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Introduction

Vitamin D and parathyroid hormone (PTH) are crucial 
for calcium and phosphorus homeostasis and thus play an 
important role in the development and maintenance of bone 
architecture. Several observational studies have investigated 
the impact of 25-hydroxyvitamin D [25(OH)D], the 
established biomarker of vitamin D status, and/or PTH on 
bone status (1–15), but with inconsistent findings. Likewise, 
supplementation trials yielded conflicting results regarding 
the effect of vitamin D on bone health and fracture risk. A 
recent Cochrane review concluded that supplementation of 
vitamin D combined with calcium, but not vitamin D alone, 
may protect against fractures in older subjects (16). Therefore,  
25(OH)D may not exert substantial effects on bones 
independent of calcium homeostasis. Another explanation 
for the inconsistent study results is the presence of non-
linear associations between circulating 25(OH)D and bone 

status parameters, i.e. that 25(OH)D may impact bone 
status predominantly at low 25(OH)D concentrations (4, 
11). Concentrations below 25 nmol/L represent vitamin D 
deficiency and are linked to hyperparathyroidism, increased 
bone turnover and mineralisation defects and consequently 
osteomalacia (17). Although less clear, vitamin D insufficiency, 
i.e. 25(OH)D concentrations above 25 up to 50 nmol/L or even 
higher, has been associated with elevated PTH concentrations 
and the development of osteoporosis (17). At present, 
there is no general consensus on which 25(OH)D and PTH 
concentrations are optimal to maintain bone health and prevent 
fractures. According to the Institute of Medicine, 25(OH)D 
concentrations ≥ 50 nmol/L cover the needs of most subjects as 
regards skeletal health outcomes (18), whereas the Endocrine 
Society recommends concentrations ≥ 75 nmol/L (19).

For clinical diagnosis of osteoporosis, dual-energy X-ray 
absorptiometry (DXA) is commonly used (20). Other 
techniques, such as quantitative ultrasound (QUS), may be 
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useful to gain information on structural and quality aspects of 
bones, including elasticity and connectivity of trabecular bone 
(21). The risk profile can be completed by using bone turnover 
markers, such as N-terminal propeptide of type 1 collagen 
(P1NP) and alkaline phosphatase (ALP), in conjunction with an 
assessment of classical risk factors for osteoporosis (20, 22).

At present, data on the associations of 25(OH)D and PTH 
with calcaneal bone characteristics measured by QUS and bone 
turnover markers in non-vitamin D-deficient, independently 
living elderly subjects are scarce. In view of the frequently 
observed sex differences in vitamin D status (9, 14) and the 
differences between women and men as regards bone formation 
and bone loss over the lifecycle (23), sex may impact these 
associations, but this has been seldom addressed in previous 
studies.

The primary objective of the present study was to analyse 
whether concentrations of 25-hydroxycholecalciferol [25(OH)
D3] and intact PTH (iPTH) are independently associated with 
calcaneal QUS parameters and bone formation markers in non-
institutionalised elderly subjects with 25(OH)D3 concentrations 
above 25 nmol/L. In this context, we analysed whether the 
associations differed by sex, vitamin D status or iPTH status.

Methods

Study design and subjects
The here presented cross-sectional data based on the follow-

up 2008 of the longitudinal study on nutrition and health 
status of senior citizens in Giessen (GISELA study), Germany 
(latitude 50.6°N), in which 275 Caucasian subjects participated 
(24). General inclusion criteria for enrolment in the GISELA 
study were an age of at least 60 years and physical mobility, 
which meant that subjects should be able to visit the institute 
without assistance.

For the present explorative investigation, subjects with 
incomplete data on relevant parameters (i.e. serum 25(OH)D3, 
serum iPTH, bone status, body composition, nutrient intake, 
current time spent outdoors, physical activity and smoking 
behaviour) were excluded (n = 73). Subjects with reported 
diagnosis of chronic kidney disease in the last four years (n 
= 5) and history of chronic liver disease/liver cancer (n = 11) 
or kidney/bladder cancer (n = 3) were also not considered in 
this analysis, as these diseases were shown to impair vitamin 
D and/or bone metabolism (25–28). However, a few of these 
subjects were already excluded for missing data. Because bone 
status parameters did not differ between subjects with and 
without a lifetime history of rheumatism, diabetes mellitus or 
hyperthyroidism in sex-specific analyses (all P > 0.05), subjects 
who suffered from these diseases were not excluded. The final 
study population consisted of 134 postmenopausal women and 
54 men, aged 66–96 years.

Ethics statement
This study was conducted according to the guidelines laid 

down in the Declaration of Helsinki and the research protocol 
was approved by the Ethical Committee of the Faculty of 
Medicine at the Justus-Liebig-University of Giessen, Germany. 
Written informed consent was obtained from all participants 
before examinations.

