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Abstract

Objectives—To evaluate the association of obesity with a novel biomarker of subclinical
myocardial injury, cardiac troponin T measured with a new high sensitivity assay (hs-cTnT),
among adults without clinical cardiovascular disease (CVD).

Background—Laboratory evidence suggests a relationship between obesity andmyocardial
injury that may play a role in the development of heart failure (HF), but there is limited clinical
data regarding this association.

Methods—We evaluated 9,507 participants in the Atherosclerosis Risk in Communities Study
without baseline CVD (Visit 4, 1996-1999). We assessed the cross sectional association of body-
mass index (BMI) with high (=14 ng/L) and measurable (=3 ng/L) hs-cTnT levels after
multivariable regression. We further evaluated the independent and combined associations of BMI
and hs-cTnT with incident HF.
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Results—Higher BMI was independently associated with a positive, linear increase in the
likelihood of high hs-cTnT, with severe obesity (BMI >35 kg/m?) associated with an odds ratio of
2.20 (95% ClI: 1.59-3.06) for high hs-cTnT after adjustment. Over 12 years of follow-up, there
were 869 incident HF events. Obesity and hs-cTnT were both independently associated with
incident HF, and individuals with severe obesity and high hs-cTnT had a greater than 9-fold
higher risk of incident HF (HR 9.20 [95% CI: 5.67-14.93]) than individuals with normal weight
and undetectable hs-cTnT.

Conclusions—Among individuals without CVD, higher BMI has an independent, linear
association with subclinical myocardial injury, as assessed by hs-cTnT levels. Obesity and hscTnT
provide independent and complementary prognostic information regarding the risk of incident HF.
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Introduction

Obesity is a known risk factor for the development of heart failure (HF)(1, 2), but the
mechanisms underlying the relationship between obesity and HF are incompletely
understood(3). Conditions closely linked to obesity, such as hypertension (HTN) and
diabetes mellitus (DM), only partially explain the association between obesity and incident
HF(4). Obesity is independently associated with abnormalities of myocardial contractile
function and relaxation and abnormal cardiac remodeling(5, 6), changes which precede
clinical HF(1). Laboratory studies suggest that myocardial injury, related to the endocrine
and inflammatory effects of adipose tissue, may be one pathway by which obesity leads to
myocardial dysfunction and subsequent HF(5, 7, 8).

A novel biomarker of subclinical myocardial injury that may provide further insight into the
relationship between obesity and HF is cardiac troponin T measured via a new high
sensitivity assay (hs-cTnT)(9). Novel high sensitivity assays can detect troponin in the
circulation at levels far below the detection limits of conventional assays used in clinical
practice. Previous studies among asymptomatic individuals have found that minute
elevations in troponin detected with these high sensitivity assays are robust predictors of
future HF and mortality, and to a lesser extent, incident coronary heart disease (CHD)(10,
11). Despite increasing evidence regarding the adverse effects of excess adiposity on the
myocardium, the relationship between obesity and hs-cTnT among asymptomatic
individuals, and the implications of this relationship for the development of HF, has not yet
been investigated.

The objective of this study was to test the hypothesis that obesity is independently
associated with subclinical myocardial injury, as assessed by hs-cTnT, in a population-based
study of individuals free of clinical cardiovascular disease (CVD) at baseline. We further
evaluated the independent and combined associations of obesity and hs-cTnT with incident
HF, to assess whether these variables provided complementary prognostic information
regarding HF risk.
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The Atherosclerosis Risk in Communities (ARIC) Study is a prospective, population-based
cohort of 15,792 individuals enrolled from four U.S. communities: Washington County,
Maryland; Jackson, Mississippi; Forsyth County, North Carolina; and the suburbs of
Minneapolis, Minnesota. The study protocol has been described previously(12). Participants
were recruited between 1987 and 1989, and examined at baseline and at three subsequent
visits, at approximately 3 year intervals. A fifth study visit is presently ongoing. ARIC Visit
4 (1996-1998), at which hs-cTnT measurements were available for all participants, was the
baseline for this analysis.

