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ABSTRACT
Areal bone mineral density (aBMD) poorly identifies men at high fracture risk. Our aim was to assess prediction of fractures in men by

bone microarchitectural measures. At baseline, 825 men aged 60 to 87 years had the assessment of bone microarchitecture at distal

radius and distal tibia by high-resolution peripheral QCT (HR-pQCT; XtremeCT-I, Scanco Medical, Br€uttisellen, Switzerland). Bone

strength was estimated by micro-finite element analysis. During the prospective 8-year follow-up, 105 men sustained fractures

(59 vertebral fractures in 49 men and 70 nonvertebral fractures in 68 men). After adjustment for age, body mass index (BMI), prior

falls, and fractures, most HR-pQCT measures at both skeletal sites predicted fractures. After further adjustment for aBMD, low

distal radius trabecular number (Tb.N) was most strongly associated with higher fracture risk (hazard ratio [HR]¼ 1.63 per SD,

95% confidence interval [CI] 1.31–2.03, p< 0.001). In similar models, low Tb.N was associated with higher risk of major osteoporotic

fracture (HR¼ 1.80 per SD, p< 0.001), vertebral fracture (HR¼ 1.78 per SD, p< 0.01) and nonvertebral fracture (HR¼ 1.46 per SD,

p< 0.01). In comparison with the referencemodel (age, BMI, falls, fractures, aBMD), the adjustment for distal radius Tb.N increased the

estimated fractureprobability inmenwho sustained fractures versus thosewhodidnot have ones (difference¼ 4.1%, 95%CI 1.9–6.3%,

p< 0.001). However, the adjustment for distal radius Tb.Ndidnot increase the areaunder the curve (AUC,p¼ 0.37). Similar resultswere

found for distal radius trabecular separation (Tb.Sp) and connectivity density (Conn. D). They were predictive of all fracture types and

increased the estimated fracture risk, but not AUC, in men who had incident fractures. Thus, poor distal radius trabecular

microarchitecture is predictive of fracture after adjustment for age, BMI, falls, fractures, and aBMD. Althoughdistal radius Tb.N, Conn. D,

and Tb.Sp improve the discrimination between men who will or who will not have fracture, they do not provide clinically relevant

improvement of fracture prediction in older men. © 2018 American Society for Bone and Mineral Research.

KEY WORDS: FRACTURE RISK ASSESSMENT; FRACTURE; HIGH-RESOLUTION PERIPHERAL QCT; COHORT STUDY; MEN

Introduction

Osteoporosis in older men is a major public health problem.

Increasing life expectancy results in a greater number of

older men at high risk of fracture.(1) Fractures are associated

with higher morbidity and mortality in men than in women.(2)

However, areal bone mineral density (aBMD) measured by

dual-energy X-ray absorptiometry (DXA) poorly identifiesmen at

high risk of fracture.(3,4) Bone turnover markers, sex steroids,

ultrasounds, and quantitative computed tomography (QCT) of

proximal femur do not improve fracture prediction in older men

compared with aBMD.(5–8)

FRAX accounts for additional risk factors (lifestyle, parental

history of hip fracture, etc.) in theassessmentof the fracture risk.(9)

Further adjustment for trabecular bone score (TBS) adds

information on bone structure derived from lumbar spine DXA

scans.(10) However, in the fracture prediction in older men,

superiority of the TBS-corrected FRAX versus the classical model

(age, aBMD, prior falls, and fractures) is modest.(11–14) The studies

on the improvement of fracture prediction by TBS yielded

inconsistent results in men.(11,13,15)

Therefore, it is urgent to look for other diagnostic methods to

improve fractureprediction inoldermen. Bonemicroarchitecture is

a determinant of bone strength regardless of bonemass.(16) Cross-

sectional studies show that poor bone microarchitecture assessed

by high-resolution peripheral QCT (HR-pQCT) is associated with

higher odds of fracture in postmenopausal women and older

men.(17–20) Somemicroarchitectural variables remained significant

after adjustment for aBMD.(17–20) Finally, in postmenopausal

women, bone microarchitectural and biomechanical measures

assessed by HR-pQCT and micro-finite element analysis (mFEA)

were predictive of fragility fracture after adjustment for aBMD.(21)

Thus, our primary aim was to study whether bone micro-

architectural and mFEA measures were associated with higher
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risk of fracture in older men. If so, our secondary aim was to

establish which measures, used as continuous variable or

categorized according to its most discriminating threshold,

improve fracture prediction compared with other indicators of

fracture risk.

Subjects and Methods

Cohort

The STRAMBOstudy is a single-center prospective cohort study of

the skeletal fragility and its determinants inmen.(22) It was carried

out as collaborationbetween INSERM (National Institute ofHealth

and Medical Research) and MTRL (Mutuelle des Travailleurs de la

R�egion Lyonnaise). MTRL is a complementary health insurance

company, open to all citizens. Its insured are representative of the

French population in terms of age groups and of the proportion

betweenwhite-collar andblue-collarworkers. The studyobtained

authorization from the local ethics committee andwas performed

in agreement with the Helsinki Declaration of 1975 and 1983.

Participants were recruited in 2006 to 2008 from the MTRL lists in

Lyon. Letters inviting participation were sent to a randomly

selected sample ofmenaged 20 to 85 years living in greater Lyon.

Informedconsentwasprovidedby1169men.Allmenable togive

informed consent, to answer interviewer-administered question-

naires, and toparticipate in the diagnostic testswere included. No

specific exclusion criteria were used. We offered the transport to

men who needed it. Men aged 60 and older (n¼ 825) were

followed up prospectively for 8 years. Every year they replied to a

short questionnaire sent by mail and concerning incident

nonvertebral fractures. After 4 and 8 years, they had a full

follow-up visit.

High-resolution peripheral quantitative computed
tomography (HR-pQCT)

Microarchitecture was assessed at baseline at the non-dominant

distal radius and at the right distal tibia using the Xtreme-CT-I

device (Scanco Medical, Br€uttisellen, Switzerland).(22) The arm or

the legwas immobilized in a carbon-fiber shell. A scout viewwas

used to set a reference line. The most distal CT slice was placed

9.5 and 22.5mmproximal to the endplate of the radius and tibia,

respectively. A 3D stack of 110 slices was acquired starting

9.5mm from the reference line with an isotropic voxel size of 82

mm. The volume of interest (VOI) is separated into trabecular and

cortical compartments using a threshold-based algorithm.