Biochemical analyses
In 2008, fasting blood samples were collected from the end 

of July to September, and serum aliquots were stored at −70 °C 
until analysed. Serum concentrations of 25(OH)D3, iPTH, total 
P1NP, cortisol and thyroid stimulating hormone were measured 
by an electrochemiluminescence immunoassay (ECLIA) 
using Modular E170 (Roche Diagnostics GmbH, Mannheim, 
Germany) in the Limbach Laboratory, Heidelberg, Germany 
(29–33). Total ALP activity was assessed by photometric 
detection (Modular Hitachi, Roche Diagnostics GmbH, 
Mannheim, Germany) in the Limbach Laboratory, Heidelberg, 
Germany (34). The 25(OH)D3 assay has been standardised 
against liquid chromatography-tandem mass spectrometry (31). 
The laboratory performing the 25(OH)D3 analyses participated 
in the Vitamin D External Quality Assessment Scheme.

Serum concentrations of 17β-estradiol, luteinising hormone, 
follicle stimulating hormone and testosterone were measured 
by ECLIA using Modular E170 (Roche Diagnostics GmbH, 
Mannheim, Germany) in the Limbach Laboratory, Heidelberg, 
Germany (35–38).

Serum creatinine was determined by photometric detection 
(Shimadzu UV-160A, Shimadzu, Kyoto, Japan) and the 
estimated glomerular filtration rate (eGFR) was calculated by 
using the simplified Modification of Diet in Renal Disease 
study formula (39).

Calcaneal bone status as judged by quantitative ultrasound
Bone status was determined by QUS via water-based 

Achilles+ Solo Ultrasonometer (Lunar Corporation, Madison, 
WI, USA) and the software version 3.0. Measurements 
were carried out in the left calcaneus and in an upright-
seated position (40). The QUS parameters were broadband 
ultrasound attenuation (BUA, dB/MHz), speed of sound (SOS, 
m/s) and stiffness index (SI, %). SI was calculated by the 
Achilles system: SI = 0.67 × BUA + 0.28 × SOS – 420 (41). 
The phantom provided by the manufacturer was used for 
calibration. The calculated coefficients of variation for repeated 
measurements over 20 consecutive days in 10 subjects aged 
25–52 years were 2.4 %, 0.5 % and 2.3 % for BUA, SOS and 
SI, respectively (40).

According to the definition of the World Health 
Organization, which based on DXA measurements in white 
postmenopausal women, osteoporosis is defined as a BMD of 
–2.5 standard deviations equal or less than the average value of 
a young healthy reference group (expressed as T-score ≤ –2.5) 
(20). For QUS measurements, no generally accepted T-score 
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to discriminate osteoporotic subjects from non-osteoporotic 
subjects exists (40). Therefore, we used additional T-scores 
of ≤ –2.94 and ≤ –3.68 as threshold values for identification 
of osteoporotic subjects. The first T-score represents the best 
relation between sensitivity and specificity as regards the 
identification of osteoporotic females and the second T-score 
was found to identify the same percentage of osteoporotic 
women in the GISELA population as with DXA measurements 
at the femoral neck (40). T-score and Z-score were calculated 
by the device-specific software of the Achilles system.

Anthropometric data and body composition
Body mass index (BMI) was calculated from the measured 

weight and height (kg/m2), which were determined in light 
clothing without shoes using a calibrated scale with an 
integrated stadiometer (Seca, Vogel & Halke GmbH & Co. KG, 
Hamburg, Germany). Fat mass and fat-free mass were assessed 
by a single-frequency (50 kHz) bioelectrical impedance 
analyser in a supine position (Akern-RJL BIA 101/S, Data 
Input, Frankfurt, Germany) according to the formula of 
Roubenoff et al. (42).

Lifestyle factors
A self-administered questionnaire on health and lifestyle 

characteristics was handed out to the participants. Among 
others, study participants were asked to record their current 
time spent on different physical activities in hours per week 
and the physical activity level was calculated by dividing the 
total energy expenditure by the resting metabolic rate measured 
by indirect calorimetry as described previously (43). Sunlight 
exposure was estimated by asking the subjects, how much time 
they currently spent outdoors in minutes per day. Subjects were 
classified as current/ex-smokers and as non-smokers when they 
have never smoked.

Information on fractures, cortisone therapy and hormone 
replacement therapy

The incidence of fractures was assessed by a self-
administered questionnaire on the occurrence of any fractures 
in the last four years prior to completion of the questionnaire. 
Subjects were asked on their use of cortisone and whether they 
have undergone hormone replacement therapy (HRT).

Dietary assessment and use of anti-osteoporotic drugs and 
vitamin D/calcium supplements

Daily intake of proteins, vitamin D, calcium, phosphorus and 
alcohol was determined using a validated three-day estimated 
dietary record consisting of 146 food items and beverages (44).

Data on the use of anti-osteoporotic drugs and vitamin D/
calcium supplements were collected via self-administered 
questionnaire and subjects were accordingly classified into 
users and non-users. Except for one subject, all vitamin D 
supplement users supplemented also calcium and except for 
one subject, all users of anti-osteoporotic drugs reported to 

use vitamin D and/or calcium supplements as well. Therefore, 
we created a dichotomous variable (‘use of vitamin D/calcium 
supplements and/or anti-osteoporotic drugs (no vs. yes)’).

