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Abstract

Purpose—The aim of this study was to examine the relationship between levels of bone turnover 

markers (BTM; osteocalcin (OC), C-terminal cross-linking telopeptide of type I collagen (CTX), 

and procollagen type 1 N propeptide (P1NP)) and quantitative computed tomography (QCT)-

derived bone density, geometry and strength indices in the lumbar spine and femoral neck (FN).

Methods—A total of 1,745 older individuals (773 men and 972 women, aged 66-92 years) from 

the AGES-Reykjavik cohort were studied. QCT was performed in the lumbar spine and hip to 

estimate volumetric trabecular, cortical and integral BMD, areal BMD, bone geometry and bone 

strength indices. Association between BTM and QCT variables were explored using multivariable 

linear regression.

Results—Major findings showed that all BMD measures, FN cortical index and compressive 

strength had a low negative correlation with the BTM levels in both men and women. Correlations 

between BTM and bone size parameters were minimal or not significant. No associations were 

found between BTM and vertebral cross-sectional area in women. BTM alone accounted for only 

a relatively small percentage of the bone parameters variance (1 - 10%).

Conclusion—Serum CTX, OC and P1NP were weakly correlated with lumbar spine and FN 

areal and volumetric BMD and strength measures. Most of the bone size indices were not 

associated with BTM, thus the selected bone remodeling markers do not reflect periosteal bone 
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formation. These results confirmed the limited ability of the most sensitive established BTM to 

predict bone structural integrity in older adults.
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Introduction

During aging, both increased endocortical bone resorption and reduced periosteal apposition 

cause net bone loss, often accompanied by changes in bone microarchitecture, leading to 

bone fragility [1]. Experimental data from animal and clinical studies clearly indicate that 

this loss of bone mass and deterioration of bone tissue are linked with a higher bone turnover 

[2,3].

Several dual-energy X-ray absortiometry (DXA) studies have reported a negative correlation 

between the levels of bone turnover markers (BTM) and areal bone mineral density (aBMD) 

in older men and women [4,5]. However, the link between bone fragility and elevated 

turnover extends beyond bone density [6]. Some studies have suggested that BTM may 

predict fracture risk, independent of BMD levels [7,8], thus reflecting parameters of bone 

quality.

There has been increasing interest in studying architectural parameters of bone, including 

both macro- and micro- architectural parameters to investigate the physiological responses 

of bone to aging, disease, and treatment.

The relation between BTM and bone quality in the elderly has been previously investigated, 

but the results have been conflicting, and studies of population-based samples are scarce. 

Some studies found that BTM were generally, but not consistently, inversely associated with 

bone microstructure at the ultradistal radius [9] and ultrasound parameters of the calcaneus 

[10], whereas others found no relation [11].

Only high-resolution techniques can depict micro-architecture. Micro-computed tomography 

(micro-CT) assesses trabecular and cortical bone morphology using ex vivo human bones or 

in vivo imaging of small animals (such as rodent specimens) [12]. High-resolution 

peripheral quantitative CT (HR-pQCT) makes possible the in vivo evaluation of micro-

architectural parameters including fine cortical and trabecular structural detail at peripheral 

sites (distal radius and tibia) [13]. To our knowledge, no studies have investigated the 

relation between BTM and QCT-derived cortical and trabecular volumetric BMD (vBMD), 

geometric and structural parameters, and estimated strength indices in clinically important 

sites among older adults. It seems reasonable to assume that if BTM significantly correlate 

with bone strength indices, they can be of interest for identifying patients with higher future 

fracture risk.

In older adults, net periosteal bone gain has been documented [14,15]. Although periosteal 

bone turnover is much slower than endosteal turnover, it has been linked to remodeling 

rather than modeling [15]. Thus, a dual source of BTM could hamper the appropriate 
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interpretation of their levels and invalidate their use to predict fracture risk, as they would 

reflect simultaneously bone fragility and improved bone stiffness and strength. The 

association between bone formation markers and bone parameters reflecting periosteal 

apposition has been previous investigated [16] , but measurements of distal forearm and hip 

bone size were based on densitometric projected areas.

In the present study, we assessed whether serum bone formation and resorption markers 

were associated with bone mineral, structural and strength variables derived from QCT in a 

population-based cohort of older adults. Based on the evidence from aBMD studies we 

hypothesized that BTM would be independently and negatively associated with trabecular 

and cortical vBMD and with strength indices, but the association would be modest. In 

addition, we also hypothesized that BTM would be marginal associated with bone size 

indices, thereby not reflecting periosteal metabolism.

Methods

Study participants

Participants were drawn from the Age, Gene/Environment Susceptibility (AGES) –

Reykjavik Study, a single-center prospective population study of Icelandic men and women. 

