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Background-—Heart failure (HF) is common and is associated with high mortality. We aimed to determine associations of serum
parathyroid hormone (PTH) and 25-hydroxyvitamin D (25[OH]D) with incident HF and left ventricular mass.

Methods and Results-—Among 6459 participants in the community-based Multi-Ethnic Study of Atherosclerosis, all of whom were
free of prevalent clinical cardiovascular disease, we measured serum concentrations of PTH and 25(OH)D at the baseline
examination. In longitudinal analyses, we tested associations of PTH and 25(OH)D with incident HF events, adjudicated by a panel
of physicians. In cross-sectional analyses of a subset of 4763 participants, we tested associations of PTH and 25(OH)D with left
ventricular mass, measured by cardiac magnetic resonance imaging at baseline. Multivariable Cox proportional hazard and linear
regression models were adjusted for demographics, physical examination measures, comorbidity, kidney function, and other
mineral metabolism markers. Mean age was 62 years and 53% of participants were female. There were 180 incident HF events over
a median (interquartile range) follow-up time of 8.46 (7.67 to 8.63) years. Compared with participants with PTH <65 pg/mL, PTH
≥65 pg/mL was associated with a 50% greater risk of incident HF (95% CI: 3% to 210%) and a 5.3 g higher left ventricular mass
(95% CI: 2.6, 7.9 g). In contrast, there was no association of 25(OH)D with risk of incident HF or elevated left ventricular mass.

Conclusions-—In a racially/ethnically diverse population without prevalent cardiovascular disease, higher serum PTH concentration
was associated with increased left ventricular mass and increased risk of incident HF. Further studies should be pursued to
determine whether PTH excess may be a modifiable risk factor for HF. ( J Am Heart Assoc. 2014;3:e001278 doi: 10.1161/
JAHA.114.001278)
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H eart failure (HF) is common and is associated with high
morbidity and mortality.1 Thus, identification of modi-

fiable risk factors may help prevent HF and its associated
complications. Potential modifiable risk factors for HF include
alterations in mineral metabolism.2–6 For example, parathy-
roid hormone (PTH) receptors may act directly on cardiomyo-
cytes, vascular smooth muscle, and endothelial cells7,8 to

induce hypertrophy9 or to increase afterload10–13 Similarly,
25-hydroxyvitamin D [25(OH)D] deficiency may promote
cardiovascular disease via negative regulation of the renin–
angiotensin–aldosterone system,14 stimulation of inflamma-
tory cytokines and oxidative stress,15 endothelial dysfunc-
tion,16 and induction of cardiac hypertrophy.17 Further study
of alterations in PTH and 25(OH)D and risk of HF in humans
may provide data to guide development of optimal therapies
to prevent HF.

Several observational studies have reported associations
of circulating 25(OH)D and PTH concentrations with HF risk.
However, these studies have several limitations. Many prior
studies have included participants with prevalent HF (rather
than incident HF),18–20 which increases the concern for
residual confounding, reverse causality, and survivor bias.
Furthermore, several reports have been restricted to elderly
adults3 or primarily white populations,3,21,22 with poor repre-
sentation of racial/ethnic groups such as African Americans,
who have a disproportionate burden of HF risk.23 Moreover,
few have studied both 25(OH)D and PTH concentrations

From the Kidney Research Institute, University of Washington, Seattle, WA
(N.B., L.Z., C.R.-C., A.N.H., B.K., I.H.B.); University of California, San Diego, CA
(J.H.I.); Johns Hopkins University, Baltimore, MD (J.A.L.); Ohio State University,
Columbus, OH (A.B.S.); University of California, San Francisco, CA (C.A.P.);
New York Academy of Sciences, New York (D.S.S.).

Correspondence to: Nisha Bansal, MD, MAS, Kidney Research Institute,
University of Washington, 908 Jefferson St, 3rd floor, Seattle, WA 98104. E-
mail: nbansal@nephrology.washington.edu

Received July 17, 2014; accepted November 3, 2014.

ª 2014 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley Blackwell. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

DOI: 10.1161/JAHA.114.001278 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.114.001278
info:doi/10.1161/JAHA.114.001278
http://creativecommons.org/licenses/by-nc/4.0/


together or have accounted for other mineral metabolism
markers, such as serum calcium, which has also been
associated with cardiovascular disease. Therefore, it has
been difficult to differentiate in prior studies whether the
observed associations with HF are independent of other
mineral metabolism markers.

Therefore, we studied associations of serum PTH and 25
(OH)D concentrations with incident HF in a racially/ethnically
diverse group of participants without cardiovascular disease
at baseline in the Multi-Ethnic Study of Atherosclerosis
(MESA) study. We also examined the cross-sectional associ-
ations of these mineral markers with left ventricular mass
(LVM) to determine whether induction of cardiac hypertrophy
was a plausible mechanism linking alterations in PTH and 25
(OH)D with incident HF. We hypothesized that higher PTH and
lower 25(OH)D concentrations would be associated with
higher LVM and greater incidence of HF.

Methods

Study Population
The MESA is a community-based prospective cohort study of
clinical and subclinical cardiovascular disease.24 Between
2000 and 2002, MESA enrolled 6814 adults 45 to 84 years of
age from 6 field centers (New York and Bronx counties, New
York; Baltimore City and County, Maryland; Forsyth County,
North Carolina; Chicago, Illinois; St. Paul, Minnesota; and Los
Angeles, California). Only individuals without known prevalent
clinical cardiovascular disease, defined as myocardial infarc-
tion, angina, stroke, transient ischemic attack, heart failure,
atrial fibrillation, use of nitroglycerin, prior angioplasty,
coronary artery bypass grafting, valve replacement, pace-
maker or defibrillator implantation, or any surgery on the
heart or arteries, were eligible to participate. Each site’s
institutional review board approved the study, and all
participants provided informed consent.

For our analysis, we excluded participants with missing
measures of PTH and/or 25(OH)D (N=350) and those without
follow-up data (N=5), leaving a final analytic population of
6459 participants.

