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ABSTRACT
Rapid loss of areal bone mineral density (aBMD) is associated with higher fracture risk after adjustment for confounders including
initial aBMD. However, the link between bonemicroarchitecture decline and fracture is not clear. We studied the association between
bonemicroarchitecture deterioration assessed prospectively over 4 years and the subsequent fracture risk in older men. Bone micro-
architecture at the distal radius and tibia was assessed by high-resolution peripheral QCT (HR-pQCT; XtremeCT, Scanco Medical)
(baseline, 4 years) in 732men aged 60–87 years. During the 8-year follow-up, 109men had fragility fractures. Areal BMDwas assessed
by dual-energy X-ray absorptiometry. After adjustment for age, weight, prior falls and fractures, distal radius aBMD (baseline, slope),
and baseline distal radius total volumetric BMD (Tt.BMD), a faster decrease in distal radius Tt.BMD was associated with higher fracture
risk (hazard ratio [HR] = 1.54/SD, 95% confidence interval: 1.20–1.95, p < .005). Rapid cortical bone loss was associated with higher
fracture risk (cortical thickness: HR = 1.48; 1.15–1.90, p < .01; cortical BMD: HR = 1.38; 1.11–1.72, p < .01). The rate of trabecular bone
loss at the distal radius and the rate of bone microarchitecture decline at the distal tibia were not associated with fracture risk. After
adjustment for aBMD and distal radius HR-pQCTmeasures assessed after 4 years, changes in Tt.BMDwere associated with higher frac-
ture risk (e.g., Tt.BMD: HR = 1.37; 1.11–1.69, p < .005). Comparedwith the referencemodel (age, weight, prior fractures and falls, base-
line and slope of aBMD, baseline HR-pQCT value), further addition of the slope of the HR-pQCT measure did not improve the fracture
prediction. Thus, rapid cortical bone loss at the distal radius is associated with higher fracture risk in the multivariable models includ-
ing baseline values of the HR-pQCT measure. However, repeated HR-pQCT measurements did not improve the assessment of the
fracture risk in older men (compared with the reference model defined earlier). © 2023 American Society for Bone and Mineral
Research (ASBMR).
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Introduction

Osteoporosis is characterized by low bone mass and deterio-
ration of microarchitecture, which result in a higher risk of

fracture.(1) The main tool in fracture risk assessment is areal bone
mineral density (aBMD) measured by dual energy X-ray absorpti-
ometry (DXA) at the hip. Low aBMD is associated with a higher
risk of fracture in men and women.(2,3)

Biomechanical studies show that bone microarchitecture is a
major determinant of fracture risk.(4) In prospective studies, poor
bone microarchitecture measured by high-resolution peripheral
quantitative computed tomography (HR-pQCT) and low bone

strength estimated by micro-finite element (μFE) analysis are
associated with higher fracture risk after adjustment for potential
confounders, including aBMD.(5-8) These patterns were found in
older men and in postmenopausal women regardless of fracture
type (fragility fracture, major osteoporotic fracture, spine frac-
ture, nonspine fracture).

Areal BMD decreases with age, but the rate of bone loss
(i.e., prospectively assessed decrease in aBMD) varies substantially
across the population. Most studies have shown that rapid bone
loss is associatedwith higher fracture risk after adjustment for con-
founders, including baseline aBMD.(9-25) However, patterns were
inconsistent in early and late postmenopausal women as well as
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in oldermen, and for different types of fracture (e.g., hip, spine, fra-
gility fracture). The results did not depend on the definition of
accelerated bone loss (i.e., continuous versus groups). The pat-
terns were somewhat inconsistent for bone loss assessed at vari-
ous skeletal sites (hip, distal forearm, ultradistal radius, lumbar
spine). However, in older men, low aBMD at baseline, combined
with high subsequent loss of aBMD, was associated with the high-
est risk of fracture, in particular hip fracture.(9)

The inconsistent results could be partly due to poor statistical
power, method of measuring aBMD and skeletal site, inaccurate
estimation of bone loss during a short interval, competing risk of
death, or other factors. The repeated measures of aBMD do not
improve the identification of older women or men at high risk
of fragility fracture.(13-17,22) Men with rapid bone loss typically
have poorer microarchitecture, thinner cortices, and lower esti-
mated bone strength thanmenwithout rapid bone loss.(26) How-
ever, the link between the prospectively assessed decline in
bone microarchitecture and fracture risk has not been thor-
oughly studied.

Therefore, our aim was to assess the association between the
prospectively assessed decline in bone microarchitecture and
the subsequent risk of fracture in a cohort of older men followed
for 12 years.