Of the 11,492 participants who attended ARIC Visit 4, we excluded individuals with a
history of self-reported CVD at Visit 1 or a CVD event (including prior hospitalization
related to HF, validated non-fatal myocardial infarction or coronary revascularization, or
silent myocardial infarction by ECG criteria) at or prior to Visit 4 (N=1,572), a small
number of individuals not of black or white race (N=31), and those participants with body-
mass index (BMI) < 18.5 kg/m? (N=74). We also excluded participants missing data on
prior CVD (N=214), hs-cTnT (N=242) or anthropometric measurements (N =16), for a final
study population of 9,507 individuals. All participants provided informed consent, and the
study protocol was approved by the institutional review boards associated with each ARIC
field center.

Information on BMI and all covariates of interest were obtained by history, physical and
laboratory examination at Visit 4. BMI was calculated from measured height and weight and
categorized as normal weight (18.5-24.9 kg/m?), overweight (25-29.9 kg/m?), obese
(30-34.9 kg/m?2) or severely obese (= 35 kg/m?). Smoking status was categorized as current,
former or never smoker and self-reported alcohol intake was calculated in grams per week.
HTN was defined as having a prior physician diagnosis of HTN, using anti-hypertensive
medications, or having a systolic blood pressure of = 140 mmHg or a diastolic blood
pressure = 90 mmHg on examination. Individuals were classified as having DM if they had
a self-reported history of DM, used hypoglycemic medications, had a fasting blood glucose
of = 126 mg/dl or had a non-fasting blood glucose of = 200 mg/dl. Total cholesterol (TC),
high density lipoprotein cholesterol (HDL-C) and triglycerides were measured using
enzymatic assays, and LDL-C was calculated using the Friedewald equation (TC — HDL-C —
[triglycerides/5]) for participants with triglycerides < 400 mg/dl.

Hs-cTnT was measured in 2010 from thawed plasma samples initially obtained at Visit 4
and stored at —80 degrees Celsius, using the Elecsys Troponin T high-sensitivity assay
(Roche Diagnostics, Indianapolis, IN) on an automated Cobas e411 analyzer. The primary
outcome in cross-sectional analyses was high hs-cTnT levels, defined as =14 ng/L,
corresponding to the 99t percentile for hs-cTnT in a healthy reference population as
provided by the assay manufacturer, a cutpoint used in prior analyses(11, 13). The
secondary outcome was measurable hs-cTnT, which reflected levels of hs-cTnT greater than
the assay measurement limit of 3 ng/L. The between assay coefficients of variation for
control materials with mean hs-cTnT concentrations of 2,378 ng/L and 29 ng/L were 2.6%
and 6.9%, respectively.
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In prospective analyses, the outcome of interest was incident HF, defined as the first
hospitalization or death related to HF occurring after Visit 4, with follow-up through
January 2009. Participants were called on a yearly basis to obtain information regarding
hospitalizations, and vital records were examined for all deaths. Hospitalizations and deaths
due to incident HF were defined by HF discharge codes (ICD-9 code 428 for
hospitalizations and deaths early during follow-up and ICD-10 code 150 for later deaths). HF
events after 2004 were additionally adjudicated by an expert panel.

Statistical analysis

Differences in demographic, clinical and laboratory characteristics among individuals in
different BMI categories were assessed using the chi-squared test for categorical variables
and analysis of variance for continuous variables.

In cross-sectional analyses, we evaluated the association of BMI with elevated hs-cTnT
levels at Visit 4. We used multivariable logistic regression to assess the relationship of
higher BMI categories with high (=14 ng/L) and measurable (=3 ng/L) hs-cTnT levels, with
normal weight (18.5-24.9 kg/m?) as the reference. Using logistic regression, we also
evaluated the continuous association of BMI (per kg/m?) with high hs-cTnT levels using
restricted cubic splines, centered at the median BMI. Model 1 was adjusted for age; Model 2
was adjusted for the variable in Model 1 plus sex, race, and smoking status; Model 3 was
adjusted for all variables in Model 2 plus DM, HTN, LDL-C, HDL-C, triglycerides, alcohol
intake, N-terminal pro-brain natriuretic peptide (NT-proBNP) and estimated GFR. We
conducted additional analyses stratified by age (older or younger than 65 years), gender and
race, and tested for interactions of these demographic variables with BMI on the outcome of
high hs-cTnT.

