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Abstract

INTRODUCTION—High-sensitivity cardiac troponin assays have potent prognostic value in
stable cardiovascular disease cohorts. Our objective was to assess the prognostic utility of a novel
cardiac troponin | (cTnl) high-sensitivity assay, independently and in combination with amino-
terminal pro—B-type natriuretic peptide (NT-proBNP), for the future development of heart failure
and mortality in the general community.

METHODS—A well-characterized community-based cohort of 2042 participants underwent
clinical assessment and echocardiographic evaluation. Baseline measurements of cTnl with a
high-sensitivity assay and NT-proBNP were obtained in 1843 individuals. Participants were
followed for new-onset heart failure and mortality with median (25th, 75th percentile) follow-up
of 10.7 (7.9, 11.6) and 12.1 (10.4, 13.0) years, respectively.

RESULTS—When measured with a high-sensitivity assay, cTnl greater than the sex-specific
80th percentile was independently predictive of heart failure [hazard ratio 2.56 (95% confidence
interval 1.88 — 3.50), P < 0.001] and mortality [1.91(1.49 — 2.46), P < 0.001] beyond conventional
risk factors in this community-based cohort, with significant increases in the net reclassification
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improvement for heart failure. The prognostic utility of cTnl measured with a high-sensitivity
assay goes beyond NT-proBNP, yet our data suggest that these 2 assays are complementary and
most beneficial when evaluated together in identifying at-risk individuals in the community.

CONCLUSIONS—Our findings lay the foundation for prospective studies aimed at identification
of individuals at high risk by use of a multimarker approach, followed by aggressive prevention
strategies to prevent subsequent heart failure.

Methods

High-sensitivity cardiac troponin assays manifest potent prognostic value in stable
cardiovascular disease cohorts such as those with heart failure (HF)5 and can be deployed to
predict an increased propensity to the development of HF in the general population (1, 2-5).
This predictive value is based in part on the fact these high-sensitivity assays measure values
of cardiac troponin in nearly all patients, in contrast to conventional assays (6). Higher
values of high-sensitivity assay cardiac troponin in putatively healthy individuals seem to
represent subtle cardiovascular comorbidities and pathophysiologic pathways or processes
that increase the risk for subsequent development of HF (7). We have previously reported
the distribution and determinants of cardiac troponin | (cTnl) assessed by a novel high-
sensitivity assay in a well-characterized community-based cohort (7). The objective of the
current study was to assess the prognostic utility of this novel high-sensitivity assay for cTnl
to predict the development of HF and/or mortality in this cohort. We also evaluated the
extent to which amino-terminal pro—B-type natriuretic peptide (NT-proBNP), a well-
established prognostic marker of HF and mortality in the general community, augments the
prognostic abilities of cTnl as measured with a high-sensitivity assay.

The Mayo Foundation and Olmsted Medical Center Institutional Review Boards approved
this study.

STUDY POPULATION

With the resources of the Rochester Epidemiology Project, a random sample of 2042
Olmsted County, Minnesota, residents age=45 was identified from 1997 to 2000. The design
and selection criteria of this community-based cohort study as well as the characteristics of
the Olmsted County population have been previously described (8-11). Of the 2042 total
participants, 39 (1.9%) were excluded due to symptomatic HF [stage C and D HF by
American College of Cardiology/American Heart Association (ACC/AHA) guidelines (12)].
Of the remaining 2003 individuals, a comprehensive history, physical examination,
echocardiogram, and samples for measurement of cTnl by high-sensitivity assay and NT-
proBNP were obtained in 1843 (93%), and only these individuals are included in these
analyses.