Measurement of Serum PTH and 25(OH)D
Concentrations
Serum samples were collected in the morning at the baseline
MESA examination in 2000–2002, after an overnight fast.
These samples were stored at �80°C until they were shipped
to the University of Washington for analysis in 2011–2012.
Intact serum PTH was quantified using a 2-site immunoassay
on a Beckman Access2 clinical analyzer (Beckman-Coulter,
Inc, Brea, CA).11 The reference range, determined from the

central 95% of values from 43 normal laboratory personnel
with normal 25(OH)D concentrations, is 17 to 65 pg/mL. The
interassay coefficient of variation was 6.1% at 30.1 pg/mL
and 3.4% at 94.5 pg/mL. Total 25(OH)D (25(OH)D2+25(OH)
D3) was measured using high-performance liquid chromatog-
raphy–tandem mass spectrometry on a Waters Quattro Micro
mass spectrometer (Waters, Milford, MA).25 Calibration was
confirmed with National Institute of Standards and Technol-
ogy control material SRM-972.26 The interassay coefficient of
variation was 4.4% at 10.4 ng/mL for 25(OH)D3 and 4.35% at
9.7 ng/mL for 25(OH)D2.

Incident HF
Cardiovascular disease outcomes were adjudicated by the
MESA events committee, which included cardiologists, phy-
sician epidemiologists, and general clinicians,24,27 who review
the reports gathered by a team of trained individuals who
interview participants by phone and gather the appropriate
records on each of the reported events. Details regarding the
MESA processes and criteria for verifying, classifying, and
adjudicating cardiovascular events have been previously
reported.27–29 Briefly, in addition to the follow-up MESA
examinations, a telephone interviewer contacted each partic-
ipant every 9 to 12 months to inquire about all interim
hospital admissions, cardiovascular outpatient diagnoses, and
deaths. In order to verify self-reported diagnoses, copies were
requested of all death certificates and medical records for all
hospitalizations and outpatient cardiovascular diagnoses.
Next of kin interviews for out-of-hospital cardiovascular
deaths were obtained. MESA was successful in getting
medical records on an estimated 98% of hospitalized cardio-
vascular events and information on 95% of outpatient
cardiovascular diagnostic encounters. Follow-up telephone
interviews were completed in 92% of living participants.

The end point evaluated in this study was a composite of
probable and definite HF. An adjudicated diagnosis of
probable HF required the following: clinical HF symptoms or
signs, a physician diagnosis of HF, and medical treatment for
HF. An adjudicated diagnosis of definite HF additionally
required pulmonary edema/congestion by chest radiograph,
evidence of a dilated left ventricle or reduced left ventricular
ejection fraction by echocardiography or ventriculography, or
evidence of left ventricular diastolic dysfunction by echocar-
diography.

Left Ventricular Mass
Cardiac magnetic resonance imaging was performed in 5098
participants at baseline and quantified centrally at a single
reading center.27 Cardiac magnetic resonance imaging was
performed with 1.5-T magnets with determination of LVM and
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volumes as previously described.30 Briefly, a stack of short-axis
images covering the entire left ventricle was acquired with TR/
TE 8 to 10 ms/3 to 5 ms, flip angle 20°, 6-mm slice thickness,
4-mm gap, flow compensation, in plane resolution 1.4 to
1.6 mm (frequency)92.2 to 2.5 mm. The endocardial and
epicardial myocardial borders were contoured using a semi-
automated method (MASS 2.4; Medis, the Netherlands). The
difference between the epicardial and endocardial areas for all
slices wasmultiplied by the slice thickness and section gap, and
then multiplied by the specific gravity of myocardium (1.04 g/
mL) to determine the LVM.27 For this analysis, of the 6459
participants included, 4763 had available LVM measures.

Covariates
All covariates were ascertained at the baseline MESA
examination, concurrent with PTH and 25(OH)D measure-
ments. Participants completed standardized interviews and
extensive in-person examinations, yielding demographic and
lifestyle characteristics, medical history, anthropometric
measurements, and laboratory data. Leisure-time physical
activity was estimated as the total amount of intentional
exercise performed in a usual week, in metabolic equivalent
task minutes. Diabetes was defined as a fasting glucose level
≥126 mg/dL or the use of insulin or oral hypoglycemic
medications. Blood pressure was ascertained as the mean of
the last 2 of 3 seated measurements. Glomerular filtration
rate was estimated from serum creatinine using the Chronic
Kidney Disease—Epidemiology Collaboration equation (eGFR

CKD-EPI).
31 Urinary albumin concentration was determined by

nephelometry, using the Array 360 CE Protein Analyzer
(Beckman Instruments Inc). Urinary creatinine was measured
by the rate Jaff�e method using the Vitros 950IRC instrument
(Johnson & Johnson Clinical Diagnostics Inc). Serum intact
FGF23 was measured using the Kainos sandwich immunoas-
say (Kainos, Japan), which measures the full-length (intact)
FGF23 molecule by recognizing both midmolecule and distal
epitopes.32 Serum calcium was measured by indirect ion
selective electrode. Serum phosphorus was measured using a
timed-rate colorimetry reaction.

Statistical Analyses
High serum PTH concentration was defined as ≥65 pg/mL
because 65 pg/mL is the upper limit of normal for our assay
and because previous assessments of functional form have
revealed threshold associations of PTH concentrations with
adverse cardiovascular disease outcomes and 25(OH)D con-
centration near this level of PTH.3,33Mean annual serum25(OH)
D concentration was estimated for each participant from
baseline serum 25(OH)D concentration and month of blood
draw using a cosinor model previously developed and validated

in MESA.34 This annualized 25(OH)D concentration was eval-
uated using clinically relevant categories that have been
previously published: ≥30 ng/mL (reference group- sufficient),
20 to 29 ng/mL (insufficient), and <20 ng/mL (defi-
cient).6,35,36We decided a priori to exclude participants missing
either PTH or 25(OH)D rather than domultiple imputation, given
the importance of these variables in our analyses.