In prospective analyses, we examined the associations of obesity and hs-cTnT with incident
HF. We used Cox proportional hazards models to estimate the adjusted hazard ratios and
corresponding 95% confidence intervals for the prospective association between BMI
categories at baseline and risk of HF after adjustment for baseline risk factors, utilizing the
same modeling approach used for the cross-sectional analyses. To examine the combined
effects of BMI and hs-cTnT on incident HF, we conducted analyses stratified by hs-cTnT
levels at baseline (undetectable (<3 ng/L), measurable (3-13 ng/L) and high (=14 ng/L)). We
tested for statistical interactions on the multiplicative scale between BMI category and hs-
cTnT level on the outcome of incident HF. For analyses modeling hs-cTnT as a continuous
variable, spline models were constructed with the value of 1.5 ng/L imputed for those with
undetectable hs-cTnT as has been done in prior analyses (10). We performed sensitivity
analyses limited to those individuals with adjudicated HF events. We conducted additional
sensitivity analyses substituting waist circumference (WC), in quartiles, for BMI as the
metric for adiposity.

Statistical analyses were performed with Stata version 10.1. All reported p values are 2-
sided.
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Individuals in higher BMI categories were slightly younger, and more likely to be female
and African-American (Table 1). Mean alcohol intake and the proportion of current smokers
was lower in higher BMI categories. As expected, higher BMI category was also associated
with a significantly higher prevalence of HTN and DM, as well as with higher triglycerides
and lower HDL-C. Severely obese individuals had a slightly higher mean estimated GFR.
Higher BMI was also associated with lower levels of NT-proBNP.

Measurable hs-cTnT was found in the majority of study participants (65.9%) (Figure 1). The
prevalence of measurable hs-cTnT was higher among individuals with severe obesity than
those with normal weight (69.9 vs 60.4%, p < 0.001). The prevalence of high hs-cTnT levels
increased with higher BMI category, being found in 4.5% of individuals with normal
weight, 6.7% of individuals with overweight, 9.0% of those with obesity and 9.5% of those
with severe obesity (p for trend <0.001).

Higher BMI categories were associated with an increased likelihood of having high hscTnT
levels, even after adjustment for traditional HF risk factors (Table 2). After adjusting for all
HF risk factors, severe obesity was associated with an odds ratio of 2.20 (95% CI:
1.59-3.06) for high hs-cTnT, compared with normal BMI (Model 3). An independent, linear
relationship between BMI and high hs-cTnT levels was seen when BMI was modeled
continuously using a restricted cubic spline (Figure 2). Each 5 kg/m? higher increment in
BMI was independently associated with a 26% higher odds of high hs-cTnT levels.
Significant positive associations were also seen between obesity and measurable hs-cTnT
levels (Table 2).

Over a median of 12.1 years of follow-up, 869 incident HF events occurred within the study
sample. Higher BMI category at baseline was associated with a progressive increase in the
risk of incident HF, with severe obesity associated with a hazard ratio of 3.39 (95% CI:
2.74-4.19) in age-adjusted analysis (Figure 3). After adjustment for established HF risk
factors and other confounders, higher baseline BMI continued to be significantly associated
with incident HF (HR for severe obesity 2.39 [95% CI: 1.89-3.01]). After multivariable
adjustment, each 5 kg/m? higher baseline BMI was independently associated with a 32%
higher risk of incident HF.

