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Abstract

Observational studies suggested a link between bone disease and left ventricular (LV) dys-

function that may be pronounced in hyperparathyroid conditions. We therefore aimed to test

the hypothesis that circulating markers of bone turnover correlate with LV function in a

cohort of patients with primary hyperparathyroidism (pHPT). Cross-sectional data of 155

subjects with pHPT were analyzed who participated in the “Eplerenone in Primary Hyper-

parathyroidism” (EPATH) Trial. Multivariate linear regression analyses with LV ejection frac-

tion (LVEF, systolic function) or peak early transmitral filling velocity (e’, diastolic function)

as dependent variables and N-terminal propeptide of procollagen type 1 (P1NP), osteocal-

cin (OC), bone-specific alkaline phosphatase (BALP), or beta-crosslaps (CTX) as the

respective independent variable were performed. Analyses were additionally adjusted for

plasma parathyroid hormone, plasma calcium, age, sex, HbA1c, body mass index, mean

24-hours systolic blood pressure, smoking status, estimated glomerular filtration rate, anti-

hypertensive treatment, osteoporosis treatment, 25-hydroxy vitamin D and N-terminal pro-

brain B-type natriuretic peptide. Independent relationships were observed between P1NP

and LVEF (adjusted β-coefficient = 0.201, P = 0.035) and e’ (β = 0.188, P = 0.042), respec-

tively. OC (β = 0.192, P = 0.039) and BALP (β = 0.198, P = 0.030) were each independently

related with e’. CTX showed no correlations with LVEF or e’. In conclusion, high bone forma-

tion markers were independently and paradoxically related with better LV diastolic and,

partly, better systolic function, in the setting of pHPT. Potentially cardio-protective properties
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of stimulated bone formation in the context of hyperparathyroidism should be explored in

future studies.

Introduction

Left ventricular (LV) systolic and diastolic dysfunction account for high morbidity and mortal-

ity and often occur in concert with disturbances in bone metabolism. Accumulating evidence

suggests a direct link between bone disease and LV function that may be pronounced in pri-

mary hyperparathyroidism (pHPT). In a bone biopsy study conducted in patients with chronic

heart failure (CHF) the local bone environment showed evidence of dysregulated and catabolic

state that was correlated with circulating biomarkers of bone turnover [1]. In 60 CHF patients

bone mineral density was inversely related with parathyroid hormone (PTH) and an indepen-

dent predictor of a composite outcome of death, implantation of a LV assist device, or inotrope

dependency [2]. Vertebral fractures are present in up to 16% of chronic heart failure (CHF)

patients [3, 4] and the risk of hip fracture is almost doubled in CHF patients when compared

to patients without CHF [5]. Vice versa, Pfister and colleagues recently reported that low bone

mineral density (BMD) was an independent predictor of new-incident CHF in a large cohort

of apparently healthy subjects followed for a mean of 9.9 years, even after adjustment for car-

diovascular risk factors [6].

PHPT is a condition of autonomously and chronically elevated PTH [7]. Patients with

pHPT show biochemical features of stimulated bone turnover [8] and abnormal bone micro-

structure [9, 10] and this leads to an increased risk of osteoporosis and fractures [11]. Emerg-

ing evidence supports the role of high PTH as a novel risk factor for heart failure [12, 13]. In

fact, pHPT patients often present with alterations in LV function [14, 15], besides their altered

bone metabolism, and are exposed to an increased risk of cardiovascular mortality [16]. PHPT

may therefore constitute a suitable human model to study the potential crosslink between

bone turnover and LV function. Yet, studies in humans are completely lacking.

We therefore aimed to test the hypothesis that bone turnover markers are associated with

LV systolic and diastolic function in a cohort of pHPT patients.

Methods

Patients and setting

This research was approved by the Ethics Committee of the Medical University of Graz (# 24–

031 ex 11/12). All subjects provided written informed consent.

Cross-sectional data from screening participants for the single-center, randomized, pla-

cebo-controlled, double-blind, parallel-arm “Eplerenone in Primary Hyperparathyroidism”

(EPATH) Trial were used in the present analyses. The EPATH trial tested the effect of daily

eplerenone application over 8 weeks in comparison to placebo on PTH levels in subjects with

pHPT [17]. Further details on the study design and setting have been previously reported [17,

18]. Main inclusion criteria for trial participation were age of at least 18 years and informed

consent, main exclusion criteria were any acute illness or any disease with an estimated life

expectancy less than one year or ongoing radiation or chemotherapy. For the present analyses,

we included all participants with a biochemical diagnosis of pHPT (n = 155). All subjects pro-

vided written informed consent. The study was approved by the local ethics committee and

complies with the Good Clinical Practice (GCP) guidelines and the Declaration of Helsinki.
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Laboratory, echocardiography and ambulatory blood pressure

monitoring

Blood samplings were performed during the morning (07:00AM—11:00AM) after an over-

night fast. Patients remained in the seated position before blood sampling for at least 10 min-

utes. All samples were kept at room temperature before analyses, except for those that were

used to measure PTH which were kept at 4˚C. A pre-specified volume of blood samples was

centrifuged and filled into 1mL aliquots and frozen at -80˚C. Markers of osteoblast activity (N-

terminal propeptide of procollagen type 1 (P1NP), total osteocalcin [OC], bone-specific alka-

line phosphatase [BALP]) and osteoclast activity (beta-crosslaps [CTX]) were determined

from one time frozen serum on an IDS-iSYS multi-discipline automated system using

Enzyme-Linked Immunosorbent Assays (Immunodiagnostic Systems Ltd., Boldon, UK).

