heart disgasancer survivors, these
studies indicate that cancer and its associatedytes are associated with an increased
risk of symptomatic coronary artery atheroscleroSmronary atherosclerosis is a
pathologic process that leads to disease in thaatsire supplying blood to the

myocardium and is influenced by multiple factors.

The earliest manifestation of atherosclerosis lieda fatty streak and is
relatively common in individuals starting in chilothd® This fatty streak is composed of
macrophages high in lipids called foam cells, Hratlocated below the endothelial lining
of the artery, within the intima of the coronaryssels. Endothelial cell injury and
dysfunction promotes this process. In addition, @imanuscle cells also migrate and
accumulate in the intima resulting in an area afjpe and early atheromaVith time,

the early atheroma may progress to a more comptaan with a core of extracellular



lipids in a soft plague and fibrous cap (calledbad-atheroma). Eventually, the lesion
may progress further with the deposition of calcigalled an advanced calcified
atherom&. An individual may have multiple lesions at varimiages of progression.
Coronary atherosclerosis increases the risk of eaybal infarction via rupture of the

plague or symptomatic angina due to an atherogidestenosis.

Multiple pathways contribute to the pathogenesiatbérosclerosis including
endothelial dysfunction, dyslipidemia, inflammat@npcesses and immunologic factors.
The proposed mechanisms for cancer and its therapieeasing the risk of coronary
atherosclerosis are broad and are dependent updypth of cancer and therapy
delivered. Hypothesized mechanisms include deadbthelial injury, metabolic and
hemodynamic derangements, induction of prothrorolsitite and acceleration of
atherosclerotic and arteriosclerotic procesgest example, radiation is thought to
promote atherosclerosis by multiple connected n@shes including endothelial
damage, inflammation, fibrosis, and an increaglriombosis® Another example of a
potentially cardiotoxic therapy is aromatase intoits, a type of endocrine therapy
commonly used in hormone receptor positive breaster:* Proposed mechanisms
include elevations in serum lipid levels as wellrdsbition of key enzymes within the
vascular wall both of which promote atherosclero&igti-metabolites 5-fluorouracil and
its prodrug capecitabine have been associatedaeiite cardiac ischemic events with an
incidence ranging from 3-9% with capecitabine arB% with fluorouracif: A broad
range of mechanisms have been proposed includswspasm, arteritis, thrombosis,
direct myocardial and endothelial damage, and mytitig*2. Newer, small molecule

tyrosine kinase inhibitors have also been implidatéh acute ischemia. Cardiac
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ischemia or infarct occurred in 3% of individuaisated with sorafenib compared to <1%
of placebo in a trial treating renal cell carcinch&inally, the progression of the
atherosclerosis may be independent of the therapiéseat cancer and may be due to the
intertwined processes of chronic inflammation aadcet” as inflammation has been

associated with the development of coronary atloégnssis®

Quantification of atherosclerosis by coronary arsalcium

The ability to non-invasively detect and quanttige ttoronary artery
atherosclerosis has been a key goal in cardiovaseegearch. One such measure,
coronary artery calcium (CAC), has been shown ifitipla studies to have this

capability.

Non-invasive assessment of coronary vascular eatidn using fluoroscopy was
first described in the 1950s. Initial studies ddss the association of the extent of
calcification as seen on fluoroscopy cine with paijy specimens and subsequently
linked quantification with clinically manifestedcisemic heart diseas2There was a
high correlation between coronary calcification amddence of myocardial infarction
and symptoms of angina. Autopsy studies also nibigidcalcifications on fluoroscopy
were strongly associated with clinically signifitatherosclerotic lesions at dedthin
the late 1970s, a large cohort study demonstraggdcalcification observed on
fluoroscopy was associated with hemodynamicallpifizant coronary stenoses detected
on coronary angiography.This study by Margolis et al of 800 patients rederfor
cardiac catheterization demonstrated that 250 matigad coronary calcification and 236

(94%) of these had greater than 75% stenosis ioonere major epicardial coronary
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vessels. The participants were followed longitatlinand increased calcification
independently predicted worse outcomes as compariedividuals without calcification

both in those with coronary stenoses as well asetlathout.

With advancements in imaging technology, improvedrgification techniques
were developed and employed. In the 1980s, thermdveultrafast computed
tomography (also called electron beam computed ¢goaptny, EBCT) allowed for the
assessment of coronary artery calcification whiels found to be much more sensitive
than traditional fluoroscop} Electron beam CT technology allowed for an extigme
rapid scan of the heart which was necessary tacows the motion of a beating heart.
In an attempt to better quantify coronary calcidmatston et al. developed a quantitative
scoring system for CAC which employed both the afeghe calcium and the density of
the calcium as calculated from the Hounsfield uoftthe lesiort? This scoring system,
though somewhat arbitrary with its initial desipgecame widely accepted and utilized in
further studies. In order to decrease the intenigedrom noise, thresholds of greater than
1 mnt in volume and greater intensity than 130 Houndfiglits were set. A density
score was assigned to each qualifying calcificatiased upon the maximum Hounsfield
unit within the lesion: 1 for 130 to 199 HU, 2 200 to 299, 3 for 300 to 399 and 4 for
greater than 400. The lesion score was calculatedebarea of the lesion times the
density. A total score is calculated as the sumldhe lesions in each of the 4 major
vessel distributions. Other scoring systems inclgaialcium mass and calcium volume
have subsequently been developed and assesseth theuygatston score remains the

most widely known and reportéd.



In a similar fashion to the autopsy studies andrfigcopy, histopathology studies
further confirmed that the calcium burden as measby EBCT highly correlated with
coronary plaque quantified at autogSyurthermore, calcified plaque was found to only
be a small portion of the overall plague burdenl@sions were at various stages
including early atheroma, fibro-atheroma and adedrzalcified atheroma) and
importantly, absence of calcium did not completeiglude the presence of
atherosclerotic coronary disease. Nonethelesstabearch demonstrated that coronary
artery calcium was quantifiable by EBCT and reftelcthe burden of coronary

atherosclerosis.

A more recent development in CAC research was dlidation of using multi-
detector computed tomography (MDCT or simply CTyt@antify coronary artery
calcification. Much more widely available and lespensive than EBCT, the study
demonstrated that MDCT and EBCT produced similares?® For these reasons, use of
CT has now become the standard for clinical andaret assessment of coronary artery
calcium. Additional benefits of MDCT over EBCT inde improved image quality and

better spatial resolutiof.

Over the last two decades and with the transibaiié more widely available
MDCT, clinical research with coronary artery catoitnas grown dramatically. The
guestion of coronary artery calcium and its assmeiavith obstructive coronary artery
disease was investigated in the ACCURACY trial this trial using 64 slice MDCT in a
referred, symptomatic population, the sensitivit{C’&C for obstructive disease (>50%

narrowing) was very high (CAC score > 0 capture#8 obstructive disease) but its



specificity is only moderate (42% of those with CA€bre > 0 have obstructive disease
but specificity improves to 88% for CAC score > X80importantly, the investigators
determined a negative predictive value of 98.6% aitcore of zero for predicting
absence of significant stenoses. Thus, with a tegjree of certainty, a score of zero

indicated an extremely low likelihood of obstruetivoronary disease.

