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Abstract

Bone mineral density (BMD) and geometric bone measures are individually associated with 

prevalent osteoporotic fractures. Whether an aggregate of these measures would better associate 

with fractures has not been examined. We examined relationships between self-reported fractures 

and selected bone measures acquired by quantitative computerized tomography (QCT), a 

composite bone score, and QCT-acquired dual-energy X-ray absorptiometry–like total femur 

BMD in 2110 men and 2682 women in the Age, Gene/Environment Susceptibility-Reykjavik 

Study. The combined bone score was generated by summing gender-specific Z-scores for 4 QCT 

measures: vertebral trabecular BMD, femur neck cortical thickness, femur neck trabecular BMD, 

and femur neck minimal cross-sectional area. Except for the latter measure, lower scores for QCT 

measures, singly and combined, showed positive (p < 0.05) associations with fractures. Results 

remained the same in stratified models for participants not taking bone-promoting medication. In 

women on bone-promoting medication, greater femur neck cortical thickness and trabecular BMD 

were significantly associated with fracture status. However, the association between fracture and 

combined bone score was not stronger than the associations between fracture and individual 

measures or total femur BMD. Thus, the selected measures did not all similarly associate with 

fracture status and did not appear to have an additive effect on fracture status.
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 Introduction

Fracture is a common adverse consequence of age-related osteoporosis (1,2). Clinically, 

skeletal risk of fracture is assessed from bone mineral density (BMD), which is measured by 

dual-energy X-ray absorptiometry (DXA) (3,4). A greater fracture risk is expected in those 

with decreased BMD who have osteoporotic T-scores (3,4). However, there is a relatively 

high frequency of fractures even in people with nonosteoporotic BMD, which raises 

concerns about the accuracy of BMD alone in calculating fracture risk (5).

Because age-associated structural changes affect bone strength, the addition of a measure of 

bone strength to BMD has been recommended for fracture risk assessment (5). Geometric 

bone measures (e.g., cross-sectional area and cortical thickness) have been described as 

individual surrogates of bone strength (3,6,7) and have also been associated with prevalent 

osteoporotic fractures (3,6,8–11). However, DXA provides a 2-dimensional measurement of 

average bone mineral content (in grams per centimeter square area of the bone) and is not 

designed to measure geometric parameters of bone (3,4,12).

Quantitative computerized tomography (QCT) is a nonprojectional technique that has 

several advantages over other densitometric methods of measuring BMD (6,8,9,13). Cortical 

and trabecular bone can be separated, trabecular volumes of interest can be estimated 

independent of degenerative changes in the spine, and 3-dimensional geometric measures for 

computing bone strength can be determined. Although studies of associations between 

individual QCT measures and fracture have been carried out (3,6,8–11), none has yet 

resulted in improved fracture risk assessment. Whether a combined score of selected QCT 

bone measures would better associate with prevalent fractures than an individual measure 

has not been examined. The more than 4000 QCT bone measures from older participants of 

the Age, Gene/Environment Susceptibility-Reykjavik (AGES-Reykjavik) Study (14) provide 

a unique opportunity to conduct such an investigation.

We analyzed data from the AGES-Reykjavik Study to determine whether an aggregate of 

QCT-derived bone measures would better associate with prevalent osteoporotic fractures 

than individual QCT bone measures would. Specifically, we investigated (1) associations 

between self-reported fracture status and selected individual QCT bone measures and (2) 

associations between self-reported fracture status and a composite bone score generated by 

combining the selected bone measures. In addition, we compared associations between 

fracture status and QCT bone measures (both individual and combined) with associations 

between fracture status and DXA-like QCT-derived total femoral BMD.
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 Materials and Methods

 Study Subjects

Participants were part of the AGES-Reykjavik Study, a longitudinal population-based 

project nested in the Reykjavik Study. Details about the setting, follow-up, and data 

collection have been reported previously (14). Briefly, the Reykjavik Study was a 

prospective study of cardiovascular disease in Iceland that comprised a random sample of 

30,795 men and women who were born in 1907–1935 and were living in Reykjavik in 1967. 

The sample was divided into 6 groups by birth date, and each group was invited to 

participate in specific stages of the study. AGES-Reykjavik examinations began in 2002, 

when 11,549 previously examined Reykjavik Study cohort members were still alive. The 

single AGES-Reykjavik examination was completed over the course of 3 clinic visits, which 

were finished within 4–6 wk for each participant.