Statistical analyses
Continuous data are expressed as median and 25th–75th 

percentiles due to the presence of non-normally distributed data. 
Descriptive characteristics were compared between women and 
men via Mann–Whitney U test for continuous variables. Chi-
squared or Fisher’s exact test was used to assess differences 
in proportions. Subjects with insufficient and sufficient  
25(OH)D3 concentrations (two cut-off values were used: 
25(OH)D3 < vs. ≥ 50.0 nmol/L and < vs. ≥ 75.0 nmol/L) as 
well as subjects with and without hyperparathyroidism (iPTH 
≤ vs. > 6.9 pmol/L) were compared with regard to bone status 
parameters using the Mann–Whitney U test.

In linear regression analyses, normal distribution of residuals 
was checked by Shapiro-Wilk test and by visual inspection of 
diagrams. In view of the skewed distributions, P1NP and ALP 
were logarithmically transformed (lg10). Residuals for QUS 
parameters showed to some extent deviations from normal 
distribution. In this case, lg10 transformation of QUS parameters 
to approximate normal distribution yielded comparable results. 
Therefore, non-transformed QUS data are presented.

Simple regression analyses were performed to investigate 
the non-adjusted associations between 25(OH)D3 or iPTH 
with bone status parameters. Using sex-adjusted linear 
regression analyses (enter procedure), we analysed whether 
age, month of blood sampling, body mass, BMI, fat mass, 
fat-free mass, lifestyle factors, alcohol consumption, dietary 
calcium to phosphorus ratio, dietary intake of proteins and 
vitamin D, use of vitamin D/calcium supplements and/or anti-
osteoporotic drugs, HRT of more than 12 months during or after 
menopause (only women), eGFR, thyroid stimulating hormone 
concentration, cortisol concentration and concentrations of sex 
hormones correlated with bone status parameters, respectively. 
Those parameters that showed significant associations with 
bone status parameters were included in subsequent multiple 
linear regression analyses with 25(OH)D3 and iPTH as 
independent variables and QUS parameters, P1NP or ALP 
as dependent variable. Relevant covariables were included 
in the model by using stepwise selection procedure, whereas  
25(OH)D3 and iPTH were kept in the model regardless of 
statistical significance. As regards body mass, BMI, fat mass 
and fat-free mass, we created separate models to prevent 
collinearity. In multiple regression analyses, variance inflation 
factors were < 5.0 and tolerance statistics were > 0.20. Effect 
modification by sex was investigated by adding interaction 
terms (sex × 25(OH)D3 and sex × iPTH, respectively) to the 
regression models (enter procedure; P < 0.100 as significance 
level).

A sensitivity analysis was conducted to examine the 
consistency of the results by excluding subjects with oedema, 
immobility for more than one month within the last two 
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Table 1
Descriptive characteristics of the study population a

Women (n = 134) Men (n = 54) P b

Median P25–P75 Median P25–P75
Age (years) 75.0 72.0–79.0 76.5 74.0–80.0 0.135
Body mass index (kg/m²) 27.1 24.5–30.0 26.4 24.4–28.8 0.566
Fat-free mass (kg) 39.8 37.5–42.1 55.3 52.1–59.1 <0.001
Fat mass (kg) 29.1 24.1–35.6 24.3 18.1–28.7 <0.001
Fat mass (%) 42.8 38.6–46.0 29.1 25.5–34.3 <0.001
25-Hydroxycholecalciferol (nmol/L) c 62.3 50.7–72.6 65.6 53.5–71.1 0.320
Intact parathyroid hormone (pmol/L) d 4.6 3.8–6.2 4.4 3.7–6.2 0.570
BUA (db/MHz) 110.0 102.0–120.0 126.0 117.0–133.0 <0.001
SOS (m/s) 1514 1493–1535 1536 1519–1560 <0.001
SI (%) 77.5 67.0–89.0 96.0 85.5–104.5 <0.001
T-Score −1.7 −2.5 – −0.8 −0.3 −1.1–0.4 <0.001
Z-Score 0.5 −0.2–1.6 0.7 −0.1–1.4 0.808
P1NP (µg/L) 36.5 25.4–48.7 31.3 23.0–42.6 0.103
ALP (U/L) 69.0 58.8–80.3 64.0 52.8–74.3 0.088
eGFR (mL/min/1.73 m²) 55.5 49.0–61.8 61.5 55.6–71.6 <0.001
TSH (mIU/L) 1.2 0.7–1.8 1.2 0.8–1.5 0.759
Cortisol (nmol/L) 457.2 352.8–577.7 486.5 397.2–562.5 0.328
Estradiol (ng/L, n = 118) e 9.8 7.3–15.7 26.1 22.9–35.9 <0.001
FSH (IU/L) 62.1 47.2–74.2 6.7 5.1–14.3 <0.001
LH (IU/L, n = 185) e 27.9 20.2–33.6 6.0 4.3–9.2 <0.001
Testosterone (µg/L, n = 164) e 0.2 0.1–0.3 4.4 3.4–5.8 <0.001
Physical activity level 1.7 1.6–1.8 1.6 1.5–1.7 0.111
Time spent outdoors (min/d) 120.0 60.0–180.0 135.0 115.0–240.0 0.008
Alcohol intake (g/d) 0.5 0.1–6.9 5.2 0.3–14.4 0.003
Protein intake (g/d) 78.8 64.2–93.7 89.9 78.2–107.9 0.001
Vitamin D intake (µg/d) 2.9 1.1–6.8 4.6 1.7–7.1 0.090
Dietary calcium to phosphorus ratio 0.8 0.7–0.9 0.7 0.6–0.8 0.001