Cortical thickness (Ct.Th) was defined as the mean cortical

volume divided by the bone perimeter. Cortical and trabecular

density (Ct.vBMD, Tb.vBMD,mg/cm3) were calculated as average

vBMD within each compartment. Trabecular elements were

identified by mid-axis transformation method. Trabecular

thickness (Tb.Th, mm) and separation (Tb.Sp, mm) were derived

from BV/TV. Trabecular number (Tb.N, 1/mm) was calculated as

the inverse of Tb.Sp. The intra-individual scatter of Tb.Sp (Tb.Sp.

SD, mm) reflects trabecular network heterogeneity. It is

quantified as standard deviation of the distance between the

mid-axes. Nonmetric trabecular connectivity density (Conn. D)

was also assessed. Quality control was performed by daily scans

of a phantom containing rods of HA (densities of 0–800mg

HA/cm3) embedded in a soft-tissue-equivalent resin (QRM,

Moehrendorf, Germany). The coefficient of variation (CV) for the

densities was 0.1% to 0.9%. Scans of poor quality (grade >3)

were excluded (radius 74, tibia 48).(23) In vivo CVs varied from

0.7% for Ct.vBMD to 4.4% for Tb.Th.(24)

Micro-FEA models of the radius and tibia were created from

the HR-pQCT images using the IPL software v1.13 using the

HR-pQCT device (Scanco Medical) as described previously.(21)

A compression test was simulated in which a load in the

longitudinal direction was applied at one end while the other

end was fully constrained.(25–27) We set the critical strain to

3500mstrain.(21) Micro-FEA outcomes included failure load (N)

and stiffness (kN/mm).

Incident fractures

Men self-reporting incident fractures were asked for medical

records. We excluded fractures of skull, face, hand, fingers, and

toes. We retained self-reported low-trauma fractures (fall from a

standing position or less) confirmed by health professional

(X-ray, medical report). Fractures related to high trauma were

excluded. Lateral single-energy scans of the thoracic and lumbar

spine (T4 to L4) were obtained in the dorsal decubitus position

using a Hologic Discovery-A (Hologic, Bedford, MA, USA) device

equipped with rotating C-arm.(19) Scans were performed in all

men at baseline and in those who returned for the follow-up

visits (4 and 8 years). Incident vertebral fractures were assessed

on the follow-up scans. A new incident fracture was diagnosed

based on the visual analysis (endplate fracture) and/or a

decrease in any of the vertebral heights by >15% versus the

previous scan. The vertebrae not correctly visible were

considered nonfractured.

Questionnaire and assessment of prevalent vertebral
fractures

Men replied to an interviewer-administered questionnaire. They

self-reported falls during the year preceding the recruitment

without external force and current bisphosphonate therapy.

Prior nonvertebral fractures self-reported at baseline were

dichotomized (Y/N) and not verified. We retained low-trauma

fractures except those of skull, face, hand, fingers, and toes.

Prevalent vertebral fractures were assessed using a semiquanti-

tative score on baseline lateral DXA scans.(19) Grades 2 and 3

fractures not related to a self-reported major trauma were

retained. Weight and height were measured using standard

equipment.

Dual-energy X-ray absorptiometry (DXA)

Areal BMD was measured at baseline at lumbar spine, total hip,

and non-dominant distal radius using a Hologic Discovery-A. Its

stability was assessed by the spine phantom measured daily

(CV¼ 0.35%). The in vivo CV was 1.1% to 1.2%. TBS was

calculated on the anteroposterior spine scans as described

previously.(28)

Statistical methods

Statistical analyses were performed using the SAS 9.3 software

(SAS, Cary, NC, USA). Continuous variables with Gaussian

distribution are presented as mean and standard deviation,

those with skewed distribution as median and interquartile

(IQ) range, and categorical ones as percentage per class.

Unadjusted and age-adjusted comparisons were made by the

analysis of variance for continuous variables (log-transformed

if necessary) and the chi-square test for categorical variables.

Fracture-free survival according to HR-pQCT variables was

analyzed by Cox model after checking the assumption of

proportional hazards using the Schoenfeld residues. Follow-up
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time was censored at the first fracture, death, last news, or

8 years after baseline, whichever came first. The link between

HR-pQCT measures and fracture risk was assessed at first using

an unadjusted model. Then, the model was adjusted for the

variables known to be associated with the fracture risk and

those that were significant in the bivariable comparisons: age,

BMI (continuous), prior falls and fractures (Y/N), anti-osteoporosis

treatment, HR-pQCTparameter, and arm length (radius) or height

(tibia). The models were adjusted for falls to isolate fracture risk

related to bone fragility and for prior fragility fractures because

they are associated with poor bonemicroarchitecture and higher

risk of subsequent fracture independent of other risk factors.(9,19)

Then, it was adjusted for baseline aBMD (distal radius or total

hip). Arm length, height, and anti-osteoporosis therapy were

consistently nonsignificant (p> 0.3) and not retained in the final

model. Youden’s index was calculated on the basis of the

sensitivity and specificity values obtained using the unadjusted

ROC curve analysis.(29) The improvement of fracture prediction by

distal radius Tb.N, Tb.Sp, and Conn. D was assessed using the

integrated discrimination improvement (IDI) algorithm and

Harrell’s statistics.(30) The reference model included age, BMI,

prior falls, prior fractures, and aBMD.

Results

Descriptive analysis

Six men who dropped out after baseline did not differ from

those who were followed, but they were older (p¼ 0.08). The

median follow-up was 8.0 years (interquartile range [IQR]

6.0–8.0). Among 819 men followed for �1 year, 105 sustained

fragility fractures (Fig. 1). They were older and had lower hip

aBMD than those who did not (Table 1). After adjustment for

age, all baseline HR-pQCT measures at both sites (except Tb.

Th) differed significantly between men who did or did not

sustain any fracture. Similar results were found for major

osteoporotic fractures.

All fragility fractures

Median follow-up to the first fracture was 4 years (IQR 3.4–6.3). In

unadjusted models, all HR-pQCT parameters were significantly

associated with the fracture risk (Table 2). After adjustment

for age, BMI, falls, and fractures, most HR-pQCT measures

(except Tb.Th, radius Ct.vBMD, and tibia Conn. D) remained

associated with higher fracture risk. After further adjustment

for aBMD, distal radius Tb.vBMD, Tb.N, Tb.Sp, Tb.Sp.SD, and

Conn. D remained associated significantly with higher fracture

risk. The results remained similar after adjustment for total

hip aBMD, eg, for Tb.N: hazard ratio [HR]¼ 1.54 per SD,

95% confidence interval [CI] 1.24–1.90, p < 0.001.