The role of ethnicity and gender in the prevaleswe severity of CAC is
important as well. In the Multi-Ethnic Study of Aftosclerosis (MESA) study comprised
of individuals without a history of cardiovascutiisease, the prevalence of CAC was
higher in self-identified whites as compared tack]aAsian-American or Hispanic
individuals, a finding in both men (p<0.001) andmen (p<0.0001¥° These differences
remained significant even after adjusting for triatial cardiovascular risk factors and
socioeconomic co-variates. In a similar analysithefMESA cohort, men had increased
prevalence of CAC compared to women and in indiaiglwvith pre-existing calcium,

men had greater calcium amounts as compared to mOme

Additional research has been focused on the pragod£AC and future cardiac
events. In asymptomatic individuals, CAC scoreltesn demonstrated to have
incremental and independent prediction for harchessef CAD mortality or myocardial
infarction. A pooled analysis of over 27,000 asyonpatic individuals demonstrated that
CAC scores equal to zero resulted in an 3-5 ys#rai 0.4% as compared to 7.1% for
scores greater than 1060CAC also is predictive of all cause mortality.darge
registry of over 25,000 participants followed fomaan of 6.8 years, CAC score

provided incremental and independent risk prednctiball cause mortality beyond



traditional cardiovascular risk factd?sTen year survival, after adjustment for age and
risk factors, was estimated to be 99.4% for a CAG whereas survival was reduced to
87.8% with CAC of > 1000. CAC has also been derrates] to be a useful addition to
well established risk prediction calculations. e MESA cohort of 5878 patrticipants,
the addition of CAC to traditional CV risk factaggnificantly improved the prediction
of risk (area under ROC curve of 0.81 vs. 0.76 p&D) and resulted in reclassification

of risk in 26% of the sampfe.

Assessment of CAC has also been included in tremendations for clinical
practice. In the 2010 ACCF/AHA practice guidelimesmsidered measurement of CAC
reasonable to better risk stratify asymptomatidvilddials at low to intermediate risk (6-
10% within 10 years) as well as individuals withiarermediate risk (10-20% within 10
years) of cardiovascular everitsdowever, the guidelines recommend against CAC

assessment in individuals with a low (<6%) ten yesk of events.

The longitudinal change of coronary artery caleifion has recently become of
interest both clinically and in research. Ideafliigysicians would like to be able to
determine in a non-invasive manner which patieatgetworsening atherosclerosis or
which patients are responding to therapies aimatha&trosclerosis. A study of 495
asymptomatic participants without events indicdted mean increase in CAC per year
was 17% when followed for 3.2 yedrsn individuals who subsequently experienced a
myocardial infarction, mean progression prior te #vent was 42% (p=0.0001).
Progression of CAC of greater than 15% conferreslaive risk of having an Ml of 17.2

as compared to non-progressors. A study by Mit felawed 422 individuals without



CAC at baseline with annual CAC scans and founith@idence of 25.1% converting to
CAC > 0 over the mean 4.1 years of followtRisk factors for conversion included age,
hypertension, diabetes, and smoking (p< 0.01MESA, Kronmal et al determined an
annual incidence of converting from 0 CAC to gre#ten 0 CAC of 6.69%8° Median
annual change of Agatston score for those withepisting calcium was 14 and 21 for
women and men, respectively. Interestingly, analg§ithe risk factor contribution to
development of CAC suggest a complex relationship some risk factors (eg. LDL,
HDL) only associated with incidence of CAC and oth@g. age, hypertension, diabetes

and family history) associated with both incideacel progression of pre-existing CAC.

Progression of CAC and its ability for risk predbct has also been investigated.
In a study of 4,609 asymptomatic individuals whaemvent repeat CAC assessment on
average 3.1 years apart, progression of CAC petliel cause mortality above and
beyond the baseline CAC score as well as traditicavaliovascular risk factoré.Budoff
et al also analyzed CAC progression in 6,778 inttigls in MESA and demonstrated that
an increase in CAC was associated with an incrieafsgure coronary heart disease
events® Individuals with the greatest increase in CAC (aairof progression of greater
than 299) had an adjusted hazard ratio of 3.8 (@5%f 1.5 to 9.6) compared to those

without progression.

Coronary artery calcium and Cancer

As detailed previously, studies have demonstrated@ease in ischemic
cardiovascular events in individuals with a histofyancer and therapy as compared to

the general population. However, research investigdhe association of subclinical
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coronary atherosclerosis with cancer patients poidherapy is relatively sparse. A small

study in women diagnosed with breast cancer sugdeisat CAC was higher in women
aged 55 to 64 years as compared to a control piopulage matched from MESA
(p<0.01)*® In another study that investigated atherosclenpsor to cancer treatment,
colo-rectal adenoma and coronary heart diseas@asgaxiated in a cross-sectional
fashion®” In this study of 488 Korean men undergoing sdregnolonoscopy and CT
coronary angiography on the same day, the presmiceectal adenoma was
significantly associated with the presence of alzsive and non-obstructive
atherosclerosis of the coronary arteries (p=0.0Bxt¢n after adjusting for age, smoking
and other cardiovascular risk factors, the relatmm between obstructive (> 50%

stenosis) disease and presence of adenoma wasesiéint (p=0.013).

Research into the association of subclinical agwenosis with cancer patients
post-therapy has also been performed. One seri@$lofigkin lymphoma patients,
median age of 45 years, treated with mediastirthhti@n an average 26 years earlier,
reported that 6/9 were in the 90% for CAC scorpudflished reference valuds.

Another series of 47 Hodgkin lymphoma patientste@avith radiation found abnormally
high CAC scores as compared to published valueSA€C 3 The CAC prevalance of
83% in this group was much higher than a previopshlished prevalance of 54% in an
older referred cohort. Based upon their findings, duthors advocated for increased

screening in Hodgkin survivors.

However, these positive findings were not seemnecent study by Tjessem et

al. This study investigated a cohort of 236 breasicer survivors who had undergone
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radiation +/- chemotherapy and compared their CAG published distribution of a
large, asymptomatic cohdtt. They found that the age adjusted distribution m@s

different between the breast cancer survivors hagublished control group (p=0.47).

Longitudinal assessment of coronary artery calaiftn in cancer patients has not
been previously reported. The benefit of longitadimssessment of CAC in cancer
survivors is that if a relationship is discovergghyrovides a stronger case for causality as
compared to cross-sectional analysis. The Muliriet Study of Atherosclerosis
(MESA) provides this ability to assess CAC in agiadinal manner. The large cohort
study of over 6000 participants enrolled individuaithout known cardiovascular
disease and followed the participants with repgat@nations, serial testing, and
adjudication of cardiac everitsSpecifically, serial assessment of coronary artery
calcium by CT and EBCT and validated cardiovascoldcome measurements are a
strength of this study. Preliminary work with thiataset has demonstrated feasibility to

investigate cancer and its effect on longitudiredrege of coronary artery calcification.
Specific Aims

Accordingly, we plan to use the MESA study to achithe following specific

aims:

Specific Aim 1. To determine the relationship between canceiitariiierapies with a

subclinical measure of atherosclerosis, coronasgryacalcium.
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Hypothesis: Cancer patients will have acceleragddifecation as compared to
individuals without cancer even after adjustingtfaditional atherosclerotic risk

factors.

This research question is important for severatoas. First, it adds to the basic
science knowledge regarding cancer and ischemitti®a®md may provide insight
whether atherosclerotic pathways are responsiblthéincrease in cardiovascular events
in cancer patients. Second, coronary artery caétifin has been shown to have profound
cardiovascular morbidity and mortality and thiseagh lays the groundwork to use CAC
specifically in cancer patients to assess cardmuasrisk and identify those that may be
particularly susceptible to cardiovascular evenis th their cancer diagnosis and/or
treatment. Finally, this research is a pilot inigegion that has the potential to be used in
clinically relevant decision making. For exampfea particular cancer type or therapy is
found to be particular harmful in terms of athemggs, the physician may want to chose
alternative therapies or treat with preventatiisk lowering therapies. It is not expected
that this research will accomplish all of theselgdat as a pilot investigation, it will lay

the groundwork for future research in these areas.
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Abstract:

Introduction Although cancer and its corresponding therapiessseciated with
increased ischemic heart disease, the temporaloreship between cancer and the
development of coronary artery calcium (CAC), akeaof subclinical atherosclerosis,

is unknown.

Methods Over a ten year period, 85 men (age 63.6+£8.3 yaad b0 women (age
62.1+£9.8 years) diagnosed with cancer during tersopl and 2987 cancer-free subjects
(age 59.6+9.2 years for men, age 59.7+9.4 yearsdonen) who enrolled in the Multi-
Ethnic Study of Atherosclerosis (MESA) underwentaeassessments of CAC. We
measured CAC prior to cancer diagnosis and appiateiy 10 years later. The incidence
of new CAC (baseline Agatston score of zero comvgito detectable CAC at followup)
was modeled with relative risk regression and casgbéor cancer versus no cancer.
Increase in pre-existing CAC was compared in tiggsaps using linear regression of log

transformed CAC.

