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Abstract 46 

 47 
Summary  48 
Serum parathyroid hormone (PTH) was associated with increased bone turnover markers, and cortical porosity 49 
of the inner transitional zone at the proximal femur. These results suggest that PTH through increased 50 
intracortical bone turnover leads to trabecularization of inner cortical bone in postmenopausal women. 51 
 52 
Purpose 53 
Vitamin D deficiency leads to secondary hyperparathyroidism and increased risk for fractures, whereas its 54 
association with cortical porosity is less clear. We tested (i) whether serum 25-hydroxyvitamin D (25(OH)D) 55 
and PTH were associated with cortical porosity, and (ii) whether the associations of 25(OH)D) and PTH with 56 
fracture risk are dependent on cortical porosity. 57 
  58 
Methods  59 
This case-control study included 211 postmenopausal women, 54–94-years-old, with prevalent fractures and 232 60 
controls from the Tromsø Study. Serum 25(OH)D, PTH, and bone turnover markers (procollagen type I N-61 
terminal propeptide [PINP] and C-terminal cross-linking telopeptide of type I collagen [CTX]) were measured. 62 
Femoral subtrochanteric cortical and trabecular parameters were quantified using computed tomography, and 63 
femoral neck areal bone mineral density (FN aBMD) was quantified using dual-energy X-ray absorptiometry. 64 
 65 
Results 66 
Compared with controls, fracture cases exhibited reduced serum 25(OH)D and increased PTH, PINP, and CTX, 67 
increased femoral subtrochanteric cortical porosity and reduced cortical thickness and FN aBMD (all, p < 0.05). 68 
Serum 25(OH)D was not associated with cortical parameters (all, p > 0.10). PTH was associated with increased 69 
PINP, CTX, and cortical porosity of the inner transitional zone, and reduced trabecular bone volume/tissue 70 
volume, and FN aBMD (p ranging from 0.003 to 0.054). Decreasing 25(OH)D and increasing PTH were 71 
associated with increased odds for fractures, independent of age, height, weight, calcium supplementation, serum 72 
calcium, cortical porosity and thickness.  73 
 74 
Conclusions 75 
These data suggest that serum PTH, not 25(OH)D, is associated with increased intracortical bone turnover 76 
resulting in trabecularization of the inner cortical bone, nevertheless, decreasing 25(OH)D) and increasing PTH 77 
are associated with fracture risk, independent of cortical porosity and thickness. 78 
 79 
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Introduction 84 

Sufficient vitamin D is important for normal development and maintenance of bone health [1-3]. Low serum levels 85 
of 25-hydroxyvitamin D (25(OH)D) are associated with secondary hyperparathyroidism, increased bone turnover, 86 
bone loss [4-6], and increased hip fracture risk in elderly women and men [5, 7, 8]. Supplementation of vitamin 87 
D, with or without calcium, reduces the fracture risk [9, 10]; however, the optimal levels required for bone health 88 
and the target treatment threshold levels remain unclear and continue to be debated [4, 11, 12].  89 

Globally, Scandinavian countries have the highest rates of fragility fractures [13, 14], and 25(OH)D 90 
deficiency could be thought of as one possible reason. This could particularly apply to the northern part of Norway, 91 
located at latitude 65-71º N, where the sun is below the horizon for up to two months during the winter season, 92 
and where  dermal vitamin D synthesis can be absent for up to 5 months [15, 16]. However, people in Scandinavia 93 
exhibit higher levels of 25(OH)D than do those in other European countries [7, 17]. Some reasons for this include 94 
the traditions of eating fatty fish and the use of fish oil or other vitamin D supplements during the winter [15]. The 95 
mechanisms behind fracture susceptibility in individuals with low 25(OH)D levels are reported to be mediated by 96 
hyperparathyroidism, leading to increased bone resorption and bone loss, or through poor or reduced muscle 97 
function and the associated risk of falls [1, 3, 18]. 98 

Increased cortical porosity is also associated with fracture risk in both women and men [19-22], and bone 99 
turnover markers are associated with cortical porosity and increased odds for fractures [20, 23, 24]. However, few 100 
studies have investigated whether vitamin D is associated with bone turnover markers and cortical porosity. One 101 
study reported that low serum 25(OH)D is associated with increased cortical porosity in elderly men (mean age, 102 
80 years) [25], whereas 25(OH)D was not associated with cortical porosity in another study of women and men 103 
(mean age, 55 years) [26]. In individuals with primary hyperparathyroidism and very high serum parathyroid 104 
hormone (PTH) levels, cortical volumetric bone mineral density (BMD) was reduced due to increased cortical 105 
porosity. Others have reported that serum PTH associated with reduced cortical thickness [25, 27], but not cortical 106 
porosity [25]. Cortical thinning due to secondary hyperparathyroidism was suggested to lead to increased 107 
endocortical resorption and trabecularization of the inner part of the cortical bone, but cortical porosity was not 108 
studied [27]. The relationship of 25(OH)D and PTH levels with cortical porosity is, therefore, unclear. 109 