Subjects and Methods

Cohort

The STRAMBO study is a single-center prospective cohort study
of the skeletal fragility and its determinants in men.(27) It was car-
ried out as a collaboration between the National Institute of
Health and Medical Research (INSERM) and Mutuelle des Travail-
leurs de la Région Lyonnaise (MTRL). MTRL is a complementary
health insurance company, open to all citizens. Insured individ-
uals are representative of the French population in terms of
age and socioeconomic status. The study obtained permission
from the ethics committee and was performed according to
the Helsinki Declaration (1975, 1983). Participants were recruited
between 2006 and 2008 from theMTRL lists in Lyon. Letters invit-
ing participation were sent to a randomly selected sample of
men aged 20–85 years living in the greater Lyon area. Informed
consent was provided by 1169 men. Men who were able to give
informed consent, answer questionnaires, and participate in the
diagnostic tests were included. No specific exclusion criteria
were used. Men aged 60 and older (n = 825) were followed pro-
spectively for 12 years and responded annually to a short ques-
tionnaire concerning incident nonspine fractures. After 4, 8,
and 12 years, men had a full follow-up visit including DXA and
high-resolution peripheral quantitative computed tomography
(HR-pQCT) imaging. Transport to and from study visits was
offered to enable men with reduced mobility to continue
participation.

HR-pQCT

Bone microarchitecture was assessed at the nondominant distal
radius and right distal tibia at baseline and 4 years using HR-
pQCT (XtremeCT; Scanco Medical, Brüttisellen, Switzerland).
The limb was fixed in a carbon-fiber shell to limit motion.(27) A
reference line was placed at a fixed offset of 9.5 and 22.5 mm
proximal to the endplate of the radius and tibia. A three-
dimensional (3D) stack of 110 slices was acquired from the refer-
ence line, with an isotropic voxel size of 82 μm. The volume of

interest (VOI) was separated into trabecular and cortical com-
partments using the standard threshold-based protocol.(28) Cor-
tical thickness (Ct.Thd, mm) was defined as the mean cortical
volume divided by bone perimeter. Cortical and trabecular den-
sity (Ct.BMD, Tb.BMD, mg HA/cm3) were calculated as average
volumetric BMD (vBMD) within each compartment. Trabecular
area (Tb.Ar) is progressively peeled by one pixel on the contour,
and the remaining area is measured.(29) When it is <60% of the
initial area, the process is stopped. The remaining area in the cen-
ter is defined as the inner area, and the peeled area is defined as
the subendocortical area. The densities in each area are called
subendocortical and inner densities (s.e.Tb.BMD and inn.Tb.
BMD, respectively). Trabecular elements were identified by
mid-axis transformation method. Trabecular number (Tb.N,
1/mm) was assessed as themean inverse of the spacing between
trabecular mid-axes. Trabecular thickness (Tb.Thd, μm) and sepa-
ration (Tb.Spd, μm) were derived from the (bone volume)/(total
volume) ratio and Tb.N. The intra-individual scatter of Tb.Spd

(Tb.1/N.SD, mm) reflects trabecular network heterogeneity. It is
quantified as standard deviation (SD) of the distances between
the mid-axes. Quality control was performed by daily scans of
a phantom containing hydroxyapatite (HA) rods (densities of
0–800 mgHA/cm3) embedded in a soft-tissue-equivalent resin
(QRM, Moehrendorf, Germany). The coefficient of variation
(CV) for the densities was 0.1%–0.9%.(29) In vivo CVs varied from
0.7% for Ct. BMD to 4.4% for Tb.Thd.(29) The least significant
change (LSC) for HR-pQCT measures varied from 2.0% to
12.1%. Registration of longitudinal measurements was per-
formed based on the manufacturer’s slice-based matching
method. The scans with >70% of the overlap were retained.
Separation of the cortical and trabecular compartments was per-
formed automatically, and contours were checked visually and
corrected as required.(30) At each visit, scans of poor quality
(motion grade >3 on a scale from 1 to 5) were excluded.(31)

Finite-element analysis

Micro–finite-element (μFE) analysis was performed using unre-
gistered segmented HR-pQCT images to estimate reaction force
and failure load. Linear μFE models were generated using the
voxel-by-voxel approach. A Poisson’s ratio of 0.3 and a homoge-
neous Young’s modulus of 6829 GPa were assigned as bone tis-
sue properties.(32) The model boundary conditions were an axial
compression test with 1% compressive strain, and resultant reac-
tion force of the bone was measured. Failure load was estimated
from the models using a yield criterion of 2% critical volume and
0.7% critical strain.(33) μFE models were solved using a conjugate
gradient approach with a convergence criterion of 1 � 10�6

(FAIM version 8.0, Numerics88 Solutions Ltd, Canada) at the Uni-
versity of Calgary’s High-Performance Computing cluster.