Results: Cancers in women were predominantly breast, lumigud@rine (52%) and in
men, cancers were prostate and colorectal cant&¥s)( The incidence of CAC was
independently associated with cancer history (redaisk 1.32 (p=0.04) and 1.29
(p=0.01) for women and men, respectively). In pgyants with CAC at baseline, a clear
difference of CAC progression was not observed betwcancer and non cancer

participants (p=0.6 for women and p=0.2 for men).
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Conclusions A diagnosis of cancer is associated with the dereknt of CAC even after
accounting for atherosclerotic risk factors. Howewe individuals with pre-existing

CAC, itis not clear that the presence of canceelecates CAC over time.

Keywords. cancer, coronary artery calcium, subclinical atbelerosis, cardiotoxicity
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I ntroduction

In comparison with the general population, survéveof several cancers including
breast cancer, lymphoma and testicular cancer exjyper an increase in the risk of
coronary arterial atherosclerotic-related eventtutting myocardial infarction, coronary
artery disease, and angina (1-3). Coronary adaojum (CAC), quantified by multi-
detector computer tomography (CT) and the Agatstame, has become a well
established, quantifiable marker of coronary aatexiherosclerotic burden and predictor
of cardiovascular events (4). Prior studies haveatestrated in small series of Hodgkin’s
lymphoma survivors that CAC is elevated (5,6) bhuese findings were not replicated in
breast cancer survivors (7). In addition, no psidies have investigated the longitudinal

change of CAC with a cancer diagnosis as comparéuetgeneral population.

Accordingly, we performed this cohort analysisrieastigate the relationship of
cancer and its treatment to incidence and progressisubclinical atherosclerosis. To
achieve this objective, we utilized the Multi-Etbr8tudy of Atherosclerosis, a large
cohort followed for approximately 10 years withiakassessments of cardiovascular risk
factors as well as quantification of subclinicatealar disease (i.e., coronary artery
calcification). We hypothesized that a diagnosisaicer would be associated with

increased progression of CAC over time when contpreancer free participants.

Methods

Study Design and Population
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The Multi-Ethnic Study of Atherosclerosis (MESA)agprospective cohort study
designed to study the prevalence, risk factorspaagdression of subclinical
cardiovascular disease. A detailed descriptiomefstudy design and methods has
previously been published (8). MESA enrolled a ¢bb6,814 participants aged 45 to
84 years from four race/ethnic groups in six US camities (Forsyth County, NC; New
York, NY; Chicago, IL; Baltimore, MD; St. Paul, MNind Los Angeles, CA) between
2000 and 2002. All participants were free of clathg diagnosed cardiovascular disease
(heart attack, angina, stroke, transient ischettécly, heart failure, undergone prior
cardiac procedure including angioplasty, bypasgesyr valve surgery, pacemaker
implantation) and were not undergoing active treatiior cancer. Each site attempted to
recruit equal numbers of men and women with praBpdage and race/ethnicity
proportion goals. The MESA study was approved yiistitutional review boards of

each study site, and written informed consent vidained from all participants.

The MESA study conducted a baseline examinationitistluded CAC scans
(henceforth referred to as “baseline”) between 2002002 on 6,814 participants with
6,421 reporting no prior history of cancer. A rep&Il CAC scan was obtained at the
5th followup exam, conducted between years 201D1®, (henceforth referred to
“followup”) and was performed on a random 50% sasgdlthe original MESA cohort
(n=3305) who were part of the MESA Air ancillarydy investigating air pollution and
heart disease (9). Of the 6,421 participants witltancer at the baseline exam, 3,122
had a CT CAC scan performed at the follow up exaaring the nearly ten years

between exams, 135 participants developed caneerHigure 1).
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At both the baseline and the follow up examinatjgasticipant demographics,
medical history, medication use, laboratory data, @ahnthropometric data were collected.
Diabetes mellitus was defined as fasting glucelsgs mg/dl or use of hypoglycemic
medications (10). Use of antihypertensive and lipwlering medications were based on
the review of prescription medication containersrr€nt smoking and former smoking
history were combined to define a dichotomous \weiaf current/former smoking
history versus never. Resting blood pressure wessared 3 times in a seated position,
and the average of the second and third readingsused. Total and high-density

lipoprotein cholesterol were measured from bloadas obtained after a 12 hour fast.

Measurement of CAC Score

Details of the MESA computed tomography scannirgyiaterpretation methods
have been reported elsewhere (11). At the basekamination, scanning centers
assessed CAC by either an electron-beam CT scé@hmago, Los Angeles, and New
York field centers) or a multidetector CT systenal{Bnore, Forsyth County, and St.
Paul field centers). Certified technologists scahaléparticipants twice with corrections
using phantoms of known physical calcium concelmnatA radiologist or cardiologist
read all CT scans at a central reading center frggeles Biomedical Research Institute
at Harbor—University of California Los Angeles, Tamce, CA), blinded to all clinical
and demographic information of the patients. Thewmh of coronary artery calcium was
guantified with the Agatston score method (12) artdtal score was determined by
summing all individual lesions from the coronargealature (left main, left anterior

descending, circumflex, and right coronary artg@ri€ee mean score between the two
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scans was utilized in the analysis. At the follovex@amination, CAC was assessed using
multidetector CT and each participant was scanmeeé wvith corrections using a

phantom of known physical calcium concentration.

Ascertainment of Cancer Status

Cancer history was determined in two ways. At thgeline examination, the
guestionnaire included questions regarding hisbbigancer and the type of cancer

, “prostate”,

(“breast colon”, “non-melanoma skir'blood (leukemia, lymphoma or
other)”, or “other”) with the opportunity to freext “other” types of cancer. Individuals
with cancer prior to their MESA enrollment were kexied from analysis in order to
ensure a baseline CAC scan prior to cancer antloavfap scan after cancer diagnosis.
Non-melanoma skin cancers, owing to their supefficature, were re-coded as the
participant not having a cancer unless other caneere also indicated. Participants

selecting “Don’t Know” in regards to their cancestbry were also excluded from the

analysis (See Figure 1).

The diagnosis of cancer during the MESA study weterhined utilizing data
gathered during pre-specified MESA followup proaeduafter baseline examination.
During the study, contact with the participantsrg\@to 12 months regarding events
including hospitalizations prompted a request fosgitalization records. The
hospitalization records contained ICD-9 diagnosides pertinent to that hospitalization.
ICD 9 codes associated with cancer (140.-209.) wenhected from the records and re-

coded into types of cancer (see Table 1). Non-noafenskin cancers were re-coded not
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a cancer owing to their superficial nature. Theetiof cancer diagnosis was assumed the

same as the hospitalization date.

Statistical Analysis

All analyses were stratified by gender due to etgmbgender differences in
cancer type (see Table 1) and gender specificrdiifee in distribution of coronary artery
calcium (13). Means and standard deviations wdrilgged for normally distributed
variables; medians and interquartile ranges wegerted for raw CAC scores. Counts
and percentages were calculated for categoricahias. Differences in continuous
variables were compared using Student’s t-testsn@omally distributed variables) or the
Kruskal-Wallis test (for non-normally distributednables). Categorial variables were

compared using chi-square test or Fisher’'s exatirighe appropriate situations.