Figure 4 displays the results of Cox regression analyses on the outcome of incident HF with
stratification by both BMI category and hs-cTnT level (as undetectable, measurable or high
hs-cTnT). At each level of hs-cTnT, higher BMI was significantly associated with an
increased risk of incident HF (Supplementary Table 1). Similarly, within each BMI
category, greater values of hs-cTnT were associated with increased HF risk. BMI and hs-
cTnT provided complementary prognostic information, with individuals with severe obesity
and high-hs-cTnT levels having a greater than 9 fold higher risk of incident HF than
individuals with normal weight and undetectable hs-cTnT (HR 9.20; 95% CI: 5.67-14.93).
While the combined presence of obesity and high hs-cTnT was associated with markedly
increased risk, no statistically significant interaction was seen between BMI and hs-cTnT
levels on the outcome of incident HF (p for interaction = 0.10).
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Analogous results were seen when using WC rather than BMI as the measure for adiposity.
In the full regression model, the top quartile of WC was associated with an odds ratio of
2.08 (95% ClI: 1.53-2.82) for high hs-cTnT, compared to the bottom quartile. Furthermore,
individuals in the top quartile of WC with high hs-cTnT had a hazard ratio of 8.33 (95% ClI:
5.37-12.92) for incident HF relative to those in the lowest waist circumference quartile with
undetectable hs-cTnT. Interestingly, when WC was added to models assessing the
association between BMI and high hs-cTnT, the association for BMI became nonsignificant
(p=0.19) while that for WC remained significant (p<0.001), suggesting that abdominal
obesity may be most relevant to the development of myocardial injury.

Positive associations between obesity and hs-cTnT, and between hs-cTnT and HF, were also
seen when hs-cTnT was modeled as a continuous variable (Supplementary Figures 1 and 2).
Analyses limited to those individuals with adjudicated HF events (N=427 events)
demonstrated similar findings. Adjustments for baseline use of anti-hypertensive and
cholesterol-lowering medications did not alter the results appreciably. The results were also
generally similar across subgroups by age, race and sex, with no statistically significant
interactions of these variables with hs-cTnT, although the association between BMI and hs-
cTnT tended to be weaker among women compared with men (p for interaction = 0.24), and
among African-Americans compared with white participants (p for interaction = 0.30).

Discussion

In this population-based study of 9,507 men and women without CVD at baseline, we found
an independent association between higher BMI and subclinical myocardial injury, as
reflected by high hs-cTnT levels, that persisted after adjustment for traditional
cardiovascular risk factors. This association had significant clinical implications, as obesity
and hs-cTnT were both independently associated with an increased risk of hospitalization or
death for incident HF over 12 years of follow-up. Even after adjustment for HF risk factors,
individuals with severe obesity and high hs-cTnT levels had a greater than 9-fold higher risk
of incident HF than individuals with normal weight and undetectable hs-cTnT levels.

Previous studies have demonstrated an association between obesity and incident HF.
However, the mechanisms underlying the relationship between obesity and HF have not yet
been fully elucidated, with the association being only partially explained by traditional risk
factors. Within the Framingham Heart Study, obesity was associated with a 2-fold increased
risk of incident HF among men and women after adjustment for HTN, DM, prior myocardial
infarction and other risk factors(4). Similar findings have been seen in other cohorts(14-16).
Past work from our group has also demonstrated the utility of elevated hs-cTnT, beyond
traditional risk factors, for predicting future HF. The present analysis extends prior research
by revealing an independent, linear association between BMI and high hs-cTnT levels, and
demonstrating the prognostic implications of elevations in both BMI and hs-cTnT for
incident HF risk. Our findings also suggest that abdominal obesity may be most important
for the development of myocardial injury. Notably, the relationship between BMI and hs-
cTnT contrasts with the known inverse relationship between obesity and levels of NT-
proBNP, another marker of future HF risk.
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This study also adds to the growing body of literature examining the correlates and
consequences of hs-cTnT levels among individuals in ambulatory populations(10, 11, 13,
17).. Hs-cTnT levels are strongly associated with incident cardiovascular events, and the
available evidence suggests that the association between hs-cTnT and cardiovascular risk is
not primarily mediated by macrovascular coronary atherosclerosis. In multiple studies, hs-
cTnT is more strongly associated with the risk of incident HF than with CHD events(10, 11).
In addition, past research has not shown an independent association between hs-cTnT and
coronary artery calcium, a surrogate for subclinical atherosclerosis(13). In contrast, hs-cTnT
has been independently associated with abnormalities of myocardial structure and function
that commonly precede the development of HF(13).