Intra- and interassay coefficients of variation (CV) are 3.2% to 9.6% and 5.5% to 9.5% for

P1NP, 1.3% to 2.2% and 2.7% to 5.1% for OC, 2.6% to 6.5% and 3.7% to 6.4% for BALP and

1.7% to 3.0% and 2.5% to 10.9% for CTX. PTH was measured immediately after blood sam-

pling on an Elecsys 2010 (Elecsys immunoassay analyzer, Cobas, Roche Diagnostics GmbH,

Mannheim, Germany) applying an ElectroChemiLuminescence ImmunoAssay (ECLIA). Nor-

mal range is 15–65 pg/ml (1.6–6.9 pmol/L), intra- and interassay CVs are 1.5% to 2.7% and

3.0% to 6.5%. Plasma calcium was adjusted for hypoalbuminemia as previously reported [19].

Other laboratory parameters were assessed using routine laboratory methods as previously

described [17].

Echocardiographic examinations were performed with a Vivid 7 or Vivid 9 (GE Healthcare,

Chalfont St Giles, UK), as previously reported [19]. All images and recorded loops were ana-

lyzed in a central core lab (Echocardiography CoreLab, Department of Cardiology, Medical

University of Graz, Graz, Austria) by a single investigator who was blinded to individual

participant data (EB). Tissue Doppler imaging was employed to measure peak early filling

velocities of the mitral septal and lateral ring (e’, in cm/s). Following international guidelines

averaged e’ was generated according to the formula e’average = (e’medial + e’lateral)/2 [20]. LV

ejection fraction (LVEF) was calculated by Simpson biplane method of disks [21].

A validated portable device for continuous ambulatory blood pressure monitoring (ABPM)

(Mobil-O-Graph, I.E.M. GmbH, Stolberg, Germany) was employed to execute the 24-hours

ABPM.

Primary hyperparathyroidism

Hypercalemic pHPT was defined as hypercalcemia (total serum albumin adjusted calcium >

2.55 mmol/L) and inappropriately high PTH of> 46 pg/mL at the study baseline visit [17, 22,

23]. Normocalcemic pHPT was defined as PTH> 65 pg/mL, albumin adjusted plasma cal-

cium above the median of the reference range (>2.35 mmol/L) and plasma ionized calcium

within normal ranges, in the absence of advanced chronic kidney disease (eGFR < = 40 mL/

min/m2) or 25-hydroxy vitamin D (25(OH)D) deficiency (25(OH)D < 20 ng/dL) as potential

causes for secondary hyperparathyroidism [17, 22–24].

Statistical methods

Assuming a correlation co-efficient of 0.225 lead to a sample size of 153 subjects to achieve a

power of 80% at a significance level of 5%.

Continuous variables are expressed as the mean +/- standard deviation (SD) or as the

median (interquartile range, IQR) as appropriate. Categorical variables are expressed as num-

bers (percentages). The distribution of continuous parameters and their residuals were

Bone turnover and ventricular function in primary hyperparathyroidism
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evaluated by test of Kolmogorov-Smirnov, kurtosis, skewness, concordance between the mean

and median, and visual inspection. Non-normally distributed variables were 10-logarithmized,

squared (only LVEF) or Ln-logarithmized (only CTX), as appropriate, before use in parametri-

cal procedures. Associations between bone turnover markers with PTH, calcium, LVEF and e’

were assessed using Pearson correlation analyses. In stepwise multivariate linear regression

models with each of the bone markers as a respective independent variable, model 1 included

as additional independent covariates PTH and calcium. In model 2, further adjustment was

made for parameters that are considered classical modifiers of either bone turnover or cardiac

function. These included age, sex, HbA1c, body mass index (BMI), mean 24-hours systolic

blood pressure (SBP), smoking status, estimated glomerular filtration rate (eGFR, CKDEPI),

ongoing antihypertensive treatment, ongoing osteoporosis treatment, serum 25(OH)D, and

N-terminal pro-brain B-type natriuretic peptide (NT-proBNP). Stepwise multivariate linear

regression models with LVEF or e’ as the respective dependent variable and P1NP, OC, BALP,

or CTX as a respective independent variable were performed. Further adjustments followed

model 1 and model 2 as described above. For all stepwise multivariate linear regression analy-

ses, a P-value < 0.05 was used for inclusion and a P-value > 0.1 was used for exclusion of

variables.

Normocalcemic pHPT may potentially differ from hypercalcemic pHPT with regard to an

interaction between bone turnover and LV function. Therefore, all multivariate linear regres-

sion analyses were repeated exclusively in subjects with normocalcemic and with hypercalce-

mic pHPT, respectively.

For statistical analyses we used SPSS 22.0 (SPSS, Inc, Chicago, IL). A two-sided P-value <

0.05 was considered statistically significant.

Results

Mean age was 67.0 +/- 10.6 years and 122 subjects (78.7%) were females. Median PTH was

99.1 pg/mL (81.5–124.6) and mean adjusted calcium was 2.63 +/- 0.14 mmol/L. PHPT was

hypercalcemic in 113 subjects (72.9%). Baseline characteristics are shown in Table 1.