The AGES-Reykjavik Study was approved by the National Bioethics Committee in Iceland 

(#VSN00-063) and by the National Institute on Aging—Intramural Institutional Review 

Board. The present study proposal was also approved by the University of Texas Houston 

Health Science Center Committee for Protection of Human Subjects and the Executive 

Committee for the AGES-Reykjavik Study in Iceland. All participants signed an informed 

written consent form before participating in the AGES-Reykjavik Study.

 QCT Measures and Composite Bone Score

As part of the AGES-Reykjavik Study, the lumbar spine (L1, L2) and the proximal femur 

(from above the head in the acetabulum to below the lesser trochanter) were scanned with 1-

mm slice thickness for acquiring QCT bone measures. Bone measures were calculated using 

a standard QCT imaging protocol and analysis software described elsewhere (6,11,15). The 

QCT measures used in the composite bone score were vertebral trabecular BMD, femoral 

neck trabecular BMD, femoral neck cortical thickness (calculated as femoral neck cortical 

volume/femoral neck integral volume), and femoral neck minimal cross-sectional area. The 

traditional total femoral BMD was represented by the QCT-derived DXA-like total femoral 

BMD.

The 4 selected measures were each standardized by generating a gender-specific Z-score 

variable (X [data point] − population mean/[standard deviation {SD} for population mean]) 

and were then summed into a composite bone score. We divided the individual and 

combination bone scores into quartiles and defined the highest quartile as “high bone score” 

and the lower 3 quartiles as “low bone score.” Low bone score was used as the reference.

 Covariates

We used questionnaire data on age, weight, height, education, smoking (defined as ever 

smoking at least 100 cigarettes in life), current alcohol use, social and medical history, bone-

promoting medication use, and lifestyle practices, including physical activity (<4 h/wk vs ≥4 

h/wk). Other covariates were ability to perform certain activities of daily living (any 

difficulty with eating, bathing, dressing, or transferring from bed to chair vs no difficulty), 

leg and hand muscle strength (maximal isometric muscle strength of the knee and hand, 
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collected using computerized isometric dynamometry), and walking speed (recorded in 

meters per second based on time to walk 6 m at normal speed). Use of bone-promoting 

medications was ascertained based on medications brought to the clinic at the time of the 

examination: bisphosphonates; selective estrogen-receptor modulators; hormonal 

preparations including norethisterone, estradiol, dienogest, and levonorgestrel with estrogen; 

angiotensin receptor blockers; and diuretics, including hydrochlorothiazide. For women, we 

collected ages at menarche and menopause, history of use of oral contraceptives, and history 

of hormone replacement therapy (not considered in bone-promoting medications). The 

questionnaire used closed-ended designated response categories.

 Fracture Status

Fracture status, the outcome measure of our study, was defined based on self-report of 

fractures. Fracture status was defined as having a first-ever vertebral or wrist fracture after 

65 yr or a hip fracture at any age (yes and no categories).

 Data Analysis

Because of known differences in bone mineral distribution, data were analyzed separately 

for men and women using Stata, version 9.2 (StataCorp LP, College Station, TX). 

Correlations between the selected bone measures were tested. All bone measures had a 

relatively normal distribution except the femoral neck minimal cross-sectional area, which 

required log transformation. The composite bone score was generated by combining the Z-

scores for the 4 individual bone measures as continuous variables. The composite bone 

scores were divided into quartiles. Men and women in the highest quartile of bone scores 

represented the participants with the best quality of bone in the cohort.

An age-adjusted univariate logistic regression model was developed to determine the gender-

specific relationship between fracture status and bone measures (both individual and 

combined), comparing the high bone score (highest quartile) to the low bone score (lower 3 

quartiles). A backward stepwise multivariate regression model was then developed with 4 

individual bone measures to determine which of them would most closely associate with 

fracture status. The multivariate models were adjusted for the following covariates as 

described previously: age, weight, height, education, smoking, current alcohol use, physical 

activity, bone-promoting medication use, activities of daily living, muscle strength, and 

walking speed. Regression models for the women were also adjusted for ages of menarche 

and menopause, history of oral contraceptive use, and history of hormone replacement 

therapy. Additional models, using the same covariates, were developed after stratifying the 

data by bone-promoting medication use (yes/no). The results were reported in odds ratios 

(ORs) and 95% confidence intervals (CIs).