Participants were considered at risk for incident HF from
the date of their baseline MESA examination until the first
occurrence of the outcome or until their data were censored
due to death from non-HF causes (n=422), loss to follow-up,
or the end of available follow-up (July 2012). We explored
differences in rates of incident HF by race/ethnic groups.
Incidence rates were calculated by dividing number of events
by person-years of follow-up. We performed a series of
Kaplan–Meier survival analyses to examine the cumulative
incidence rates of HF relative to PTH and 25(OH)D concen-
trations. We began by performing unadjusted Cox propor-
tional hazard models with serum PTH and 25(OH)D as
continuous variables using penalized smoothing splines with
N0.2 evenly spaced knots among the inner 99% distribution of
each mineral metabolism marker in the Cox models. We then
performed multivariable Cox proportional hazards modeling
serum PTH and 25(OH)D as in categories consistent with
clinically meaningful cut-offs, adjusting for covariates selected
prior to analyses based on known or suspected biologic
relationships. The first model included demographic data,
including age, race/ethnicity, sex, and education attainment
(high school, some college, completed college). The second
model added likely potential confounding variables, including
height, weight, smoking status (never, former, current), leisure-
time physical activity level (log-transformed continuous vari-
able), diabetes mellitus, eGFR, urine albumin to creatinine ratio
(ACR) (log-transformed continuous variable), systolic blood
pressure, and use of antihypertensive medications. The third
model added variables that may confound or mediate the
associations of interest, including calcium, phosphorus, FGF23,
and the alternative mineral measure (either PTH or 25(OH)D).
We tested and confirmed that the assumption of proportional
hazards was not violated in all Cox models.

In secondary analyses, we examined associations of PTH
and 25(OH)D with left ventricular mass in cross-sectional
analyses. These analyses only included the subset of partic-
ipants who had a cardiac magnetic resonance imaging
performed to be consistent with prior MESA analyses that
have examined LVM.27,30 We performed unadjusted linear
regression models with serum PTH and 25(OH)D as contin-
uous variables using penalized smoothing splines with N0.2

evenly spaced knots among the inner 99% distribution of each
mineral metabolism marker. We then performed multivariable
linear regression models with serum PTH and 25(OH)D
modeled as categorical variables.
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Approximately 5% or fewer of the study subjects were
missing data on education, physical activity, smoking status,
systolic blood pressure, or antihypertensivemedication use. For
the regression analyses, these subjects’ values were multiply
imputed using chained equations.37 The multiple analyses over
the imputations were combined using Rubin’s rules to account
for the variability in the imputation procedure.38

Subgroup-specific hazard ratios (HRs) were calculated to
evaluate whether associations were consistent across sub-
groups. The P values for interactions were evaluated with the
Wald test. In exploratory analyses, we used log-linear Poisson
regression to determine the adjusted risk difference of high
versus low PTH with incident HF by race/ethnic group. We
calculated a P value for heterogeneity by bootstrapping.

We performed several sensitivity analyses. We chose a
priori to do complete case analyses for all sensitivity analyses
rather than use multiple imputations for missing covariates as
was done for the primary analyses. In the first sensitivity
analysis, we examined whether LVM may mediate any
association between PTH and 25(OH)D by repeating our
analyses with and without adjustment for baseline LVM
among the N=4759 participants who had available LVM
measurements. In the second sensitivity analysis, we exam-
ined whether the observed associations between elevated
PTH and incident HF were consistent for preserved ejection
fraction versus reduced ejection fraction HF among partici-
pants for whom LVEF was quantified at the time of HF
hospitalization. Reduced ejection fraction HF was defined as
LVEF <50% based on current guidelines.39 In the third
sensitivity analysis, we examined whether interim nonfatal
myocardial infarction (MI) may also potentially mediate the
association between PTH and 25(OH)D and incident HF by
adjusting for interim adjudicated nonfatal MI. In a final
sensitivity analysis, we repeated our main analyses after
excluding participants with elevated serum calcium (defined
as >10.2 mg/dL) and elevated PTH to exclude those with
possible primary hyperparathyroidism, which is less common
and may have differing cardiovascular pathophysiology com-
pared with secondary hyperparathyroidism.

All analyses were conducted with R Core Team (2013) R: A
language and environment for statistical computing (R
Foundation for Statistical Computing, Vienna, Austria, URL
http://www.R-project.org/). The nominal level of significance
was defined as P≤0.05 (2-sided).

Results

Participant Characteristics
Among the 6459 participants in our analyses, mean age was
62 years, 53% were female, and mean systolic blood pressure
was 127 mm Hg. The study population was diverse with 12.2%

Chinese, 27.2% black, and 21.8% Hispanic participants. Com-
pared with participants who had normal serum PTH concen-
tration, those with elevated PTH were older, more likely to have
diabetes, have higher blood pressure, have lower eGFR, and
higher urine ACR (Table 1). Of participants with elevated PTH,
24%were white, 4.9% were Chinese, 43.1% were black, and 28%
were Hispanic (Table 1). Compared with participants who had
higher serum 25(OH)D concentration, those with lower 25(OH)
Dweremore likely to be black, more likely to smoke,more likely
to have diabetes and have higher eGFR (Table 1).

Among white participants, 7.4% had elevated PTH and
16.8% had low 25(OH)D; among black participants, 19% had
elevated PTH and 60.8% had low 25(OH)D; among Chinese
participants, 4.8% had elevated PTH and 20.4% had low 25
(OH)D; and among Hispanic participants, 15.4% had elevated
PTH and 32.8% had low 25(OH)D.

PTH and Incident HF
There were 180 incident HF events over a median (interquar-
tile range) follow-up time of 8.46 (7.67 to 8.63) years.
Participants with higher PTH had higher crude rates of
incident HF (Table 2). The crude rate of incident HF was
highest among black and Hispanic participants with high PTH
(Figure 1). Kaplan–Meier analysis demonstrated that the
association of high PTH with incident HF was similar
throughout follow-up (Figure 2A).

In unadjusted models, the functional form of the associ-
ation of PTH with incident HF appeared linear (Figure 3, top
left panel). In models adjusted for demographic characteris-
tics, participants with higher PTH had a nearly 2-fold risk of
incident HF (Table 2). With additional adjustment for patient
characteristics, comorbid diseases, medication use, and
measures of kidney function, this association was attenuated
but remained statistically significant with a 44% greater risk of
incident HF. Adjustment for height and weight in these
models was responsible for much of the attenuation (HR 1.96
[1.39, 2.77] to 1.71 [1.2, 2.44] with adjustment for height and
weight). Further adjustment for other mineral metabolism
markers did not alter this association (Table 2).

In additional multivariable models (model 3) stratified by
important participant characteristics, the association between
PTH with incident HF was largely consistent across sub-
groups. The association of PTH ≥65 pg/mL with incident HF
was stronger in blacks, those with eGFR <60 mL/min per
1.73 m2, and those in the highest quartile of FGF23, although
the interactions for these characteristics were not statistically
significant (P>0.05) (Figure 4).