There is increasing interest in the contribution of cortical parameters to bone strength and fracture risk, and 110 
we wanted to explore the potential link between 25(OH)D and PTH levels with cortical parameters of the proximal 111 
femur. We pooled data from a case-control study, consisting of women with non-vertebral fractures (largely of the 112 
wrist) and fracture-free controls from the general population of Tromsø, Norway, which is located at 70o N. In this 113 
study, we tested (i) whether serum 25(OH)D and PTH were associated with cortical porosity, and (ii) whether 114 
associations of 25(OH)D and PTH with fracture risk were dependent on cortical porosity. 115 
 116 
Materials and methods 117 
 118 
Study population  119 
The Tromsø Study is a single-centre, population-based health study in Northern Norway, which conducted six 120 
surveys in 1974, 1979–1980, 1986–1987, 1994–1995, 2001–2002, and 2007–2008 [28]. During the Tromsø 4 121 
survey (1994–1995), all 37,558 eligible inhabitants of Tromsø, older than 24 years, were invited to participate, 122 
and 27,158 (72%) did. All their non-vertebral fractures were registered from the x-ray archives of the University 123 
Hospital of North Norway, Tromsø, between J January 1994 and 1 January 2010 [29]. Participants with vertebral 124 
fractures were not included in this x-ray-based fracture registry, as few of these patients came to the hospital for 125 
x-rays. 126 

In 2011, we designed a nested case-control study, and identified 1250 women who had participated in 127 
Tromsø 4 and who had suffered a fracture of the hip, wrist, or proximal humerus, after age 50 years, during the 128 
15-year registry period (1994–95 to 2010) [20, 23, 24, 30, 31]. The 760 women who were still alive and living in 129 
Tromsø were invited to participate in this study. After excluding those who were premenopausal; received 130 
bisphosphonates for osteoporosis; or who had hip prostheses, metal screws, or pathological fractures, 264 women 131 
with fractures participated. Age-matched, fracture-free women who were within the same 5 year age groups were 132 
randomly selected from among the Tromsø 4 participants, 1186 were invited, and after using the same exclusion 133 
criteria, 260 controls attended. Of these 524 participants, we excluded 15 individuals who were receiving hormone 134 
replacement therapy and 66 with movement artefacts during computed tomography (CT) scanning. Thus, 443 135 
women were included in the final analyses, including 232 controls and 211 fracture cases (4 hips, 181 wrists, and 136 
26 proximal humeri). The median time that had elapsed since their most recent fracture was 6.6 (range, 1–25) 137 
years. All variables included in this study were obtained between November 2011 and January 2013; the data were 138 
analysed in a cross-sectional manner. All participants provided written informed consent; the study was approved 139 
by the Regional Committee of Research Ethics and was conducted in accordance with the World Medical 140 
Association Declaration of Helsinki. 141 
 142 
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Variables  143 
A questionnaire was used to gather information concerning all fractures occurring after the age of 50 years, 144 
diseases, medication use, and lifestyle [20, 23, 24, 30]. Height and weight were measured in participants wearing 145 
light clothing, without shoes; the body mass index (BMI) was calculated as weight (kg)/height (m)². Femoral neck 146 
(FN) and total hip areal bone mineral density (aBMD) was measured at the non-dominant proximal femur using 147 
dual-energy x-ray absorptiometry (DXA, GE Lunar Prodigy, Lunar Corporation, Madison, WI, USA), with 148 
coefficients of variation (CV) of 1.7% and 1.2%, respectively [30]. Fasting blood samples were collected between 149 
8 am and 10 am and assayed for serum 25(OH)D using mass spectrometry, PTH using Immulite 2000, and 150 
procollagen type I N-terminal propeptide (PINP) and C-terminal cross-linking telopeptide of type I collagen (CTX) 151 
using electrochemiluminescence immunoassays; (Elecsys 1010 Analytics, Roche Diagnostics, Germany), with CV 152 
of 3–8%. Creatinine was measured photometrically, with a CV of 3%. Kidney function was assessed using the 153 
estimated glomerular filtration rate (eGFR), which was calculated using the Chronic Kidney Disease Epidemiology 154 
Collaboration (CKD-EPI) equation. Corrected serum calcium was calculated as serum-calcium concentration + 155 
0.0227 × (46 – serum-albumin concentration), with a CV of 2%. 156 

CT scans (Siemens Somatom Sensation 16, Erlangen, Germany) of the non-dominant hip were performed 157 
at the Department of Radiology, University Hospital of North Norway [20]. The CT machine had an in-plane 158 
resolution of 0.74 mm and a slice thickness of 0.6 mm, and the hip was scanned from just above the femoral head 159 
to 2 cm below the lesser trochanter, with a radiation dose ~1.5 mSv [20]. The CT scans were performed at 120 kV, 160 
with a pitch of 0.75, and 90 mA prior to reconstruction using a fixed field of view of 120 mm [30]. Quality control 161 
was carried out by scanning a phantom containing rods of hydroxyapatite (HA) (QRM Quality Assurance in 162 
Radiology and Medicine GmbH, Moehrendorf, Germany). The CT images were sent to Melbourne, Australia and 163 
analysed by collaborators, blinded to the patient fracture status, using StrAx1.0 software (StraxCorp Pty Ltd, 164 
Melbourne, Australia) [32]. As cortices are thin at the most proximal femur (femoral head, neck, and trochanter), 165 
analyses were confined to a 3.7-mm subtrochanteric region-of-interest (ROI) with thicker cortices, which started 166 
at the tip of the lesser trochanter (Fig. 1).  167 