Design and recruitment have been described in detail [17]. Data were collected between 

2002 and 2006 that included both an interview and clinical examinations. Mean age of the 

participants at baseline AGES—Reykjavik examination was 77 years (range 66-96). The 

AGES-Reykjavik cohort was randomly recruited from the 11549 survivors of the Reykjavik 

Study. An interim cohort of the first 2,300 participants was formed to allow early analysis; 

this group also received a set of serum biochemical measurements pertinent to bone. Within 

this sample, 1850 had complete QCT scan and biochemical data on all bone turnover 

markers. Participants with kidney disease were excluded (n = 85). The final study population 

for analysis was 1,745 participants (773 men and 972 women) aged 66 to 92 years old.

Written informed consent was obtained from all participants, and the study was approved by 

the Icelandic National Bioethics Committee (VSN: 00-063) and the Institutional Review 

Board of the Intramural Research Program of the National Institute of Aging.

Measurements

Biochemical measurements—Fasting venous blood samples were collected during the 

first clinic visit to AGES-study, from September 2002 to January 2006, and samples were 

aliquoted and stored at -80°C on-site in the Icelandic Heart Association laboratory until 

analysis.

Markers for bone formation (procollagen type 1 N propeptide; P1NP and osteocalcin; OC) 

and bone resorption (C-terminal cross-linking telopeptide of type I collagen; CTX) were 

measured using a sandwich immunoassay on an Elecsys 2010 analyzer (Roche Diagnostics, 

Mannheim). All these measurements were performed at the Icelandic Heart Association 

(Kopavogur, Iceland) according to the manufacturers' protocols. The interassay coefficients 

of variation were <3.0% for all BTM.
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Total 25-hydroxyvitamin D (25OHD) was determined using the Liaison chemiluminescence 

immunoassay (DiaSorin Inc, Stillwater, Minnesota). The inter assay coefficient of variation 

was <6.5%, using a previously frozen serum pool as the control sample and was <12.7% 

when using Liaison quality controls. Intact parathyroid hormone (PTH) was assayed using 

electrochemiluminescence technology from Cobas-Roche (West Sussex, United Kingdom) 

on a 2-site immunoassay. The interassay coefficient of variation was <0.5% when using a 

frozen serum pool as the control sample and was <2.8% when using Cobas-Roche quality 

controls.

Serum creatinine was measured using the Roche-Hitachi 912 instrument with Roche 

Creatinine Jaffé compensated method; Roche Diagnostics, Mannheim, Germany. The 

coefficient of variation (CV) for the creatinine assay was 2.5%.

QCT scanning and analysis—At the second examination day, lumbar spine and the left 

hip were scanned and analyzed using four-row detector CT system (Sensation; Siemens 

Medical Systems, Erlangen, Germany), as previously described [18]. Briefly, bone mineral 

reference phantom (3-sample calibration phantom, Image Analysis, Columbia, KY,USA) 

was placed under the participants' spine and hips and scanned simultaneously for calibration. 

Helical studies were done at lumbar spine (L1 and L2 vertebrae) and hip (proximal femur 

from 1cm superior to acetabulum to 3–5 mm inferior to lesser trochanter) at following 

parameters: 120kVp, 150mAs for spine and 140 mAs for hip, 1-mm slice thickness, pitch = 

1.

For each trabecular, cortical, and integral region of interest, volumetric BMD (vBMD; g/

cm3), as well as a simulated areal BMD (g/cm2) obtained by dividing the BMC by the 

projected area of the region of interest on the coronal plane, were calculated from QCT data. 

The vertebral regions of interest included the vertebral centrum and another region 

comprising both the centrum and the spinous processes, the latter region being used to derive 

the simulated DXA. Cross-sectional areas (CSA) and indices of compressive strength of the 

femoral neck and mid-vertebrae were estimated as previously described [18]. Femoral neck 

section modulus (a measure of bending strength) was computed at the femoral neck cross-

section as an elastic-modulus weighted polar moment of inertia divided by the neck width 

and normalized by nominal cortical elastic modulus. In addition, we also computed the 

cortical index (ratio of the femoral neck cortical volume to the total bone volume (cvol/

ivol)), as a measure of the integrity of the proximal femoral cortex, as described by Lang et 

al. [19].