 Results

A total of 5764 subjects (2438 men and 3326 women) participated in the AGES-Reykjavik 

Study (14). For this analysis, we excluded 972 participants (642 women and 328 men) due 

to missing QCT data. About 21% of the missing QCT data were for people who were 

homebound and were not able to come for QCT measures. Other persons missing QCT data 
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included those with metal implants that prevented adequate scan analysis, those with poor-

quality scans, and those who did not have QCT scans because of equipment failure. A total 

of 4792 participants (2110 men and 2682 women) were included in the final analysis.

Excluded participants due to missing data were older (mean ± SD: 80 ± 6 yr for men and 81 

± 7 yr for women), were weaker in terms of isometric leg strength (mean ± SD: 357 ± 100 N 

for men and 228 ± 73 N for women), and had slower walking speeds (mean ± SD: 8 ± 2 s for 

both men and women) than those who were included in the analysis.

For both men and women in our study, the mean age (±SD) was 76 ± 5 yr. The prevalence of 

fractures was greater in women (16%) than in men (5%) (Table 1). Relevant population 

characteristics of the study participants by composite bone score categories are described in 

Table 1. Men and women with a low composite bone score were older, had less education 

(Table 1), and had a higher prevalence of fracture than those with a high composite bone 

score (Fig. 1). We found expected associations between higher bone score (p < 0.001) and 

younger age at menarche and older age at menopause. Bone-promoting medication use had a 

positive association with the composite bone score and oral steroid use had a negative 

association (p < 0.001), but there were too few participants taking oral steroids (≤3%) to 

analyze this separately.

All bone measures including total femoral BMD were positively correlated with each other 

(r2 ≥ 0.51) except femoral neck minimal cross-sectional area (r2 of −0.05 to 0.1). Except for 

femoral neck minimal cross-sectional area, each individual QCT measure and the composite 

bone score were inversely related (p < 0.001) to age, that is, older age was associated with 

lower bone score.

Each bone measure except femoral neck minimal cross-sectional area showed an inverse 

relationship (p < 0.001 for both genders) with fracture status as well (lower bone score was 

associated with greater risk of having a fracture). The femoral neck minimal cross-sectional 

area showed a positive association with fracture status (not statistically significant). For both 

men and women, the relationships between fracture status and bone measures, both 

individually (except femoral neck minimal cross-sectional area) and as the composite bone 

score, were similar in strength based on regression coefficient (β) and 95% CI (Fig. 2). Total 

femoral BMD and fracture status were likewise inversely related at approximately the same 

strength as the individual QCT measures (Fig. 2). Femoral neck minimal cross-sectional area 

had a minimal impact (β close to 0 for both genders) on the composite bone score.

Of the 4 individual bone measures, vertebral trabecular BMD was most closely associated 

with fracture status in both men and women (Table 2). Femoral neck trabecular BMD was 

significantly associated with fracture status in women. Women with high vertebral trabecular 

BMD and high femoral neck trabecular BMD were 32% (OR: 0.68; 95% CI: 0.47–0.98) and 

36% (OR: 0.64; 95% CI: 0.44–0.92) less likely to have reported fractures compared with 

those with low vertebral trabecular BMD and low femoral neck trabecular BMD, 

respectively (Table 2).

Of the 4 individual bone measures, only higher vertebral trabecular BMD was protective 

against fracture in men and women not using bone-promoting medication (Table 2). Women 
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using bone-promoting medication and having a high femoral neck cortical thickness (OR: 

0.52; 95% CI: 0.32–0.86) or high femoral neck trabecular BMD (OR: 0.46; 95% CI: 0.28–

0.77) were less likely to report fracture compared with those with low femoral neck cortical 

thickness or low femoral neck trabecular BMD (Table 2). No bone measure was statistically 

significantly associated with fracture status in men treated with bone-promoting medication.

 Discussion

The goal of this study was to determine whether an aggregate of QCT-derived bone 

measures would better associate with prevalent osteoporotic fractures than individual QCT 

bone measures would. We found that self-reported fracture was associated with a low score 

on 3 of 4 individual QCT measures, a low composite bone score generated from the sum of 

the QCT measures, and a lower total femoral BMD. However, the associations did not differ 

significantly in strength based on β regression coefficient (Fig. 2).