n % n %
Vitamin D supplement users 21 16 3 6 0.060
Calcium supplement users 48 36 7 13 0.002
Use of osteoporotic drugs 12 9 1 2 0.113
Blood sampling in September 52 39 20 37 0.821
Current or ex-smokers 31 23 37 69 <0.001
HRT > 12 months (n = 119) f 53 45
Abbreviations: BUA, Broadband ultrasound attenuation; SOS, Speed of sound; SI, Stiffness index; P1NP, N-terminal propeptide of type 1 collagen; ALP, Alkaline phosphatase; 
eGFR, Estimated glomerular filtration rate; TSH, Thyroid stimulating hormone; FSH, Follicle stimulating hormone; LH, Luteinising hormone; HRT, Hormone replacement therapy;  
a. Data are presented as median and 25th–75th percentiles (P25–P75) for continuous variables and absolute and relative frequencies for categorical variables;  
b. Mann−Whitney U test, χ² test and Fischer exact test for analysing sex differences, respectively; c. To convert nmol/L in ng/mL, divide by 2.496; d. To convert pmol/L in pg/mL, divide 
by 0.106;  e. Of the 188 subjects, 70, 3 and 24 subjects had no detectable 17β-estradiol, LH and testosterone concentrations, respectively; f. 15 women had missing information on HRT 
usage and/or duration of administration.
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years prior to examination, fracture in the last four years, 
bilateral oophorectomy before the age of 46, amenorrhea > 
6 months during reproductive years, pre-menopausal anti-
oestrogen treatment, cortisone therapy > 6 months in the last 
four years and current use of vitamin D/calcium supplements, 
anti-osteoporotic drugs, antiepileptic drugs, tamoxifen or 
arimidix. In addition, the multiple regression analyses were 
performed stratified by the median 25(OH)D3 and iPTH status 
to investigate whether the associations differed by vitamin D or 
iPTH status. The median was used as splitting criterion to get 
two equal-sized groups. Due to the reduction/subdivision of the 
sample size, no additional stratification by sex was performed 
in these analyses.

Because of the explorative character of the present study, no 
adjustment for multiple hypotheses testing has been performed. 
Statistical analyses were conducted with IBM® SPSS® 

Statistics for Windows, version 22.0 (IBM Corporation, USA). 
Significance level was set at P < 0.05 if not otherwise indicated, 
and all tests were two-tailed.

Results

Characteristics of the study subjects
Sex-specific descriptive characteristics are presented in 

Table 1. A T-score of ≤ −2.50, ≤ –2.94 and ≤ –3.68 was 
observed in 20 %, 12 % and 3 % of the study population, 
respectively. In contrast, no subject had a Z-score ≤ −2.50.

Median (range) 25(OH)D3 and iPTH concentrations 
were 62.8 (29.9–106.7) nmol/L and 4.6 (1.3–21.0) pmol/L, 
respectively. Serum 25(OH)D3 concentrations < 50.0 nmol/L 
and ≥ 75.0 nmol/L were evident in 21 % and 20 % of the 
subjects, respectively. Subjects with 25(OH)D3 concentrations < 
50.0 nmol/L had lower BUA (109 vs. 117 db/MHz), SOS (1513 
vs. 1522 m/s), SI (77 vs. 84 %), T-score (−1.7 vs. −1.2) and 

Z-score (0.1 vs. 0.7) than subjects with higher concentrations 
(all P < 0.05). However, except for higher ALP values in 
subjects with 25(OH)D3 concentrations < 75.0 nmol/L (69 vs. 
60 U/L, P < 0.05), no differences in bone status parameters 
were found between subjects with 25(OH)D3 concentrations < 
and ≥ 75.0 nmol/L (all P > 0.05). Hyperparathyroidism (iPTH 
> 6.9 pmol/L) was found in 16 % of the subjects. Except 
for higher ALP values in subjects with iPTH concentrations 
> 6.9 pmol/L (74 vs. 67 U/L, P < 0.05), no differences in 
bone status parameters were found as regards the presence of 
hyperparathyroidism (all P > 0.05).

Both lg10 P1NP (B = −20.58, β = −0.138, P = 0.049) and lg10 
ALP (B = −42.51, β = −0.154, P = 0.028) correlated negatively 
with SOS in sex-adjusted linear regression analyses, but not 
with BUA or SI (all P > 0.05).

Simple regression analyses of 25(OH)D3 and iPTH with 
bone status parameters

In simple regression analyses, concentrations of  
25(OH)D3 and iPTH showed no significant associations 
with QUS parameters (Supplementary material 1). However,  
25(OH)D3 was negatively associated with lg10 P1NP in women 
(B = −0.002, β = −0.178, P = 0.039) and with lg10 ALP in 
women (B = −0.002, β = −0.225, P = 0.009) and in the entire 
cohort (B = −0.002, β = −0.201, P = 0.006), whereas men 
showed no associations.