Major osteoporotic fractures

Median follow-up to the major osteoporotic fracture was 4.2

years (IQR: 3.9; 7.0). In the unadjusted models, all HR-pQCT

parameters were significantly associated with the risk of this

fracture. After adjustment for age, BMI, falls, and fractures,

distal radius HR-pQCT measures (except Ct.Th, Ct.vBMD, and

Tb.Th) were associated with higher fracture risk. After further

adjustment for aBMD, Tb.vBMD, Tb.N, Tb.Sp, Tb.Sp.SD, and

Conn. D remained significant. The results were similar after

adjustment for hip aBMD, eg, Tb.N: HR¼ 1.61 per SD, 95% CI

1.24–2.10, p < 0.001. Most distal tibia measures were also

associated with higher risk of fracture (except Tb.Th) but were

no longer significant after adjustment for hip aBMD.

Vertebral fractures

Median follow-up to diagnosis of the first vertebral fracture

was 4.2 years (IQR 3.9–7.9). In the bivariable models, nearly all

HR-pQCT measures predicted vertebral fractures (Table 3).

Among 616 men who had follow-up DXA and valid distal

radius HR-pQCT scans, 46 men had vertebral fractures. After

adjustment for age, BMI, fractures, and falls, Tt.vBMD and

most trabecular measures were associated with the fracture

risk. After further adjustment for distal radius aBMD, Tb.

vBMD, Tb.N, Tb.Sp, and Conn. D remained associated with

the vertebral fracture risk. The results were similar after

adjustment for total hip aBMD (Tb.N: HR¼ 1.52 per SD, 95%

CI 1.11–2.08, p< 0.01). Among 628 men who had valid tibia

HR-pQCT and follow-up spine scans, 48 men had vertebral

fractures. Low Tt.vBMD, Tb.vBMD, Tb.N, and Conn. D and high

Tb.Sp and Tb.Sp.SD were associated with higher vertebral

fracture risk. However, they were no longer significant after

adjustment for hip aBMD.

Fig. 1. Flowchart presenting the organization and the progress of the

study.
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Table 1. Description of Men From the STRAMBO Cohort According to the Fracture Status

No incident fracture

(n¼ 714)

All incident fractures

(n¼ 105) p
a

Incident major osteoporotic fractures

(n¼ 73) p
a

Age (years) 71.7� 7.2 74.8� 7.4 <0.001 75.1� 7.5 <0.001

Weight (kg) 78.5� 11.3 77.8� 11.4 0.89 76.8� 11.9 0.48

Height (cm) 168.4� 6.4 167.8� 6.8 0.41 166.9� 6.6 0.07

BMI (kg/m2) 27.7� 3.6 27.5� 3.4 0.71 27.5� 3.4 0.72

Arm length (cm) 26.9� 1.4 26.8� 1.2 0.84 26.7� 1.3 0.38

Prior fractures (n, %) 139 (19%) 29 (28%) 0.25 19 (28%) 0.13

Prior falls (n, %) 138 (19%) 31 (30%) 0.35 20 (29%) 0.63

Bisphosphonates

(n, %)

18 (2.5%) 2 (1.9%) 0.72 2 (3.0%) 0.75

Lumbar spine aBMD

(g/cm2)

1.051� 0.192 0.961� 0.151 <0.001 0.941� 0.163 <0.001

Hip aBMD (g/cm2) 0.962� 0.138 0.892� 0.129 <0.001 0.881� 0.128 <0.001

Femoral neck aBMD

(g/cm2)

0.768� 0.129 0.723� 0.112 <0.001 0.713� 0.112 <0.001

Femoral neck T-scoreb �0.60� 1.07 �1.13� 0.93 <0.001 �1.21� 0.93 <0.001

Spine TBS 1.220� 0.113 1.174� 0.108 <0.001 1.161� 0.117 <0.001

FRAX (major)c 3.8 (2.6; 5.6)e 5.5 (4.2; 7.3) <0.001 5.7 (4.4; 7.6) <0.001

FRAX (hip)d 1.0 (0.4; 2.2) 2.2 (1.1; 3.3) <0.001 2.5 (1.6; 3.6) <0.001

FRAX (major)

TBS-adjusted

4.8 (3.3; 7.1) 6.9 (5.2; 8.7) <0.001 7.3 (5.9; 9.1) <0.001

FRAX (hip)

TBS-adjusted

1.3 (0.6; 2.6) 2.6 (1.5; 4.0) <0.001 2.9 (1.9; 4.1) <0.001

Distal radius (n¼ 652) (n¼ 99) (n¼ 69)

Tt.vBMD (mg/cm3) 295.0� 64.4 264.0� 60.0 <0.005 260.8� 60.6 <0.05

Ct.vBMD (mg/cm3) 802.1� 70.8 774.0� 77.6 0.08 771.8� 76.4 0.30

Ct.Th (mm) 0.70� 0.22 0.61� 0.21 <0.05 0.59� 0.21 0.05

Tb.vBMD (mg/cm3) 174.9� 39.4 155.5� 38.3 <0.001 154.2� 40.5 <0.005

Tb.N (/mm) 1.87� 0.25 1.70� 0.29 <0.001 1.70� 0.30 <0.001

Tb.Th (mm) 78� 12 76� 13 0.81 75� 14 0.80

Tb.Sp (mm) 0.46 (0.41; 0.51) 0.50 (0.46; 0.57) <0.001 0.50 (0.45; 0.58) <0.001

Tb.Sp.SD (mm) 0.20 (0.17; 0.23) 0.22 (0.19; 0.28) <0.001 0.22 (0.19; 0.28) <0.001

Connectivity density 3.77� 0.90 3.34� 0.94 <0.001 3.29� 0.97 <0.001

Stiffness (kN/mm) 178� 42 166� 37 <0.005 165� 37 <0.05

Failure load (N) 4227� 967 3942� 855 <0.005 3912� 847 <0.05

Distal tibia (n¼ 676) (n¼ 101) (n¼ 71)