Study questionnaires and clinical data—We used questionnaire data at the time of 

examination for education (categorized into two levels (primary/secondary vs college/

university), age at menopause, current smoking (yes/no), current alcohol use (converted into 

grams per week using 14 g of alcohol as a standard drink), health history (including history 

of osteoporosis and diabetes), and lifestyle practices, including physical activity and food 

intake history. Use of medications known to affect bone density was ascertained based on 

medications brought to the clinic at the time of the examination: estrogen replacement 

therapy, tibolonum, antiepileptics, systemic glucocorticosteroids and agents for the treatment 
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of osteoporosis (raloxifen, calcitonin or bisphosphonates); and diuretics, including 

hydrochlorothiazide.

Physical activity was assessed by self-reported level of physical activity during the last 12 

months, where participants were asked how frequently they engaged in both light and 

moderate or vigorous activity, giving examples of these levels of activity for clarification. 

The response categories were as follows: (1) never, (2) rarely, (3) weekly but less than 1 

hour per week, (4) 1–3 hours per week, (5) 4–7 hours per week, or (6) more than 7 hours per 

week. In this study, a binary variable for physical activity was used as an indicator for 

moderate or a high frequency of participation (at least 4-7 hours per week of moderate or 

vigorous activity or at least 1-3 hours per week of moderate or vigorous activity plus at least 

4-7 hours per week of light intensity activities) versus occasionally physically active at most.

Self-reported mobility disability was defined as having much difficulty or unable to walk 

500 m and/or climb 10 steps.

Information on protein intake (recoded as g/day for the sum of meat, fish, and bread 

ingestion), coffee consumption (recoded as “yes” for consumption ≥3 cups per day; 

otherwise, no), cod liver oil intake (main dietary source of vitamin D; recoded as “yes” for 

consumption ≥3 times a week; otherwise, no), and milk intake as a teenager (recoded as 

“yes” for consumption ≥3 times a week; otherwise, no) was gathered using a validated food 

frequency questionnaire [20].

Diabetes status was based on self-report, use of glucose-lowering medication, or fasting 

glucose of >7 mmol/l. The questionnaire was administered in the clinic by a trained 

interviewer.

Height (m) and weight (kg) were measured using a Seca stadiometer and a digital scale 

(Marel, Reykjavik, Iceland) at the clinical assessment, and body mass index (BMI) was 

calculated in kg/m2.

Coronary artery calcium (CAC), as an indicator of cardiovascular risk, was assessed using 

the Agatston score, calculated as the sum of 4 major coronary artery scores to quantify the 

extent of CAC as previously described in detail [21,22].

Statistical analysis

To be consistent with previous reports and because of the known differences in bone mineral 

and bone markers distribution, all analyses were performed separately for women and men. 

Mean ± SD and interquartile range, or percentages for categorical variables were used to 

summarize subject characteristics. Variables with non-Gaussian distribution were normal-

scored transformed using Van der Waerden's Formula. The association between bone marker 

levels and QCT-derived bone measures was assessed visually using scatter plots, 

superimposing linear lines and also locally-weighted scatter plot smooth (LOWESS) curves 

to examine potential nonlinearity. Linearity was also examined with dummies by dividing 

bone marker levels into sex-specific quintiles (data not shown). Multivariable linear 

regression was used to determine the association between bone turnover markers and QCT 

parameters (as dependent variable). In the first stage of the hierarchical regression we report 
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the unadjusted model. We then adjusted for covariates including age, education level (low/

high), age at menopause, history of osteoporosis or medication known to affect bone health 

(yes/no), and BMI (model 2). The third model added was adjusted for lifestyle factors 

including smoking status (yes/no), alcohol consumption (g/week), current physical activity 

level (low/high), mobility disability (yes/no), protein intake (g/day), coffee intake (yes/no), 

vitamin D intake (yes/no), and milk intake as a teenager (yes/no). History of diabetes (yes/

no), CAC scoring, total 25OHD, PTH, and creatinine levels were added in the final model.

Results are expressed as standardized regression coefficient (β), p-value, and the adjusted R2 

for both displayed models (unadjusted and adjusted/model 2). Results for model 3 and 4 

were similar to model 2 (data not shown). Sensitivity analyses were conducted excluding 

BMI from the model to test the robustness of our results for the lifestyle variables.

Statistical analyses were conducted using SPSS software, version 22.0 (IBM, USA).

Results

Characteristics of the subjects are shown in Table 1. The mean age was 76 (standard 

deviation, 5.5) years; 56% of participants were women. Mean BMI was in the overweight 

range (26.8 kg/m2). More women reported osteoporosis (13.9%) compared with men 

(3.2%), and 13% of the subjects reported they currently smoke. Mean age at menopause was 

48 (standard deviation, 4.4) years. As expected, the three BTM were significantly inter-

correlated (r = 0.8, p<0.01).