Selection of covariables for the final multiple regression 
analyses

Those parameters, which were significantly associated 
at least with one of the bone status parameters according 
to sex-adjusted regression analyses are presented in Table 
2. Age, body mass, BMI, fat mass, fat-free mass, month of 

Table 2
Selection of covariables for the final multiple regression analyses

BUA (db/MHz) SOS (m/s) SI (%) lg10 P1NP (µg/L) lg10 ALP (U/L)
Age (years) −0.313*** −0.379*** −0.363***
Body mass (kg) 0.330*** 0.226** 0.289*** 0.167*
Body mass index (kg/m²) 0.238*** 0.202** 0.229***
Fat-free mass (kg) 0.603*** 0.406** 0.526***
Fat mass (kg) 0.285*** 0.197** 0.251*** 0.156*
Fat mass (%) 0.309*** 0.214* 0.272**
Use of calcium/vitamin D supplements and/or  
anti-osteoporotic drugs (no vs. yes)

−0.316*** −0.375*** −0.363***

Month of blood sampling (July/August vs. September) 0.140*
Abbreviations: BUA, Broadband ultrasound attenuation; SOS, Speed of sound; SI, Stiffness index; lg10 P1NP, Log-transformed N-terminal propeptide of type 1 collagen; lg10 ALP, 
Log-transformed alkaline phosphatase; Variables tested but not reached statistical significance: time spent outdoors (min/d), physical activity level, past/current smoking (no vs. yes), 
intake of proteins (g/d), vitamin D (µg/d) and alcohol (g/d), dietary calcium to phosphorus ratio, hormone replacement therapy during/after menopause > 12 months (no vs. yes, only 
women, no adjustment for sex, n = 119), estimated glomerular filtration rate (mL/min/1.73 m²), thyroid stimulating hormone (mIU/L), cortisol (nmol/L), 17β-estradiol (ng/L; n = 118), 
follicle stimulating hormone (IU/L), luteinising hormone (IU/L, n = 185) and testosterone (µg/L; n = 164). Data are presented as the standardised coefficient beta (β). * P < 0.05, ** P < 
0.01, *** P < 0.001.



VITAMIN D, PTH AND BONE STATUS

J Nutr Health Aging
Volume 21, Number 6, 2017

738

blood sampling and use of vitamin D/calcium supplements 
and/or anti-osteoporotic drugs were identified as relevant 
covariables. Consequently, these parameters were considered 
in addition to sex as covariables in the subsequent multiple 
regression analyses. As regards body mass, BMI, fat mass 
and fat-free mass, we created separate models. In Table 3, the 
model with absolute fat-free mass is presented because of the 
higher adjusted coefficient of determination (R2) in sex-specific 
analyses compared to the models with body mass, BMI and fat 
mass. The results of the regression analyses with body mass, 
BMI and fat mass are available as supplementary material.

Multiple linear regression analyses of 25(OH)D3 and iPTH 
with bone status parameters

In multiple linear regression analyses, 25(OH)D3 and 
iPTH were not associated with QUS parameters or lg10 P1NP, 
whereas 25(OH)D3 was associated with lg10 ALP in the entire 
cohort and in women after adjustment for sex (if women and 
men combined), iPTH, age, fat-free mass, month of blood 
sampling and use of vitamin D/calcium supplements and/
or anti-osteoporotic drugs (Table 3). The results remained 
essentially unchanged when sex was not considered as 
covariable or when absolute fat-free mass was replaced by 
body mass, BMI or fat mass (Supplementary material 2–5). 
However, when a subject with a P1NP concentration of 135 
µg/L, who was identified as an outlier in view of the residuals, 
was excluded from the analysis, a negative association between 

25(OH)D3 and lg10 P1NP was found in women (B = −0.003, β 
= −0.203, P = 0.026). As to the regression models presented 
in Table 3, effect modification by sex was found for the 
associations of 25(OH)D3 and iPTH with lg10 P1NP and the 
association between iPTH and BUA (all P < 0.100).

The sensitivity analysis, which compromised 116 subjects 
after the exclusion of subjects reporting conditions which 
may have influenced bone, 25(OH)D3 or iPTH status, yielded 
comparable results by indicating only a significant association 
between 25(OH)D3 and lg10 ALP (B = −0.002, β = −0.213, P 
= 0.025) after adjustment for iPTH, sex, age, fat-free mass and 
month of blood sampling.

Associations of 25(OH)D3 and iPTH with bone status 
parameters as a function of vitamin D and iPTH status

When the study population was stratified according 
to the median vitamin D and iPTH status, respectively, no 
significant associations of 25(OH)D3 and iPTH with bone 
status parameters were present after adjustment for sex, age, 
fat-free mass, month of blood sampling and use of vitamin D/
calcium supplements and/or anti-osteoporotic drugs, except 
for an association between 25(OH)D3 and lg10 ALP in subjects 
with iPTH concentrations > 4.59 pmol/L (Table 4). Excluding 
one subject with an ALP value of 143 U/L, who was identified 
as an outlier in view of the residuals, resulted in a negative 
association between 25(OH)D3 and lg10 ALP in subjects with 
25(OH)D3 concentrations ≤ 62.8 nmol/L (B = −0.003, β = 