The StrAx1.0 software is a non-thresholding method that automatically selects attenuation profile curves 168 
and segments the bone within the ROI into the compact-appearing cortex, outer (OTZ) and inner transitional zones 169 
(ITZ), and trabecular compartment [32]. This was achieved by quantifying the attenuation produced by the 170 
background (i.e., muscle) and fully mineralized bone matrix, which has a density of 1200 mg HA/cm3) and was 171 
assigned a value of 100% [32, 33]. Voxels that were completely empty and had an attenuation equivalent to 172 
background were assigned a value of 0%. The volume fraction of a voxel that is void (i.e., porosity) was 100% 173 
minus the mineralized bone matrix fraction. Once deposited, osteoid is rapidly mineralized to become ‘bone’, 174 
reaching 80% of full mineralization (1200 mg HA/cm3) within a few days. Voxels with attenuation values of 80% 175 
are unlikely to contain a pore or part of a pore, because porosity results in voxel attenuation values <80% of the 176 
maximum. Variations in attenuation within 80–100% of full mineralization likely reflect heterogeneity in 177 
secondary mineralization of the matrix; thus, these voxels were excluded from the calculation of porosity. Voxels 178 
with attenuation <80% may contain a pore or part of a pore [32]. 179 

Porosity within the total cortex, as well as within each cortical compartment, was quantified automatically 180 
throughout the ROI using the StrAx1.0 software [20]. The porosity quantified by this algorithm is the proportion 181 
of emptiness within each voxel or the fraction of the bone that is void, with CV of 0.3–2.3% [20]. Of the total 182 
cortex at this subtrochanteric site, 70.0% was compact-appearing cortex, while 22.3% and 11.7% were OTZ and 183 
ITZ, respectively. StrAx1.0 quantifies porosity in low-resolution images [20, 33], as in high-resolution images [32, 184 
34], even though pores are not visible. This is a density-based, indirect measure of porosity, and the size and 185 
number of pores are not determined [20, 21, 23, 24, 32, 34]. The agreement (R2) between CT and high-resolution 186 
peripheral quantitative computed tomography (HR-pQCT) ranged from 0.86 to 0.96 for porosity quantification 187 
(range, 40–95%), at the same femoral subtrochanteric site [20, 33]. StrAx1.0 software quantifies porosity as a 188 
fraction of void, regardless of pore size, and indirectly captures porosity produced by large and small pores. It also 189 
accounts for partial volume effects by including not only voids within completely empty voxels, but also within 190 
partly empty voxels [32]. StrAx1.0 software quantifies porosity of the compact cortex and the transitional zone, 191 
making it more inclusive than traditional measurements, and yielding a higher porosity than that reported using 192 
other methods [21, 32].  193 
 194 
Statistical methods  195 
Differences between fracture cases and controls were assessed using analysis of variance (ANOVA) and were 196 
adjusted for age. The data were pooled, analysed as a single cohort, and adjusted for fracture status to avoid 197 
confounding due to differences between cases and controls. The participants were divided into quartiles according 198 
to either serum 25(OH)D or serum PTH levels. Differences between women in each of the 25(OH)D and PTH 199 
quartiles were compared using ANOVA, and adjusted for age, height, weight, and fracture status. Due to multiple 200 
comparisons, we adjusted all p-values in these analysis by controlling the false discovery rate using the Benjamini-201 
Hochberg method [35]. Linear regression analysis was used to identify associations between serum 25(OH)D and 202 
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PTH levels with bone turnover markers and bone parameters, adjusted for age, height, weight, fracture status, 203 
calcium supplementation, corrected serum calcium levels, and season during which blood sampling occurred. We 204 
used standardized regression coefficients to facilitate comparing the strengths of the associations between the 205 
exposure and endpoints. The odds ratios (OR) for fractures per standard deviation (SD) change in serum 25(OH)D 206 
and PTH levels were calculated using logistic regression analysis, and were adjusted for age, height, weight, 207 
calcium supplementation, corrected serum calcium levels, oral glucocorticoid use, ulcerative colitis or Crohn’s 208 
disease, and season of blood sampling. They were also mutually adjusted for 25(OH)D and PTH levels, and further 209 
adjusted for cortical porosity, cortical thickness, and FN aBMD. To evaluate whether the association of 25(OH)D 210 
and PTH levels with the odds for fractures was modified by season; we included interaction terms between both 211 
25(OH)D and PTH levels and the season of blood sampling (summer vs. winter); summer months were defined as 212 
May–September. Analyses were performed using STATA Software (Stata 13.0, Stata Corp, College Station, TX, 213 
USA) and SAS Software, v9.4 (SAS Institute, Cary, NC, USA). 214 
 215 
Results 216 