Longitudinal progression of coronary artery calciand its association with
intervening cancer diagnosis was performed in agad model as recommended for
CAC due to the highly skewed nature of the varigih#e15). Analysis for the
association of cancer diagnosis during follow-ud baseline prevalence and magnitude
of pre-existing CAC with adjustments for risk factevas performed in a similar manner.
The first analysis modeled the probability of theidence of CAC as it relates to cancer
history. Incidence was defined as progressing fnonCAC (Agatston score= 0) to
detectable CAC at followup (Agatston score > 0)e@athe magnitude of CAC
incidence, the rare disease criterion allowingtf@r assumption that the relative risk is
closely approximated by odds ratios was not metthnsl, relative risk regression with

log link with Gaussian error (the preferred binoheiaor failed to converge) was
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implemented (14). Robust standard errors were tesedsure valid statistic inferences.
Multivariable regressions were modeled for CAC dgiezice utilizing known risk factors
associated with subclinical atherosclerosis. Mddeicluded the continuous variable of
age and the categorical co-variate of race/ethniCiaucasian, Black/African American,
Hispanic, Chinese American) and cancer history. &i@dbased upon the risk factors in
2013 ACC/AHA Guidelines (15)) included age and fattenicity as well the continous
covariates of total cholesterol, high density ligmpin, and systolic blood pressure.
Categorical variables in Model 2 included use di-Bgpertension medications, use of
lipid lowering medication, current or former smogistatus, history of diabetes and

cancer history.

In those with prevalent CAC at baseline (definedmbaseline Agatston score >
0), the linear association between cancer histodythe change in coronary artery
calcium was analyzed using a technique previous$gdbed (16). The dependent
variable in the linear regression model is Log(G&Gaup + 25) — LOg(CAGaseiinet 25)
where log is the natural logarithm. The constart®fvas chosen based upon prior
literature demonstrating its benefit of resultingmproved normality (15) (Thus
throughout the study, any reference to log tramséat score implies that a constant of 25
was added prior to the natural logarithm calculgtidlultivariable regression was also
employed using the same co-variate models as escabove. All statistical analyses

were performed using SAS statistical software wer8.3 (Cary, North Carolina).
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Results

Fifty women and 85 men with a cancer diagnosis wouyduring the MESA
follow up period and 1,583 women and 1,404 menavitta cancer history underwent
CAC assessment at both baseline and followup. &heer types between the men and
women differed as shown in Table 1. The time betibe scans at baseline and
followup was not different in participants with amithout cancer (Table 2). The mean
time from cancer diagnosis to followup CT scan wasyears for women and 4.2 years
for men. Baseline demographics and characterigfidtse MESA participants with and
without cancer, stratified by gender, are also showTable 2. At baseline, women in the
cancer subgroup were less likely to be Hispaniaentikely to have received
antihypertensives, and had higher mean systoliedopzessure as compared to women
without cancer. The prevalence of CAC at baselias higher in women in the cancer
group. After adjusting for baseline covariates shawTable 2, the difference in CAC
prevalence remained significant (p=0.03). The méh vancer were older, with a trend
towards more participants receiving anti-hypertemsnedications as compared to the
men without cancer group. The unadjusted prevalehGAC at baseline was also
higher in men in the cancer group but not signiftoaith adjustment for baseline co-

variates (p=0.4).

In the analysis of incidence of CAC, there weras@men without CAC at
baseline in the cancer group and 16 (59%) develdpegttable CAC at followup. In the
cancer free group, 1,084 women had CAC=0 at basalwd from these, 456 (42%)

developed CAC at follow up. In the unadjusted mothed relative risk of progressing
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from no CAC to detectable CAC was 1.41 (p=0.03hiwse with cancer as compared to
those without (see Figure 2). Table 3 demonsttatgseven after adjustments for risk
factors, there was a 32% (p=0.04) increased riskaokitioning from a zero CAC score

to detectable CAC if a woman had been diagnosddagibcer between the two scans.

Of the 23 men without CAC at baseline in the camreup, 18 (78%) went on to
develop a non-zero score at follow up. In the cafree group, 630 men had CAC=0 at
baseline. Of these, 323 (51%) developed CAC abvalb (see Figure 2). In men without
prevalent CAC, the cancer group was older (p=0.0@&d increased receipt of
antihypertensives (p=0.001) and were current or graskers (p=0.01). The unadjusted
relative risk of progressing from no CAC to detét@aCAC was 1.52 (p=0.003) in those
men with cancer as compared to those without (TapIEven after adjusting for risk
factors, there was a 29% (p=0.01) increased riskaokitioning from a zero CAC score

to detectable in men with cancer as compared tecaaoer participants.

Twenty three women in the cancer group and 499awitkkancer had detectable
coronary artery calcium at the baseline examinatiomwomen, both the baseline CAC
score (log transformed) and the followup CAC samege higher in the cancer compared
the cancer free participants with cancer group i@dh However, after adjusting for risk
factors, the baseline difference in CAC score wakonger significant (p=0.07). After
adjustment for risk factors, the difference in kibg transformed CAC scores between
followup and baseline (ie. the progression of prsteng CAC) was not statistically
different between the two groups (p=0.5). This iingds also reflected in the lack of

significance in the beta coefficient associatedhwdncer in the unadjusted linear
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regression model result®<-0.10, 95% confidence interval (Cl) of -0.40 ta.&).
Furthermore, with risk factor adjustments in Modkksnd 2, the relationship between
CAC change and cancer was not significgrfo¢ Model 1=-0.05, 95% CI of -0.34 to
0.24;p for Model 2=-0.09, 95% CI of -0.37 to 0.20) as toafidence interval contains 0

in all analyses.

In men with pre-existing CAC , there were 62 in ta@cer group and 774
without cancer. The men in the cancer group wereertikely to be using anti-
hypertensive medications (p=0.05) and a lower Hpt0(02). There was no difference
in the baseline transformed CAC score, the followvapsformed CAC score or the
subtracted difference (ie. the progression of CAfdyansformed values between the
men cancer and non cancer groups (Table 4). Sigitars is also reflected in the lack of
significance in the beta coefficient associatedvwancer in the unadjusted linear
regression modep(= 0.08, 95% CI of -0.25 to 0.08). After risk factmjustments in
Models 1 and 2, the relationship between CAC pregjom and cancer as represented by
the beta coefficient associated with cancer staassnot significantfi{ for Model 1 =

0.13, 95% CI of -0.04 to 0.29;for Model 2 = 0.11, 95% CI of -0.05 to 0.27).

Discussion

There were three important findings in this stuglyst, the baseline prevalence of
coronary artery calcium was higher in women ind¢aecer group as compared to those
without cancer, a finding that persisted even athusting for baseline risk factor
differences. Second, a diagnosis of cancer arice&isment was associated with the

increased incidence of developing coronary artatgification in men and women even
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after accounting for atherosclerotic risk factéiimally, a significant association was not
observed between a cancer diagnosis and prognesispye-existing CAC in men or
women. These findings suggest that cancer, itephes or a common antecedent risk

factor may contribute to the development of sulicdihatherosclerosis.

To the best of our knowledge, this is the firstgimadinal study investigating the
relationship of incident cancer with progressiortafonary artery calcium. The study
was performed in an ethnically diverse patient paian with a large comparator group
who underwent concurrent examinations and CT sdaraidition, the cancer diagnoses

(Table 1) and assumed treatments were contempasing data from 2000 to 2012.

In this study, both women and men who were diagh@sth cancer during the
study had a higher baseline prevalence of coromideyy calcium as compared to
individuals who did not. This increased prevalemag/be in part explained by the
difference in baseline risk factors such as ageracel/ethnicity (17). In women in the
cancer group, there was a trend towards increagedewer Hispanics, increased use of
anti-hypertensive medication and a higher meatoby$lood pressure. However, upon
adjusting for these differences, the prevalend8AC remained significantly higher in
the cancer group suggesting an unrecognized sudatlivascular disease difference
between the two groups even before the diagnosiarafer. This raises the possibility of
a common antecedent process between the developiearicer and the development
of cancer. In men with cancer, increased averaggeastrong risk factor for CAC, was at

least in part responsible for this baseline diffiee2in CAC prevalence because after
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accounting for these difference, the prevalend8A€ in the two groups was no longer

present .

Despite the baseline differences in prevalencéeeased incidence of
developing CAC over the next decade was found th been and women diagnosed with
cancer as compared to individuals without cancegyufie 2). Previous research has
demonstrated that age, race/ethnicity, smokindpedés, and hypertension are known risk
factors for increased incidence of CAC (15). Ewéier accounting for these risk factors
in the two models, a history of cancer (diagnosgat po follow up CT by a mean of 4.8
years for women and 4.2 years for men) was assacvaith an increased incidence of

CAC (see Table 3).