The adjusted risk difference of high versus low PTH for
incident HF by race was highest in blacks (1.3 [0.2, 2.7]
events per 1000 person-years for blacks). The adjusted risk
difference of high versus low PTH for incident HF was not
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Table 1. Baseline Characteristics of 6459 Participants in the Multi-Ethnic Study of Atherosclerosis

Covariate All PTH <65 pg/mL PTH ≥65 pg/mL
25(OH)D
<20 ng/mL

25(OH)D 20 to
<30 ng/mL 25(OH)D ≥30 ng/mL

N 6459 5684 775 2112 2237 2110

Age, y 62.1 (10.3) 61.9 (10.3) 64.3 (10.1) 60.6 (10.1) 62.4 (10.3) 63.4 (10.2)

Sex

Female 3446 (53.4) 2986 (52.5) 460 (59.4) 1175 (55.6) 1112 (49.7) 1159 (54.9)

Male 3013 (46.6) 2698 (47.5) 315 (40.6) 937 (44.4) 1125 (50.3) 951 (45.1)

Race/ethnicity

White 2505 (38.8) 2319 (40.8) 186 (24.0) 421 (19.9) 862 (38.5) 1222 (57.9)

Chinese American 785 (12.2) 747 (13.1) 38 (4.9) 160 (7.6) 355 (15.9) 270 (12.8)

Black 1758 (27.2) 1424 (25.1) 334 (43.1) 1068 (50.6) 472 (21.1) 218 (10.3)

Hispanic 1411 (21.8) 1194 (21.0) 217 (28.0) 463 (21.9) 548 (24.5) 400 (19.0)

Site

Wake Forest 969 (15.0) 843 (14.8) 126 (16.3) 342 (16.2) 301 (13.5) 326 (15.5)

Columbia 1014 (15.7) 828 (14.6) 186 (24.0) 416 (19.7) 327 (14.6) 271 (12.8)

Johns Hopkins 1036 (16.0) 908 (16.0) 128 (16.5) 417 (19.7) 330 (14.8) 289 (13.7)

Minnesota 1029 (15.9) 933 (16.4) 96 (12.4) 305 (14.4) 337 (15.1) 387 (18.3)

Northwestern 1138 (17.6) 1034 (18.2) 104 (13.4) 381 (18.0) 390 (17.4) 367 (17.4)

UCLA 1273 (19.7) 1138 (20.0) 135 (17.4) 251 (11.9) 552 (24.7) 470 (22.3)

Height, cm 166.3 (10.0) 166.4 (10.0) 165.5 (10.0) 166.4 (9.8) 166.4 (10.1) 166 (10.1)

Weight, lb 172.9 (38.1) 171.1 (37.1) 185.6 (42.5) 183.8 (39.7) 172 (36.9) 162.8 (34.6)

Highest level of education
completed

High school 2317 (35.9) 2008 (35.3) 309 (39.9) 777 (36.8) 812 (36.3) 728 (34.5)

Some college/technical
school

1836 (28.4) 1609 (28.3) 227 (29.3) 660 (31.2) 619 (27.7) 557 (26.4)

College graduate 2287 (35.4) 2053 (36.1) 234 (30.2) 667 (31.6) 799 (35.7) 821 (38.9)

Total gross family income, $

<20 000 1491 (23.1) 1289 (22.7) 202 (26.1) 513 (24.3) 539 (24.1) 439 (20.8)

20 000 to 49 999 2260 (35.0) 1953 (34.4) 307 (39.6) 764 (36.2) 778 (34.8) 718 (34.0)

≥50 000 2463 (38.1) 2237 (39.4) 226 (29.2) 719 (34.0) 845 (37.8) 899 (42.6)

Smoking status

Never 3263 (50.5) 2846 (50.1) 417 (53.8) 1025 (48.5) 1186 (53.0) 1052 (49.9)

Former 2343 (36.3) 2069 (36.4) 274 (35.4) 709 (33.6) 794 (35.5) 840 (39.8)

Current 835 (12.9) 756 (13.3) 79 (10.2) 370 (17.5) 251 (11.2) 214 (10.1)

Median physical activity, met
min/wk

840 (105.0 to
2032.5)

840 (157.5 to
2100.0)

630 (0.0 to
1582.5)

630 (0.0 to
1680.0)

787.5 (105.0 to
1888.1)

1125 (330.0 to
2435.6)

Nutritional vitamin D intake,
µg/day

4.4 (3.8) 4.4 (3.8) 4.2 (4.0) 4.0 (3.6) 4.5 (3.9) 4.7 (3.8)

Diabetes

Normal 4755 (73.6) 4240 (74.6) 515 (66.5) 1440 (68.2) 1598 (71.4) 1717 (81.4)

Impaired fasting glucose 897 (13.9) 754 (13.3) 143 (18.5) 352 (16.7) 320 (14.3) 225 (10.7)

Untreated diabetes 170 (2.6) 145 (2.6) 25 (3.2) 63 (3.0) 76 (3.4) 31 (1.5)

Treated diabetes 631 (9.8) 539 (9.5) 92 (11.9) 254 (12.0) 242 (10.8) 135 (6.4)

Continued
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Table 1. Continued

Covariate All PTH <65 pg/mL PTH ≥65 pg/mL
25(OH)D
<20 ng/mL

25(OH)D 20 to
<30 ng/mL 25(OH)D ≥30 ng/mL

LDL, mg/dL 117.0 (31.4) 117.3 (31.0) 114.4 (33.8) 117.5 (33.0) 117.5 (31.2) 115.9 (29.9)

HDL, mg/dL 51.1 (14.9) 51.1 (14.9) 50.9 (14.9) 50.0 (14.3) 49.7 (14.3) 53.7 (15.7)

Mean triglycerides, mg/dL 131.7 (89.4) 132.2 (89.6) 127.6 (88.0) 124.7 (82.8) 139.7 (105.3) 130.0 (75.9)

Median triglycerides, mg/dL 111 (77.0 to
161.0)

112 (78.0 to
162.0)

107 (77.0 to
153.8)

104 (74.0 to
152.0)

117 (83.0 to
170.0)

112 (78.0 to
160.0)

Any lipid-lowering medication

No 5410 (83.8) 4790 (84.3) 620 (80.0) 1812 (85.8) 1859 (83.1) 1739 (82.4)

Yes 1046 (16.2) 892 (15.7) 154 (19.9) 298 (14.1) 378 (16.9) 370 (17.5)

eGFR mL/min per 1.73 m2 78.2 (16.3) 78.7 (15.6) 74.2 (20.0) 81.8 (17.1) 78.3 (15.7) 74.3 (15.1)