MEDICAL RECORD REVIEW AND OUTCOME MEASURES

All Olmsted County, Minnesota, healthcare providers have maintained a unified medical
record, which is indexed by the Rochester Epidemiology Project. Each participant

underwent a focused physical examination that included measurement of blood pressure,
height, and weight. Trained nurse abstractors reviewed each participant’s medical record,
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and each subject completed medication questionnaires. Body mass index (BMI), myocardial
infarction, and coronary artery disease (CAD) were defined by use of established criteria as
previously described (10). Diabetes was defined as a fasting glucose>126 mg/dL (7.0
mmol/L) or a diagnosis in the medical record. Criteria for hypertension included at least 1 of
the following: 1) systolic blood pressure>140 mmHg, 2) diastolic blood pressure >90
mmHg, and 3) diagnosis in the medical record with concomitant antihypertensive medical
therapy. Hyperlipidemia was defined as total cholesterol>200 mg/dL (>5.2 mmol/L) or a
diagnosis of hyperlipidemia in the medical record. Smoking status was defined as never,
prior, or active. Glomerular filtration rate was estimated by use of the Modification of Diet
in Renal Disease (13) formula. Participants were followed from enrollment (August 1997 to
September 2000) until last known follow-up through March 2012, at which time they were
censored. This provided a median (25th, 75th percentile) follow-up of 12.1 (10.4, 13.0)
years for mortality. Participants were also followed for the incidence of HF. HF was defined
as International Classification of Diseases, Revision 9 codes 402 or 428 as previously
reported (14, 15). The median (25th, 75th percentile) follow-up for HF was 10.7 (7.9, 11.6)
years.

DOPPLER ECHOCARDIOGRAPHY

In Olmsted County, all echocardiograms are performed and interpreted in the Mayo Clinic
Echocardiographic Laboratory. M-mode, 2-dimensional (2D), Doppler, and Doppler tissue
imaging were performed according to guidelines of the American Society of
Echocardiography (16). Digital echocardiographic data containing a minimum of 3
consecutive beats (5 in atrial fibrillation) were acquired and transferred to a server for
storage and archiving (ProSolv Echo Management System, Problem Solving Concepts). In
each participant, ejection fraction was measured by M-mode by use of the modified
Quinones formula, quantitative 2D (biplane Simpson), and semiquantitative 2D (visual
estimate), as described previously (16, 17). We performed 2D and color Doppler imaging to
screen for valvular disease, defined as greater than mild stenosis or regurgitation of 1 or
more valves as defined by the American Society of Echocardiography (18, 19). Pulsed-wave
Doppler examination of mitral (before and with Valsalva maneuver) and pulmonary venous
inflow, as well as Doppler tissue imaging of the mitral annulus, was performed in each
subject. Diastolic function was categorized as normal, mildly impaired (defined as impaired
relaxation without evidence of increase filling pressures), moderately impaired (defined as
impaired relaxation associated with moderate elevation of filling pressures or pseudonormal
filling), and severely impaired (defined as advanced reduction in compliance) (10, 20).
Diastolic dysfunction was defined as moderate or severe dysfunction. Left ventricular mass
was calculated according to the Devereux formula (21) and indexed to body surface area.
The presence of left ventricular hypertrophy was defined on the basis of left ventricular
mass index >130 g/m?2 for men and >100 g/m? for women (22). The presence of left atrial
(LA) enlargement was defined as LA volume index >33 mL/m? in men and >30 mL/m?2 in
women (23).

BIOMARKER ASSESSMENT

Blood was collected on the same day as the echocardiogram in heparin (for high-sensitivity
cTnl assay) and EDTA (for NT-proBNP assay) Vacutainer tubes, placed on ice, centrifuged
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within 2 h, separated into multiple aliquots, and placed in a freezer at - 80 °C. We used a
new, never-thawed aliquot for each assay. We measured cTnl data with a prototype high-
sensitivity assay on the Dimension Vista® 1500 System (Siemens Healthcare Diagnostics)
as previously described (7). The limit of detection for cTnl with this high-sensitivity assay
was 0.8 ng/L. Detectable cTnl concentrations (=0.8 ng/L) were present in 1716 of the 1843
(93%) participants, with a median (25th, 75th percentile) value of 3 (2, 5) ng/L and a mean
(SD) value of 7 (20) ng/L. Functional sensitivity for the assay at a 10% CV was 3.0 ng/L.
Total imprecision (CV) was 8.5% at 4.4 ng/L and 4.6% at 11.8 ng/L (24). In a well-
characterized healthy cohort (n = 565) from the current study population, the 95th and 99th
percentile (95% CI) values were 6 (4-13) and 33 (22-155) ng/L for females and 17 (9-36)
and 55 (32-124) ng/L for males, respectively (7). We measured plasma NT-proBNP with
the Elecsys proBNP electrochemiluminescence immunoassay on the Elecsys 2010 (Roche
Diagnostics) as previously described (11, 25, 26). The lower limit of detection is 5 pg/mL,
with interassay and intraassay variability of 3.1% at 2021 pg/mL and 2.5% at 388 pg/mL,
respectively.