While there are limited past studies regarding the relationship between obesity and
hscTnT(18), there is increasing laboratory evidence linking obesity to subclinical
myocardial injury. Obesity is associated with abnormal cardiac remodeling and with
impaired myocardial contractile function and relaxation, independent of coronary heart
disease and traditional obesity-associated risk factors such as HTN and DM(5, 19). Studies
of animal models of obesity suggest that chronic myocardial injury may contribute to the
myocardial dysfunction associated with excess adiposity. Rodents genetically predisposed to
obesity demonstrate increased rates of myocyte DNA damage, myocardial oxidative injury,
myocyte apotosis, myocardial fibrosis, and impaired contractile function compared to leaner,
wild-type rats(20-22).. It has been suggested that myocardial injury and resultant apoptosis
may play a role in the progression from compensatory ventricular remodeling to clinical
HF(23). With the emergence of hs-cTnT as a novel marker of subclinical myocardial
damage, evaluations of the relationship between obesity and myocardial injury can now be
extended from animal models to clinical studies.

Clinical Implications

This analysis highlights the prognostic valueof obesity and elevated hs-cTnT for HF risk.
Obesity was independently associated with incident HF at each level of hs-cTnT, and higher
hscTnT levels were similarly associated with increased HF risk within each BMI category.
Those individuals with severe obesity and high hs-cTnT had the greatest risk of HF. These
findings suggest that in addition to its relationship with subclinical myocardial injury,
obesity likely contributes to HF risk via additional mechanisms. Furthermore, obesity and
hs-cTnT levels each provide independent and complementary prognostic information,
beyond traditional risk factors, regarding HF risk. Individuals without clinical CVD and
with high BMI and high hs-cTnT levels appear to represent a group at markedly increased
risk for the development of HF.

Limitations

This analysis has certain limitations. Although the study participants were rigorously
evaluated for risk factors and there was extensive adjustment for covariates associated with
HF, there remains the possibility of residual confounding in this observational analysis. The
diagnosis of incident HF was based on hospital discharge and death certificate codes, which
may have resulted in some misclassification. This analysis does not account for the potential
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impact of medical therapies during the follow-up period. Additionally, cardiac imaging was
not available to determine the structural and functional myocardial abnormalities leading to
HF among individuals with obesity and elevated hs-cTnT. Nonetheless, this is an analysis
within a large, biracial and extremely well characterized prospective cohort with long-term
follow-up for incident HF events. The large number of HF events provided power to stratify
by both BMI category and hs-cTnT levels, in order to fully examine the contributions of
both of these variables to incident HF risk. We were also able to exclude individuals with
baseline clinical CVD using data on prior adjudicated events.

In conclusion, in this analysis of men and women without baseline CVD, we found an
independent, linear association between BMI and subclinical myocardial injury, as indexed
by high hs-cTnT levels. Additionally, higher BMI and hs-cTnT levels were both
independently associated with incident HF, with individuals with both severe obesity and
high hs-cTnT having markedly increased risk. Further investigation is needed to elucidate
the mechanisms linking obesity to elevated hs-cTnT, and to understand the interplay of
obesity and subclinical myocardial injury in the development of HF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution of Cardiac Troponin T Detected with a Highly Sensitive Assay (hs-cTnT)
in the ARIC Population without Clinical CVD, Stratified by BMI Category

Hs-cTnT levels are reported in ng/L
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Adjusted* OR of High hs-TnT

Restricted Cubic Spline centered at the median

Adjusted Odds Ratio (95% Confidence Interval)
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Adjusted for sex, race, diabetes, body mass index, smoking, hypertension,
LOL, HDL, trighycerides, alcohol, NT-proBNP and kidney function

Figure 2. Cross-Sectional Association of BMI with High hs-cTnT Levels in Restricted Cubic
Spline Model

Adjusted for age, sex, race, smoking status, DM, HTN, LDL-C, HDL-C, triglycerides,
alcohol intake, NT-proBNP and estimated GFR
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Figure 3. Adjusted Hazard Ratios for Incident HF Associated With Higher BMI Categories

Model 1: Adjusted for age

Model 2: Adjusted for Model 1 variable plus sex, race, and smoking status
Model 3: Adjusted for all variables in Model 2 variables plus DM, HTN, LDL-C, HDL-C,

triglycerides, alcohol intake, NT-proBNP and estimated GFR
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Figure 4. Combined Associations of BMI Categories and Hs-cTnT Levels with Risk of Incident