Tt.vBMD (mg/cm3) 290.6� 58.3 262.7� 52.7 <0.001 261.3� 52.1 <0.01

Ct.vBMD (mg/cm3) 834.3� 59.9 799.7� 85.3 <0.001 801.5� 66.6 <0.01

Ct.Th (mm) 1.19� 0.30 1.04� 0.30 <0.001 1.04� 0.27 <0.05

Tb.vBMD (mg/cm3) 172.9� 38.2 159.6� 36.9 <0.02 157.9� 39.9 <0.05

Tb.N (/mm) 1.74� 0.30 1.65� 0.32 <0.05 1.63� 0.32 0.05

Tb.Th (mm) 83� 13 81� 13 0.63 81� 13 0.74

Tb.Sp (mm) 0.49 (0.43; 0.56) 0.52 (0.46; 0.61) <0.01 0.54 (0.48; 0.62) <0.01

Tb.Sp.SD (mm) 0.23 (0.19; 0.27) 0.25 (0.21; 0.31) <0.01 0.26 (0.22; 0.32) <0.01

Connectivity density 3.36� 0.93 3.15� 0.99 <0.05 3.05� 0.97 <0.01

Stiffness (kN/mm) 465� 83 435� 85 <0.001 420� 84 <0.001

Failure load (N) 10985� 1887 10335� 1941 <0.001 9993� 1909 <0.001

BMI¼body mass index; aBMD¼ areal bone mineral density; Tt.vBMD¼ total volumetric bone mineral density; Ct.vBMD¼ cortical volumetric bone

mineral density; Ct.Th¼ cortical thickness; Tb.vBMD¼ trabecular volumetric bone mineral density; Tb.N¼ trabecular number; Tb.Th¼ trabecular

thickness; Tb.Sp¼ trabecular separation; Tb.Sp.SD¼ standard deviation of the trabecular separation.
aUnadjusted comparisons: age, weight, height, BMI, arm length, falls, fractures, bisphosphonate use, aBMD, T-score, spine TBS, and FRAX; adjusted for

age: bone microarchitectural.
bCalculated according to the reference values for the white women aged 20 to 29 years from the NHANES study.
cFRAX for major osteoporotic fractures adjusted for femoral neck aBMD.
dFRAX for hip fractures adjusted for femoral neck aBMD.
eMedian (first quartile, third quartile), age-adjusted comparisons performed on the log-transformed variables.
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Table 2. Association of the Bone Microarchitecture With the Risk of Incident Fragility Fracture and of Incident Major Osteoporotic Fractures in Older Men

All incident fragility fractures Major incident osteoporotic fractures

Unadjusted

Adjusted for age, BMI, prior

falls and fractures

Additionally adjusted

for aBMDf Unadjusted

Adjusted for age, BMI,

prior falls and fractures

Additionally adjusted

for aBMDf

HR per SD (95% CI)e HR per SD (95% CI)e

Radius (n/N¼ 99/751) (n/N¼ 69/751)

Tt.vBMD 1.81 (1.45–2.27)d 1.53 (1.21–1.95)d 1.29 (0.91–1.83) 2.01 (1.51–2.67)d 1.57 (1.16–2.13)c 1.45 (0.93–2.26)

Ct.vBMD 1.49 (1.24–1.78)d 1.20 (0.97–1.49) 0.95 (0.73–1.24) 1.52 (1.22–1.91)d 1.12 (0.86–1.45) 0.86 (0.62–1.20

Ct.Th 1.64 (1.32–2.03)d 1.32 (1.04–1.67)a 1.03 (0.76–1.40) 1.75 (1.33–2.30)d 1.28 (0.95–1.72) 1.00 (0.69–1.47)

Tb.vBMD 1.78 (1.44–2.21)d 1.55 (1.25–1.93)d 1.43 (1.07–1.91)a 1.98 (1.51–2.60)d 1.67 (1.27–2.19)d 1.65 (1.15–2.36)b

Tb.N 1.81 (1.41–2.17)d 1.68 (1.40–2.02)d 1.63 (1.31–2.03)d 1.96 (1.56–2.46)d 1.80 (1.43–2.26)d 1.80 (1.38–2.36)d

Tb.Th 1.28 (1.04–1.59)a 1.09 (0.88–1.35) 0.85 (0.67–1.09) 1.38 (1.05–1.80)a 1.21 (0.85–1.57) 0.89 (0.65–1.22)

Tb.Sp 1.53 (1.37–1.70)d 1.42 (1.27–1.59)d 1.37 (1.19–1.58)d 1.61 (1.41–1.85)d 1.48 (1.29–1.70)d 1.46 (1.24–1.73)d

Tb.Sp.SD 1.25 (1.16–1.34)d 1.20 (1.11–1.30)d 1.15 (1.05–1.26)c 1.27 (1.17–1.38)d 1.22 (1.12–1.34)d 1.18 (1.06–1.31)c

Conn. D 1.96 (1.56–2.47)d 1.77 (1.40–2.23)d 1.67 (1.27–2.19)d 2.23 (1.66–3.01)d 1.95 (1.46–2.62)d 1.93 (1.37–2.72)d

Stiffness 1.63 (1.31–2.03)d 1.32 (1.04–1.68)a 0.90 (0.62–1.30) 1.77 (1.34–2.35)d 1.36 (1.01–1.84)a 0.97 (0.61–1.56)

Fail. load 1.62 (1.30–2.03)d 1.33 (1.05–1.69)a 0.94 (0.66–1.35) 1.76 (1.33–2.34)d 1.37 (1.01–1.86)a 1.02 (0.65–1.61)

Tibia (n/N¼ 101/777) (n/N¼ 71/771)

Tt.vBMD 1.73 (1.40–2.12)d 1.48 (1.19–1.85)d 1.18 (0.90–1.54) 1.79 (1.38–2.33)d 1.50 (1.13–1.97)c 1.09 (0.78–1.53)

Ct.vBMD 1.58 (1.36–1.83)d 1.34 (1.13–1.59)d 1.19 (0.98–1.45) 1.61 (1.32–1.95)d 1.29 (1.02–1.62)a 1.08 (0.83–1.41)

Ct.Th 1.73 (1.41–2.12)d 1.47 (1.18–1.82)d 1.23 (0.97–1.57) 1.72 (1.34–2.22)d 1.41 (1.08–1.84)a 1.10 (0.81–1.49)