Bone turnover markers and BMD (volumetric and areal)

All BMD measures, except for spine cortical BMD and P1NP in men, had a negative 

correlation with the BTM levels in both men and women (Tables 2 and 3). The association 

persisted after adjustment (model 2, 3, and 4), and there was no evidence of threshold effects 

when BTM were categorized into quintiles (data not shown). In men, the correlation was 

stronger between FN BMD measures and all BTM compared to the same feature at the 

spine. The opposite was observed in women, although for spine cortical BMD slightly lower 

associations were observed, and it was only significantly associated with CTX and P1NP 

before adjustment for covariates (models 2, 3 and 4). Considering all bone measures, the 

highest simple correlation (unadjusted) was observed between each BTM and integral BMD 

in both men and women. In both men and women, for all BTM the associations with the 

areal BMD were in general higher than cortical BMD, but lower compared with the other 

volumetric measures. The associations were stronger between BTM and the trabecular bone 

than cortical bone. Particularly in men, all models were very weak for FN cortical BMD; the 

final model only accounted for 1.4- 2.0% in its variability, while in women the unadjusted 

model (each BTM) accounted for 1.0-2.2%, and in the final model only a modest 

improvement was observed (4.7-5.5%). Thus the cortical compartment displayed the lowest 

associations with BTM. However, even for measures expressing trabecular bone, each BTM 

explained a small amount of the variation in BMD. For example, in men, serum 

concentrations of CTX, OC, and P1NP accounted for 9.0%, 9.6% and 5.4% of the variance 

in integral BMD, respectively; and in women for the same variable the predictive values of 

each BTM where less than half (CTX = 4.2%, OC = 4.4%, P1NP = 1.7%).
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Bone turnover markers and cross-sectional area

Associations of bone size parameters with BTM levels were weaker and less consistent. In 

men (but not in women), all BTM were positively associated with vertebral CSA. However, 

the magnitude of association of CTX and OC was extremely small (r = 0.10), thus 

accounting only for 0.8% of the variance in vertebral CSA, and after adjustment the final 

model only explained 4% of the variance. Similar in men and women, CTX and OC did not 

correlate with FN minimal CSA. Small positive correlations (r = 0.09 in men and r = .07 in 

women) were found between P1NP and FN minimal CSA, and P1NP alone accounted for 

0.7% of the variance at this site in men and 0.4% in women. All BTM were associated with 

FN maximal CSA and the associations remained significant after adjustment (model 2 to 4). 

Each BTM accounted for 2% of variance at the FN maximal CSA in men, and accounted for 

less than 1.2% in women. In men and women adding age, BMI, education level, history of 

osteoporosis or use of any medication known to affect bone health (and age at menopause 

for women) only slightly increased adjusted R2 values at the trochanter to about 3% and 4%, 

respectively.

Bone turnover markers and the integrity of the proximal femoral cortex

CTX, OC and P1NP were inversely associated with FN cortical index in both men and 

women. The contribution of BTM to the cortical index variance was lower in women 

compared with men (3.5%, 3.2%, and 1.0% in women vs. 8.0%, 9.0% and 4.5% in men, for 

CTX, OC and P1NP, respectively). Further adjustments had no influence on the results.

Bone turnover markers and bone strength

All BTM levels were inversely correlated with vertebra compressive strength, being slightly 

higher in women compared with men. In men P1NP was not significantly associated with 

vertebra compressive strength. CTX and OC remained significantly associated with vertebra 

compressive strength after adjustments. All BTM were inversely associated with FN 

compressive strength, and the associations were stronger in men (medium magnitude) 

compared with women. All the associations persisted after further adjustments. In contrast to 

BMD measures, the associations between all BTM and compressive strength in both men 

and women were stronger at the FN compared with spine. Similarly CTX and OC accounted 

for approximately 9% and 4% of the variance in FN compressive strength, in men and 

women, with values for P1NP of 4.6% and 1.3%, respectively. In addition, FN bending/

torsional strength (section modulus) was not associated with P1NP in women, but a small 

inverse association (r= -0.09) was found in men. Bending/ torsional strength was inversely 

associated with CTX and OC in men and women, and with P1NP only in men; however in 

women the association between CTX and FN section modulus was not significant after 

adjustments (models 2 to 4). The total variance of this strength index attributed to resorption 

and formation markers was lower for each BTM. For example, CTX and OC accounted for 

about 3% of variance in FN section modulus (less 6% compared with FN compressive 

strength).
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Discussion

In this population-based study, serum concentrations of bone resorption (CTX) and 

formation markers (OC and P1NP) disclose an inverse association with the CT-derived 

volumetric BMD, estimated areal BMD and with most of the bone strength indices. In 

addition, a positive, weak and less consistent association (particularly in women) was 

observed between BTM and bone size parameters, suggesting that higher rates of bone 

remodeling are associated with impaired bone material properties but not with periosteal 

apposition. Interestingly the association remained significant after adjustment for several 

potential confounding factors such as serum PTH, 25OHD and creatinine levels, lifestyle 

factors, age and BMI.