Mean albumin/creatinine
ratio

25.5 (150.8) 21.2 (109.4) 57.5 (318.3) 28.7 (175.9) 29.0 (173.5) 18.7 (81.9)

Median albumin/creatinine
ratio

5.3 (3.3 to 11.0) 5.1 (3.3 to 10.3) 7.7 (4.3 to 18.8) 5.8 (3.5 to 12.4) 5.4 (3.3 to 11.6) 4.9 (3.2 to 9.5)

Systolic blood pressure,
mm Hg

126.5 (21.5) 125.4 (21.0) 134.8 (23.4) 128.5 (22.0) 126.2 (21.5) 124.8 (20.9)

Any hypertensive medication

No 4081 (63.2) 3690 (64.9) 391 (50.5) 1284 (60.8) 1410 (63.0) 1387 (65.7)

Yes 2375 (36.8) 1992 (35.0) 383 (49.4) 826 (39.1) 827 (37.0) 722 (34.2)

Serum calcium, mg/dL 9.6 (0.4) 9.7 (0.4) 9.6 (0.5) 9.6 (0.4) 9.6 (0.4) 9.7 (0.4)

Serum phosphorus, mg/dL 3.7 (0.5) 3.7 (0.5) 3.5 (0.6) 3.7 (0.5) 3.6 (0.5) 3.7 (0.5)

Mean FGF-23, pg/mL 40.3 (18.5) 39.9 (17.4) 43.3 (24.9) 38.4 (17.5) 40.6 (18.0) 41.9 (19.7)

Median FGF-23, pg/mL 37.7 (30.5 to 46.4) 37.4 (30.3 to
46.2)

39.4 (31.4 to
49.0)

36.5 (29.0 to
44.7)

37.6 (30.7 to
46.5)

38.8 (31.7 to
48.6)

Parathyroid hormone, pg/mL 44.8 (21.8) 39.1 (12.0) 86.2 (31.1) 52.7 (24.1) 44.1 (22.8) 37.5 (14.4)

Annualized 25(OH)D, ng/mL 25.7 (11.2) 26.6 (11.2) 19.5 (9.5) 14.3 (3.8) 25.0 (2.9) 38.0 (9.1)

Mean (SD) for continuous covariates; N (%) for categorical covariates; median (IQR), where noted. CKD indicates chronic kidney disease; eGFR, estimated glomerular filtration rate; HDL,
high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein; PTH, parathyroid hormone.

Table 2. Associations of Parathyroid Hormone (PTH) and 25-Hydroxyvitamin D (25[OH]D) With Incident Heart Failure in the
Multi-Ethnic Study of Atherosclerosis (N=6459)

Covariate
Number
at Risk

Number
of Events

Unadjusted
Incidence Rate
(per 1000 pys)

HR (95% CI)

Model 1 Model 2 Model 3

PTH

<65 pg/mL 5684 138 3.1 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)

≥65 pg/mL 775 42 7.4 1.96 (1.39, 2.77) 1.44 (1.00, 2.06) 1.50 (1.03, 2.19)

25(OH)D

≥30 ng/mL 2110 53 3.2 Ref Ref Ref

20 to 29 ng/mL 2112 62 3.8 1.19 (0.82, 1.72) 1.02 (0.69, 1.51) 0.95 (0.64, 1.41)

<20 ng/mL 2237 65 3.9 1.29 (0.84, 1.98) 1.04 (0.66, 1.63) 0.97 (0.61, 1.55)

Model 1: adjusted for age, sex, race/ethnicity, education. Model 2: Model 1+height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, systolic blood pressure,
antihypertensive medications. Model 3: Model 2+ calcium, phosphorus, FGF-23, PTH/25(OH)D (alternative measure to the predictor). ACR indicates albumin to creatinine ratio; eGFR,
estimated glomerular filtration rate; HR, hazard ratio; pys, person years.
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statistically significant in other race/ethnic groups: �0.1
(�1.2, 1.2) events per 1000 person-years for whites, 0.3
(�1.4, 3.6) events per 1000 person-years for Chinese, and
0.4 (�1.0, 2.0) per 1000 person-years for Hispanics. The
P value for heterogeneity was <0.0001.

PTH and LVM
The mean LVM was 145 (39) g among the 4763 participants
included in this study. In cross-sectional analyses, partici-
pants with high PTH had higher mean LVM (Table 3). In
unadjusted models, the association of PTH with LVM
appeared linear (Figure 3, bottom left panel). In models
adjusted for demographic characteristics, LVM was 11.1 g
higher in participants with higher PTH. With additional
adjustment for patient characteristics, comorbid diseases,
medication use, and measures of kidney function, this
association was attenuated but remained statistically signif-
icant. Adjustment for height and weight in these models was
responsible for much of the attenuation (difference in LVM
11.1[8, 14.2] to 6.9 [4.1, 9.7] with adjustment for height and
weight). Further adjustment for other mineral metabolism
markers did not alter this association (Table 3).

In multivariable models (model 3) stratified by important
participant characteristics, the difference in LVM in partici-
pants with high PTH was stronger in Chinese participants, and
those with eGFR <60 mL/min per 1.73 m2, although the
interactions for these characteristics were not statistically

significant (P>0.05). However, the difference in LVM in
participants with high PTH was significantly stronger in men
versus women (Figure 5).

25(OH)D and Incident HF
Crude rates of incident HF were similar across categories of
25(OH)D (Table 2). However, the association of lower 25(OH)

Figure 1. Unadjusted incidence rates of heart failure by para-
thyroid hormone concentration in various race/ethnic groups in
the Multi-Ethnic Study of Atherosclerosis. IR indicates incidence
rates; PTH, parathyroid hormone.

A

B

Figure 2. Cumulative incidence of heart failure by baseline
serum concentrations of (A) parathyroid hormone (PTH) and (B)
25-hydroxyvitamin D (25[OH]D) among 6459 participants in the
Multi-Ethnic Study of Atherosclerosis. CHF indicates congestive
heart failure.
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D appeared to be stronger after almost 5 years of follow-up
(Figure 2B). In unadjusted models, the functional form of the
association between 25(OH)D with incident HF appeared
linear (Figure 3, top right panel). In multivariable models,
there was no association between low 25(OH)D and incident
HF (Table 2). Interactions of categorical 25(OH)D with con-
tinuous PTH concentration were not statistically significant
(P=0.4). There was no difference in the association of low 25
(OH)D with incident HF in specific subgroups (Figure 6).