Tb.vBMD 1.48 (1.21–1.80)d 1.30 (1.06–1.59)a 1.02 (0.80–1.30) 1.56 (1.22–2.00)d 1.37 (1.06–1.76)a 1.01 (0.74–1.37)

Tb.N 1.31 (1.09–1.59)c 1.26 (1.03–1.53)a 1.01 (0.81–1.27) 1.44 (1.14–1.82)c 1.40 (1.09–1.80)b 1.11 (0.84–1.47)

Tb.Th 1.28 (1.04–1.57)a 1.12 (0.91–1.37) 1.00 (0.82–1.23) 1.30 (1.01–1.67)a 1.10 (0.85–1.42) 0.94 (0.72–1.22)

Tb.Sp 1.26 (1.11–1.42)d 1.24 (1.07–1.43)c 1.05 (0.87–1.27) 1.31 (1.14–1.51)d 1.33 (1.12–1.58)d 1.13 (0.90–1.41)

Tb.Sp.SD 1.12 (1.04–1.20)c 1.13 (1.04–1.23)c 1.05 (0.94–1.19) 1.14 (1.04–1.22)c 1.16 (1.05–1.27)c 1.08 (0.94–1.24)

Conn. D 1.28 (1.04–1.57)a 1.21 (0.98–1.50) 1.02 (0.81–1.23) 1.45 (1.11–1.90)b 1.40 (1.06–1.83)a 1.15 (0.86–1.55)

Stiffness 1.81 (1.45–2.25)d 1.48 (1.17–1.87)c 1.12 (0.82–1.52) 1.90 (1.44–2.51)d 1.47 (1.09–1.99)a 0.99 (0.67–1.46)

Fail. load 1.79 (1.44–2.23)d 1.46 (1.15–1.85)c 1.10 (0.81–1.50) 1.89 (1.43–2.50)d 1.47 (1.09–1.99)a 0.99 (0.67–1.46)

BMI¼body mass index; aBMD¼ areal bone mineral density; N¼number of men who had valid HR-pQCT measurement for this skeletal site and were followed up for at least 1 year (eg, 751 for distal radius);

n¼number of men who sustained at least one incident fragility fracture in this group; Tt.vBMD¼ total volumetric bone mineral density; Ct.vBMD¼ cortical volumetric bone mineral density; Ct.Th¼ cortical

thickness; Tb.vBMD¼ trabecular volumetric bone mineral density; Tb.N¼ trabecular number; Tb.Th¼ trabecular thickness; Tb.Sp¼ trabecular separation; Tb.Sp.SD¼ standard deviation of the trabecular

separation; Conn. D¼ connectivity density; Fail. load¼ failure load.
a
p< 0.05.
b
p< 0.01.

c
p< 0.005.
d
p< 0.001.

eHR and 95% CI are calculated per 1 SD decrease except for Tb.Sp and Tb.Sp.SD, which are calculated per 1 SD increase.
fDistal radius aBMD for distal radius; total hip aBMD for distal tibia.
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Table 3. Association Between HR-pQCT Parameters and the Risk of Incident Radiographic Vertebral Fracture or Incident Nonvertebral Fracture in Older Men

Incident vertebral fractures Incident nonvertebral fractures

Unadjusted

Adjusted for age, BMI, prior

falls and fractures

Additionally adjusted

for aBMDf Unadjusted

Adjusted for age, BMI,

prior falls and fractures

Additionally adjusted

for aBMDf

HR per SD (95% CI)e HR per SD (95% CI)e

Radius (n/N¼ 46/616) (n/N¼ 65/751)

Tt.vBMD 1.98 (1.42–2.77)d 1.41 (1.00–2.00)a 1.61 (0.93–2.76) 1.75 (1.32–2.31)d 1.52 (1.12–2.06)b 1.18 (0.76–1.83)

Ct.vBMD 1.44 (1.10–1.88)b 0.90 (0.65–1.24) 0.69 (0.46–1.05) 1.52 (1.21–1.92)d 1.31 (1.01–1.72)a 1.03 (0.73–1.45)

Ct.Th 1.68 (1.22–2.31)c 1.09 (0.78–1.53) 0.92 (0.57–1.46) 1.64 (1.24–2.16)d 1.39 (1.03–1.89)a 1.05 (0.71–1.56)

Tb.vBMD 1.96 (1.42–2.69)d 1.58 (1.16–2.16)d 1.87 (1.22–2.84)c 1.68 (1.29–2.19)d 1.49 (1.13–1.96)c 1.23 (0.85–1.78)

Tb.N 1.87 (1.41–2.45)d 1.65 (1.26–2.16)d 1.78 (1.30–2.44)d 1.68 (1.34–2.11)d 1.60 (1.27–2.02)d 1.46 (1.11–1.93)b

Tb.Th 1.45 (1.05–2.00)a 1.17 (0.85–1.52) 1.12 (0.77–1.63) 1.24 (0.95–1.62) 1.06 (0.81–1.38) 0.79 (0.58–1.07)

Tb.Sp 1.57 (1.33–1.85)d 1.36 (1.14–1.62)d 1.39 (1.14–1.70)d 1.45 (1.27–1.66)d 1.38 (1.19–1.59)d 1.29 (1.07–1.55)b

Tb.Sp.SD 1.34 (1.15–1.56)d 1.20 (1.01–1.43)a 1.20 (0.99–1.44) 1.24 (1.14–1.35)d 1.20 (1.10–1.32)d 1.14 (1.02–1.27)a

Conn. D 2.27 (1.61–3.22)d 1.89 (1.35–2.63)d 2.12 (1.42–3.15)d 1.71 (1.28–2.27)d 1.57 (1.18–2.09)c 1.36 (0.97–1.91)

Stiffness 1.67 (1.21–2.31)c 1.17 (0.83–1.65) 1.07 (0.66–1.75) 1.63 (1.23–2.16)d 1.36 (1.01–1.86)a 0.86 (0.54–1.37)

Fail. load 1.65 (1.19–2.28)c 1.18 (0.84–1.67) 1.10 (0.69–1.76) 1.22 (1.22–2.15)d 1.37 (1.01–1.86)a 0.89 (0.57–1.40)

Tibia (n/N¼ 48/628) (n/N¼ 67/777)

Tt.vBMD 1.85 (1.35–2.54)d 1.50 (1.07–2.08)a 1.17 (0.78–1.74) 1.73 (1.33–2.25)d 1.53 (1.15–2.03)c 1.21 (0.85–1.71)