The negative and low correlation between BTM and areal BMD at both spine and FN is 

consistent with data from several previous studies in older men and women using DXA 

[10,4,5,23]. Consistent with our results, Khosla et al. [4] found that at lumbar spine the 

association between OC and areal BMD were stronger in the women than in men, and the 

opposite was observed for proximal femur.

QCT is considered to measure true volumetric BMD and enables differentiation between 

cortical and trabecular bone. Thus, consistent with the extensive literature regarding DXA-

assessed BMD, the negative association of all BTM with all volumetric BMD measures at 

both measurement sites in men and women, suggests that higher rates of bone turnover are 

associated with endosteal (inner envelope) bone loss.

Our findings that associations with trabecular compartment were much more marked 

compared with the cortical compartment are consistent with the hypothesis of different 

inherent rates of bone turnover and distinct patterns of age-related loss [24,18].

It has been suggested that OC is much more concentrated in the cortical than trabecular 

bone, which could be used as a possible biological marker reflecting the remodeling of a 

particular bone compartment [25]. In opposition, our results demonstrated that OC disclose a 

slightly stronger association with trabecular BMD. The reasons for these differences may 

include the use of QCT that separately evaluate trabecular and cortical bone compartments 

and bone geometry, but lacks the spatial resolution to assess bone microstructure (such as 

trabecular thickness or cortical porosity). Moreover, those results were based on analytical 

techniques for demineralization and protein extraction from bone samples.

In line with the fact that bone formation markers may also be secreted by active osteoblasts 

in periosteal surfaces [26], a significant association between bone formation markers and 

parameters of bone size could be expected. During aging, bone fragility is also explained by 

a reduced periosteal apposition, thus falling to compensate the endosteal bone loss [1].

However, no significant associations were found between BTM and vertebral CSA in 

women, and very modest positive associations were found in men, suggesting a marginal 

association with the periosteal apposition. At the femoral neck, BTM were positively 

associated with maximal CSA, but was particularly weak among women. Although a 

significant positive association was observed for P1NP, by itself accounted for less than 
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0.7% of the variance at minimal CSA. In the MINOS study, no associations were found 

between bone formation markers (i.e. OC, bone-specific alkaline phosphatase, and P1NP) 

and densitometric estimates of periosteal apposition [16]. The reasons for these somewhat 

discrepant findings between studies could include differences in population characteristics 

and bone measurement equipment. Thus, MIMOS study included a younger sample of older 

men (aged 55-85 years) and used DXA-derived indices of bone size.

There are several potential reasons for the extremely weak or not significant association 

between BTM concentrations and bone size estimates. Periosteal cells may not share the 

same phenotype from endosteal osteoblasts and produce different biochemical markers, as 

current bone markers reflect mainly endosteal bone remodeling [16]. Although data on 

biology of periosteal cells are limited and obtained mainly in animal studies, it was recently 

suggested that serum periostin might reflect periosteal metabolism [27]. In a prospective 

cohort of postmenopausal women Rousseau et al. [28] found that increased levels of serum 

periostin were associated with a higher risk of all fractures independent of BMD and prior 

fragility fractures. Different bone turnover rates may be expected at the endosteal and 

periosteal surfaces. Total endosteal surface is much larger and metabolically active than 

periosteal surface. Although age-related subperiosteal bone formation increases the CSA of 

bone [1], previous studies reported modest increases when compared with endosteal bone 

loss [24,14,18]. For example, Sigurdsson et al. [18] found that CSA is slightly but similarly 

larger in both sexes, 4.7–6.0% per 10 years in age in the lumbar spine, while at the same site 

trabecular BMD loss was 25.1% in women and 14.9% in men.

In men and women, BTM were generally negatively associated with CT-estimated cortical 

index and strength indices, consistent with the notion of increased bone turnover having 

detrimental effects in bone integrity and strength [29]. The elastic modulus and strength of 

cortical bone are also positively related to the degree of matrix mineralization [30]. 