25(OH)D and LVM
In cross-sectional unadjusted models, the association
between 25(OH)D and LVM appeared linear (Figure 3, bottom
right panel). In multivariable models, there was no association

between 25(OH)D with LVM (Table 3). Interactions by PTH
concentration was not statistically significant (P=0.3). The
association of 25(OH)D with LVM was fairly consistent across
all subgroups (data not shown). However, there was a
statistically significant interaction by gender where women
had lower LVM with low 25(OH)D concentrations (P=0.01).

Sensitivity Analyses
In the first sensitivity analysis, we adjusted for baseline LVM
in the models examining the association of PTH with incident
HF in the subgroup of participants that had measures of LVM
available. In this analysis adjusted for patient characteristics,
comorbid diseases, medication use, measures of kidney
function, and mineral metabolism markers, the association of

Figure 3. The smooth spline estimates the hazard ratio of incident heart failure by concentration of
serum PTH (top left panel) and 25(OH)D (top right panel) and estimates the difference in left ventricular
mass (LVM) by concentration of serum PTH (bottom left panel) and 25(OH)D (bottom right panel). CHF
indicates congestive heart failure; PTH, parathyroid hormone.
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PTH≥65 pg/mL was similar to the primary analysis (HR 1.67
[95% CI 1.01, 2.75]) (Table 4). This association was moder-
ately attenuated with adjustment for LVM (HR 1.34 [95% CI
0.78, 2.3]) (Table 4). Similar to the primary analysis, there
was no association of insufficient or deficient 25(OH)D with
incident HF, which did not change with adjustment for LVM
(Table 4).

In the second sensitivity analysis, we examined whether
the association of elevated PTH with incident HF was similar
in preserved ejection fraction versus reduced ejection fraction
HF (Table 5). In these analyses, 37 participants with a HF
hospitalization did not have LVEF information available.
However, among the remaining participants, we found that
the association of elevated PTH was significantly associated

Figure 4. Adjusted association* of high parathyroid hormone (≥65 pg/mL vs <65 pg/mL) with incident
heart failure by important subgroups in the Multi-Ethnic Study of Atherosclerosis (N=6459). *Adjusted for
age, sex, race/ethnicity, education, height, weight, smoking, physical activity level, diabetes, eGFR, urine
ACR, SBP, antihypertensive medications, calcium, phosphorus, FGF-23, and 25(OH)D. ACR indicates albumin
to creatinine ratio; eGFR, estimated glomerular filtration rate; HR, hazard ratio; SBP, systolic blood pressure.

Table 3. Associations of Parathyroid Hormone (PTH) and 25-Hydroxyvitamin D (25[OH]D) With Left Ventricular Mass (LVM) in the
Multi-Ethnic Study of Atherosclerosis (N=4763)

Covariate N Unadjusted Mean (SD), g

Difference in LVM (95% CI), g

Model 1 Model 2 Model 3

PTH

<65 pg/mL 4244 144 (38.8) 0 (Ref) 0 (Ref) 0 (Ref)

≥65 pg/mL 519 155 (42.7) 11.1 (8, 14.2) 4.1 (1.5, 6.7) 5.3 (2.6, 7.9)

25(OH)D

≥30 ng/mL 1631 139.5 (37.7) Ref Ref Ref

20 to 29 ng/mL 1663 145.7 (39.1) 2.8 (0.8, 4.8) �0.8 (�2.4, 0.9) �1.3 (�3, 0.4)

<20 ng/mL 1469 151 (40.7) 4.2 (1.9, 6.5) �1.8 (�3.7, 0.1) �2.8 (�4.9, �0.8)

Model 1: adjusted for age, sex, race/ethnicity, education. Model 2: Model 1+height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, systolic blood pressure,
antihypertensive medications. Model 3: Model 2 +calcium, phosphorus, FGF-23, PTH/25(OH)D (alternative measure to the predictor). ACR indicates albumin to creatinine ratio;
eGFR, estimated glomerular filtration rate.
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with risk of reduced ejection fraction HF (Table 5). While the
association of elevated PTH with preserved ejection fraction
HF was not statistically significantly, the HR was similar to
that in the main analysis (Table 5).

In the third sensitivity analysis, we examined whether
adjustment for interim adjudicated nonfatal MI attenuated the
associations of PTH and 25(OH)D with incident HF. There
were 175 nonfatal MI events among study participants during
the follow-up period. Adjustment for nonfatal MI very
minimally attenuated the association of elevated PTH with
incident HF (Table 6). Similar to the main analysis, there
remained no association of 25(OH)D with incident HF
(Table 6).

In the final sensitivity analysis, we repeated the analyses
examining the associations of PTH with incident HF and LVM,
excluding participants with elevated serum calcium (defined
as >10.2 mg/dL). Excluding 75 participants (of whom 2 had
incident HF events), the multivariable association between
elevated PTH and incident HF was unchanged (HR 1.5, 95% CI:
1.02, 2.21). Excluding 55 participants with elevated serum
calcium, the difference in LVM among participants with
elevated PTH was also unchanged in multivariable models
(5.3 g, 95% CI: 2.5, 8.1).

Discussion
Among a large, racially and ethnically diverse population
without prevalent cardiovascular disease at baseline, we
found that elevated serum PTH concentration was signifi-
cantly associated with higher risk of incident HF, independent
of known HF risk factors. Furthermore, PTH was also
associated with greater LVM, and adjustment for LVM
partially attenuated the association of PTH with HF. These
associations were consistent after adjustment for a compre-
hensive panel of mineral metabolism markers, including
FGF23. In contrast, there was no independent association
of 25(OH)D with incident HF or LVM. These results suggest
that PTH excess may be associated with incident HF,
independent of other mineral metabolism markers, and in
part by promoting LVH.