Table 3
Multiple regression analyses of 25(OH)D3 and iPTH with bone status parameters in the entire study population and stratified by 

sex a

BUA (db/MHz) SOS (m/s) SI (%) lg10 P1NP (µg/L) lg10 ALP (U/L)

B β P B β P B β P B β P B β P

Both sexes (n = 188) b

25(OH)D3 (nmol/L) 0.015 0.017 0.782 0.073 0.034 0.603 0.041 0.036 0.560 −0.002 −0.104 0.177 −0.001 −0.189 0.013

iPTH (pmol/L) 0.095 0.022 0.712 0.502 0.049 0.447 0.218 0.040 0.513 −0.001 −0.012 0.878 0.002 0.042 0.583

R² 0.387 0.299 0.366 0.000 0.032

Women (n = 134) c

25(OH)D3 (nmol/L) 0.021 0.027 0.739 0.138 0.067 0.384 0.035 0.033 0.667 −0.002 −0.150 0.099 −0.002 −0.203 0.026

iPTH (pmol/L) −0.262 −0.063 0.425 0.241 0.022 0.770 −0.084 −0.015 0.842 0.006 0.086 0.342 0.003 0.069 0.446

R² 0.263 0.303 0.297 0.024 0.040

Men (n = 54) c

25(OH)D3 (nmol/L) −0.072 −0.087 0.518 −0.198 −0.094 0.502 −0.100 −0.093 0.490 0.002 0.109 0.439 −0.001 −0.108 0.457

iPTH (pmol/L) 0.703 0.230 0.085 1.002 0.130 0.346 0.770 0.197 0.143 −0.012 −0.198 0.164 <−0.001 −0.006 0.968

R² 0.157 0.076 0.137 0.026 −0.027

Abbreviations: 25(OH)D3, 25-Hydroxycholecalciferol; iPTH, Intact parathyroid hormone; BUA, Broadband ultrasound attenuation; SOS, Speed of sound; SI, Stiffness index; lg10 
P1NP, Log-transformed N-terminal propeptide of type 1 collagen; lg10 ALP, Log-transformed alkaline phosphatase; a. Multiple linear regression analyses with the respective bone status 
parameter as dependent variable and 25(OH)D3 and iPTH as independent variables. 25(OH)D3 and iPTH were included simultaneously in the regression model by using the enter method. 
Covariables were included in the model by using the stepwise selection procedure provided that they contributed significantly to the regression model. The results of the analyses are 
expressed in terms of the non-standardised coefficient beta (B), the standardised coefficient beta (β) and the adjusted coefficient of determination (R2) for the final model; b. Adjusted for 
sex (female vs. male), age (years), fat-free mass (kg), month of blood sampling (July/August vs. September) and use of vitamin D/calcium supplements and/or anti-osteoporotic drugs 
(no vs. yes); c. Adjusted for age (years), fat-free mass (kg), month of blood sampling (July/August vs. September) and use of vitamin D/calcium supplements and/or anti-osteoporotic 
drugs (no vs. yes).
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−0.217, P = 0.048). Likewise, a positive association between 
iPTH and lg10 P1NP was present in subjects with 25(OH)D3 
concentrations > 62.8 nmol/L (B = 0.018, β = 0.214, P = 0.039), 
when an outlier was excluded (P1NP = 135 µg/L).

Discussion

The results of the present investigation indicate inverse 
associations between 25(OH)D3 and bone formation markers, 
but no associations of 25(OH)D3 and iPTH with QUS 
parameters. These findings corroborate the hypothesis that 
25(OH)D3 and iPTH are not significantly associated with 
calcaneal bone characteristics in independently living elderly 
with a vitamin D status between 30 and 107 nmol/L and 
an iPTH status, which is primarily in the reference range. 
However, 25(OH)D3 concentrations still play a role in bone 
metabolism by interacting with bone formation markers, 
particularly in elderly women and in subjects with iPTH 
concentrations ≥ 4.6 pmol/L.

The observed sex difference in the association between 
25(OH)D3 and bone formation markers could be due to the 
unequal sample sizes, the lower QUS parameters and the 
lower fat-free mass in women compared to men. In addition, 
bone turnover assessed by bone formation markers tended 
to be higher in women than in men. However, interaction by 

sex for the association between 25(OH)D3 and ALP did not 
reach significance. In the present study, P1NP and ALP were 
predominantly in a range considered as adequate for this age 
group (27, 33, 34, 45). Given that only a low fraction of the 
variance in P1NP and ALP could be explained by the final 
multiple regression models and the fact that we measured 
total ALP, the clinical relevance of the negative associations 
between 25(OH)D3 and bone formation markers as regards bone 
health requires further investigation. The fact that the GISELA 
subjects showed predominantly a vitamin D status > 50 nmol/L, 
an iPTH status in the reference range and a median calcium 
intake of 1 g/d may explain the missing associations of 25(OH)
D3, iPTH and QUS parameters.