Bone markers and PTH/calcium

In multivariate regression analyses (model 2), PTH was directly and independently correlated

with P1NP (adjusted β-coefficient = 0.210, P = 0.013), OC (β = 0.321, P = 0.001), BALP (β =

0.270, P = 0.002) and CTX (β = 0.378, P = 0.001). Calcium was directly and independently cor-

related with P1NP (β = 0.180, P = 0.036) and BALP (β = 0.182, P = 0.038), but not with OC

(β = 0.105, P = 0.210) and CTX (β = 0.065, P = 0.440). Details are shown in Table 2.

Bone markers and LV function

With adjustment for PTH and calcium (model 1), P1NP was independently related with e’

(β = 0.212, P = 0.021) and LVEF (β = 0.182, P = 0.043). OC was significantly related with e’

(β = 0.264, P = 0.004), but not with LVEF (β = 0.149, P = 0.100). BALP was significantly related

with e’ (β = 0.191, P = 0.042), but not with LVEF (β = 0.165, P = 0.072). CTX showed a signifi-

cant correlation with e’ (β = 0.217, P = 0.022), but not with LVEF (β = 0.121, P = 0.197).

After multivariate adjustment (model 2), P1NP remained an independent determinant of e’

(β = 0.188, P = 0.042) and LVEF (β = 0.201, P = 0.035). Both OC and BALP were indepen-

dently related with e’ (OC: β = 0.192, P = 0.039; BALP: β = 0.198, P = 0.030). CTX was neither

correlated with e’ (β = 0.146, P = 0.133) nor with LVEF (β = 0.102, P = 0.310). Detailed results

are shown in Table 3.

Bone turnover and ventricular function in primary hyperparathyroidism
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Hypercalcemic versus normocalcemic primary hyperparathyroidism

Multivariate regression analyses (model 2) were repeated exclusively in subjects with hypercal-

cemic pHPT (n = 113). P1NP did not significantly correlate with e’ (β = 0.196, P = 0.098) or

LVEF (β = 0.129, P = 0.261). OC and BALP were independently related with e’ (OC: β = 0.260,

P = 0.031; BALP: β = 0.221, P = 0.044), but not with LVEF (OC: β = 0.116, P = 0.328; BALP:

β = -0.025, P = 0.814). There was no correlation between CTX and e’ or LVEF, respectively.

None of the bone markers correlated with e’ or LVEF when analyses were restricted exclu-

sively to subjects with normocalcemic pHPT (n = 42).

Discussion

In a well-characterized and relatively large cohort of subjects with pHPT, circulating markers

of bone formation were independently related with e’ as a measure of LV diastolic function.

P1NP was also independently correlated with LVEF. These associations were independent of

potentially confounding parameters. Thus, our data provide novel evidence on a direct link

between bone formation and LV function in the setting of pHPT.

Clinical data on a link between bone turnover and LV function are sparse and longitudinal

studies reporting associations with cardiovascular outcome data have been inconsistent. In a

Table 1. Baseline characteristics of 155 subjects with primary hyperparathyroidism.

General Age, years 67.0 +/- 10.6

Females, n (%) 122 (78.7%)

Body mass index, kg/m2 27.8 +/- 5.0

Smokers, n (%) 59 (38.1%)

Estimated GFR, mL/min/1.73m2 76.9 +/- 16.4

Glycated hemoglobin A1C, mmol/mol 37.0 (35.0–40.0)

Total Cholesterol, mg/dL 203.0 +/- 42.3

Calcium metabolism Hypercalcemic pHPT, n (%) 113 (72.9%)

Parathyroid hormone (1–84), pg/mL 99.1 (81.5–124.6)

25-hydroxy vitamin D, ng/mL 34.3 +/- 11.4

Adjusted calcium, mmol/L 2.63 +/- 0.14

Phosphate, mg/dL 2.42 +/- 0.37

Bone P1NP, ng/mL 48.0 (31.2–71.3)

Bone-specific alkaline phosphatase, μg/mL 19.1 (14.7–25.8)

Osteocalcin, ng/mL 22.8 (16.0–35.1)

Beta-crosslaps, ng/mL 0.44 (0.23–0.71)

Osteoporosis treatment, n (%) 24 (15.5%)

RANKL-inhibitor 7 (4.5%)

Bisphosphonates 16 (10.3%)

Other 1 (0.6%)

Cardiovascular Left ventricular ejection fraction, % 63.0 (59.0–67.7)

e’ (average), cm/s 7.1 +/- 2.3

Mean 24-hours SBP, mmHg 125.5 +/- 12.2

Mean 24-hours DBP, mmHg 76.4 +/- 8.6

Antihypertensive medication (yes/no), n (%) 83 (53.5%)

Parameters are expressed as mean +/- SD or median (interquartile range), as appropriate.