For those with CAC at baseline, we assessed whttbgrogression of pre-
existing CAC was associated with cancer diagndsisugh both the initial and followup
CAC scores in women with cancer were higher thdividuals without cancer, the
unadjusted change between the two groups was ffieteit. With adjustments of known
cardiovascular risk factors , the change in CACaimed similar in those with and those
without incident cancer. In men with prevalent CAliere was no difference in the
baseline CAC scores between the groups nor was #ghéifference in the change in CAC
between examinations. With accounting for the &K factors, cancer was not found to

be a factor in the progression of pre-existing CAC.

In individuals with pre-existing CAC, we did notrdenstrate a significant
increase in CAC in men or women with cancer. Tla@eeseveral potential explanations

for this complex relationship. First, other typicask factors for atherosclerosis have also
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shown an increase in the incidence of CAC over tinenot progression of pre-existing
CAC. Low density lipoprotein (LDL) and high densligoprotein (HDL) have a similar
relationship to the one found here for cancer: thetyr are associated with the incidence
of CAC but not the progression of pre-existing CA®G). Another possible explanation
for the significant association of cancer and CA€ldence with no significant increase
in pre-existing CAC progression is that the statsdtapproach utilized may affect the
outcomes. Recent publications have demonstratédainging statistical definitions of
CAC progression can lead to divergent associatiotisrisk modifiers (18,19).

Similarly, the relatively low number of participanwith cancer limited the power of this

analysis to detect a difference.

Previous research investigating coronary artergigal and its association with
cancer and/or its therapies has been focused gs-sextional data and obtained
differing results. Two cross-sectional studies hassociated cancer, prior to therapy,
with increased CAC scores. In a cohort of breasteapatients prior to chemotherapy or
radiation, Mast et al demonstrated increased CA@idudle aged women (55 to 64 years)
as compared to MESA age-matched controls (20).dn,rooronary stenoses as assessed
by CT angiogram was associated with colorectal achen a pre-cursor to cancer, in a
Korean cohort study adjusting for cardiovasculsk factors (21). More advanced polyps

were associated with more severe coronary obsbructi

In addition, several studies have investigatedptitential impact of cancer and its
therapies on CAC. One series of 9 Hodgkin’s lymphgratients, median age of 45

years, treated with mediastinal radiation an ave@gyyears earlier, reported that 6/9
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were in the 90% for CAC score of published refeeevalues (5). A similar series of 47
Hodgkin’s lymphoma patients treated with radiationnd abnormally high CAC scores
as compared to published values for CAC(6). Howetherse positive findings were not
seen in a recent study by Tjessem et al. This stuastigated a cohort of 236 breast
cancer survivors who had undergone radiation ‘¢nustherapy and compared their
CAC with published general population CAC scoresnghg a similar age-matched

distribution (7).

We demonstrated an increase in the incidence of GV time in individuals
diagnosed with cancer compared with non-canceraisnOur study differs from prior
studies in several ways. First, the present studyded a wide range of cancers though
predominated in women by breast, lung and uteB2é4 of the women) and in men,
prostate and colo-rectal (78%). Additionally, oomgparison group was selected from the
same study as opposed to using published previpuslyshed CAC values or historical

controls. Finally, our study was longitudinal andsaable to evaluate incident CAC.

There are many potential mechanisms for the adsatibetween cancer and
progression of coronary arterial calcification.dPistudies have shown that certain
chemotherapies for cancer are associated withaedse in atherosclerotic risk factors
including hypertension (22) and metabolic syndrd@®). Several chemotherapeutic
regimens have been suggested to cause acute iscbeenits. Anti-metabolites 5-
fluorouracil and its prodrug capecitabine have bessociated with acute cardiac
ischemic events with an incidence ranging from 3% capecitabine and 1-68% with

fluorouracil (24). A broad range of mechanisms hia@en proposed including
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vasospasm, arteritis, thrombosis, direct myocaahal endothelial damage, and
myocarditis (25). Newer small molecule tyrosinedsa inhibitors have also been
implicated with acute ischemia. Cardiac ischemianfarct occurred in 3% of individuals
treated with sorafenib compared to <1% of placeba trial treating renal cell carcinoma
(26). Radiation therapy has also been associatibdischemic cardiovascular events (1—
3) in cancer survivors with hypothesized mechanishendothelial injury,
arteriosclerosis and fibrosis of the coronary vésawe, and prothrombotic state (27).
Finally, the progression of the atherosclerosis tmayndependent of the therapies to
treat cancer and may be due to the intertwinedgss®s of chronic inflammation and
cancer (28) as inflammation has been associatédthetdevelopment of coronary

atherosclerosis (29).

Study Limitations: There are some notable limitations to this stikst, the followup

CT CAC score (performed in the ancillary MESA Aiudy) was performed on
approximately 50% of the original MESA populatidiose that were not chosen for the
MESA Air substudy or those who opted not or werahla to have the scan performed
may have been different from those who did parét@pFurthermore, the method of
diagnosing cancer during the course of the stuggni@éed upon using ICD 9 codes
which required hospitalization for any cause. Rgréints diagnosed with cancer who
were never hospitalized would be incorrectly cl@sdi Finally and importantly, this
study does not have details regarding the patiearster diagnosis including the specific
histological subtype of cancer or its staging. Taecer treatment is unknown including
whether chemotherapy was given, which chemothesapywhether surgery and

radiation were also part of the treament plan. iglimitation, we are unable to
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determine associations with specific treatmentsaoicers and thus, determination of
cause is speculatitve. However, this study, asidgialiinvestigation, raises some
important questions about cancer and its relatipnshprogression of subclinical

atherosclerosis.

In conclusion, this cohort analysis demonstrated & diagnosis of cancer is
associated with the development of subclinical ratbeerosis as determined by coronary
artery calcification. This relationship is complesx demonstrated by the association of
increased prevalence of CAC in women prior to aeadiagnosis. Further research is
needed to delineate the details of this relatignahd determine which cancers and/or
therapies or shared cancer-atherosclerosis risar&pathways are responsible for the

onset of subclinical atherosclerosis in these pttie
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Figure 1:
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Figure 2:

Incidence of CAC over 10 years in participants with
cancer compared to cancer free.

Women without Women with
Cancer, n=1084 Cancer, n=27
CAC=0
58%
P=0.07
Cancer, n=630 Cancer' n=23
CAC=0
49%
P=0.03
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Figure Legend
Figure 1: Flow diagram of MESA cohort who underwent secalonary artery

calcification assessments divided into cancer andamcer subgroups

Figure 2: Unadjusted incidence (defined as undetectable QARseline transitioning to
presence of CAC at followup, indicated by CAC+)ofonary artery calcification over
10 years, grouped by cancer history, stratifiedgyéryder. Both women and men with
cancer experience higher incidence of CAC as coeaptr participants without a cancer

history.

Table 1: Cancer type stratified by gender

Cancer in Women Number in Cancer in Men Number in
group , group

(% of group) (% of group)
1. Breast 13 (26%) 1. Prostate 55 (65%)
2. Lung 8 (16%) 2. Colon/Rectal 11 (13%)
3. Uterine 5 (10%) 3. Kidney 3 (4%)
4. Colon/Rectal 4 (8%) 4. Lymphoma 2 (2%)
5. Lymphoma 2 (4%) 5. Leukemia 2 (2%)
All Others 18 (36%) All Others 12 (14%)
Total cancer 50 Total cancer 85
participants participants
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Table 2: Baseline characteristics according to future cancer sand stratified by gend