A special feature of the present study is the comprehensive 
consideration of potential confounding factors. Thereby, we 
could not confirm a relevance of lifestyle factors, nutrient 
intake, eGFR and concentrations of cortisol, thyroid stimulating 
hormone and sex hormones with respect to the analysed bone 
status parameters. The negative associations between the use of 
vitamin D/calcium supplements and/or anti-osteoporotic drugs 
and QUS parameters, which we found in the present study, 
indicate the presence of confounding by indication. Subjects 
who are aware of their low bone status might have undergone 
lifestyle changes or were advised to take vitamin D/calcium 
supplements and/or anti-osteoporotic drugs to counteract 

Table 4
Multiple regression analyses of 25(OH)D3 and iPTH with bone status parameters stratified by median vitamin D and iPTH status

BUA (db/MHz) SOS (m/s) SI (%) lg10 P1NP (µg/L) lg10 ALP (U/L)

B β P B β P B β P B β P B β P

25(OH)D3 ≤ 62.8 nmol/L

25(OH)D3 (nmol/L) 0.233 0.146 0.093 0.439 0.118 0.192 0.338 0.170 0.051 −0.001 −0.024 0.819 −0.003 −0.196 0.073

iPTH (pmol/L) −0.090 −0.026 0.764 −0.096 −0.012 0.895 −0.005 −0.001 0.989 −0.006 −0.101 0.347 <−0.001 −0.017 0.877

R² 0.383 0.336 0.383 0.062 0.015

25(OH)D3 > 62.8 nmol/L

25(OH)D3 (nmol/L) −0.162 −0.113 0.168 −0.382 −0.109 0.213 −0.210 −0.112 0.176 −0.001 −0.061 0.555 −0.002 −0.158 0.128

iPTH (pmol/L) 0.611 0.100 0.224 2.105 0.141 0.109 0.973 0.123 0.142 0.018 0.199 0.055 0.006 0.108 0.296

R² 0.412 0.329 0.393 0.024 0.018

iPTH ≤ 4.59 pmol/L

25(OH)D3 (nmol/L) −0.102 −0.104 0.220 −0.164 −0.069 0.456 −0.102 −0.082 0.350 < 0.001 0.017 0.867 −0.001 −0.089 0.396

iPTH (pmol/L) 2.005 0.112 0.186 4.101 0.094 0.303 1.874 0.082 0.344 −0.015 −0.053 0.601 −0.014 −0.084 0.424

R² 0.369 0.244 0.331 0.046 −0.008

iPTH > 4.59 pmol/L

25(OH)D3 (nmol/L) 0.113 0.126 0.125 0.329 0.155 0.070 0.164 0.145 0.075 −0.001 −0.095 0.354 −0.002 −0.288 0.006

iPTH (pmol/L) 0.035 0.009 0.910 0.072 0.008 0.925 0.062 0.013 0.873 −0.012 −0.192 0.064 < 0.001 0.011 0.914

R² 0.429 0.373 0.439 0.094 0.065

Abbreviations: 25(OH)D3, 25-Hydroxycholecalciferol; iPTH, Intact parathyroid hormone; BUA, Broadband ultrasound attenuation; SOS, Speed of sound; SI, Stiffness index; lg10 
P1NP, Log-transformed N-terminal propeptide of type 1 collagen; lg10 ALP, Log-transformed alkaline phosphatase; Multiple linear regression analyses with the respective bone status 
parameter as dependent variable and 25(OH)D3 and iPTH as independent variables. 25(OH)D3 and iPTH were included simultaneously in the regression model by using the enter method. 
Covariables were included in the model by using the stepwise selection procedure provided that they contributed significantly to the regression model. The results of the analyses are 
expressed in terms of the non-standardised coefficient beta (B), the standardised coefficient beta (β) and the adjusted coefficient of determination (R2) for the final model. Associations 
were adjusted for sex (female vs. male), age (years), fat-free mass (kg), month of blood sampling (July/August vs. September) and use of vitamin D/calcium supplements and/or anti-
osteoporotic drugs (no vs. yes).
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a further deterioration of bone status. This hypothesis is in 
accordance with a recent study showing that osteoporosis 
diagnosis positively predicted the use of calcium and vitamin 
D supplements in ≥ 40 years old subjects (46). Nevertheless, 
the results of the present study remained essentially unchanged 
when subjects reporting conditions which may have influenced 
bone, 25(OH)D3 or iPTH status were excluded from the 
analyses.

Several studies showed a positive association between 
25(OH)D and BMD measured by DXA (8–10, 13), whereas 
other studies failed to demonstrate an independent relationship 
(2–5). Likewise, some (2, 10), but not all (12), studies 
reported an inverse association between PTH and BMD. QUS 
measurements have shown a good overall agreement with 
DXA measurements in participants of the GISELA study (40) 
and in other study populations (47). Nevertheless, studies that 
have simultaneously investigated the associations of 25(OH)D 
with BMD by DXA and QUS often reported different results 
for DXA and QUS (7, 11, 13). One can speculate that BMD 
and bone structure/quality might not be equally affected by 
vitamin D, but the findings on the associations between 25(OH)
D and QUS parameters are also inconsistent. Some studies 
showed significant positive associations (6, 13); others could 
not confirm independent associations (7, 14, 15). The situation 
is similarly controversial for the associations of 25(OH)D 
and PTH with bone turnover markers. For instance, 25(OH)
D was negatively associated with P1NP in a study of early 
postmenopausal women (8). In a study with postmenopausal 
women aged 50–80 years, 25(OH)D showed no associations 
with P1NP or bone ALP, whereas PTH was slightly positively 
correlated with bone ALP, but not with P1NP (4). P1NP was 
not associated with 25(OH)D in some studies with middle-
aged and older men, but showed a positive association with 
PTH (13, 48). In a study with 1107 men and 832 women aged 
25–79 years, PTH was not associated with P1NP or bone ALP 
(45). Nevertheless, for osteoporotic subjects, higher P1NP 
concentrations were frequently reported (3, 22, 48), and it has 
been suggested that higher concentrations of bone formation 
markers indicate an increased bone remodelling caused by 
elevated PTH concentrations (48).