Abbreviations: GFR, glomerular filtration rate (CKD EPI); pHPT, primary hyperparathyroidism; RANKL, receptor activator of nuclear factor kappa-B ligand;

P1NP, procollagen type 1 amino-terminal propeptide; SBP, systolic blood pressure; DBP, diastolic blood pressure.

https://doi.org/10.1371/journal.pone.0173799.t001
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small cohort of 20 hypertensive patients without pHPT, higher P1NP was not associated with

echocardiographic parameters of diastolic dysfunction [25]. High CTX was consistently associ-

ated with increased cardiovascular mortality in clinical studies [26–28]. By contrast, longitudi-

nal studies on bone formation markers reported arbitrary results, with most showing an

inverse association between bone markers and mortality [26, 28, 29]. Only one study is avail-

able that aimed at examining potential effects of PTH application on LV function. These

authors analyzed the progress of levels of NT-proBNP in osteoporotic subjects one, three and

Table 2. Correlations between parathyroid hormone/calcium and markers of bone turnover in univariate and multivariate analyses.

Dependent variable Explanatory variable Pearson correlation

analysis

Multivariate linear regression analysis

Model 1 Model 2

r P β P β P

P1NP PTH 0.145 0.073 0.149 0.074 0.210 0.013

Calcium 0.299 0.001 0.268 0.002 0.179 0.035

OC PTH 0.271 0.001 0.298 0.001 0.321 0.001

Calcium 0.199 0.014 0.108 0.193 0.105 0.210

BALP PTH 0.259 0.001 0.236 0.004 0.270 0.002

Calcium 0.308 0.001 0.243 0.003 0.182 0.038

CTX PTH 0.339 0.001 0.318 0.001 0.378 0.001

Calcium 0.249 0.002 0.131 0.128 0.065 0.440

Model 1 includes calcium and parathyroid hormone as covariates. Model 2 additionally includes age, sex, HbA1c, body mass index, mean 24-hours systolic

blood pressure, smoking status, estimated glomerular filtration rate (CKDEPI), ongoing antihypertensive treatment, ongoing osteoporosis treatment,

25-hydroxy vitamin D, and N-terminal pro-brain B-type natriuretic peptide.

β represents adjusted regression coefficient.

Abbreviations: P1NP, N-terminal propeptide of procollagen type 1; OC, N-mid osteocalcin; BALP, bone-specific alkaline phosphatase; CTX, beta-crosslaps;

PTH, parathyroid hormone.

https://doi.org/10.1371/journal.pone.0173799.t002

Table 3. Correlations between markers of bone turnover and echocardiographic parameters of left ventricular function in univariate and multivari-

ate analyses.

Dependent variable Explanatory variable Pearson correlation

analysis

Multivariate linear regression analysis

Model 1 Model 2

r P β P β P

e‘ P1NP 0.190 0.021 0.212 0.021 0.188 0.042

OC 0.224 0.006 0.264 0.004 0.192 0.039

BALP 0.147 0.076 0.191 0.042 0.198 0.030

CTX 0.168 0.047 0.217 0.022 0.146 0.133

LVEF P1NP 0.077 0.347 0.182 0.043 0.201 0.035

OC 0.061 0.460 0.149 0.100 0.138 0.158

BALP 0.072 0.381 0.165 0.072 0.108 0.248

CTX 0.085 0.314 0.121 0.197 0.102 0.310

Model 1 includes calcium and parathyroid hormone as covariates. Model 2 additionally includes age, sex, HbA1c, body mass index, mean 24-hour systolic

blood pressure, smoking status, estimated glomerular filtration rate (CKDEPI), ongoing antihypertensive treatment, ongoing osteoporosis treatment,

25-hydroxy vitamin D, and N-terminal pro-brain B-type natriuretic peptide.

β represents adjusted regression coefficient.

Abbreviations: P1NP, N-terminal propeptide of procollagen type 1; OC, N-mid osteocalcin; BALP, bone-specific alkaline phosphatase; CTX, beta-crosslaps;

LVEF, left ventricular ejection fraction.

https://doi.org/10.1371/journal.pone.0173799.t003
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six months after initiation of treatment with PTH (1–34) and found no change in comparison

to baseline [30].

Bone formation markers were independently related with PTH levels in our cohort and cor-

relations between these markers and LV function were pronounced after adjustment for PTH

and calcium. Moreover, these associations were only present in subjects with hypercalcemic

disease. Our observations should therefore be regarded in the context of autonomously ele-

vated PTH. Besides skeletal impairment, alterations in LV function and an increased cardio-

vascular risk have been documented in pHPT, even in mild disease [14–16]. Epidemiological

studies suggested a mechanistic crosslink between bone and cardiac disease [1–6] and it is rea-

sonable to assume that this relationship could be pronounced in pHPT. Surprisingly, our data

rather point towards cardio-protective properties of stimulated bone formation. In that aspect

the emerging role of bone metabolism for endothelial functioning, systemic energy metabo-

lism and stem cell proliferation and mobilization may be of relevance. Recent studies have

provided evidence on a molecular crosstalk between bone forming and endothelial cells facili-

tating a close interweavement of endothelial function and bone turnover [31]. By promoting

the secretion of vascular endothelial growth factor (VEGF) and nitric oxide from endothelial

cells PTH is a stimulator of the bone-vascular axis in experimental settings [32, 33]. Some stud-

ies indicated that these PTH actions on bone and on the vasculature impose beneficial effects

to the cardiovascular system. In rats with induced myocardial infarction PTH application led

to mobilization of angiogenic progenitor cells from bone marrow and improved survival and

reduced infarct size compared to sham treatment, probably via promoting VEGF-mediated

cardiac neovascularization [34]. Also in humans, PTH administration was associated with

increases in circulating hematopoietic stem cells and an improvement in carotid intima-media

thickness [35, 36]. Patients with pHPT exhibited higher numbers of circulating bone marrow

derived progenitor cells compared to healthy controls, and increased VEGF levels [37]. It

could therefore be speculated that in pHPT high bone formation markers can be considered a

surrogate of preserved responsiveness of the bone-vascular axis to PTH.