Longstanding elevated bone turnover produces a fall in mineral content of bone tissue as 

new remodeling unites are initiated and the old bone is replaced by younger bone that has 

undergone primary, but less complete secondary, mineralization [31]. In contrast, prolonged 

low bone turnover will eventually increase the degree of matrix mineralization that is 

expected to lead to increase bone stiffness [32]. Although to our knowledge no previous 

clinical studies have addressed this issue, our results are concordant with data from studies 

using high-resolution peripheral QCT. Thus, in addition to being linked with micro-

architectural deterioration of bone tissue (i.e. trabecular number, connectivity density, 

trabecular thickness, and trabecular separation) [33,9], increased bone turnover is also 

associated with reduced bone strength. The estimates of bone microarchitecture were based 

on analysis of peripheral sites (i.e. distal radius and distal tibia), whereas our analysis 

included measures from central sites (i.e. lumbar spine and hip) that are highly correlated 

with hospitalization and mortality risk. However, the associations were not consistent in 

women for section modulus, and in men for vertebra compressive strength. Additional 

studies relating BTM with estimates of proximal femoral strength from QCT-based finite 

element models will be useful in clarifying whether BTM are causally associated with 

decreased bone strength.
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Our study indicates that among the markers, the correlations were weaker for P1NP which is 

consistent with other studies using DXA [10,23], QUS [10,11] or 3D-pQCT [33,9].

Although most previous observations included only men or women in their study samples, in 

our analysis the associations with bone measures were in general stronger for men compared 

with women. However, at the spine the associations were, most often, slightly stronger in 

women as observed by others [34,9,4]. However, in general, the sex differences observed in 

our study were trivial, which suggests that circulating BTM reflect in a similar extent bone 

geometry (did not correlate or weak positive association), density and strength (negative 

association) in older men and women.

In our study, bone turnover as assessed by serum CTX explained between 1.0 - 9.1% and 1.3 

– 5.1% (men and women, respectively) of the variability in bone indices. The contribution of 

bone formation markers to bone QCT-derived parameters reflecting endeosteal bone loss 

variance remained low and accounted for 0.6-9.6% in men and 0.7 – 4.8% in women, 

suggesting that bone quantity and quality (strength) reflect biological processes different 

from those captured by conventional biochemical indices of overall bone turnover rate. Our 

findings that adding age and BMI (the most robust covariates) to the unadjusted model 

increased adjusted R2 to about 20% of the variance in QCT-derived bone parameters are 

consistent with the well documented role of body weight or BMI [35] and advanced age [36] 

in determining BMD and bone strength as well as bone turnover. Moreover, after including 

lifestyle factors (such as diet, physical activity, mobility disability, and smoking) into our 

analysis, and afterwards endocrine and metabolic factors such as total PTH, 25OHD, and 

creatinine concentration, diabetes and CAC score only minor increase (<3%) in adjusted R2 

beyond the effect of BMI was observed. When BMI was removed from the model in an 

additional analysis, the results for the lifestyle variables were unchanged. This result was 

unexpected, as the contribution of these variables on bone integrity has also been suggested. 

Among this factors, mechanical loading is considered the predominant functional osteogenic 

factor responsible for maintaining structurally appropriate levels of bone mass in adults [37] 

However, in our study, physical activity was not a significant predictor of spine, FN and 

trochanter CSA (parameters reflecting periosteal apposition). Similarly, BMI had limited 

additive effect in predicting bone size parameters.

Thus, our findings suggest that in addition to turnover, other factors may also contribute to 

bone fragility. Changes in matrix composition, especially modifications of the collagen 

network such as accumulation of advanced glycation end products and increased cross-

linking of collagen, have been proposed to be a determinant of impaired bone properties by 

recent in vitro and ex vivo studies [38,39]. Osteocyte deficiency associated with aging [40] 

and the increased number of fatigue damage [41] have also been suggested to contribute to 

bone fragility.

The primary strength of this study is its large, community-based population, which enabled 

us to examine the associations between BTM and QCT-derived bone measures at weight-

bearing sites associated with high fracture risk in both elderly men and women. This 

analysis includes a comprehensive number of covariates (including BMI (mostly due to the 

fat-bone connection), physical activity and mobility disability as they are related to 
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mechanical loading (or the lack of), history of osteoporosis or medication associated with 

bone metabolism (e.g. bisphosphonates, selective estrogen modulators), dietary intake 

(protein, calcium, caffeine, vitamin D), smoking, alcohol intake, diabetes, CAC (reflecting 

the anatomic presence of coronary atherosclerosis), endocrine and metabolic factors (PTH, 

25OHD, creatinine), education level, and age, as the most determinant non-modifiable 

factor) associated with bone metabolism. To date, no other studies have considered the 

potential confounding effect of these factors to assess the relation between biological 

markers of bone turnover and bone quantity and quality. Also we used the most sensitive and 

specific serum markers of bone formation and resorption measured in fasting conditions. 