In general, the inconsistent findings in literature as regards 
the associations of 25(OH)D and PTH with bone status might 
be explained by discrepancies in study designs, methods, 
considered covariables and participants characteristics, such 
as age range, postmenopausal status, health status, body 
composition as well as 25(OH)D and PTH status. There is 
evidence that bone-related effects of 25(OH)D and PTH may 
differ depending on the skeletal site (1, 9–11, 13). Furthermore, 
it has been suggested that the detrimental effect of vitamin 
D deficiency on BMD is mediated by reduced lean mass 
and/or elevated PTH levels in elderly subjects (1, 2). In the 
present study, 25(OH)D3 was not significantly associated 
with QUS parameters neither before nor after adjusting for 
fat-free mass and iPTH, whereas inverse associations with 

bone formation markers were found. However, the association 
between 25(OH)D3 and ALP may rely on the presence of 
relatively high iPTH levels, as revealed by the stratified 
analysis. Apart from that, it has been hypothesised that the 
inconsistent study findings may result from the non-linear 
nature of the association, such that the impact of 25(OH)D on 
bone status may be more pronounced in vitamin D-deficient 
subjects (4, 11). We are not aware of a previous study analysing 
the associations of both 25(OH)D3 and iPTH concentrations 
with QUS parameters and bone formation markers stratified 
by vitamin D and iPTH status. In the present study, 25(OH)
D3 was negatively associated with ALP and non-significantly 
positively associated with QUS parameters in subjects with 
25(OH)D3 concentrations below and iPTH concentrations above 
the median concentration, respectively. Because we used the 
median concentrations as stratification criteria, we cannot rule 
out that the potential inflection points at which the associations 
of 25(OH)D3 and iPTH with bone status parameters may reach 
a plateau are below or above 62.8 nmol/L and 4.6 pmol/L, 
respectively. However, in a previous study with elderly 
subjects, a concentration of 65 nmol/L was found to present 
the point at which the association between 25(OH)D and BUA 
reaches a plateau (11). This value approximates the median 
25(OH)D3 concentration of the present cohort.

An unsolved problem is the determination of evidence-based 
cut-off values to classify the vitamin D status as sufficient and 
insufficient. The relationship between insufficient 25(OH)
D concentrations and bone formation markers with regard to 
bone health should be further explored. In addition, the question 
whether 25(OH)D has substantial effects on bones independent 
of the interaction with PTH warrants further investigations.

Strengths and limitations
Besides the limited generalisability of the results, other 

limitations have to be considered when interpreting the 
findings. Given the cross-sectional nature of this study, 
cause and effect cannot be determined and confounding by 
indication cannot be ruled out. While P1NP is a specific bone 
formation marker, total ALP reflects not only bone formation 
but also liver function (28). Therefore, the results have to 
be interpreted with caution, although subjects with reported 
liver diseases were excluded. We have no information about 
bone resorption markers. Because we used calcaneal QUS 
measurements, extrapolation of our results to other skeletal sites 
or measurement systems should be undertaken with caution. 
Data on lifestyle factors, disease history and nutrient intake 
based on self-report and we could not discriminate between 
weight-bearing and non-weight-bearing activities. Finally, 
the power could have been insufficient to detect significant 
associations with QUS parameters in this homogenous cohort 
given the limited sample size.

The present study has several strengths. Blood samples 
were collected in fasting state in the morning hours from 
July to September to minimise biological variability. Further 
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strengths are the combined examination of 25(OH)D3, iPTH, 
QUS parameters and bone formation markers, the stratified 
analyses, the sensitivity analysis and the consideration of 
potential confounding factors.

Conclusion

The present study indicates no associations of 25(OH)D3 
and iPTH with calcaneal bone characteristics in elderly subjects 
with 25(OH)D3 concentrations between 30 and 107 nmol/L 
and mainly non-pathological iPTH concentrations. However, 
despite the absence of 25(OH)D3 concentrations below 30 
nmol/L, negative associations between 25(OH)D3 and bone 
formation markers may be present, particularly in women. 
The results of the analyses stratified by median vitamin D and 
iPTH status indicate that associations of 25(OH)D3 with bone 
status parameters are predominantly evident in subjects with 
25(OH)D3 levels ≤ 62.8 nmol/L and iPTH levels ≥ 4.6 pmol/L. 
Consequently, these results imply that 25(OH)D concentrations 
> 62.8 nmol/L do not provide further benefit with regard to 
bone health. Overall, sex and baseline concentrations of both 
25(OH)D and PTH should be considered when investigating 
effects of vitamin D and PTH on bones and before taking a 
decision on intervention measures for improving bone health.
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