Characteristic No Cancer Cancer P No Cancer Cancer P Value
Women, Women, Value Men, Men, n=85,
n=1583 n=50 n=1404
Race/Ethnicity: Whit 579 (36% 23 (46% 0.2 572 (41% 40 (47% 0.3
Chinese 185 (12%) 3 (6%) 0.2 182 (13%) 6 (7%) 0.1
Black 452 (29%) 20 (40%) 0.08 329 (23%) 26 (31%) 0.1
Hispanic 367 (23% 4 (8% 0.009 321 (23% 13 (15% 0.1
Age, year 59.7 (9.4 62.1 (9.8 0.0¢ 59.6 (9.2 63.6 (8.3 | <0.0001
Current/Former Smok 639 (40% 22 (44% 0.6 789 (56% 53 (62% 0.3
On antihypertensive 884 (56% 26 (72% 0.02 750 (53% 54 (64% 0.07
Diabete: 144 (9% 6 (12% 0.5 154 (11% 12 (14% 0.4
On lipid med: 225 (14% 9 (18%) 0.5 241 (17% 14 (16% 0.9
Total cholesterol ,mg/ 200.3 (34.7 | 201.5 (44.9 0.8 188.9 (33.3 | 186.8 (40.1 0.6
HDL ,mg/dl, 56.5 (15.3 55.4 (16.4 0.6 44.6 (11.3 43.3 (9.7 0.3
Systolic blood pressure,mm!| 124.1 (21.7 | 131.2 (23.7| 0.02 123.9 (17.¢ | 127.2 (19.3 0.1
Time from CAC Baseline t 9.7 (0.6 9.7(0.6) 0.7 9.6 (0.6 9.5(0.5 0.1
CAC Followup, yeat
Time From Cancer diagnosis 4.8 (3.1 4.2 (2.7
CT Scan, yea
Prevalent CAC at baseli 499 (32% 23 (46% 0.03 774 (55% 62 (73% 0.001
Baseline CAC Scores medie 0(0,9.6 0 (0, 109.1 5.3 (0.0, 48.7 (0,
(IQR) 107.8 168.8

Values are mean + standard deviation or n (%).

Abbreviations: CAC: coronary artery calcium, HDL: high density lipoprotein, IQR: intergeadnge




Table 3: Unadjusted and adjusted relative risk of inciadeatcoronary artery

calcification (i.e. score = 0 at baseline visitgnessing to detectable at followup) in

participants with cancer (n=27 women, n=23 memamspared to those without cancer

(n=1084 women, n=630 men), stratified by gender.

Relative Risk Unadjusted Model Model 1, Model 2,
(95% Confidence (95% Confidence (95% Confidence
Interval) Interval) Interval)
Women 1.41 (1.02 to 1.94) 1.42 (1.09 to 1.87) 11302 to 1.71)
Men 1.53(1.21t0 1.92)

1.32 (1.08 to 1.61)

1.29510 1.59)

Model 1: age and race/ethnicity. Model 2: Modehtl pid medication,
total cholesterol, high density lipoprotein, on Bggension medication,
systolic blood pressure, current or former smoéed history of diabetes
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Table 4: Progression of Coronary Artery Calcium (log transformed) in those wittalerg CAC at baselin

(CAC score > 0) according to cancer history and stratified by gender, ueadjust

Characteristics No Cancer Women, | Cancer Women, P No Cancer Men, Cancer Men, P Value
n=499 n=23 Value | n=774 n=62

Baseline CA( 46.9 (12.3, 152.. | 111.2(30.8, 409.. - 87.0(20.8, 295.1 87.6 (27.8, 310.: -

Baseline Log (CAC 4.5 (1.0 51(1.2 0.007 49 (1.2 49 (1.1 0.8

Followup CAC 247.9 (102.3,598. | 456.1 (172,982 - 390.7 (147.7,902. | 505.9 (190.7, 994. -

Followup Log(CAC 56 (1.1 6.1(1.1 0.04 6.0(1.1) 6.1(1.1 04

Difference in Log 1.1 (0.7 1.0 (0.7 0.t 1.2 (0.6 1.2 (0.6 0.3

Transformed Scores

Abbreviations: CAC: Coronary artery calcium score, Log: natural logarithm
Values are mean + SD or median (interquartile range)
Log (CAC) represents Log (CAC score + 25)

Difference in Log Transformed Scores is Log (Followup CAC score + 25) - Log(Baseline CAC score + 25)




CHAPTER 3: REVIEW OF PRIOR RESEARCH APPROACHESAND
APPLICATION OF LESSONSLEARNED TO A PROPOSAL FOR FUTURE

STUDY

The cohort study presented in the Chapter 2 maipgstlgmonstrated that cancer
and/or its treatments are associated with the dpwent of coronary artery calcification.
This pilot investigation, however, does not allaw further characterization of this
relationship and is unable to answer questionstahbatential mechanisms and specific
risk factors associated with cancer and its treatmd-urther research is need to better
understand these relationships and to better deénghich cancers and/or therapies are
responsible for promoting the progression of sulbcdil atherosclerosis. Once this is
determined, the research can begin to be trandlateldhical practice with the ultimate

goal of reducing the risk of cardiovascular eventsancer survivors.

This final chapter describes research aims and@opal designed to better
understand the relationship between cancer, i$nrents and atherosclerotic
cardiovascular disease. However, to better desitymd research studies, a brief review
of approaches previously investigated will be uka$ut will demonstrate some of the
hurdles and limitations encountered and attemptséocome these. This review of four
previously investigated approaches aids in dirgctind designing future prospective
investigations as the pitfalls and limitations obp attempts can be ameliorated and

designed out of the study.
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Approach 1: De-identified local Wake Forest He&8ilstem data

The Wake Forest Translational Data Warehouse (TRW)large database that
integrates clinical and research data includingalgamphics, vitals, diagnoses,
procedures, medications, lab results, and visdilderom the medical records of the
Wake Forest system from both inpatient and outpatisits dating back to 1984. The
TDW has consolidated this data into a large datb@s can be utilized for research
purposes. Investigators are able to perform prakmy queries of anonymized data for

cohort identification without the need for IRB apypal..

The benefits of utilizing the TDW to investigatetassociation of cancer and
atherosclerosis included rapid startup to assesstidity (no need for IRB approval
initially for cohort quantification) and that largenounts of data (essentially the
participants’ entire medical records) were poteiytavailable on the specified cohort.
Details regarding the patient’s cancer historyatireent, and cardiovascular history were
available in an organized format via the TDW thatld be easily manipulated into a
statistical software package. The main limitatiorthis approach was the retrospective
nature of the data collection. Typically, the datailable was ordered for clinical
indications (ie. the CAC score was done in conjomctvith a CT coronary angiogram
which was ordered based upon clinical concernfie$tcpain and atherosclerotic disease)
and therefore, not all data would be consistenthilable on all cancer patients. This is
an inherent limitation in retrospective chart revigpe research and that could be
addressed with careful selection of the controteaffree population to match the cancer

cohort.
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However, the final hurdle that prevented furthexgsess with this approach was
the small cohort size. Initial queries were perfedhon this database and revealed that
very few cancer survivors within the Wake Foresttem (on the order of a couple
dozen) underwent formal CAC scoring over the p@sgears. This number would be
further reduced once the data was limited to casgenvors who underwent CAC
scanning post cancer diagnosis and treatment. Eeea limiting was that analysis
would be limited to cross-sectional investigatiotlydbecause repeat longitudinal CAC

scores were not clinically justifiable at the tiared thus, exceedingly rare.

Approach 2: Use of pre-existing imaging to calosll@AC

A second, rather novel approach to answeringpkeific aims of this research
involved the calculating coronary artery calciumnfrnon-dedicated studies. In other
words, the approach would use non-gated chest caahpomography (ordered for a
clinical indication such as cancer staging) to alaie CAC scores (henceforth, called
modified CAC scores). Coronary calcium currentlguisntified using standardized scan
protocol! The biggest difference between a CAC scan andartal” CT of the chest is
a CAC scan is electrocardiographically gated s{iglytakes the xray picture at a certain
time during the cardiac cycle so the heart is ¢ffety stationary) whereas a chest CT is
not. The use of non-dedicated CT scans to quastifglinical atherosclerosis in cancer
patients, if feasible, would overcome several efltmiting factors of the retrospective
study in Approach #1 and offers the benefit of ggine-existing imaging to answer the
research questions, a significant cost savinggefrpinary investigation into the

feasibility of this approach was undertaken andelksons learned are discussed here.
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The use of non-dedicated thoracic CTs for caleutadf CAC has been
demonstrated and validated to a limited extenhénliterature. A study by Budoff et al in
2011 investigated the concordance of a dedicate@ €2an (64 slice detector, gated at
75% of cardiac phase, 2.5 mm slice thickness, voltage of 120 peak kilovolts and tube
current of 430 milliamps) versus a non gated Chsdzstained in a COPD lung research
study investigating lung parenchyma in 50 partiotpa The settings on the lung scan
were helical mode without gating, with similar twadtage, current and slice thickness.
Agatston scoring and CAC volume were both utilis@duantify CAC in the scans and
compared separately. The results demonstrated to0%ordance in detecting CAC.
Results demonstrated excellent correlation betvoedim the two scans (r=0.96 for
Agatston protocol, p<0.0001). Bland-Altman analyde@snonstrated that there was a bias
of ungated studies having greater values on avéhagegated studies (95% confidence
interval of the difference 168 to 538) with grealescordance at higher average CAC

scores.