Associations of PTH with incident HF have been reported
previously. In a study of older adults in the Cardiovascular
Health Study, participants with high serum PTH concentra-
tions had a 30% (95% CI: 6% to 61%) higher risk of incident
HF.3 In a study of older, Swedish men, each SD increment in
PTH was associated with 41% greater risk (95% CI: 12% to
77%) of HF hospitalization.40 Among men 60 to 79 years of

Figure 5. Association* of high parathyroid hormone (≥65 pg/mL vs <65 pg/mL) with left ventricular
mass in important subgroups in the Multi-Ethnic Study of Atherosclerosis (N=4763). *Adjusted for age, sex,
race/ethnicity, education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, SBP,
antihypertensive medications, calcium, phosphorus, and 25(OH)D. ACR indicates albumin to creatinine
ratio; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure.
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age, another study reported that elevated PTH was associated
with a 66% (95% CI: 1.30, 2.13) increased risk of incident
HF.41 In contrast, in a European study of middle aged men and
women, higher PTH was only associated with incident HF

among those who were obese.42 Contrary to our findings, a
recent analysis from The Artherosclerosis Risk in Communi-
ties Study did not find an association of elevated PTH with
incident HF after adjustment for cardiovascular risk factors.43

Figure 6. Association* of low 25-hydroxyvitamin D (<20 ng/mL vs ≥20 ng/mL) with incident heart
failure in important subgroups in the Multi-Ethnic Study of Atherosclerosis (N=6459). *Adjusted for age,
sex, race/ethnicity, education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR,
SBP, antihypertensive medications, calcium, phosphorus, and PTH. ACR indicates albumin to creatinine
ratio; eGFR, estimated glomerular filtration rate; HR, hazard ratio; PTH, parathyroid hormone; SBP, systolic
blood pressure.

Table 4. Associations of Parathyroid Hormone (PTH) and 25-Hydroxyvitamin D (25[OH]D) With Incident Heart Failure in the
Multi-Ethnic Study of Atherosclerosis, Adjusted for Baseline Left Ventricular Mass (LVM) (N=4759)*†

Covariate
Number
at Risk

Number
of Events

Unadjusted
Incidence
Rate (per 1000 pys)

HR (95% CI)

Model 3a Model 3b

PTH

<65 pg/mL 4240 89 2.7 Ref Ref

≥65 pg/mL 519 25 6.6 1.67 (1.01, 2.75) 1.34 (0.78, 2.3)

25(OH)D

≥30 ng/mL 1631 34 2.6 Ref Ref

20 to 29 ng/mL 1661 42 3.3 1.08 (0.66, 1.77) 1.17 (0.71, 1.91)

<20 ng/mL 1467 38 3.5 1.17 (0.65, 2.10) 1.19 (0.64, 2.20)

Model 3a: adjusted for age, sex, race/ethnicity education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, systolic blood pressure, antihypertensive medications,
calcium, phosphorus, FGF-23, PTH/25(OH)D (alternative measure to the predictor). Model 3b: Model 1+baseline LVM. ACR indicates albumin to creatinine ratio; eGFR, estimated
glomerular filtration rate; pys, person years.
*These analyses were based on a complete case approach in which participants with missing covariate data were excluded (rather than using multiple imputation for missing covariates as
was done for the primary analyses).
†This analysis excluded 4 participants who did not have time-to-event data available.
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The main difference between our study and this one was that
we included slightly older participants as well as Chinese and
Hispanic participants, which may explain in part the discrep-
ant findings.43 Overall, our study extends prior investigations
by studying a relatively large, racially/ethnically diverse
population with a broad age range and free of clinical
cardiovascular disease at baseline.

Black race, in particular, is a known risk factor for 25(OH)D
deficiency and elevated PTH concentration as well as HF,
particularly at younger ages.23 In our study population, while
heterogeneity of the PTH-HF association by race/ethnicity
was not statistically significant, it is interesting that the
prevalence of elevated PTH concentration and the rate of
incident HF were highest among black participants and that

the adjusted risk difference of high versus low PTH was
statistically significant in blacks and not in other race/ethnic
groups. A previous study also noted important race/ethnic
differences in the association of mineral metabolism markers
with risk of coronary heart disease.34 Our results suggest that
there may be heterogeneity in the association of elevated PTH
with HF by race/ethnic group. This warrants further investi-
gation, particularly among black participants.

Prior studies have also noted associations of elevated PTH
concentrations with greater LVM. In a study of middle-aged
men and women from Norway, those with the highest
concentrations of serum PTH had 12% to 17% higher adjusted
LVM.9 A study of Cardiovascular Health Study participants as
well as a study of Dutch participants found associations of

Table 5. Associations of Parathyroid Hormone (PTH) With Incident Preserved and Reduced Ejection Fraction (EF) Heart Failure in
the Multi-Ethnic Study of Atherosclerosis (N=6458)*†

Number
at Risk

Number
of Events

Unadjusted Incidence
Rate (per 1000 pys) Model 1

HR (95% CI)

Model 2 Model 3

Preserved EF

PTH <65 pg/mL 5683 47 1.1 Ref Ref Ref

PTH ≥65 pg/mL 775 12 2.1 1.84 (1.00, 3.39) 1.43 (0.76, 2.71) 1.41 (0.74, 2.69)

Reduced EF

PTH <65 pg/mL 5683 59 1.3 Ref Ref Ref

PTH ≥65 pg/mL 775 24 4.2 2.66 (1.65, 4.29) 1.92 (1.14, 3.25) 1.90 (1.10, 3.30)

Model 1: adjusted for age, sex, race/ethnicity, education. Model 2: Model 1+height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, systolic blood pressure,
antihypertensive medications. Model 3: Model 2+calcium, phosphorus, FGF-23, 25(OH)D. ACR indicates albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; HR, hazard
ratio; LVEF, left ventricular ejection fraction; pys, person years.
*These analyses were based on a complete case approach in which participants with missing covariate data were excluded (rather than using multiple imputation for missing covariates as
was done for the primary analyses).
†One participant did not have LVEF information at the time of hospitalization and so was excluded from this analysis.