HF

Adjusted for age, sex, race, smoking status, DM, HTN, LDL-C, HDL-C, triglycerides,

alcohol intake, NT-proBNP and estimated GFR
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Table 1
Baseline Characteristics of the ARIC Study Population at Visit 4 (1996-1999), Stratified
by BMI Category

Normal Overweight Obese Severely p value

Weight N=3,800 N=2,118 Obese

N=2,448 N=1,141
Mean Age, in years (SE) 62.9 (0.1) 62.7 (0.1) 62.4 (0.1) 61.6 (0.2) <0.0001
Female — % 64.6 51.0 55.0 74.2 0.003
African American — % 135 20.2 27.2 33.4 <0.001
Current Smokers — % 215 14.1 9.8 8.7 <0.001
Mean alcohol Intake, in grams/week 39.2 (1.7) 36.9 (1.4) 28.8 (1.8) 15.8(1.5) <0.0001
Mean systolic blood 123.1 (0.4) 126.8 (0.3) 129.5(0.4) 132.4(0.5) <0.0001
pressure, in mmHg (SE)
Hypertension — % 315 42.1 51.7 62.7 <0.001
Diabetes — % 6.0 12.8 204 29.6 <0.001
Mean LDL-C, in mg/dl 119.4 (0.7)  1244(05) 1253(0.8) 122.6(1.0) <0.0001
(SE)
Mean HDL-C, in mg/dI 57.8 (0.4) 49.4 (0.3) 46.7 (0.3) 46.5(0.4) <0.0001
(SE)
Median triglycerides, in 103 123 134 132 <0.0001
mg/dl (IQR) (75-143) (90-174) (98-190) (98-184)
Median NT-proBNP, in 80.6 58.0 52.8 59.6 <0.01
pg ml (IQR) (42.7-139.3)  (29.1-111.0) (25.1-104.1) (30.8-117)
Mean eGFR, in ml/min/ 82.8 (0.4) 82.5(0.3) 82.4(0.4) 84.7 (0.6) 0.0001
1.73 m2 (SE)
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Adjusted Odds Ratios for the Cross-Sectional Association of Body Mass Index Categories
with Elevated Cardiac Troponin T Detected with a Highly Sensitive Assay (hs-cTnT) in
Adults without Clinical CVD

Normal Overweight Obese Severely
Weight (BMI 25- (BMI 30- Obese
(BMI185- 299 kg/m?) 34.9kg/m?) (BMI =35 kg/m?) N=1,141
249kg/m?)  N=3,800 N=2,118
N=2,448
Odds Ratios (95% CI) for High
hs-cTnT (=14 ng/L)*
Model 1 1.0 (Ref) 1.56 2.24 2.69
(1.24-1.96)  (1.76-2.87) (2.03-3.56)
Model 2 1.0 (Ref) 1.28 1.89 3.14
(1.01-1.63)  (1.47-2.44) (2.33-4.22)
Model 3 1.0 (Ref) 1.17 1.60 2.20
(0.91-1.52)  (1.21-2.12) (1.59-3.06)
Odds Ratios (95% CI) for
Measurable hs-cTnT (=3
ng/L) T
Model 1 1.0 (Ref) 1.32 1.67 1.79
(1.19-1.48)  (1.47-1.90) (1.52-2.10)
Model 2 1.0 (Ref) 1.04 1.37 1.86
(0.93-1.17)  (1.19-1.57) (1.57-2.21)
Model 3 1.0 (Ref) 1.03 1.29 1.66
(0.91-1.17)  (1.11-1.49) (1.39-1.99)

Model 1 Adjusted for age

Model 2 Adjusted for Model 1 variable plus sex, race, and smoking status
Model 3 Adjusted for all variables in Model 2 variables plus DM, HTN, LDL-C, HDL-C, triglycerides, alcohol intake, NT-proBNP and estimated

GFR

*
Reference for high hs-cTnT = not high hs-cTnT

TReference for measurable hs-cTnT = undetectable hs-cTnT
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