A study by Jacobs et al in 2010 investigated miveriscan variability of CAC
derived from ungated thoracic CTégain, the scans were performed in the setting of
lung cancer research study in which 584 particpantderwent two scans approximately
4 months apart. Three techniques of assessing €A«@ svere utilized including
Agatston score, volume score and calcium mass .sResllts demonstrated good
interscan agreement (Kappa of 0.67) for Agatstamescategorization. However,
interscan variability was approximately twice haghhas the gated cardiac CT CAC
derived values when compared with previously phielisdata. This is important because

a large interscan variability impedes the abildyrtake longitudinal comparisons in
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individuals and requires significantly larger greup order to be statistically powerful
enough to make comparisons. Nonetheless, previpuslyshed research demonstrated
that CAC scoring from non-dedicated scans wasiémand reasonably represented true

CAC values.

Prior research at Wake Forest has resulted indiumesized cohort of cancer
patients whose medical history and research relsaits been organized into a structured
database. The patients in this database have lemgmoded with breast cancer,
lymphoma or leukemia and often required multiplenpated tomographic images of the
chest before and during their cancer treatments.ifdications and types of studies
performed on these patients included: 1. cancgirgjan the form of helical non-gated
thoracic CTs with or without intravenous contr&st¢cancer staging, monitoring and
recurrence surveillance using registration CTs fpmsitron emission tomography scans
and 3. radiation planning and simulation using nontrast chest CT. These scans were
obtained at various time points during cancer diggand therapeutic treatments
including pre and post chemotherapy. There wererakbenefits to this research
approach. First, no additional imaging was requaed pre-existing imaging could be
used to glean beneficial cardiovascular informatigthout risks (ie. radiation).
Additionally, the imaging was performed in the papants independently of clinical
concerns for cardiovascular complications or symsevhich eliminates the selection

bias described in approach #1.

A pilot project was initiated to investigate tteas$ibility of determining modified

CAC scores from previously acquired CT scans oohext of cancer survivors at Wake
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Forest. The goals of the pilot investigation wémee-fold: 1. Using the software
available at Wake Forest, could modified coronatgrg calcium scores be obtained? 2.
What type of scans were done and when were thdgrpexd in relation to the cancer
diagnosis and chemotherapy? and 3. Were theneisuffnumbers of patients to

proceed with answering the specific aims of oueaesh?

The cohort utilized for this pilot project wasubset of from the cohort of cancer
patients at Wake Forest who had previously pasditeig in research utilizing cardiac MR
imaging to monitor cardiac function and pathologgiptreatment for cancéiThe
original cohort comprised of 53 patients diagnosét breast cancer, leukemia or
lymphoma who were treated at Wake Forest Baptistidéd Center and received
anthracycline based chemotherapy. The participamderwent serial measurements of
left ventricular function and scar assessment bbgiaa MR and had serum cardiac
biomarkers taken at baseline (prior to chemothérdpyd and 6 months post
chemotherapy. CT scans were available if clinicedticated (most commonly for the 3

reasons discussed earlier) and performed at Walast-o

A chart review was performed on the 53 participaatdetermine if eligible
imaging was available for calculation of modifient@nary artery calcification at
baseline. (Note: the feasibility of longitudinaladwation was not investigated at this
time). Of the 53 participants, 39 had imaging that was capable of producing a
modified CAC score. Of these, 29 had imaging thas within 6 months of starting

chemotherapy. Table 1 summarizes the demographtbe participants that met this
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criteria. Figure 1 shows 4 examples of varying oarg artery calcification and the

calculated modified CAC score.

Table 1: Characteristics of cancer survivors witbguate imaging to calculate a
modified CAC score

Characteristic
Gender: Male 11 (38%)
Female 18 (62%)
Race:  White 25 (86%)
Black 4 (14%)
Cancer Type: Breast 14 (48%)
Leukemia 7 (24%)
Lymphoma 8 (28%)
Type of CT Scan: CT chest 12 (41%)
CT for radiation prang | 7 (24%)
CT/PET 10 (35%)
Age, years 53.6 (15)
Modified CAC score, median (IQR) 3.1 (0, 42)
Zero CAC score 14 (48%)
Chemotherapy to CAC score time, days 53.4 (74.3)

Values are mean + standard deviation, n (% of groupedian (interquartile range)

In assessing the feasibility of pursuing this aesk at Wake Forest, several
conclusions were made. First, calculating a modi@AC score from non-dedicated CT
scans was feasible and produced results that wesslg similar to previously published
CAC values for this populatiohHowever, there were significant limitations tosthi

approach that ultimately proved insurmountable.

First, unlike the previously published researchcdbsd previousl§®, there were
actually three different ungated CT scan proto@IE chest, CT for radiation planning,
and CT/PET) and the modified CAC scores betwee tthéferent types of scans were

not necessary interchangeable. For example, $lickertess varied between the 3
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different types of scans which could lead to sigatftly varying modified CAC scores
and preclude the ability to combine and compareescd.imiting the inclusion criteria to
only one type of scan would reduce the group syzevo thirds resulting a study that
likely was too underpowered to properly test thpdtkiesis. Furthermore, as shown in
published research, the increased variability efrttodified CAC score would require
greater numbers of participants as compared t@usmore reproducible dedicated CAC
scan. The second limitation was that investigatimgglongitudinal change in CAC and its
association with cancer would not be possible gihensmall numbers of patients with
consistent repeat CT imaging. In this cohort, répaaging was occasionally performed
on lymphoma patients to monitor response to theaaylyrecurrence, but as shown in
Table 1, this cohort was only 8 patients. Additibnahere is likely a significant
selection bias associated with using individualhwnodified CAC appropriate imaging.
For example, individuals with more advanced caacemore likely to undergo
additional imaging to monitor for spread. Despiterpising initial success, the

limitations to this approach proved too great tercome.
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Figure 1: Example modified coronary artery calciseores (Agatston method) from non-

gated thoracic CTs in patients with cancer

CAC Score = 330 CAC Score = 1487

Approach 3: Link local clinical data with MESA Data

One of the main limitations of the research preseint the Chapter 2 manuscript
is the lack of details regarding the diagnosisasfaer and its therapies in the cancer
group. One hypothesized approach to overcomeithigation was to utilize the MESA
database and combine it with local clinical datailable from Wake Forest. The strength
of this approach was that the cardiovascular data MESA could be supplemented by
the clinical cancer data from Wake Forest clinrealords. The medical record from
Wake Forest would include specific cancer diagnasteging information, and histology.
Other vital information gathered from the clinicatords would include treatment

information such as surgery, chemotherapy regimeantity of chemotherapy, and
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whether adjunctive radiation was utilized. One #gigant assumption with this approach
is that the MESA participant from Forsyth Countyswaceiving their cancer care from a
Wake Forest Baptist facility. Ultimately, this appch was abandoned when we
determined that only 30 individuals enrolled in MEfBom Forsyth County developed
cancer in between their two CAC scans. This numiloerd likely be even smaller given
that our assumption regarding all Forsyth partictpan MESA received their cancer care

at Wake Forest was likely false.