STATISTICAL ANALYSIS

Continuous variables were expressed as a mean (SD) and categorical variables as n (%). Due
to the skewed distributions of the high-sensitivity assay cTnl and NTproBNP results,
analyses were performed after log transformation of these variables, and statistical analysis
that confirmed the variables then met criteria for use with normalized statistical approaches.
We estimated survival and event-free rates using the Kaplan—Meier method. The association
of outcomes with clinical and echocardiographic variables and high-sensitivity assay cTnl
concentrations were assessed by use of Cox proportional hazards regression. Hazard ratios
(HRs) and 95% Cls were calculated (a) from unadjusted analyses, (b) after adjustment for
age and sex, and (c) from a multivariable model (multivariable model 1) with conventional
cardiovascular risk factors including age, sex, BMI, systolic blood pressure, creatinine (log),
smoking status, and presence of hypertension, diabetes mellitus, and CAD. A final model
(multivariable model 2) included both conventional cardiovascular risk factors and
echocardiographic abnormalities (ejection fraction <50%, diastolic dysfunction, valvular
dysfunction, left ventricular hypertrophy, LA enlargement, and wall motion abnormalities).
HRs for continuous high-sensitivity assay cTnl are presented as per 1SD increment after
logarithmic transformation. We also analyzed high-sensitivity assay cTnl and NT-proBNP
results as dichotomous variables defined as being above the sex-specific 80th percentile. We
chose the 80th percentile because it allows for selection of a high-risk cohort, has
implications for an interventional trial, and is consistent with partition values in the
biomarker literature (14, 27). We also provide data on other cutoff values in Supplemental
Table 1, which accompanies the online version of this article at http://www.clinchem.org/
content/vol60/issue9. Survival c-statistics were calculated by use of timeto- event data, to
evaluate the incremental improvement in discrimination with high-sensitivity assay cTnl for
mortality and HF. High-sensitivity assay cTnl was added to 2 multivariable models: first to
multivariable model 1, which included traditional cardiovascular risk factors, and second to
multivariable model 1 with the addition of NT-proBNP. Differences between survival c-
statistics were calculated on the basis of 1000 bootstrap samples, and P values and Cls for
these differences were also calculated. Integrated discrimination improvement (IDI) and net
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reclassification improvement (NRI) for the addition of the logarithm of high-sensitivity
assay cTnl to multivariable model 1 were calculated according to the methods of Pencina et
al. (28). All IDI and NRI calculations were done within the Cox proportional hazards
framework, which extends these measures appropriately for time-to-event data. Because
NRI calculations are highly sensitive to chosen cut points, and because there are no
prespecified cut points for long-term follow-up in individuals with these specific outcomes,
the category-free NRI (NRI >0) was used. The NRI was divided into “event NRI” and
“nonevent NRI” so that they could be individually evaluated. The event NRI is the amount
of correct reclassification that occurred among participants who had events, whereas the
nonevent NRI is the amount of correct reclassification among participants who did not have
events.

STUDY POPULATION

Characteristics of the total study population (n =1843) are shown in Table 1. The mean age
was 62 years, and 52% of participants were female. Median (25th, 75th percentile) high-
sensitivity assay cTnl and NTproBNP values were 3 (2, 5) and 69 (28, 149) ng/L,
respectively.