Our observations could be explained by direct effects of osteoblast-derived hormones on

LV function. Particularly the role of OC for cardiovascular disease has recently received attrac-

tion. OC is secreted from osteoblasts, e.g. upon activation by PTH, and is increasingly consid-

ered to play a pivotal role in systemic energy metabolism. Low OC levels were associated with

chronic heart failure [38] and an increased risk of cardiovascular events [39]. Nevertheless,

potential direct effects of OC on cardiomyocytes remain unclear and should be addressed in

future research. Vice versa, LV function may have direct influence on bone formation. In fact,

implantation of a ventricular assist device in patients with CHF was associated with an increase

in P1NP suggesting that improvement in LV function may stimulate bone formation [40].

Several aspects of the present work can be considered as significant strengths. These include

the novelty aspect, as—to the best of our knowledge—no clinical study has yet examined a link

between bone turnover markers and LV function in pHPT. Correlations with LV diastolic

function were consistent using different formation markers and the relatively large sample size

enabled us to adjust comprehensively for important potentially confounding parameters.

Moreover, laboratory and echocardiographic parameters were measured prospectively and

under blinded and standardized conditions.

Our study is limited by its cross-sectional character, and no conclusions can be drawn on a

potential cause-effect relationship between bone formation and LV function. In addition, due

to the single-center design our results may not be applicable to other pHPT populations.

Despite the use of multivariate regression models residual confounding cannot be ruled out.

As a conclusion, circulating markers of bone formation were independently related with

LV diastolic function and, partly, with systolic function in a relatively large-sized cohort of
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patients with pHPT. These data provide first clinical evidence on a direct link between bone

formation and LV function in pHPT. Potentially cardio-protective properties of stimulated

bone formation in the context of hyperparathyroidism and underlying mechanisms should be

explored in future studies.
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1. Leistner DM, Seeger FH, Fischer A, Röxe T, Klotsche J, Iekushi K, et al. Elevated Levels of the Mediator

of Catabolic Bone Remodeling RANKL in the Bone Marrow Environment Link Chronic Heart Failure

with Osteoporosis. Circ Heart Fail 2012; 5(6):769–77. https://doi.org/10.1161/CIRCHEARTFAILURE.

111.966093 PMID: 22936827

2. Terrovitis J, Zotos P, Kaldara E, Diakos N, Tseliou E, Vakrou S, et al. Bone mass loss in chronic heart

failure is associated with secondary hyperparathyroidism and has prognostic significance. Eur J Heart

Fail 2012; 14(3):326–32. https://doi.org/10.1093/eurjhf/hfs002 PMID: 22286155

3. Lyons KJ, Majumdar SR, Ezekowitz JA. The Unrecognized Burden of Osteoporosis-Related Vertebral

Fractures in Patients With Heart Failure. Circ Heart Fail 2011; 4(4):419–24. https://doi.org/10.1161/

CIRCHEARTFAILURE.111.961185 PMID: 21558449

Bone turnover and ventricular function in primary hyperparathyroidism

PLOS ONE | https://doi.org/10.1371/journal.pone.0173799 April 13, 2017 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173799.s001
https://doi.org/10.1161/CIRCHEARTFAILURE.111.966093
https://doi.org/10.1161/CIRCHEARTFAILURE.111.966093
http://www.ncbi.nlm.nih.gov/pubmed/22936827
https://doi.org/10.1093/eurjhf/hfs002
http://www.ncbi.nlm.nih.gov/pubmed/22286155
https://doi.org/10.1161/CIRCHEARTFAILURE.111.961185
https://doi.org/10.1161/CIRCHEARTFAILURE.111.961185
http://www.ncbi.nlm.nih.gov/pubmed/21558449
https://doi.org/10.1371/journal.pone.0173799


4. Mazziotti G, Baracca M, Doga M, Porcelli T, Vescovi PP, Giustina A. Prevalence of thoracic vertebral

fractures in hospitalized elderly patients with heart failure. Eur J Endocrinol 2012; 167(6):865–72.

https://doi.org/10.1530/EJE-12-0566 PMID: 22968484

5. Carbone L, Buzkova P, Fink HA, Lee JS, Chen Z, Ahmed A, et al. Hip fractures and heart failure: find-

ings from the Cardiovascular Health Study. Eur Heart J 2010; 31(1):77–84. https://doi.org/10.1093/

eurheartj/ehp483 PMID: 19892715

6. Pfister R, Michels G, Sharp SJ, Luben R, Wareham NJ, Khaw KT. Low Bone Mineral Density Predicts

Incident Heart Failure in Men and Women. JACC Heart Fail 2014; 2(4):380–9. https://doi.org/10.1016/j.

jchf.2014.03.010 PMID: 25023816

7. Fraser WD. Hyperparathyroidism. Lancet 2009; 374(9684):145–58. https://doi.org/10.1016/S0140-

6736(09)60507-9 PMID: 19595349

8. Kerschan-Schindl K, Riss P, Krestan C, Rauner M, Bieglmayer C, Gleiss A, et al. Bone Metabolism in

Patients with Primary Hyperparathyroidism Before and After Surgery. Horm Metab Res 2012; 44

(06):476–81.