 217 
Fracture cases compared with controls 218 
Compared with controls, women with fractures exhibited lower mean serum levels of 25(OH)D (76.4 vs 82.9 219 
nmol/L) and corrected calcium level (2.43 vs. 2.45 mmol/L), but higher mean levels of PTH (4.58 vs. 4.13 pmol/L), 220 
PINP (49.7 vs. 43.5 ng/mL), and CTX (0.49 vs. 0.44 ng/mL) (all, p < 0.05; Table 1). They also exhibited increased 221 
femoral subtrochanteric cortical porosity (43.8 vs. 41.7%) and reduced cortical thickness (4.06 vs. 4.36 mm) and 222 
FN aBMD (794 vs. 860 mg/cm²) (all, p < 0.05). Fracture cases did not differ from controls in terms of weekly 223 
hours of physical activity, smoking, alcohol intake, eGFR, proportion with hyperthyroidism, or self-reported good 224 
health. Compared with controls, those with fractures more frequently reported ulcerative colitis or Crohn’s disease 225 
(5.7% vs. 2.2%, p = 0.054), oral glucocorticoid use (3.8% vs. 0.9%. p = 0.023), calcium supplementation (20.9% 226 
vs. 12.1%, p = 0.007) and vitamin D supplementation (77.3% vs. 71.6%, p = 0.278). In women with fractures, 227 
only one had a 25(OH)D level <25 nmol/L; 23 (10.9%) had levels <50 nmol/L. None of the controls had 25(OH)D 228 
<25 nmol/L, and 27 women (11.6%) had levels <50 nmol/L (p = 0.807). In winter, the mean 25(OH)D levels were 229 
lower than in summer (76.9 vs 82.7 nmol/L, p = 0.018). 230 
  231 
Calciotropic hormones, bone turnover markers, and bone parameters 232 
Compared to those in the upper quartile, women in the lowest quartile of serum 25(OH)D had higher PTH and 233 
BMI, and a larger proportion had prevalent fractures, after adjustment for age, height, weight, and fracture status 234 
(all, p < 0.05; Table 2). Women in the upper PTH quartile had lower 25(OH)D and were older than those in the 235 
lowest quartile (all, p < 0.05; Table 2). Serum 25(OH)D was not significantly associated with the bone turnover 236 
markers (CTX and PINP), femoral subtrochanteric parameters, or FN aBMD, but the estimates pointed toward 237 
higher porosity and thinner cortices by decreasing 25(OH)D (Table 3). Each SD higher PTH was associated with 238 
0.10–0.14 SD increase in PINP and CTX, 0.10 SD increase in porosity of the ITZ, and 0.09–0.10 SD decrease in 239 
trabecular bone volume/tissue volume (BV/TV) and FN aBMD, (p = 0.003–0.054; Table 3). All results were 240 
adjusted for age, height, weight, fracture status, calcium supplementation, corrected serum calcium, and season of 241 
blood sampling (winter vs. summer). PTH accounted for 2% of the variance in CTX, 1% of the variance in porosity 242 
of the ITZ, 1% of the variance in trabecular BV/TV, and 1% of the variance in femoral neck aBMD.  243 
 244 
Calciotropic hormones and odds for fractures 245 
In the univariate analysis, height, BMI, oral glucocorticoid use, PINP, CTX, FN aBMD, femoral subtrochanteric 246 
cortical porosity and thickness, 25(OH)D and PTH were associated with increased odds for fracture (Tables 4–5). 247 
Each SD decrease in 25(OH)D (odds ratio [OR], 1.27; 95% confidence interval [CI], 1.00-1.61) and each SD 248 
increase in PTH (OR, 1.29; 95% CI, 1.01–1.63) was associated with increased odds for fracture, after adjustment 249 
for age, height, weight, calcium supplementation, corrected serum calcium, glucocorticoid use, ulcerative colitis 250 
or Crohn’s disease, season of blood sampling, cortical porosity, and cortical thickness (Table 5). Serum 25(OH)D, 251 
but not PTH remained associated with odds for fractures after further adjustment for FN aBMD. 252 

In additional analyses, after excluding those with reduced kidney function (eGFR <60 mL/min/1.73 m2, n 253 
= 47), the association of 25(OH)D with odds for fractures remained unchanged (p ranging from 0.003 to 0.024), 254 
while the association of PTH with odds for fractures was attenuated (p ranging from 0.052 to 0.624). After 255 
excluding those with malabsorption (n = 17) or hyperthyroidism (n = 14), the association of 25(OH)D with 256 
fractures was attenuated and mostly non-significant, while the association of PTH with fractures remained similar. 257 
None of the women had severe reductions in kidney function (eGFR <30 mL/min/1.73 m2), hypocalcaemia, 258 
hypoparathyroidism, only 4 women had primary hyperparathyroidism, and 48 had secondary hyperparathyroidism. 259 
These results remained similar following additional analysis that excluded those taking calcium supplementation. 260 
Results did not change after additional adjustment for eGFR, hyperthyroidism, self-reported health, weekly hours 261 
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of physical activity, or number of falls during the preceding 12 months. There was no interaction between serum 262 
25(OH)D and PTH, between 25(OH)D or PTH and season of blood sampling on odds for fractures (all, p > 0.10). 263 
 264 
Discussion 265 

  266 
We report that women with fractures had lower serum 25(OH)D levels, higher levels of PTH and bone turnover 267 
markers, greater cortical porosity, and thinner cortices than controls. Increasing PTH was associated with increased 268 
bone turnover markers, increased cortical porosity of the ITZ, and lower FN aBMD, but 25(OH)D was not 269 
associated with either. The latter may reflect a lack of statistical power as the non-significant estimates pointed 270 
towards an increase in porosity and thinner cortices by decreasing 25(OH)D. These results suggest that increasing 271 
PTH increased bone remodelling on the intracortical surfaces of the inner cortex where porosity is high, with more 272 
bone surfaces per unit of bone matrix volume available for bone remodelling than in the more compact outer 273 
cortex, where porosity is low [23, 24, 34, 36-37]. Nevertheless, both decreasing 25(OH)D and increasing PTH 274 
were associated with increased odds for fractures, independent of each other and independent of cortical porosity 275 
and thickness. Moreover, 25(OH)D, not PTH, was associated with increased odds for fractures, independent of FN 276 
aBMD. These results suggest there may be some differences in the mechanisms behind the effects of 25(OH)D 277 
and PTH on fracture risk. However, most of these associations were weak, with 27–41% increases in the odds for 278 
fracture, after accounting for many well-known risk factors for fracture in the multivariable models.  279 