PROGNOSTIC VALUE OF HIGH-SENSITIVITY cTnl

High-sensitivity assay cTnl was significantly higher in individuals who developed HF
compared with those who did not (5.8 vs 2.6 ng/L, P < 0.0001) and in individuals who died
compared with those who did not (5.8 vs 2.5 ng/L, P < 0.0001).

HF events (Fig. 1A) and mortality (Fig. 1B) significantly increased among participants with
a high-sensitivity assay cTnl concentration above the sex-specific 80th percentile (males,
cTnl > 7.8 ng/L; females, cTnl > 4.9 ng/L) compared with participants with concentrations
less than the 80th percentile. HRs for high-sensitivity assay cTnl as both a continuous (1SD
increment) and a categorical (above the sex-specific 80th percentile) variable are shown in
Table 2. In unadjusted models, high-sensitivity assay cTnl concentrations were significantly
associated with HF and mortality. High-sensitivity assay cTnl remained predictive for the
development of HF and/or mortality in models adjusted for age, sex, and conventional
cardiovascular risk factors including hypertension, diabetes mellitus, BMI, smoking status,
and creatinine. Importantly, even after adjustment for conventional risk factors and cardiac
structure and functional abnormalities assessed by echocardiography, high-sensitivity assay
cTnl retained its independent prognostic utility for the prediction of HF when analyzed as a
continuous variable.

For predicting HF, the addition of high-sensitivity assay cTnl to conventional cardiovascular
risk factors improved discrimination, with an increase in the area under the curve (AUC) (c-
statistic) from 0.774 to 0.793 (P = 0.02) and a significant IDI (ID1 0.014, P < 0.001, relative
IDI 65.7%) and NRI [NRI 45% (P < 0.001), correct reclassification of events (13%) and
nonevents (32%)]. For predicting mortality, the addition of high-sensitivity assay cTnl to
conventional cardiovascular risk factors improved discrimination, with an increase in the
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AUC (c-statistic) from 0.813 to 0.816 (P = 0.19) and a significant IDI (IDI 0.008, P = 0.001,
relative IDI 8.8%) and NRI [NRI 25% (P < 0.001), correct reclassification of events (2%)
and nonevents (23%)].

ADDITIVE PROGNOSTIC UTILITY OF HIGH-SENSITIVITY ASSAY cTnl BEYOND NT-proBNP

We assessed the additive prognostic utility of high-sensitivity assay cTnl to NT-proBNP, a
highly prognostic biomarker for HF and mortality (Table 2). When high-sensitivity assay
cTnl was added to the model of conventional risk factors and NT-proBNP, there was
significant additive prognostic ability of the model for HF and mortality. For predicting HF,
the addition of high-sensitivity assay cTnl to conventional cardiovascular risk factors and
NT-proBNP improved discrimination, with an increase in the AUC (c-statistic) from 0.796
to 0.809 (P=0.06) and a significant IDI (IDI 0.008, P=0.01, relative IDI 17.9%) and NRI
[NRI 33% (P < 0.001), correct reclassification of events (10%) and nonevents (23%)]. For
predicting mortality, the addition of high sensitivity assay cTnl to conventional
cardiovascular risk factors and NT-proBNP did not significantly improve discrimination,
with no increase in the AUC (c-statistic) (0.828 to 0.828; P=0.92) and lack of a significant
IDI (ID10.002, P = 0.08, relative IDI 1.7%) or NRI [NRI 6% (P = 0.38), incorrect
reclassification of mortality events (-4%) and correct classification of nonevents (10%)].

COMBINED PROGNOSTIC UTILITY OF HIGH-SENSITIVITY ASSAY cTnl AND NT-proBNP

Adjusted models (Fig. 2) suggested that both high-sensitivity assay cTnl and NT-proBNP
were independently prognostic for HF and mortality. Neither the addition of NT-proBNP to
models of high-sensitivity assay cTnl or addition of high-sensitivity assay cTnl to models of
NT-proBNP significantly reduced the prognostic value of the other. Indeed, the incidence of
both HF and mortality among participants with highsensitivity assay cTnl and NT-proBNP
concentrations above the sex-specific 80th percentile was significantly higher than in
individuals with only high-sensitivity assay cTnl concentrations or NT-proBNP
concentrations above the sex-specific 80th percentile (HF and mortality are shown in Fig. 3).