Incident fractures

We retained self-reported low-trauma nonspine fractures (fall
from a standing position or less) confirmed by a health profes-
sional (X-ray, medical report). Lateral single-energy scans of the
thoracic and lumbar spine (T4–L4) were obtained in the dorsal
decubitus position using a Hologic Discovery-A (Hologic, Bed-
ford, MA, USA) device equipped with rotating C-arm.(27) Scans
were performed in all men at baseline and in those who returned
for the follow-up visits (4, 8, and 12 years). Incident vertebral frac-
tures were assessed on the follow-up scans.(5) A new incident
fracture was diagnosed based on the visual analysis (endplate
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fracture) and/or a decrease in any of the vertebral heights by
>15% versus the previous scan. The vertebrae that were not
clearly visible were considered nonfractured. Among 732 men
who had a second HR-pQCT scan, 109 had incident fragility frac-
tures (nonspine low-trauma fractures, spine fractures) after this
scan (57 spine fractures in 49 men, rib 21, humerus 8, radius
9, pelvis 6, hip 16, femur 1, patella 2, ankle 6). In addition, six
men had fractures of the face (one), metacarpal (one), index
(one), big toe (one), and fractures related to high trauma (rib
one, radius one). Thus, jointly, 115 men had fractures after
4 years.

Epidemiologic questionnaire

The men responded to an interviewer-administered question-
naire. They self-reported falls with no external force in the year
prior to recruitment. Prior nonspine fractures self-reported at
baseline were dichotomized (yes/no) and not further ascer-
tained.(27) The fractures retained were low trauma fractures,
except those of the skull, face, hand, fingers, and toes. Fractures
related to high trauma were excluded. Prevalent spine fractures
were assessed using a semiquantitative score on the baseline lat-
eral DXA scans. Grade 2 and 3 fractures unrelated to a self-
reported major trauma were retained.(34) Weight and height
were measured using standard equipment.

Measurement methods

A DXA device (Hologic Discovery A, Hologic, Bedford, MA, USA)
equipped with a rotating C-arm was used to measure baseline
aBMD at the following regions of interest (ROIs): femoral neck,
total hip, distal radius, ultradistal radius.(27)

Statistical methods

Statistical analyses were carried out using R software (version
1.4.1103). Data are presented as mean � SD or as median and
interquartile range (IQR). The shape of distribution was verified
by histograms and quantile plots of the residuals. The selection
of variables was based on the previously published data on frac-
ture prediction by aBMD and bone microarchitectural measures.
Fracture-free survival as a function of the HR-pQCT variables was
analyzed by a Kaplan–Meier survival model, the Cox model, after
verification of the proportional hazards hypothesis using
Schoenfeld’s residuals. The length of follow-up was censored at
first fracture, death, last news, or end-of-study follow-up. The
standardized variables were used to facilitate the comparison
of the point estimates of the investigated associations. The
models were adjusted progressively for age, weight, prior falls,
prior fractures, baseline value of HR-pQCT measure (investigated
in the given model), and baseline value and 4-year loss of aBMD
(ultradistal or middistal radius for the analysis of the distal radius
HR-pQCT indices and femoral neck or total hip for the analysis of
the distal tibia HR-pQCT indices). The sensitivity analysis included
the prediction of major osteoporotic fractures, single and multi-
ple fractures, and the models were adjusted for the HR-pQCT
measure and aBMD measured at 4 years instead of the baseline
values. The receiver operating characteristic (ROC) curves were
obtained from logistic regression models and areas under the
ROC curves (AUCs) were compared using the nonparametric
DeLong test.

Results

Comparison of men who were followed versus men who
were lost to follow-up

Among the 825 patients recruited at baseline and aged ≥60,
734 (89%) had a HR-pQCT scan after 4 years and 91 (11%) did
not. These 91 men were older and had more fractures
(Table S1), and at baseline they had lower hip aBMD and poorer
bone microarchitecture at both skeletal sites. All the differences
became nonsignificant after adjustment for age.

Comparison of men who had incident fractures after
4 years versus men who did not

The median time to the first fracture was 51.6 months (IQR: 36.8;
85.4). Men who had fractures had lower aBMD at distal radius
and hip and poorer bone microarchitecture at both skeletal sites
(Table 1). Most of the differences were significant after adjust-
ment for age. Men who had fractures had more rapid decrease
in aBMD at the hip. At the distal radius, they had faster decreases
in Tt.BMD, Ct.BMD, Ct.Thd, Ct.Ar, Tb.BMD, inn.Tb.BMD, and Tb.
Thd. Most of the differences were significant after adjustment
for age. The rates in change in the distal tibia HR-pQCT measures
did not differ between men who did or did not have incident
fractures.