Finally we excluded subjects with kidney disease (and creatinine levels were added as a 

covariate), as renal failure may elevate bone markers due to the difference in the dialyzer 

membrane's permeability [42] or due to the deleterious effect of chronic kidney disease itself 

[43].

There are, however, a number of limitations to be considered when interpreting the results. A 

potential weakness concerns the measurement of bone remodeling activity (activation 

frequency). Despite the use of well-established biochemical markers of bone metabolism, 

they have some limitations in accuracy because they are not bone-tissue specific, they reflect 

mainly the enzymatic activities of osteoblasts or osteoclasts and not the activity of 

osteocytes, they may not be sensitive to periosteal apposition, thus reflecting essentially 

endosteal bone remodeling, and they are unable to distinguish the metabolic activity of the 

different skeletal compartments (they estimate crudely the aggregated remodeling intensity 

for the whole skeleton). Nevertheless, it is impossible to measure remodeling rates at 

individual surfaces locations noninvasively and the clinical utility of novel markers such as 

cathepsin K, Receptor activator of nuclear factor kappa-B ligand (RANKL), Dickkopf-

related protein 1 (DKK1), sclerostin or circulation microRNAs remains unclear. In addition, 

numerous confounding factors (example, pre-analytical conditions, assay reliability and 

biological variability) may increase the variability in circulating BTM levels. In our study, 

blood samples were taken from 8.00 to 11.30 a.m. when fasting to minimize the influence of 

circadian rhythm and diet (fasting-feeding cycle). An additional limitation is the use of a 

single measure of BTM levels. A prospective cohort study would be the most efficient 

approach to help establish cause and effect relationships. Nevertheless the present analytical 

cross-sectional study is useful for establishing preliminary evidence for a causal relationship, 

and help to clarify if measuring BTM levels at one moment in time can be useful for the 

positive and etiological diagnosis of bone fragility at baseline. Another concern is potential 

bias resulting from cohort selection (individuals of European ancestry) and due to analytical 

selection bias, as we included only 1/3 of the entire original cohort that were younger, had 

lower presence of atherosclerosis and BMI, lower prevalence of mobility disability and 

higher of high physical activity levels. Significant differences were also found for 25-

hydroxyvitamin D and creatinine levels, and for most of the FN bone measures. Therefore, 

extrapolation beyond this group should be undertaken with caution, and the cross-sectional 

design limits inference on the causal nature of the observed relations. We also acknowledge 

that we looked to multiple outcome measures, which may increase the chance of finding at 

least one test statistically significant due to chance. However if the correcting for multiple 

testing have been applied (Bonferroni adjustment, p<0.003 for significance) the majority of 
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our results would still remain significant. Finally, serum homocysteine levels were not 

included in the analysis. Although it has been suggested that homocysteine could influence 

bone strength, bone turnover and interfere with enzymatic cross-link formation [44], the 

association with fracture risk has been inconsistent [44,45].

The biologic mechanisms through which bone fragility could result from elevated bone 

turnover might involve the age-related cellular machinery defects of the basic multicellular 

unit (BMU), as each BMU forms less bone and increases the volume of bone resorbed [1]. 

Other relevant mechanism may be qualitative abnormalities in bone precipitated by 

increased perforative resorption by individual BMUs causing trabecular plate perforation, 

and loss of connectivity [31].

In conclusion, we examined the contribution of serum markers of bone turnover to bone 

quantity and quality based on bone mineral and geometric analysis of clinical relevant sites 

and found that BTM offered little practical information for estimating bone mass and 

strength in older men and women. Additional studies are needed to clarify the relationship of 

biological markers of bone metabolism and periosteal apposition, since our results 

demonstrated weak associations with trochanter CSA in men and women and with vertebral 

CSA only in men. These significant associations may compromise the utility of BTM as 

predictors of bone loss and risk of fracture, as the periosteal expansion that occurs with age 

improves or at least maintains bone stiffness and strength. Future studies should address the 

association between bone quality and collagen maturity, including the estimation of the 

pyrdinoline/ deoxypyridinoline and α/β CTX ratios, and the non-enzymatic cross-links such 

as serum or urine pentosidine levels.
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Table 1

Baseline characteristics of the analytic sample (n= 1,745)a

Women (n=972) Men (n=773)

Demographic data

Age, years 76 ± 6 (71, 80) 76 ± 5 (71, 80)

Educational level

 Primary school or lower 285 (29.3%) 122 (15.8%)

 Secondary 446 (45.9%) 419 (54.2%)

 College 177 (18.2%) 94 (12.2%)

 University 64 (6.6%) 138 (17.9%)

History of Diabetes 99 (10.2%) 121 (15.7%)