Discussion

The current findings demonstrate that circulating cTnl assessed by a high-sensitivity assay
was prognostic beyond conventional risk factors for HF and mortality in a community-based
population without known HF at baseline. High-sensitivity assay cTnl identified high-risk
participants years before the onset of HF or mortality. These results are novel for this high-
sensitivity assay for cTnl in the general community and confirm similar observations with
cTnT high-sensitivity assay (1, 29) and other cTnl high-sensitivity assays (3, 4).
Importantly, the prognostic utility of high-sensitivity assay cTnl for HF goes beyond the
prognostic value of cardiac structural abnormalities that can be assessed by in-depth
echocardiography, including even subtle abnormalities such as those due to diastolic
dysfunction. Finally, the prognostic utility of high-sensitivity assay cTnl goes beyond that of
NT-proBNP for predicting HF and mortality, and our data suggest that these 2 assays are
complementary in identification of at-risk individuals in the general community. We have
previously reported detectable concentrations of cTnl as measured by a high-sensitivity
assay in the majority (93%) of individuals in the general community (7). Although occult
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structural or CAD may account for some of the reasons for higher troponin values, even
among individuals without structural heart disease, detectable cTnl was present in 88%. The
current report demonstrates that in the general community free of HF, higher circulating
concentrations of high-sensitivity assay cTnl are associated with increased risk of HF and
mortality. This higher risk is likely secondary to occult cardiovascular comorbidities only
detectable by the biomarker. Such comorbidities may induce secondary neurchumoral
activation due to mechanical stretch and associated cellular stress, with subsequent release
of cardiac troponin into the circulation. Hence the use of the high-sensitivity assay for
cardiac troponin allows for the detection of increased risk before the onset of clinically
detectable risk factors. ldentification of high-risk cohorts is paramount for trials aimed at the
prevention of HF. Predicting risk in asymptomatic ambulatory populations allows
therapeutic efforts to be focused on high-risk individuals vs dilution over a low- or average-
risk population. Indeed, the recent Screening to Prevent Heart Failure (STOP-HF) trial
suggests that BNP-based screening and guided therapy for HF have favorable outcomes
compared with the standard of care (30). Such prevention trials are essential to decrease the
burden of HF, because even asymptomatic disease is associated with high morbidity, and
there have been no new HF therapeutic agents in more than a decade. These and other
recently published data suggest that the combination of biomarkers, particularly high-
sensitivity assay cTnl and NT-proBNP, can provide further stratification of cardiovascular
risk and allow for even more targeted prevention efforts in the community (31, 32).
Although some clinicians may view these data as important, there is a need for additional
studies to define the appropriate therapeutic interventions before implementing these
combined biomarker measurement strategies clinically. This is not only what we advocate,
but also is consistent with the recommendations of the AHA position paper in this area (33).
There are now sufficiently robust data that a clinical trial attempting to prevent HF
development could be developed on the basis of these biomarkers. The Atherosclerosis Risk
in Communities (ARIC) group recently demonstrated that a simplified model including NT-
proBNP, what some would argue is a less-sensitive cardiac troponin high-sensitivity assay
(34), age, sex, and race was similar in prognosis ability to a more complex model that used
extensive clinical and historical assessment (29). This concept considerably lowers the
burden of using such complex and laborious models to identify patients for therapeutic trials
and potentially, once robust strategies are defined, in clinical practices as well. Analysis of
data from the current study and event rates in Olmsted County, Minnesota, demonstrate a
combined mortality/HF event-free rate at 5 years of 61%. By use of a 20% relative rate
reduction in the intervention group (event-free rate of 69%), 550 research subjects would be
needed per group (biomarker-guided and standard of care). Overall, our data suggest that
cTnl assessed by a high-sensitivity assay is an independent marker for mortality in the
general community. However, the improvement in the c-statistic for mortality is small and,
when assessed in addition to NT-proBNP, is not significant. Nonetheless, our data (NRI,
Fig. 2, and Fig. 3) support the independent and additive prognostic value of high-sensitivity
assay cTnl and NT-proBNP for HF and mortality. Although previous studies reported the
prognostic ability of high-sensitivity assay cTnl in the general community and diseased
cohorts (4, 5, 31, 35, 36), our study adds strength to their findings by the in-depth
characterization of the current cohort, including assessment of diastolic dysfunction.
Nonetheless, there are several limitations to the current study, as it was limited to
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individuals who were primarily white and who were 45 years and older. Caution should be
observed with extrapolation of our findings to other age and ethnic groups. In conclusion,
we report that cTnl assessed by high-sensitivity assay is prognostic beyond traditional
cardiovascular risk factors for HF and mortality in the general HF-free community. Further,
the prognostic utility of high-sensitivity assay cTnl goes beyond that of NT-proBNP, and
our data suggest that these 2 assays are complementary in identification of at-risk
individuals in the general community. Our findings lay the foundation for prospective
studies aimed at identification of high-risk individuals by use of a multimarker approach
followed by aggressive prevention efforts to reduce HF-associated morbidity and mortality.
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Fig. 1. Kaplan—-Meier curves for the unadjusted cumulative incidence in the sample population
(n = 1843) for HF (A) and mortality (B) according to high-sensitivity cTnl values above (red line)