9. Hansen S, Hauge EM, Rasmussen L, Jensen JE, Brixen K. Parathyroidectomy improves bone geome-

try and microarchitecture in female patients with primary hyperparathyroidism: A one-year prospective

controlled study using high-resolution peripheral quantitative computed tomography. J Bone Miner Res

2012; 27(5):1150–8. https://doi.org/10.1002/jbmr.1540 PMID: 22228118

10. Stein EM, Silva BC, Boutroy S, Zhou B, Wang J, Udesky J, et al. Primary hyperparathyroidism is associ-

ated with abnormal cortical and trabecular microstructure and reduced bone stiffness in postmeno-

pausal women. J Bone Miner Res 2013; 28(5):1029–40. https://doi.org/10.1002/jbmr.1841 PMID:

23225022

11. Khosla S, Melton LJ, Wermers RA, Crowson CS, O’Fallon WM, Riggs BL. Primary Hyperparathyroidism

and the Risk of Fracture: A Population-Based Study. J Bone Miner Res 1999; 14(10):1700–7. https://

doi.org/10.1359/jbmr.1999.14.10.1700 PMID: 10491217

12. Hagström E, Ingelsson E, Sundström J, Hellman P, Larsson TE, Berglund L, et al. Plasma parathyroid

hormone and risk of congestive heart failure in the community. Eur J Heart Fail 2010; 12(11):1186–92.

https://doi.org/10.1093/eurjhf/hfq134 PMID: 20797986

13. Wannamethee SG, Welsh P, Papacosta O, Lennon L, Whincup PH, Sattar N. Elevated Parathyroid

Hormone, But Not Vitamin D Deficiency, Is Associated With Increased Risk of Heart Failure in Older

Men With and Without Cardiovascular Disease. Circ Heart Fail 2014; 7(5):732–9. https://doi.org/10.

1161/CIRCHEARTFAILURE.114.001272 PMID: 25104043

14. Walker MD, Fleischer JB, Di Tullio MR, Homma S, Rundek T, Stein EM, et al. Cardiac Structure and

Diastolic Function in Mild Primary Hyperparathyroidism. J Clin Endocrinol Metab 2010; 95(5):2172–9.

https://doi.org/10.1210/jc.2009-2072 PMID: 20228165

15. Ozdemir D, Kalkan GY, Bayram NA, Onal ED, Ersoy R, Bozkurt E, et al. Evaluation of left ventricle func-

tions by tissue Doppler, strain, and strain rate echocardiography in patients with primary hyperparathy-

roidism. Endocrine 2014; 47(2):609–17. https://doi.org/10.1007/s12020-014-0245-7 PMID: 24676760

16. Yu N, Donnan PD, Flynn Robert W, Murphy MJ, Smith D, Rudman A, et al. Increased mortality and mor-

bidity in mild primary hyperparathyroid patients. Clin Endocrinol (Oxford) 2010; 73(1):30–4.

17. Tomaschitz A, Verheyen ND, Meinitzer A, Pieske B, Belyavskiy E, Brussee H, et al. Effect of Eplere-

none on Parathyroid Hormone Levels in Patients with Primary Hyperparathyroidism: the EPATH Ran-

domized, Placebo-Controlled Trial. J Hypertens. 2016 Jul; 34(7):1347–56. https://doi.org/10.1097/HJH.

0000000000000927 PMID: 27065001

18. Tomaschitz A, Fahrleitner-Pammer A, Pieske B, Verheyen N, Amrein K, Ritz E, et al. Effect of eplere-

none on parathyroid hormone levels in patients with primary hyperparathyroidism: a randomized, dou-

ble-blind, placebo-controlled trial. BMC Endocr Disord 2012; 12(1):19.

19. Tomaschitz A, Verheyen N, Gaksch M, Meinitzer A, Pieske B, Kraigher-Krainer E, et al. Homoarginine

in Patients With Primary Hyperparathyroidism. Am J Med Sci 2015; 349(4):306–11. https://doi.org/10.

1097/MAJ.0000000000000419 PMID: 25647833

20. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H, Edvardsen T, et al. Recommenda-

tions for the Evaluation of Left Ventricular Diastolic Function by Echocardiography: An Update from the

American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur J

Echocardiogr 2016; 29(4):277–314.

21. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al. Recommendations for Car-

diac Chamber Quantification by Echocardiography in Adults: An Update from the American Society of

Echocardiography and the European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc

Imaging 2015; 28(1):1–39.e14.