Women with 25(OH)D in the upper quartile did not have significantly lower femoral subtrochanteric 280 
cortical porosity than did those in the lowest quartile (42.0% vs. 43.0%), in the current study. One reason for this 281 
lack of association could be that we included a relatively young (mean age, 68 years) and healthy cohort of 282 
postmenopausal women, with serum 25(OH)D mainly in the normal range, similar to the Boyd et al. study [26]. 283 
They reported the absence of an association between 25(OH)D and distal radius or distal tibia cortical porosity in 284 
women and men (mean age, 55 years) receiving vitamin D supplementation [26]. Those with low levels of 285 
25(OH)D (<75 nmol/L) did not have significantly higher cortical porosity of distal tibia than did those with high 286 
levels (>175 nmol/L) (6.5% vs. 6.1%). In another study, no association between 25(OH)D and cortical parameters 287 
(density and thickness) at distal radius or distal tibia were identified in men aged 20–87 years, not even in those 288 
with 25(OH)D <10 ng/mL [27]. However, Sundh et al reported that serum 25(OH)D was inversely associated with 289 
distal tibia cortical porosity in elderly men (mean age, 80 years) [25]. Cortical porosity was slightly higher in men 290 
with 25(OH)D in the lowest quartile, compared to those having 25(OH)D in the upper quartile (12.5% vs. 10.9%).  291 

In the current study, >70% of participants (cases and controls) were receiving vitamin D supplementation, 292 
as previously reported [1]. More fracture cases than controls reported calcium supplementation (21% vs. 12%), 293 
which likely began after the fracture; still, serum calcium was lower and PTH was higher in fracture cases than in 294 
controls. We could not identify any association of serum 25(OH)D with aBMD of the femoral neck or total hip, 295 
assessed using DXA, or femoral subtrochanteric vBMD quantified in clinical CT images. In other studies, vitamin 296 
D and calcium supplementation was reported to decrease the synthesis of PTH and increase lumbar spine and hip 297 
aBMD [6, 38]. The normal to high levels of 25(OH)D, and paucity of low levels in the participants, may partly 298 
explain why 25(OH)D levels were not associated with cortical porosity or other bone parameters, in the current 299 
study. Other reasons may include a lack of statistical power or that little of the variance in porosity is explained 300 
by serum 25(OH)D [39, 40]. Further work is needed to clarify whether individuals with vitamin D deficiency (<25 301 
nmol/L) have increased cortical porosity. 302 

We confirmed that an increased odds for fractures is associated with decreasing 25(OH)D [5, 7, 10]. 303 
25(OH)D was associated with odds for fractures independent of cortical porosity, cortical thickness and FN aBMD; 304 
thus, the effect of low 25(OH)D may involve other mechanisms, such as muscle function and balance [41]. The 305 
fracture cases were not less healthy or less active than the controls, and did not differ in terms of other lifestyle 306 
factors (e.g., smoking and alcohol intake). The absence of such differences could be due to the fact that most of 307 
the cases had wrist fractures, and few had hip fractures. Moreover, the observations were independent of the season 308 
of blood collection. Women with high serum 25(OH)D have a lower risk for hip fractures than those with low 309 
levels, independent of frailty, physical function and falls [7, 8]. Moreover, vitamin D and calcium supplementation 310 
provides better fracture prevention than only calcium supplementation, especially in those with inadequate levels 311 
of 25(OH)D [12].   312 

Our finding of higher PTH  being associated with increased porosity of the ITZ, in relatively healthy women, 313 
could be due to increased remodelling on the intracortical surfaces of the inner cortex, where porosity is higher 314 
with more surface area than of the outer cortex [27, 42]. This agrees with the findings of Vu et al. who reported 315 
that, in untreated patients with primary hyperparathyroidism and very high PTH (13 pmol/L), the cortical vBMD 316 
was reduced due to increased cortical porosity of the compact cortex, OTZ, and ITZ as well as to reduced tissue 317 
mineralization density [42]. Others have reported that PTH is associated with reduced cortical thickness [25, 27], 318 
but not cortical porosity [25]. This cortical thinning is suggested to be due to secondary hyperparathyroidism, 319 
leading to increased endocortical resorption and trabecularization of the inner cortical bone [27]. Moreover, the 320 
association of increasing PTH with reduced trabecular BV/TV and FN aBMD, in this study, might be due to 321 
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increased remodelling on the trabecular surfaces, leading to loss of trabeculae, as also reported by Chaitou et al. 322 
[27]. 323 

We report that both 25(OH)D and PTH were independently associated with increased odds for fractures; 324 
however, after mutual adjustment, both associations were attenuated. This suggests that 25(OH)D and PTH are 325 
partly dependent factors that contribute to the risk for fractures. As 25(OH)D remained associated with fracture 326 
risk, after accounting for cortical porosity, cortical thickness, and FN aBMD, 25(OH)D may have an independent 327 
effect via other mechanisms. Because PTH levels did not remain associated with fracture risk independent of FN 328 
aBMD, its effect may be mediated via aBMD. Despite robust evidence that serum PTH is inversely associated 329 
with 25(OH)D, as we confirmed, there are few studies describing the association between serum PTH and risk for 330 
fracture. One study reported no association of serum PTH with hip or other non-vertebral fractures [43]. 331 