Ct.vBMD 1.52 (1.20–1.92)d 1.11 (0.84–1.47) 0.95 (0.71–1.27) 1.59 (1.35–1.89)d 1.42 (1.16–1.75)d 1.28 (1.01–1.62)a

Ct.Th 1.69 (1.24–2.30)d 1.30 (0.94–1.79) 1.05 (0.74–1.48) 1.83 (1.42–2.36)d 1.62 (1.23–2.13)d 1.37 (1.01–1.87)a

Tb.vBMD 1.66 (1.24–2.22)d 1.45 (1.07–1.95)a 1.16 (0.81–1.67) 1.42 (1.11–1.81)b 1.26 (0.97–1.64) 0.96 (0.70–1.32)

Tb.N 1.58 (1.20–2.07)d 1.45 (1.09–1.92)a 1.20 (0.86–1.67) 1.16 (0.92–1.47) 1.12 (0.88–1.44) 0.87 (0.66–1.16)

Tb.Th 1.30 (0.95–1.76) 1.18 (0.86–1.62) 1.04 (0.76–1.44) 1.33 (1.03–1.72)a 1.15 (0.89–1.49) 1.03 (0.78–1.35)

Tb.Sp 1.35 (1.16–1.57)d 1.32 (1.10–1.59)c 1.17 (0.92–1.49) 1.16 (0.96–1.39) 1.12 (0.92–1.38) 0.90 (0.69–1.17)

Tb.Sp.SD 1.13 (1.03–1.24)b 1.14 (1.01–1.28)a 1.07 (0.91–1.25) 1.09 (0.98–1.21) 1.10 (0.97–1.24) 0.99 (0.82–1.20)

Conn. D 1.65 (1.19–2.30)c 1.50 (1.08–2.08)a 1.26 (0.88–1.79) 1.10 (0.85–1.41) 1.06 (0.82–1.37) 0.86 (0.65–1.15)

Stiffness 1.86 (1.34–2.59)d 1.35 (0.94–1.93) 0.90 (0.57–1.43) 1.96 (1.49–2.58)d 1.68 (1.24–2.28)d 1.39 (0.93–2.07)

Fail. load 1.86 (1.34–2.59)d 1.34 (0.94–1.92) 0.90 (0.57–1.42) 1.92 (1.46–2.53)d 1.65 (1.22–2.24)c 1.34 (0.90–1.99)

BMI¼body mass index; aBMD¼ areal bone mineral density; N¼number of men who had valid HR-pQCT measurement for this skeletal site and, for vertebral fractures, had at least one follow-up lumbar spine

DXA scan (eg, 616 for distal radius) or, for nonvertebral fractures (eg, 751 for distal radius), were followed up for at least one year; n¼number of men who sustained at least one incident fragility fracture in this

group;Tt.vBMD¼ total volumetric bone mineral density; Ct.vBMD¼ cortical volumetric bone mineral density; Ct.Th¼ cortical thickness; Tb.vBMD¼ trabecular volumetric bonemineral density; Tb.N¼ trabecular

number; Tb.Th¼ trabecular thickness; Tb.Sp¼ trabecular separation; Tb.Sp.SD¼ standard deviation of the trabecular separation; Conn. D¼ connectivity density; Fail. load¼ failure load.
a
p< 0.05.
b
p< 0.01.

c
p< 0.005.
d
p< 0.001.

eHR and 95% CI are calculated per 1 SD decrease except for Tb.Sp and Tb.Sp.SD, which are calculated per 1 SD increase.
fDistal radius aBMD for distal radius; total hip aBMD for distal tibia.
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Nonvertebral fractures

Median follow-up to the first nonvertebral fracture was 3.7

years (IQR 2.2–5.6). In the unadjusted models, most distal

radius and some distal tibia measures were associated with the

risk of nonvertebral fracture. Among 751 men with valid distal

radius scans, 65 had nonvertebral fractures. After adjustment

for age, BMI, falls, and fractures, nearly all distal radius HR-

pQCT measures were associated with the nonvertebral fracture

risk. After adjustment for distal radius aBMD, Tb.N, Tb.Sp, and

Tb.Sp.SD remained significant. The results were similar after

adjustment for total hip aBMD, eg, Tb.N: HR¼ 1.42 per SD, 95%

CI 1.08–1.87, p < 0.05. In 777 men with valid tibia scan, low Tt.

vBMD, Ct.vBMD, Ct.Th, stiffness, and failure load were

associated with higher nonvertebral fracture risk (67 men).

After adjustment for hip aBMD, cortical measures remained

associated weakly significantly with higher fracture risk.

Sensitivity analysis for the trabecular measures of
distal radius

Distal radius low Tb.N was associated with higher risk of any

fracture in 592 men without prior fracture (HR¼ 1.47 per SD,

95% CI 1.14–1.91, p < 0.005). Similar patterns were found for

fracture groups, eg, major osteoporotic fracture: HR¼ 1.70 per

SD, 95% CI 1.24–2.34, p< 0.005. Lower Tb.N was associated with

higher risk of any fracture in 591 men reporting no falls during

the year prior to baseline (HR¼ 1.61 per SD, 95% CI 1.25–2.06, p

< 0.001). Similar patterns were found for fracture subgroups, eg,

vertebral fracture: HR¼ 2.07 per SD, 95% CI 1.42–3.02, p< 0.001.

Lower Tb.N was associated with higher risk of any fracture in 152

men who had fractures before the study (HR¼ 2.12 per SD, 95%

CI 1.41–3.20, p< 0.001) and in 146men reporting falls (HR¼ 1.63

per SD, 95% CI 1.01–2.61, p< 0.05). Point estimates were similar

in fracture subgroups but not always significant because of

insufficient power. The associations were similar, though

weaker, for Tb.Sp and Conn. D. For instance, high Tb.Sp was

associated with higher risk of any fracture in men without prior

fracture (HR¼ 1.33 per SD, 95% CI 1.09–1.62, p < 0.005) and in

men who had prior fractures (HR¼ 1.49 per SD, 95% CI 1.19–

1.87, p< 0.001). Low Conn. D Sp was associated with higher risk

of any fracture in men without prior fracture (HR¼ 1.53 per SD,

95% CI 1.24–2.10, p < 0.01) and in men who had prior fractures

(HR¼ 2.15 per SD, 95% CI 1.24–3.74, p < 0.01).