Bone turnover and ventricular function in primary hyperparathyroidism

PLOS ONE | https://doi.org/10.1371/journal.pone.0173799 April 13, 2017 9 / 10

https://doi.org/10.1530/EJE-12-0566
http://www.ncbi.nlm.nih.gov/pubmed/22968484
https://doi.org/10.1093/eurheartj/ehp483
https://doi.org/10.1093/eurheartj/ehp483
http://www.ncbi.nlm.nih.gov/pubmed/19892715
https://doi.org/10.1016/j.jchf.2014.03.010
https://doi.org/10.1016/j.jchf.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25023816
https://doi.org/10.1016/S0140-6736(09)60507-9
https://doi.org/10.1016/S0140-6736(09)60507-9
http://www.ncbi.nlm.nih.gov/pubmed/19595349
https://doi.org/10.1002/jbmr.1540
http://www.ncbi.nlm.nih.gov/pubmed/22228118
https://doi.org/10.1002/jbmr.1841
http://www.ncbi.nlm.nih.gov/pubmed/23225022
https://doi.org/10.1359/jbmr.1999.14.10.1700
https://doi.org/10.1359/jbmr.1999.14.10.1700
http://www.ncbi.nlm.nih.gov/pubmed/10491217
https://doi.org/10.1093/eurjhf/hfq134
http://www.ncbi.nlm.nih.gov/pubmed/20797986
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001272
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001272
http://www.ncbi.nlm.nih.gov/pubmed/25104043
https://doi.org/10.1210/jc.2009-2072
http://www.ncbi.nlm.nih.gov/pubmed/20228165
https://doi.org/10.1007/s12020-014-0245-7
http://www.ncbi.nlm.nih.gov/pubmed/24676760
https://doi.org/10.1097/HJH.0000000000000927
https://doi.org/10.1097/HJH.0000000000000927
http://www.ncbi.nlm.nih.gov/pubmed/27065001
https://doi.org/10.1097/MAJ.0000000000000419
https://doi.org/10.1097/MAJ.0000000000000419
http://www.ncbi.nlm.nih.gov/pubmed/25647833
https://doi.org/10.1371/journal.pone.0173799


22. Souberbielle JC, Cormier C, Kindermans C, Gao P, Cantor T, Forette F, et al. Vitamin D Status and

Redefining Serum Parathyroid Hormone Reference Range in the Elderly. J Clin Endocrinol Metab

2001; 86(7):3086–90. https://doi.org/10.1210/jcem.86.7.7689 PMID: 11443171

23. Eastell R, Brandi ML, Costa AG, D’Amour P, Shoback DM, Thakker RV. Diagnosis of Asymptomatic Pri-

mary Hyperparathyroidism: Proceedings of the Fourth International Workshop. J Clin Endocrinol Metab

2014; 99(10):3570–9. https://doi.org/10.1210/jc.2014-1414 PMID: 25162666

24. Lowe H, McMahon DJ, Rubin MR, Bilezikian JP, Silverberg SJ. Normocalcemic Primary Hyperparathy-

roidism: Further Characterization of a New Clinical Phenotype. J Clin Endocrinol Metab 2007; 92

(8):3001–5. https://doi.org/10.1210/jc.2006-2802 PMID: 17536001

25. Lin YH, Chiu YW, Shiau YC, Yen RF, Tsai IJ, Ho YL, et al. The relation between serum level of amio-

terminal propeptide of type I procollagen and diastolic dysfunction in hypertensive patients without dia-

betes mellitus: A pilot study. J Hum Hypertens 2006; 20(12):964–7. https://doi.org/10.1038/sj.jhh.

1002092 PMID: 17024136

26. Sambrook PN, Chen CJS, March L, Cameron ID, Cumming RG, Lord SR, et al. High bone turnover is

an independent predictor of mortality in the frail elderly. J Bone Miner Res 2006; 21(4):549–55. https://

doi.org/10.1359/jbmr.060104 PMID: 16598375

27. Lerchbaum E, Schwetz V, Pilz S, Grammer TB, Look M, Boehm BO, et al. Association of bone turnover

markers with mortality in men referred to coronary angiography. Osteoporosis Int 2013; 24(4):1321–

32.

28. Lerchbaum E, Schwetz V, Pilz S, Boehm BO, Maerz W. Association of bone turnover markers with mor-

tality in women referred to coronary angiography: the Ludwigshafen Risk and Cardiovascular Health

(LURIC) study. Osteoporosis Int 2014; 25(2):455–65.

29. Confavreux CB, Szulc P, Casey R, Boutroy S, Varennes A, Vilayphiou N, et al. Higher serum osteocal-

cin is associated with lower abdominal aortic calcification progression and longer 10-year survival in

elderly men of the MINOS cohort. J Clin Endocrinol Metab 2013; 98(3):1084–92. https://doi.org/10.

1210/jc.2012-3426 PMID: 23386651

30. Ellegaard M, Schwarz P, Hansen CR, Faber J, Vestergaard H. Short-term teriparatide treatment does

not affect NT-proBNP, a marker of cardiac disease. Scand J Clin Lab Invest 2012; 72(7):518–22.

https://doi.org/10.3109/00365513.2012.701321 PMID: 22950623

31. Ramasamy SK, Kusumbe AP, Wang L, Adams RH. Endothelial Notch activity promotes angiogenesis

and osteogenesis in bone. Nature 2014; 507(7492):376–80. https://doi.org/10.1038/nature13146

PMID: 24647000

32. Prisby R, Guignandon A, Vanden-Bossche A, Mac-Way F, Linossier MT, Thomas M, et al. Intermittent

PTH(1–84) is osteoanabolic but not osteoangiogenic and relocates bone marrow blood vessels closer

to bone-forming sites. J Bone Miner Res 2011; 26(11):2583–96. https://doi.org/10.1002/jbmr.459

PMID: 21713994

33. Prisby R, Menezes T, Campbell J. Vasodilation to PTH (1–84) in bone arteries is dependent upon the

vascular endothelium and is mediated partially via VEGF signaling. Bone 2013; 54(1):68–75. https://

doi.org/10.1016/j.bone.2013.01.028 PMID: 23356989

34. Zaruba MM, Huber BC, Brunner S, Deindl E, David R, Fischer R, et al. Parathyroid hormone treatment

after myocardial infarction promotes cardiac repair by enhanced neovascularization and cell survival.