By using StrAx1.0 software, porosity was quantified as a fraction of void, regardless of pore size, and it 332 
indirectly capture porosity produced by pores larger and smaller than 100 µm in diameter. The benefit and novelty 333 
of using this non-threshold based method lies in how it is different from threshold-based methods for measuring 334 
porosity [32]. This method is more inclusive because it encompasses porosity of both the compact cortex and the 335 
transitional zone. Further, it accounts for partial volume effects, including voids within totally empty and partly 336 
empty voxels [32], and the values of porosity are higher than those obtained using other methods [21, 32]. Other 337 
studies that used HR-pQCT to quantify porosity, presented low values of porosity (1–15%) because it quantifies 338 
only porosity of the compact cortex and only pores >100 µm in diameter [25-27], although 60% of cortical pores 339 
are <100 µm in diameter [32, 36, 44]. 340 

The strength of this nested case-control study is that it is based on a general population and uses a validated 341 
fracture registry (30) with updated and detailed information on diseases, medications, and lifestyle. Additionally, 342 
serum 25(OH) was measured using mass spectrometry. The StrAx software for quantification of bone architecture 343 
was validated by confirming strong correlations between measurements using CT scans and HR-pQCT, and by 344 
rescanning a human hip phantom using the same standard CT machines used for study participants and showing 345 
good reproducibility. The measurements were obtained from the proximal femur, which is a central site and a 346 
common site of the most serious fragility fractures.  347 

This study has several limitations. Due to the cross-sectional design, we could only test associations, and 348 
the direction of the associations or causations could not be determined. The retrospective case-control design may 349 
have introduced selection bias, and the index fractures occurred at a median of 6.6 years before the women 350 
underwent 25(OH)D, PTH, and bone parameter measurements. Moreover, single measurements of 25(OH)D and 351 
PTH levels may not reflect actual 25(OH)D and PTH levels throughout the study period. Adding to the variability 352 
of these associations is the fact that the threshold for 25(OH)D, at which any given individual develops secondary 353 
hyperparathyroidism varies widely [45]. Among those invited, some women indicated that they were not well 354 
enough to participate. Therefore, the strength of the associations may be somewhat underestimated due to a 355 
“healthy” selection bias. Fracture cases who were taking anti-osteoporotic drugs (AOD) may differ from untreated 356 
participants. However, in Norway, only about 11–15% of women are treated with AOD after a hip or wrist fracture 357 
[46, 47]. The reasons why 25(OH)D was not associated with cortical porosity may be that few participants had 358 
low 25(OH)D levels or 25(OH)D deficiencies and lack of statistical power due to the moderate sample size. 359 
Furthermore, the StrAx software used to assess cortical bone parameters is sensitive to movement artefacts.  360 

In conclusion, these data suggest that calciotropic hormones are weakly associated with bone turnover 361 
markers, bone parameters, and increased fracture risks. Increasing PTH was associated with increased porosity of 362 
the inner transitional zone even in these relatively healthy postmenopausal women. Both serum 25(OH)D and PTH 363 
were independently associated with fractures, after mutual adjustment, and were independent of cortical porosity, 364 
cortical thickness, and many other well-known risk factors for fracture. Further work is needed to determine the 365 
role of serum 25(OH)D and PTH in individuals with low 25(OH)D levels and in a larger sample of individuals, to 366 
better understand how this may influence cortical bone architecture and the risk for fractures. 367 
 368 
Acknowledgements 369 
The North Norwegian Health Authorities funded the study (ID 5645/SFP1002-11, ID 9167/SFP1090-13, ID 370 
9168/SFP1135-13, ID 10295/SFP1206-14 and ID 12156/HNF1386-17), but had no role in the design and conduct 371 
of the study; in the collection, analyses, and interpretation of the data; or in the preparation, review, or approval of 372 
the manuscript. The Tromsø Study provided access to data, staff at the Department of Research at the University 373 
Hospital of North Norway (UNN) recruited women, staff at the Department of Radiology and Department of 374 
Radiation, UNN scanned the patients, organized the radiation procedures and the CT images, and Strax Corp, 375 
Melbourne analyzed the CT images.  376 
 377 
Authors’ roles: Study concept and design, funding procurement, and study execution: MO, TTB, ML, RMJ, ÅB. 378 
Statistical analysis: MO, ML, ÅB. Drafting manuscript: MO, TTB, ML, GG, RMJ, EFE, ÅB. Data interpretation 379 
and critical revision of the manuscript for important intellectual content, writing of the report, and approval of the 380 
final version: MO, TTB, ML, GG, RMJ, EFE, ÅB. ÅB takes responsibility for the integrity of the data analyses. 381 



8 

 

 382 
Disclosures 383 
All authors state that they have no conflict of interest. 384 

 385 

  386 



9 

 

References 387 

 388 
1. Lips P, Duong T, Oleksik A, Black D, Cummings S, Cox D, et al (2001) A global study of vitamin D status 389 

and parathyroid function in postmenopausal women with osteoporosis: baseline data from the multiple 390 
outcomes of raloxifene evaluation clinical trial. J Clin Endocrinol Metab 86:1212-1221 391 

2. Parfitt AM, Gallagher J, Heaney RP, Johnston C, Neer R, Whedon GD (1982) Vitamin D and bone health in 392 
the elderly. Am J Clin Nutr 36(5 Suppl):1014-1031 393 

3. Lips P (2006) Vitamin D physiology. Prog Biophys Mol Biol 92:4-8 394 
4. Lips P (2001) Vitamin D deficiency and secondary hyperparathyroidism in the elderly: consequences for 395 

bone loss and fractures and therapeutic implications. Endocr Rev 22:477-501 396 
5. Pasco JA, Henry MJ, Kotowicz MA, Sanders KM, Seeman E, Pasco JR, et al (2004) Seasonal periodicity of 397 

serum vitamin D and parathyroid hormone, bone resorption, and fractures: the Geelong Osteoporosis Study. 398 
J Bone Miner Res 19:752-758 399 