Our findings on the associations of individual bone measures with fracture status are 

consistent with previous research, including reports from the Osteoporotic Fractures in Men 

Study (MrOS) (3). In that study, baseline QCT scans of the hips were obtained in 3347 men 

aged 65 yr and older, who were then followed for an average of 5.5 yr. Although some QCT 

measures were independently associated with increased hip fracture risk, multivariate 

analysis indicated that the overall ability to predict fracture risk in MrOS was not improved 

by considering QCT measures in addition to DXA results.

Few other reports are available in the literature on relationships between QCT bone 

measures and fracture (16). Our study adds valuable information about the value of QCT-

acquired individual bone measures for fracture risk assessment in a large population of older 

(≥65 yr) men and women.

Although it was not significant, the positive relationship in our study between fracture status 

and increased cross-sectional area of the femoral neck (highest quartile) (Fig. 2) is consistent 

with previous reports (3,6,17). In theory, larger femoral neck cross-sectional area is thought 

to be a compensatory change to offset age-related bone loss (10) and should be protective 

against fracture (9,18). However, larger cross-sectional area of the femoral neck also has 

been associated with lower BMD (6). Larger cross-sectional area may be associated with 

increased fracture risk due to its association with poorer-quality bone and the bone loss that 

triggers periosteal apposition in aging bone. Remodeling-based resorption without 

modeling-based formation, reported in the periosteal area of bone apposition in animal 

studies (19), perhaps indicates a weaker structure in this bone region compared with the area 

developed with a natural “modeling process.” No information is yet available on the quality 

of bone accumulated by periosteal apposition, which increases femoral neck cross-sectional 

area with advancing age in humans. Riggs et al (9) suggested that decreased cortical 

volumetric BMD is due to increased cortical porosity in perimenopausal women. 

Investigation of the structural quality of bone accumulated through periosteal apposition in 

humans is recommended.

Rianon et al. Page 6

J Clin Densitom. Author manuscript; available in PMC 2016 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our findings from the univariate analysis on relationships between fracture status and QCT 

bone measures are similar to those from the multivariate analysis. Both vertebral BMD and 

femoral neck trabecular BMD were significantly associated with fracture status in women. 

However, only vertebral trabecular BMD showed a significant positive association with 

fracture status in men. Women are known to have an earlier and greater loss of trabecular 

bone (lumbar > femoral) than men do, as well as greater loss of trabecular bone than cortical 

bone (9,20,21). Thus, accelerated bone loss during perimenopause leads to greater disruption 

of bone architecture and lower bone strength in older women than in older men (9,22,23). 

Similarly, weaker trabecular BMD in women than in men may have contributed to the 

findings in our study that fracture in women was associated with lower vertebral trabecular 

BMD and lower femoral neck BMD (Table 2).

Lower vertebral trabecular BMD remained significantly associated with fracture status in 

men and women not taking any bone-promoting medication. No QCT measure was 

associated with fracture status in men taking bone-promoting medications, whereas lower 

cortical thickness and lower trabecular bone density of the femoral neck were significantly 

associated with fracture status in women taking the same medications. In both genders, 

trabecular bone is known to show a faster response to antiresorptive therapy than cortical 

bone does (24). This phenomenon may underlie the lack of association between higher 

vertebral trabecular BMD and fracture status in men and women taking bone-promoting 

medications. Femoral neck measures (cortical thickness and trabecular BMD) may be 

relatively more important for addressing fracture risk in this group, particularly for women.

A potential limitation of our analysis is that fracture status was coded according to patient 

self-report. However, data from the Icelandic Fracture Registry show that self-report is 

highly reliable (25). Caution is warranted for making assumptions about how the composite 

bone score would generalize to fracture status in other races and ethnicities and in younger 

population. Still, Iceland, like the United States, has a large population of white people of 

European ancestry who have a high risk of bone loss and fracture, and the results from this 

article should be generalizable to that population. Due to the cross-sectional nature of our 

analysis, we cannot estimate how the composite bone score would fare in its relationship to 

fracture status with age-related bone changes over time.

Bone-promoting medication use is strongly related to fracture and can modify the 

associations between bone measures and fracture. Therefore, we stratified the data by bone-

promoting medication use, adjusting for the same covariates used in earlier models. 