The most discriminating threshold for all fractures (found by

Youden’s index) was 1.85/mm for Tb.N (sensitivity 73%,

specificity 54%) and 0.943 g/cm2 for hip aBMD (sensitivity

67%, specificity 55%) (Fig. 2). Men were divided into four groups

using these thresholds (Table 4). The risk of all types of fracture

was four- to sixfold higher in men who had hip aBMD and Tb.N

below the thresholds versus men who were above the

thresholds for both measures. The risks of any, vertebral, and

major osteoporotic fractures were increased inmenwith low Tb.

N even in men with hip aBMD �0.943 g/cm2.

Similar results were found for distal radius Tb.Sp and Conn. D.

The most discriminating value for distal radius Tb.Sp was

0.48mm (sensitivity 64%, specificity 62%). Men with high Tb.Sp

(>0.48mm) and low hip aBMD had higher all fracture risk versus

the reference (Tb.Sp �0.48mm, hip aBMD �0.943 g/cm2):

HR¼ 4.10, 95% CI 2.22–7.57, p< 0.001. The threshold for

Conn. D was 3.59 (sensitivity 65%, specificity 55%). Men with

low Conn. D (<3.59) and low aBMD had higher all-fracture risk

versus the reference (Conn. D �3.59, aBMD �0.943 g/cm2):

HR¼ 3.50, 95% CI 1.89–6.50, p< 0.001.

Distal radius trabecular measured and improvement of
fracture prediction

The adjustment for Tb.N did not change the estimated risk of

any fracture in men who did not sustain fracture (0.1%, 95%

CI –0.4% to 0.7%) but increased the estimated risk in men

who had fracture (4.2%, 95% CI 2.1% to 6.4%). Thus, the

adjustment for Tb.N increased the estimated fracture risk

more in men who sustained the fracture (diff¼ 4.1%, 95% CI

1.9% to 6.3%, p< 0.001). The adjustment for Tb.N increased

the estimated risk of different types of fracture in those who

sustained the fracture but had no impact in those who did

not. Thus, the adjustment for Tb.N improved the discrimina-

tion between men who did or did not have the fracture for all

fracture types: 5.4% (95% CI 3.6% to 7.0%, p< 0.001) for

major osteoporotic fractures, 3.9% for vertebral fracture (95%

CI 1.2% to 6.6%, p< 0.01), 2.7% for the nonvertebral fracture

(95% CI 0.4% to 4.9%, p< 0.05). Similarly, distal radius Tb.Sp

and Conn. D improved the discrimination between men who

did or did not have the fracture irrespective of the fracture

type, eg, for major osteoporotic fracture: 3.6% (95% CI 0.1%

to 7.2%, p< 0.01) and 3.6% (95% CI 0.1% to 6.1%, p< 0.005),

respectively.

By contrast, no HR-pQCT parameter increased significantly the

AUC for any type of fracture (Harrell’s diagnostic, differences

between AUCs �0.02, p > 0.10).

Discussion

In a prospectively followed cohort of older men, poor bone

microarchitecture was associated with higher risk of fracture,

vertebral and nonvertebral, after adjustment for age, BMI, falls,

and fractures. Adjustment for aBMD weakened the associations;

however, distal radius Tb.N and Conn. D (and more weakly, its

inverse Tb.Sp and Tb.Sp.SD)were associated significantly with all

types of fractures. Lower distal radius Tb.N was also associated

Fig. 2. Calculation of Youden’s index – area under the curve presenting

the association between distal radius Tb.N and fracture risk. Sensitivity

(73%) and specificity (54%, 0.54¼ 1 – 0.46) correspond to the most

discriminating threshold, Tb.N¼ 1.85.
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with higher risk of vertebral and major osteoporotic fracture in

men with higher aBMD. Finally, the addition of distal radius Tb.N

improved fracture prediction in comparison with the reference

model (age, weight, prior falls and fractures, aBMD).

Our data confirm that poor bone microarchitecture is

associated with fracture risk irrespective of aBMD. Men with

vertebral fractures had lower trabecular number assessed in

bone biopsy versus men with similar aBMD but without

fracture.(31) Other cross-sectional studies showed that subjects

with fragility fractures had poorer bone microarchitecture

assessed by HR-pQCT versus those without fracture, even after

adjustment for aBMD.(17–19,32–34) These relations were found in

men and women, for vertebral and, to a lesser extent,

nonvertebral fractures. Women with vertebral fractures had

poorer bone microarchitecture, especially of trabecular bone,

versus those with nonvertebral fractures.(35) These data are

consistent with experimental results showing the importance of

bone microarchitecture for bone strength.(36,37)

Distal radius HR-pQCT parameters were more strongly

associated with the fracture risk compared with distal tibia.

This is in linewith some,(24,38–40) but not all,(19,32,34,35,40,41) studies.

However, these results cannot be extrapolated on ours. Few

prospective studies assessed fracture prediction by the bone HR-

pQCTmeasures inpostmenopausalwomen.(21,42) In these studies,

both trabecular and cortical parameters predicted fractures;

however, point estimates were higher and the associations

stronger for distal radius. Radius is a non-weight-bearing site,

whereas tibia is protected bybodyweight. Thus, distal radiusmay

better reflect the effect of various determinants of bone turnover

and bone strength than the tibia. However, data do not support

this speculation. In our cohort, smoking and high C-reactive

protein levelwere associatedwith poorer bonemicroarchitecture

at distal radius but not distal tibia.(43,44) By contrast, low sex

steroid levels and secondary hyperparathyroidism were

associated with similar deterioration of bone microarchitecture

at both skeletal sites.(45,46)

Trabecular measures predicted fractures better than cortical

ones and better than composite mFEA measures of bone

strength determined mainly by cortical bone status. Trabecular

bone contributes largely to bone strength in compression,(36,37)

and 60% of fractures in our cohort are due to compression

(vertebra, distal radius, trochanter). It may also contribute to

bone strength in the meta- and epiphysis, eg, in fractures of

proximal humerus and proximal or distal tibia. In cross-sectional

studies, both poor cortical and trabecular measures were found

in subjects with fragility fractures.(20,33,35,38,40,41,47) In some

studies, the links were stronger for cortical than trabecular

measures.(19,39,48) By contrast, in the prospective studies, cortical

parameters lost significance after adjustment for aBMD.(21,42)

Cortical bone has higher mass than trabecular bone and is the

main determinant of aBMD. This applies for cross-sectional and

prospective studies and does not explain the difference

between them. Cortical bone confers strength for bending

and torsion and its mass represents a higher fraction of mass in

long bones versus vertebral bodies. It may result in a stronger

link of cortical measures with nonvertebral versus vertebral

fractures. However, clinical studies do not support this

speculation.(19,35) A cross-sectional analysis may be influenced

by bone loss developing after fracture due to low physical

activity. In experimental and clinical studies, unloading

(hindlimb suspension) and weightlessness result in a similar

bone loss in cortical and trabecular compartments.(49,50) The

strong fracture prediction by Tb.N in both sexes is not explained

by different age-related bone loss in these compartments either.