Cardiovasc Res 2008; 77(4):722–31. https://doi.org/10.1093/cvr/cvm080 PMID: 18055578

35. Yoda M, Imanishi Y, Nagata Y, Ohara M, Yoda K, Yamada S, et al. Teriparatide Therapy Reduces

Serum Phosphate and Intima-Media Thickness at the Carotid Wall Artery in Patients with Osteoporosis.

Calcif Tissue Int 2015; 97(1):32–9. https://doi.org/10.1007/s00223-015-0007-4 PMID: 25926047

36. Yu EW, Kumbhani R, Siwila-Sackman E, DeLelys M, Preffer FI, Leder BZ, et al. Teriparatide (PTH

1–34) Treatment Increases Peripheral Hematopoietic Stem Cells in Postmenopausal Women. J Bone

Miner Res 2014; 29(6):1380–6. https://doi.org/10.1002/jbmr.2171 PMID: 24420643

37. Brunner S, Theiss HD, Murr A, Negele T, Franz WM. Primary hyperparathyroidism is associated with

increased circulating bone marrow-derived progenitor cells. Am J Physiol Endocrinol Metab 2007; 293

(6):E1670–5. https://doi.org/10.1152/ajpendo.00287.2007 PMID: 17911347

38. Schleithoff SS, Zittermann A, Stuttgen B, Tenderich G, Berthold HK, Körfer R, et al. Low serum levels of

intact osteocalcin in patients with congestive heart failure. J Bone Miner Metab 2003; 21(4):247–52.

https://doi.org/10.1007/s00774-003-0417-7 PMID: 12811631

39. Magni P, Macchi C, Sirtori CR, Corsi Romanelli MM. Osteocalcin as a potential risk biomarker for car-

diovascular and metabolic diseases. Clin Chem Lab Med 2016 Feb 10 [Epub ahead of print].

40. Wu C, Kato TS, Pronschinske K, Qiu S, Naka Y, Takayama H, et al. Dynamics of bone turnover markers

in patients with heart failure and following haemodynamic improvement through ventricular assist

device implantation. Eur J Heart Fail 2012; 14(12):1356–65. https://doi.org/10.1093/eurjhf/hfs138

PMID: 22989867

Bone turnover and ventricular function in primary hyperparathyroidism

PLOS ONE | https://doi.org/10.1371/journal.pone.0173799 April 13, 2017 10 / 10

https://doi.org/10.1210/jcem.86.7.7689
http://www.ncbi.nlm.nih.gov/pubmed/11443171
https://doi.org/10.1210/jc.2014-1414
http://www.ncbi.nlm.nih.gov/pubmed/25162666
https://doi.org/10.1210/jc.2006-2802
http://www.ncbi.nlm.nih.gov/pubmed/17536001
https://doi.org/10.1038/sj.jhh.1002092
https://doi.org/10.1038/sj.jhh.1002092
http://www.ncbi.nlm.nih.gov/pubmed/17024136
https://doi.org/10.1359/jbmr.060104
https://doi.org/10.1359/jbmr.060104
http://www.ncbi.nlm.nih.gov/pubmed/16598375
https://doi.org/10.1210/jc.2012-3426
https://doi.org/10.1210/jc.2012-3426
http://www.ncbi.nlm.nih.gov/pubmed/23386651
https://doi.org/10.3109/00365513.2012.701321
http://www.ncbi.nlm.nih.gov/pubmed/22950623
https://doi.org/10.1038/nature13146
http://www.ncbi.nlm.nih.gov/pubmed/24647000
https://doi.org/10.1002/jbmr.459
http://www.ncbi.nlm.nih.gov/pubmed/21713994
https://doi.org/10.1016/j.bone.2013.01.028
https://doi.org/10.1016/j.bone.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23356989
https://doi.org/10.1093/cvr/cvm080
http://www.ncbi.nlm.nih.gov/pubmed/18055578
https://doi.org/10.1007/s00223-015-0007-4
http://www.ncbi.nlm.nih.gov/pubmed/25926047
https://doi.org/10.1002/jbmr.2171
http://www.ncbi.nlm.nih.gov/pubmed/24420643
https://doi.org/10.1152/ajpendo.00287.2007
http://www.ncbi.nlm.nih.gov/pubmed/17911347
https://doi.org/10.1007/s00774-003-0417-7
http://www.ncbi.nlm.nih.gov/pubmed/12811631
https://doi.org/10.1093/eurjhf/hfs138
http://www.ncbi.nlm.nih.gov/pubmed/22989867
https://doi.org/10.1371/journal.pone.0173799