Different levels of BMD changes were reported in postmenopausal women receiving 

different kinds of bone-promoting medication for varied lengths of time (26). A collection of 

bone-promoting medication was simply coded as “bone-promoting medication” in our study. 

It is outside the scope of this article to determine whether the outcome differences in our 

stratified models are attributable to the type and length of medication taken by the 

participants. Long-term follow-up on bone strength with and without bone-promoting 

medication, and by type of medication, is indicated to check for associations between 

fracture status and each QCT measure in the elderly.
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In conclusion, the selected measures did not all similarly associate with fracture status and 

did not appear to have an additive effect on fracture status. Measurable mechanical 

properties generated by combining QCT bone measures in a biomechanical model using 

finite element analysis (16) or composite beam theory (7) have been associated with fracture 

in previous studies. Calculated strength measures using the selected bone properties in a 

more complex biomechanical model may be better able than a simple additive model to 

predict fracture risk.
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Fig. 1. 
Distribution of fracture status by composite bone score category. CBS, composite bone 

score.
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Fig. 2. 
Associations between fracture status and QCT bone measures (individual and combined) in 

age-adjusted regression analysis. BMD, bone mineral density; CBS, composite bone score; 

CI denotes 95% confidence interval; CorTh, femoral neck cortical thickness; FNTB, femoral 

neck trabecular BMD; M and F represent measures in male and female participants, 

respectively; MNCS, femoral neck minimal cross-sectional area; QCT, quantitative 

computerized tomography; TOBD, QCT-derived DXA-like total femur BMD; VBMD, 

vertebral trabecular BMD. Each bone variable had 2 categories (highest quartile and lowest 

3 quartiles); for each bone score variable tested, the reference group was the lowest 3 

quartiles. β is the regression coefficient.
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Table 2

Associations Between Fracture Status and QCT Bone Measures in Backward Stepwise Multivariate Logistic 

Regression Models

Gender/type of model Bone measure

Self-reported fracture status, OR (95% CI)

1st step—all bone measures
Last step—the most significant 

measure remaining in the model

Men/general (n = 1857) VBMD 0.57 (0.29–1.10) 0.52 (0.29–0.92)

FNTB 0.75 (0.39–1.42) —

MNCS 1.33 (0.78–2.28) —

CorTh 0.80 (0.43–1.50) —

Women/general (n = 2105) VBMD 0.71 (0.49–1.03) 0.68 (0.47–0.98)

FNTB 0.67 (0.46–0.97) 0.64 (0.44–0.92)

MNCS 0.10 (0.73–1.36) —

CorTh 0.82 (0.57–1.18) —

Men/without bone-promoting medication (n = 1553) VBMD 0.49 (0.21–1.16) 0.45 (0.22–0.93)

FNTB 0.62 (0.27–1.42) —

MNCS 1.34 (0.70–2.59) —

CorTh 0.96 (0.46–2.02) —

Women/without bone-promoting medication (n = 1366) VBMD 0.78 (0.47–1.3) 0.64 (0.41–0.99)

FNTB 0.76 (0.45–1.29) —

MNCS 1.15 (0.76–1.74) —

CorTh 1.15 (0.71–1.88) —

Men/with bone-promoting medication (n = 463) VBMD 0.70 (0.24–2.07) —

FNTB 1.08 (0.38–3.07) —

MNCS 1.55 (0.58–4.12) —

CorTh 0.59 (0.18–1.91) 0.46 (0.15–1.37)

Women/with bone-promoting medication (n = 1258) VBMD 0.67 (0.38–1.16) —

FNTB 0.57 (0.33–0.96) 0.46 (0.28–0.77)

MNCS 0.86 (0.53–1.39) —

CorTh 0.59 (0.34–1.03) 0.52 (0.32–0.86)

Note: Each bone variable had 2 categories (highest quartile and lowest 3 quartiles); for each bone measure tested, the reference group was the 
lowest 3 quartiles.

Abbr: BMD, bone mineral density; CI, confidence interval; CorTh, femoral neck cortical thickness; FNTB, femoral neck trabecular BMD; MNCS, 
femoral neck minimal cross-sectional area; OR, odds ratio; QCT, quantitative computerized tomography; VBMD, vertebral trabecular BMD.
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