6. Ooms ME, Lips P, Roos JC, van der Vijgh WJ, Popp‐Snijders C, Bezemer PD, et al (1995) Vitamin D status 400 
and sex hormone binding globulin: determinants of bone turnover and bone mineral density in elderly women. 401 
J Bone Miner Res 10:1177-1184 402 

7. Holvik K, Ahmed LA, Forsmo S, Gjesdal CG, Grimnes G, Samuelsen SO, et al (2013) Low serum levels of 403 
25-hydroxyvitamin D predict hip fracture in the elderly: a NOREPOS study. J Clin Endocrinol Metab 404 
98:3341-3350 405 

8. Cauley JA, LaCroix AZ, Wu L, Horwitz M, Danielson ME, Bauer DC, et al (2008) Serum 25-hydroxyvitamin 406 
D concentrations and risk for hip fractures. Ann Intern Med 149:242-250 407 

9. Bischoff-Ferrari HA, Willett WC, Orav EJ, Lips P, Meunier PJ, Lyons RA, et al (2012) A pooled analysis of 408 
vitamin D dose requirements for fracture prevention. N Engl J Med 367:40-49 409 

10. Chapuy MC, Arlot ME, Duboeuf F, Brun J, Crouzet B, Arnaud S, et al (1992) Vitamin D3 and calcium to 410 
prevent hip fractures in elderly women. N Engl J Med 327:1637-1642 411 

11. Dawson-Hughes B, Heaney RP, Holick MF, Lips P, Meunier PJ, Vieth R (2005) Estimates of optimal vitamin 412 
D status. Osteoporos Int 16:713-716 413 

12. Ebeling PR (2014) Vitamin D and bone health: Epidemiologic studies. Bonekey Rep 3:511 414 
13. Kanis JA, Johnell O, De Laet C, Jonsson B, Oden A, Ogelsby AK (2002) International variations in hip 415 

fracture probabilities: implications for risk assessment. J Bone Miner Res 17:1237-1244 416 
14. Cauley JA, Chalhoub D, Kassem AM, Fuleihan GE-H (2014) Geographic and ethnic disparities in 417 

osteoporotic fractures. Nat Rev Endocrinol 10:338-351 418 
15. Brustad M, Alsaker E, Engelsen O, Aksnes L, Lund E (2004) Vitamin D status of middle-aged women at 65–419 

71 N in relation to dietary intake and exposure to ultraviolet radiation. Public Health Nutr 7:327-335 420 
16. Engelsen O, Brustad M, Aksnes L, Lund E (2005) Daily duration of vitamin D synthesis in human skin with 421 

relation to latitude, total ozone, altitude, ground cover, aerosols and cloud thickness. Photochem Photobiol 422 
81:1287-1290 423 

17. Melhus HK, Snellman G, Gedeborg R, Byberg L, Berglund L, Mallmin H, et al (2010) Plasma 25-424 
hydroxyvitamin D levels and fracture risk in a community-based cohort of elderly men in Sweden. J Clin 425 
Endocrinol Metab 95:2637-2645 426 

18. Halfon M, Phan O, Teta D (2015). Vitamin D: a review on its effects on muscle strength, the risk of fall, and 427 
frailty. Biomed Res Int 2015:953241 428 

19. Bala Y, Zebaze R, Ghasem‐Zadeh A, Atkinson EJ, Iuliano S, Peterson JM, et al (2014) Cortical porosity 429 
identifies women with osteopenia at increased risk for forearm fractures. J Bone Miner Res 29:1356-1362 430 

20. Ahmed L, Shigdel R, Joakimsen R, Eldevik O, Eriksen E, Ghasem-Zadeh A, et al (2015) Measurement of 431 
cortical porosity of the proximal femur improves identification of women with nonvertebral fragility 432 
fractures. Osteoporos Int 26:2137-2146 433 

21. Bjørnerem Å (2016) The clinical contribution of cortical porosity to fragility fractures. Bonekey Rep 5:846 434 
22. Sundh D, Mellström D, Nilsson M, Karlsson M, Ohlsson C, Lorentzon M (2015) Increased cortical porosity 435 

in older men with fracture. J Bone Miner Res 30:1692-1700 436 
23. Shigdel R, Osima M, Ahmed LA, Joakimsen RM, Eriksen EF, Zebaze R, et al (2015) Bone turnover markers 437 

are associated with higher cortical porosity, thinner cortices, and larger size of the proximal femur and non-438 
vertebral fractures. Bone 81:1-6 439 

24. Shigdel R, Osima M, Lukic M, Ahmed LA, Joakimsen RM, Eriksen EF, et al (2016) Determinants of 440 
transitional zone area and porosity of the proximal femur quantified in vivo in postmenopausal women. J 441 
Bone Miner Res 31:758-766 442 

25. Sundh D, Mellström D, Ljunggren Ö, Karlsson M, Ohlsson C, Nilsson M, et al (2016) Low serum vitamin D 443 
is associated with higher cortical porosity in elderly men. J Intern Med 280:496-508 444 

26. Boyd S, Burt L, Sevick L, Hanley D (2015) The relationship between serum 25 (OH) D and bone density 445 
and microarchitecture as measured by HR-pQCT. Osteoporos Int 26:2375-2380 446 



10 

 