Table 6. Associations of Parathyroid Hormone (PTH) and 25-Hydroxyvitamin D (25[OH]D) With Incident Heart Failure in the Multi-
Ethnic Study of Atherosclerosis (N=6347), Adjusted for Non-Fatal MI*

Covariate
Number
at Risk

Number
of Events

Unadjusted
Incidence
Rate (per 1000 pys)

HR (95% CI)

Model 3a Model 3b

PTH

<65 pg/mL 5594 136 3.1 1.00 (Ref) 1.00 (Ref)

≥65 pg/mL 753 39 7.0 1.46 (0.99, 2.14) 1.42 (0.95, 2.11)

25(OH)D

≥30 ng/mL 2084 51 3.1 Ref Ref

20 to 29 ng/mL 2197 65 3.8 0.99 (0.67, 1.48) 1.02 (0.68, 1.52)

<20 ng/mL 2066 59 3.8 0.97 (0.60, 1.56) 1.01 (0.61, 1.67)

Model 3a: adjusted for age, sex, race/ethnicity, education, height, weight, smoking, physical activity level, diabetes, eGFR, urine ACR, systolic blood pressure, antihypertensive
medications, calcium, phosphorus, FGF-23, PTH/25(OH)D (alternative measure to the predictor). Model 3b: Model 3a +additionally adjusted for non-fatal MI as a time-varying covariate.
ACR indicates albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MI, myocardial infarction; pys, person years.
*These analyses were based on a complete case approach in which participants with missing covariate data were excluded (rather than using multiple imputation for missing covariates as
was done for the primary analyses).
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PTH with higher LVM only in those with reduced eGFR.44,45 In
our study, associations of elevated PTH with LVM was not
stronger among participants with eGFR <60 mL/min per
1.73 m2. Another study of men and women with primary
hyperparathyroidism noted no difference in LVM compared
with healthy controls.46 In our study, we excluded the few
participants with possible primary hyperparathyroidism and
focused on possible secondary hyperparathyroidism, which
may explain the difference between our study and this prior
study.

Our study provides evidence that PTH may be an important
contributor to the development of subclinical and clinical HF.
While observational studies cannot demonstrate causality, our
results combined with prior studies do demonstrate consistent
temporal associations of elevated PTH with subsequent HF risk
and point to elevated LVM as a plausible partial mediator of
this relationship. While the primary role of PTH is to maintain
and regulate calcium and phosphorus homeostasis, PTH
receptors have been identified in cardiomyocytes, vascular
smooth muscle, and endothelial cells.7,8 A study of adult rat
ventricular cardiomyocytes found that low concentrations of
PTH improved cell shortening of cardiomyocytes,47 suggesting
that elevated PTH interferes with normal and adaptive myocyte
contractility. In rats, PTH exerts a trophic effect on cardio-
myocytes, with an increase in total cellular mass.48 Further-
more, clinical studies have shown associations between PTH
and hypertension, impaired brachial artery flow-mediated
dilation and aortic pulse pressure,10–12 all of which may lead
to increased afterload, thereby increasing the risk of HF.
Further studies are needed to determine whether targeting
PTH can decrease the risk of HF.

We did not find an association of 25(OH)D with incident
HF. These results are consistent with some, but not all, prior
studies of 25(OH)D. In the Framingham Offspring Study, 25
(OH)D <15 ng/mL was associated with increased risk of a
composite cardiovascular outcome.22 However, HF as an
individual outcome was not evaluated, and relationships of 25
(OH)D with specific cardiovascular diseases may vary. For
example, lower serum 25(OH)D concentration was associated
with increased risk of coronary heart disease in white and
Chinese MESA participants,34 but not with HF in the current
study. A study of over 3299 white patients referred to
coronary angiography found that baseline 25(OH)D was
associated with impaired left ventricular function at baseline
and with >2.84-fold risk (95% CI: 1.20 to 6.74) of death from
HF.18 The inclusion of subjects with symptomatic cardiovas-
cular disease (raising concerns for reverse causality and
residual confounding) and racial/ethnic homogeneity are
limitations to this study. Similar to our results, in the
Cardiovascular Health Study no association between low 25
(OH)D concentrations and incident HF was observed.3 Also,
among older men, another investigation reported no associ-

ation of low 25(OH)D with incident HF after adjustment
for age.41

We also did not observe an association of 25(OH)D with
LVM. Results of prior investigations are conflicting. A study
of 1800 participants from Italy did find an association
between low 25(OH)D and elevated LVM.49 However,
similar to our results, the studies from the Cardiovascular
Health Study and the Netherlands that demonstrated
associations of PTH with LVM found no association
between 25(OH)D and LVM.45,50 Furthermore, the short-
term clinical trials completed to date have demonstrated no
improvement of LVM with vitamin D treatments.51–53 One
possible explanation for the lack of improvement in HF
outcomes with vitamin D supplementation may be because
vitamin D supplementation may not be very effective in
reducing PTH concentrations. For example, some trials
of vitamin D supplementation have demonstrated that
although there was a significant increase in 25(OH)D levels,
PTH does not significantly decrease.54,55 Overall, mixed
results of human studies evaluating 25(OH)D, HF, and LVM
temper enthusiasm that 25(OH)D may be a powerful
intervention to prevent and treat HF.

Adjustment for other mineral metabolism markers includ-
ing serum calcium, phosphorus, and FGF23 did not attenuate
the association of higher PTH with incident HF and higher
LVM, suggesting that excess PTH may have an independent
effect on cardiomyocytes. FGF23 is considered to be causal in
inducing cardiac hypertrophy.56 However, we observed that
PTH excess may be associated with HF and increased LVM,
independent of FGF23 and other mineral metabolism markers.
We did, however, note that the association of higher PTH with
incident HF was stronger for participants in the highest
quartile of FGF23, although the interaction by FGF23
concentration was not statistically significant. Adjustment
for a comprehensive panel of simultaneously measured
mineral metabolism markers in our study is an advance over
prior investigations.

Our study had several strengths. We studied a large,
racially/ethnically diverse community-based population,
which extends the external validity of our findings. Incident
HF was defined by rigorous adjudication processes. Cardiac
magnetic resonance imaging, a “gold standard” technique,
was used to quantify LVM and was centrally read. Thus, our
ascertainment of our outcomes was rigorous. We were able to
reduce residual confounding because MESA excluded people
with prevalent clinical cardiovascular disease and because we
adjusted for a comprehensive panel of important mineral
markers. We do recognize a few limitations as well. We had
single baseline measures of PTH and 25(OH)D. We were not
able to capture use of vitamin D supplements. It is possible
that cases of incident HF were missed as the adjudication
process for HF relied on initial participant reporting of a
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hospitalization. This was an observational study, so we cannot
determine causality.

In conclusion, in a racially/ethnically diverse population
without prevalent cardiovascular disease, elevated serum PTH
concentration was associated with increased LVM and
increased risk of incident HF. These results are consistent
with prior investigations and extend these findings to a more
generalizable patient population. Our study may augment a
body of growing literature that supports the need for further
intervention studies to determine whether targeting elevated
PTH may help prevent or treat HF.
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