In an effort to increase numbers of MESA cancetigpants, one could apply for
local IRB approval at each of the research instihgt associated with MESA (total of 6)
and proceed with a chart review of individuals di@ged with cancer during MESA to
obtain additional clinical details of their cancksignosis and treatment. However,
beyond the significant amount of efforts requireabtain approval and subsequent
access to clinical records, the assumption that Mg&ticipants received cancer care at
the MESA institution would likely prove even moreorrect (for example, in Los
Angeles there are several large hospital systesiddse UCLA that a MESA participant

may receive cancer care).

Approach 4: Link MESA data with Cancer registries

Since the early 1990s, virtually every state intlmted States has a cancer
registry that tracks cancer information within thetate® For example, in North Carolina,
the North Carolina Center for Health Statistics (MS) maintains the Central Cancer
Registry (CCRY.By law, all cases of cancer are to be reportelidajthcare providers

and/or organizations. Information sources incluathplogy data, hospital reporting, and
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death certificate data. Though each state is ressiplerfor collecting the cancer
information, all the states’ registries are cordatied via the National Program of Cancer
Registries (NCPR) which is administered by the CDRis data is then used to monitor
cancer incidence, evaluate patterns, promote res@ad assist with allocating health

resources.

Linking cardiovascular databases with cancer tegshas been attempted
before. The Cardiovascular Health Study (CHS)l@naitudinal cohort study of
coronary artery disease and cerebrovascular disessgned to investigate risk factors
related to the onset and progression of cardiovasdiseas&.Through an ancillary
study, investigators linked CHS participant datthwiancer registry data from the
respective states. In one example study, the aggmtbetween prostate carcinoma and
certain serum proteins associated with diabetesswaied” The researchers estimated

that the data in the cancer registries was 93-1608tplete’

Applying the registry data to MESA would have twaimforeseeable benefits in
the research investigating the relationship of eaaad CAC. First, the use of the cancer
registry would provide more robust diagnoses oteaas compared to the more error
prone method employed in MESA that depended updmospitalization and ICD 9
coding. Secondly, cancer registries potentiallytaomlimited cancer information though

this could vary from state to state depending ugporting requirements.

We discovered significant limitations to this apgech which ultimately deterred
further work towards combining MESA with a cancegistry. Though demonstrated to

be feasible, significant effort would be requiredatquire state IRB approval for each of
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6 separate states (NC, MD, CA, NY, IL and MN) wattmmunities studied in MESA. In
discussions with investigators who had performesitipe of research previously, the
process was extremely time consuming. Additionalig, data in the registries from each
state varies somewhat according the reporting faleach state but in general, important
data to our research such as chemotherapy regiamehsadiation treatments would

likely not be available.

Next Steps: Prospective Study Proposal and Design

As clearly demonstrated, investigating the assiociaf cancer, its treatments
and subclinical atherosclerosis using databasep@adxisting data is challenging and
though important information can be gleaned, tisalte were limited by several factors.
Though these limitations could be ameliorated ttage degree with the different
approaches, new problems (eg. reduced numberdicaddibias, significant effort with
reduced return, etc.) would be introduced. A prospely designed cohort study could
be performed to overcome these limitations andeisiand provide significant insight
into the relationship between cancer and its treatmwith markers of subclinical

atherosclerosis, its progression, and cardiovaseukents.

The specific aims of this prospective study wdugdas follows:

1. To determine the incidence and progression of gubal coronary
atherosclerosis as measured by coronary arteryugajarior to treatment

(chemotherapy, radiation, and/or surgery) and atiecer treatment.
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a. To determine the association of cancer and CAC tratthitional risk
factors for CVD disease (lipids, diabetes, hypesitem) as well as
serum biomarkers of inflammation and thrombosis.

b. To assess the independent and combined contribotiearious types
of chemotherapy and radiation to development of CAC

2. To determine the value of baseline (pre-treatme&(€)Cand CAC progression

in predicting cardiovascular events in cancer stomg.

An independent, standalone study designed to igastcancer and subclinical
atherosclerosis by coronary artery calcium sconngld be expensive and resource
intensive. If feasible, an ancillary study joinedat larger longitudinal study would be
ideal. This would enable leveraging the infrastuoet demographic data, laboratory
results, and outcomes information from the maing@and adding serial CAC

measurements from the ancillary study.

A recent proposed study submitted to the Natioraadd@r Institute by a
multidisciplinary group of collaborators would beMsuited to be the main study. The
overall goals of this study are to characterizeathset, progression and risk factors of
cardiovascular dysfunction, exercise intolerana @D event in women treated for
breast cancer. The proposed study is a multi-ceoteort study of breast cancer
survivors with an enrollment goal of 840 women witincer and 160 controls without
cancer. The participants, enrolled prior to catieatment, will undergo baseline
evaluation with demographic collection, laborattasting, cardiovascular imaging,

exercise testing. Additionally, they will undergerisll assessment with imaging including
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cardiac MR and echocardiography and followed fotaip years for cardiovascular

events.

The ancillary study investigating CAC and canceuls require a subset of the
840 cancer patients to enroll for additional imggifihe comparison group of cancer free
participants would be taken from MESA databaseortfer to be able to statistically
account for treatment characteristics (chemotheaspolyradiation), ideally there should
be an attempt to selectively enroll based uporciatied treatment. Though more
advanced calculations with the assistance of sstén are necessary, a simple power
calculation using data from the prior manuscripdétermine the size of the groups is as
follows. To determine a difference in the incident&€AC over time of 40% in the
control and 60% in the cancer (estimates from mamt$, and assuming anof 0.05
and desiring a power of 0.8, n=97 will be requirdsuming a dropout rate of 20%, we

will need to enroll 122 individuals with cancerdee a difference.

Follow-up CAC scanning should be performed at 2 y@ar time point which
allows for comparison with the MESA populati8and accounts for the predicted rates
of developing CAC. In the study by Budoff et ahetprogression of CAC in individuals
with pre-existing CAC had a median increase in Atgat score per year of 28.9 (quartile
range of 60.9 to 529.1.In the study by Min et al., they found a convensiate of no
CAC to presence of CAC to be 25.1% over 4.1 yaaesnon-linear fashion (greatest
conversion in year 5). Typically, repeat clinically indicated scans ame part of

treatment and monitoring of breast cancer survivniess recurrence is suspected.

58



Therefore, repeat CAC scanning would be need fmabieof the research protocol and

scheduled independently.

Anticipated concerns with the study include apptdnean IRB due to the risk of
increased radiation from the CAC scan. From the MB8d CARDIA studies, the
radiation exposure from a single CAC scan rangewhft.1 to 3.6 milliSievert (mSv)
depending on the scanner, settings and body habftaput this in perspective, the
radiation exposure from natural background radmisoapproximately 3 to 3.6 mSv per
year. A two view chest x-ray is 0.1 mSv, mammogyaigtD.4 mSv, a chest CT is 7 mSy,
and a PET scan for tumor localization is 14.1 A single CAC scan at the age of 55
years old, assuming 2.3 mSv of exposure, resulis imcrease lifetime incidence
8/100,000 men and 20/100,000 wont&rlowever, newer protocols have been
developed that decreased the exposure to 1.1 niSecand be employetf. This low
dose CAC protocol CT could be added to the sta@ifign individuals at risk for
thoracic spread of the disease (eg. positive marmgimodes at time of surgical
resection). The increase in radiation exposureimmal as compared to the staging CT

and same-time scheduling would increase participampliance.
Conclusion

The study results from this thesis demonstratealtancer diagnosis is associated
with the longitudinal development of coronary aytealcification. However, important
guestions remain including the specific risk fastfmr progression (cancer itself versus
chemotherapy versus radiation) and further stualiesi\eeded. Learning from the

difficulties encountered in developing this studyprospective study investigating the
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progression of subclinical atherosclerosis in dreascer survivors, would offer insight
into the potential causes of the increase in CAZr€oming the limitations of the
previous study, the association between CAC anibwschemotherapy regimens and
radiation treatments and traditional risk factarald be better elucidated. The answers to
these questions are very important in future mamage of breast cancer survivors and

their increased risk of cardiovascular complication
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