27. Chaitou A, Boutroy S, Vilayphiou N, Varennes A, Richard M, Blaizot S, et al (2011) Association of bone 447 
microarchitecture with parathyroid hormone concentration and calcium intake in men: the STRAMBO study. 448 
Eur J Endocrinol 165:151-159 449 

28. Jacobsen BK, Eggen AE, Mathiesen EB, Wilsgaard T, Njølstad I (2012) Cohort profile: the Tromsø study. 450 
Int J Epidemiol 41:961-967 451 

29. Bjørnerem Å, Ahmed LA, Jørgensen L, Størmer J, Joakimsen RM (2011) Breastfeeding protects against hip 452 
fracture in postmenopausal women: The Tromsø study. J Bone Miner Res 26:2843-2850 453 

30. Shigdel R (2016) Cortical porosity as a target for fracture prevention: The Tromsø Study. Thesis/Dissertation 454 
ISBN 978 82 7589 496 8 455 

31. Osima M, Kral R, Borgen TT, Høgestøl IK, Joakimsen RM, Eriksen EF, et al (2017) Women with type 2 456 
diabetes mellitus have lower cortical porosity of the proximal femoral shaft using low-resolution CT than 457 
nondiabetic women, and increasing glucose is associated with reduced cortical porosity. Bone 97:252-260 458 

32. Zebaze R, Ghasem-Zadeh A, Mbala A, Seeman E (2013) A new method of segmentation of compact-459 
appearing, transitional and trabecular compartments and quantification of cortical porosity from high 460 
resolution peripheral quantitative computed tomographic images. Bone 54:8-20 461 

33. Zebaze R, Libanati C, McClung MR, Zanchetta JR, Kendler DL, Høiseth A, et al (2016) Denosumab reduces 462 
cortical porosity of the proximal femoral shaft in postmenopausal women with osteoporosis. J Bone Miner 463 
Res 31:1827-1834 464 

34. Bjørnerem Å, Ghasem-Zadeh A, Bui M, Wang X, Rantzau C, Nguyen TV, et al (2011) Remodeling markers 465 
are associated with larger intracortical surface area but smaller trabecular surface area: a twin study. Bone 466 
49:1125-1130 467 

35. Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: a practical and powerful approach 468 
to multiple testing. Journal of the Royal Statistical Society. Series B 57:289–300 469 

36. Zebaze R, Ghasem-Zadeh A, Bohte A, Iuliano-Burns S, Mirams M, Price RI, et al (2010) Intracortical 470 
remodelling and porosity in the distal radius and post-mortem femurs of women: a cross-sectional study. 471 
Lancet 375:1729-1736 472 

37. Bala Y, Zebaze R, Seeman E (2015) Role of cortical bone in bone fragility. Curr Opin Rheumatol 27:406-473 
413 474 

38. Dawson-Hughes B, Dallal GE, Krall EA, Harris S, Sokoll LJ, Falconer G (1991) Effect of vitamin D 475 
supplementation on wintertime and overall bone loss in healthy postmenopausal women. Ann Intern Med 476 
115:505-512 477 

39. Shah S, Chiang C, Sikaris K, Lu Z, Bui M, Zebaze R, et al (2017) Serum 25-Hydroxyvitamin D insufficiency 478 
in search of a bone disease. J Clin Endocrinol Metab 102:2321-2328 479 

40. Mezquita‐Raya P, Muñoz‐Torres M, De Dios Luna J, Luna V, Lopez‐Rodriguez F, Torres‐Vela E, et al 480 
(2001) Relation between vitamin D insufficiency, bone density, and bone metabolism in healthy 481 
postmenopausal women. J Bone Miner Res 16:1408-1415 482 

41. Bischoff-Ferrari HA, Dawson-Hughes B (2016) Vitamin D and fall prevention: an update. In Weaver CM 483 
(ed) Nutritional Influences on Bone Health: 9th edn Springer; Switzerland. pp 197-205 484 

42. Vu TD, Wang XF, Wang Q, Cusano NE, Irani D, Silva BC, et al (2013) New insights into the effects of 485 
primary hyperparathyroidism on the cortical and trabecular compartments of bone. Bone 55:57-63 486 

43. Barbour KE, Houston DK, Cummings SR, Boudreau R, Prasad T, Sheu Y, et al (2012) Calciotropic hormones 487 
and the risk of hip and nonspine fractures in older adults: the Health ABC Study. J Bone Miner Res 27:1177-488 
1185 489 

44. Zebaze R, Seeman E (2015) Cortical bone: a challenging geography. J Bone Miner Res 30:24-29 490 
45.  Hewitt S, Søvik TT, Aasheim ET, Kristinsson J, Jahnsen J, Birketvedt GS, et al (2013) Secondary 491 

hyperparathyroidism, vitamin D sufficiency, and serum calcium 5 years after gastric bypass and duodenal 492 
switch. Obes Surg 23:384-390 493 

46.   Devold HM, Sogaard AJ, Tverdal A, Falch JA, Furu K, Meyer HE (2013) Hip fracture and other predictors 494 
of anti-osteoporosis drug use in Norway. Osteoporos Int 24:1225-1233 495 

47.  Hoff M, Skurtveit S, Meyer HE, Langhammer A, Søgaard AJ, Syversen U, et al (2015) Use of anti-496 
osteoporotic drugs in central Norway after a forearm fracture. Arch Osteoporos 10:235 497 

https://www.ncbi.nlm.nih.gov/pubmed/23015268
https://www.ncbi.nlm.nih.gov/pubmed/23015268
https://www.ncbi.nlm.nih.gov/pubmed/23015268