and below (blue line) the sex-specific 80th percentile

Follow-up results are truncated after 12 years.
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Fig. 2. HRs for high-sensitivity cTnl (A) and NT-proBNP (B) for HF and mortality.
Multivariable model 1 included adjustment for age, sex, BMI, systolic blood pressure, creatinine
(log), smoking status, and presence of hypertension, diabetes, and coronary artery disease

(A), NT-proBNP is added to multivariable model 1; (B), high-sensitivity cTnl is added to
multivariable model 1. Data are presented as HRs with 95% Cls.
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Fig. 3. Kaplan—Meier curves for the unadjusted cumulative incidence in the sample population
(n = 1843) for HF (A) and mortality (B) according to high-sensitivity cTnl and NT-proBNP
above and below the sex-specific 80th percentile

Light blue is both high-sensitivity cTnl and NT-proBNP above the 80th percentile (n = 159,
9%). Dark blue is high-sensitivity cTnl only above the 80th percentile (n = 199, 11%). Red
is NT-proBNP only above the 80th percentile (n = 206, 11%). Green is neither high-
sensitivity cTnl or NT-proBNP above the 80th percentile (n = 1279, 69%).
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Baseline characteristics of the total population.@

Characteristic

Study population

n 1843
Age, years 62 (53, 71)
Women 52
BMI, kg/m? 28 (25, 31)

Systolic blood pressure, mmHg

131 (116, 146)

Diastolic blood pressure, mmHg 73 (67, 80)
Hypertension 28
Serum creatinine, mg/dL 0.8 (0.7, 1.0)
Glomerular filtration rate, mL/min 81 (71, 89)
Total cholesterol, mg/dL 201 (179, 225)
HDL cholesterol, mg/dL 43 (36, 55)
NT-proBNP, ng/L 69 (28, 149)
High-sensitivity cTnl, ng/L 3(2,5)
Diabetes 7
Coronary artery disease 12
Ejection fraction 65 (60, 68)
Ejection fraction <50% 4
Diastolic dysfunction 5

Left atrial volume index, mL/m2 44 (36, 55)
Left ventricular mass index, g/m? 94 (82, 109)

Table 1

Page 14

aData are median (25th, 75th percentile) or %. For conversion of traditional units to SI units, multiply by 0.0259 for total cholesterol (mmol/L) and

88.4 for serum creatinine (umol/L).
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