History of Osteoporosis 135 (13.9%) 25 (3.2%)

Coronary artery calcium scoreb 403 ± 675 (9, 510) 1003 ± 1264 (165, 1424)

BMI, kg/m2 27.1 ± 4.8 (23.7, 29.8) 26.5 ± 3.7 (23.9, 28.6)

Lifestyle factors

Smoking status 125 (12.9%) 104 (13.5%)

High physical activity level 172 (17.7%) 173 (22.4%)

Mobility disability 113 (11.6%) 51 (6.6%)

Alcohol intake, g/week 9.3 ± 20.7 (0.0, 8.0) 22.0 ± 40.8 (0.0, 26.4)

Coffee consumption 524 (53.9%) 442 (57.2%)

Vitamin D consumption 642 (66.0%) 536 (69.3%)

Protein consumption, g/day 31.4 ± 7.4 (27.3, 36.5) 32.4 ± 7.5 (27.9, 37.0)

Milk consumption as a teenager 878 (90.3%) 729 (94.3%)

Biochemical measures

25OHD, nmol/L 50.1 ± 22.4 (33.2, 64.3) 55.2 ± 24.5 (36.8, 70.8)

PTH, pmol/L 46.1 ± 21.3 (33.9, 52.3) 45.0 ± 19.4 (33.0, 52.1)

Cr, μmol/L 87.5 ± 16.6 (77.0, 94.0) 102.6 ± 18.6 (90.0, 110.0)

CTX, ng/mL 0.39 ± 0.23 (0.23, 0.50) 0.38 ± 0.22 (0.22, 0.47)

OC, ng/mL 26.8 ± 12.5 (18.7, 32.4) 23.5 ± 10.4 (16.7, 27.4)

P1NP, ng/mL 38.2 ± 20.5 (24.5, 48.4) 35.1 ± 21.0 (22.5, 41.9)

Bone parameters

 Lumbar spine

Trabecular BMD, g/cm3 0.076 ± 0.031 (0.054, 0.094) 0.089 ± 0.032 (0.067, 0.108)

Cortical BMD, g/cm3 0.175 ± 0.033 (0.150, 0.198) 0.211 ± 0.040 (0.183, 0.235)

Integral BMD, g/cm3 0.185 ± 0.039 (0.156, 0.209) 0.205 ± 0.040 (0.177, 0.230)

Areal density, g/cm2 0.867 ± 0.186 (0.731, 0.983) 1.078 ± 0.227 (0.915, 1.211)

 Femoral neck

Trabecular BMD, g/cm3 0.020 ± 0.042 (-0.01, 0.046) 0.038 ± 0.044 (0.007, 0.063)

Cortical BMD, g/cm3 0.537 ± 0.041 (0.512, 0.565) 0.548 ± 0.042 (0.523, 0.578)

Integral BMD, g/cm3 0.249 ± 0.499 (0.212, 0.279) 0.258 ± 0.051 (0.223, 0.293)

Areal density, g/cm2 0.513 ± 0.105 (0.439, 0.576) 0.583 ± 0.117 (0.505, 0.660)

Osteoporos Int. Author manuscript; available in PMC 2017 August 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Marques et al. Page 17

Women (n=972) Men (n=773)

Cross-sectional area

 Vertebral, cm2 10.05 ± 1.55 (8.93, 10.99) 13.04 ± 1.89 (11.70, 14.10)

 FN (minimal), cm2 9.03 ± 1.11 (8.31, 9.58) 11.91 ± 1.38 (10.97, 12.76)

 FN (maximal), cm2 25.92 ± 2.59 (24.09, 27.63) 32.33 ± 3.24 (30.03, 34.67)

FN Cortical index 0.397 ± 0.061 (0.355, 0.431) 0.396 ± 0.063 (0.353, 0.436)

Strength indices

 FN section modulus, cm3 0.439 ± 0.110 (0.370, 0.488) 0.681 ± 0.158 (0.566, 0.775)

 Vertebra Compressive strength, g2/cm2 0.118 ± 0.093 (0.063, 0.149) 0.219 ± 0.165 (0.119, 0.266)

 FN Compressive strength, g2/cm2 0.576 ± 0.225 (0.414, 0.691) 0.816 ± 0.308 (0.602, 0.990)

Abbreviations: aBMD, areal bone mineral density; BMI, body mass index; CSA, cross-sectional area; CTX, C-terminal cross-linking telopeptide of 
type I collagen; FN, femoral neck; OC, osteocalcin; P1NP, procollagen type 1 N propeptide; PTH, parathyroid hormone

a
Results are shown either as n(%) or mean ±SD (interquartile range)

b
A higher score indicates higher calcification
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