In both sexes, the age-related decrease in trabecular variables is

not greater than that in cortical ones.(51,52) Inaccurate assess-

ment of cortical bone in the oldest men may weaken predictive

value of cortical parameters for fracture prediction in older men.

Table 4.Contribution of LowDistal Radius Trabecular Number (Tb.N) and Low Total Hip Areal BoneMineral Density (aBMD) to the Risk of

Fracture

Distal radius Tb.N Total hip aBMD Incidence (per 1000 person-years) HR (95% CI) p Value

All fractures

�1.85 /mm �0.943 g/cm2 7.56 1.00

�1.85 /mm <0.943 g/cm2 18.58 1.88 (0.87–4.08) 0.11

<1.85 /mm �0.943 g/cm2 21.18 2.43 (1.15–5.14) <0.05

<1.85 /mm <0.943 g/cm2 35.61 4.34 (2.29–8.24) <0.001

Major osteoporotic fracture

�1.85 /mm �0.943 g/cm2 3.78 1.00

�1.85 /mm <0.943 g/cm2 12.78 1.91 (0.67–5.43) 0.22

<1.85 /mm �0.943 g/cm2 11.77 3.21 (1.21–8.53) <0.05

<1.85 /mm <0.943 g/cm2 22.42 5.71 (2.42–13.47) <0.001

Vertebral fractures

�1.85 /mm �0.943 g/cm2 2.49 1.00

�1.85 /mm <0.943 g/cm2 11.58 2.71 (0.77–9.55) 0.12

<1.85 /mm �0.943 g/cm2 13.20 6.19 (1.89–20.29) <0.005

<1.85 /mm <0.943 g/cm2 19.73 6.32 (2.12–18.87) <0.001

Nonvertebral fractures

�1.85 /mm �0.943 g/cm2 5.38 1.00

�1.85 /mm <0.943 g/cm2 12.75 2.04 (0.79–5.25) 0.14

<1.85 /mm �0.943 g/cm2 10.38 1.30 (0.46–3.65) 0.62

<1.85 /mm <0.943 g/cm2 22.40 4.34 (1.98–9.50) <0.001

The thresholds of distal radius Tb.N (1.85 /mm) and of total hip aBMD (0.943 g/cm2) were established using the Youden’s index.

The models are adjusted for age, weight, prior falls, and prior fractures.
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However, the fraction of load borne by cortical bone decreases

with age in men.(52) Moreover, during re-ambulation after long-

term space flight, distal tibia cortical bone recovered, but

trabecular bone and failure load did not.(44) These findings also

confirm the importance of trabecular bone for bone strength.

The adjustment for distal radius trabecular measures

increased the predicted fracture probability assessed by IDI,

but not by Harrell’s statistics, in men who subsequently

sustained fractures. By contrast, it had no impact on the

estimated fracture probability in men who did not sustain

fractures. Biver and colleagues showed that distal radius failure

load improved fracture prediction in older women.(36) However,

in the Gerico study, the statistical model was not adjusted for

prior falls and fractures. Failure load is a composite parameter

reflecting bone status in the cortical and trabecular compart-

ments. Despite the differences, both studies show that the

evaluation of bone microarchitecture at distal radius may

improve estimation of fracture probability. However, in men, the

improvement of the fracture probability estimation is limited to

the IDI algorithm and does not seem to be clinically relevant.

Our study has strengths. It assesses prospectively fracture

prediction by HR-pQCT measures in older men. The incident

fractures were confirmed by spine scans or health professional.

We checked site and circumstances of fractures. The statistical

models were adjusted for other risk factors. Tb.N is the inverse of

the directly measured Tb.Sp. We recognize limitations. This

single-center cohort consists of home-dwelling, mainly white

men. Elderly volunteers in research studies are healthier than

general population of similar age. The results cannot be

extrapolated to women, younger men, other ethnicities, or

patients with secondary osteoporosis. Tb.Th, Tb.Sp.SD, and Ct.Th

are calculated. Partial volume effect may render assessment of

microarchitectural parameters inaccurate. The assessment of

cortical bone may be erroneous in the oldest men with thin

cortex. mFEA measures reflect bone strength to compression,

not other deformations. HR-pQCT does not account for intrinsic

deterioration of bone (microdamage, mineral imperfections,

abnormal posttranslational modifications of bone proteins).

Prior falls and nonvertebral fractures were self-reported and not

checked. Because medical records were not scrutinized for

incident fractures, false negatives are possible. Incident verte-

bral fractures were assessed only in men who returned for a

follow-up visit and had DXA. This may underestimate the

number of incident vertebral fractures, especially that sicker

men may have higher vertebral fracture incidence. In an

observational study, residual confounding is possible.

Overall, poor bone microarchitecture is associated with higher

fracture risk after adjustment for age, BMI, prior falls, and fractures.

After further adjustment for aBMD, distal radius trabecular

parameters (Tb.N, Tb.Sp, Conn. D) remained significantly

associated with higher fracture risk. These trabecular measures

were associated with high risk of fracture in various low-risk

groups (men without fracture, men not reporting fall, men with

higher aBMD). The assessment of distal radius trabecular

measures may improve the estimation of fracture probability in

older men. However, this improvement is small and not clinically

relevant. These data need confirmation, but they provide

interesting hints. We need more studies on the determinants

of trabecular bone (genetic factors, hormones, lifestyle) and on its

role as a determinant of bone strength. Our data suggest that

preservation of trabeculae (by antiresorptive agents) or their

restoration (by bone formation-stimulating agents) may play an

important role in fracture prevention in older men.
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