Association between the rate of decrease in aBMD and
fracture risk

Low baseline aBMD and more rapid decline at the femoral neck
were both associated with higher fracture risk in multivariable
models (HR = 1.71 per SD, 95% CI: 1.30–2.24 and HR = 1.58
per SD, 95% CI: 1.22–2.03, respectively, p < .001). Data were sim-
ilar for total hip aBMD. At both the ROIs of the radius, baseline
aBMD predicted fracture (e.g., ultradistal ROI: HR = 1.58 per SD,
95% CI: 1.25–2.00, p < .001), whereas the rate of bone loss
did not.

Association between rate of distal radius bone
microarchitecture decline and fracture risk

At the distal radius, a faster decrease in Tt.BMD was associated
with a higher fracture risk (Table 2). The link was significant after
adjustment for age, weight, prior fractures and falls, and baseline
Tt.BMD. Further adjustment for the baseline value and the rate of
change of ultradistal radius aBMD did not change the associa-
tion. A faster decrease in Ct.BMD, Ct.Ar, and Ct.Thd and a rapid
increase in Tb.Ar were associated with a higher fracture risk after
adjustment for the confounders, including the baseline HR-pQCT
measures. The HRs were significant after further adjustment for
ultradistal radius aBMD (baseline, rate of change). A faster
decrease in Tb.Thd, but not other trabecular measures, was asso-
ciated with a higher fracture risk after adjustment for other vari-
ables, including ultradistal radius aBMD. A faster decline in Tb.
BMD was associated with a higher fracture risk after adjustment
for age, weight, prior falls and fractures, and the initial Tb.BMD
value. However, the link became nonsignificant after further
adjustment for the baseline value and the rate of change of ultra-
distal radius aBMD. The slopes of other HR-pQCTmeasures at the
distal radius were not associated with fracture risk. The ultradistal
radius aBMD (but not its loss) was significant regardless of the
HR-pQCT measure (e.g., with Ct.BMD: HR = 1.41 per SD, 95% CI:
1.10–1.81, p < .01).
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Table 1. Comparison of Values of aBMD and HR-oQCT Indices According to Fracture Occurring After 4 Years

No fracture after 4 years Fracture after 4 years p p
(n = 613) (n = 109) Nonadjusted Adjusted for age

Age (years) 71.4 � 7.0 72.8 � 7.4 .06
Weight (kg) 78.5 � 11.4 78.2 � 10.8 .82
BMI (kg/m2) 27.7 � 3.6 27.5 � 3.4 .77
Fractures prior to baseline 114 (18%) 24 (22%) .35
Fractures over first 4 years 12 (11%) 41 (7%) .10
Falls prior to baseline 133 (20%) 14 (26%) .28 .62
Areal bone mineral density (g/cm2)

Femoral neck 0.790 � 0.128 0.740 � 0.110 <.001 <.001
Total hip 0.965 � 0.141 0.914 � 0.125 <.001 <.005
Middistal radius 0.643 � 0.076 0.615 � 0.081 <.001 <.005
Ultradistal radius 0.464 � 0.075 0.431 � 0.071 <.001 <.001

Distal radius microarchitecture
Tt.vBMD (mg/cm3) 296.9 � 65.2 272.4 � 58.8 <.001 <.005
Ct.BMD (mg/cm3) 803.6 � 69.5 781.3 � 75.7 <.001 <.05
Ct.Th (μm) 715.6 � 225.2 636.8 � 217.9 <.001 <.005
Ct.Ar (mm2) 61.2 � 17.7 54.9 � 17.7 <.001 <.005
Tb.Ar (mm2) 316.1 � 66.3 329.6 � 58.9 <.05 .10
Tb.BMD (mg/cm3) 175.0 � 40.2 162.7 � 37.5 <.001 <.01
inn.Tb.BMD (mg/cm3) 136.2 � 42.1 125.1 � 38.6 <.01 <.05
s.e.Tb.BMD (mg/cm3) 231.4 � 39.7 217.4 � 38.3 <.001 <.005
Tb.N (1/mm) 1.87 � 0.27 1.79 � 0.28 <.005 <.01
Tb.Th (μm) 77.5 � 12.2 75.3 � 11.4 .07 .18
Tb.Sp (μm � 103) 468.5 � 92.6 498.2 � 109.3 <.005 <.01
Tb.1/N.SD (μm � 103) 207.3 � 72.3 228.3 � 117.6 <.01 <.05
Failure load (N) 2912 � 640 2684 � 689 <.005 <.01
Reaction force (N) 5615 � 1291 5165 � 1393 <.005 <.01

Distal tibia microarchitecture
Tt.BMD (mg/cm3) 291.4 � 59.1 271.2 � 48.5 <.001 <.005
Ct.BMD (mg/cm3) 831.3 � 64.4 814.7 � 58.3 <.01 <.05
Ct.Th (μm) 1.19 � 0.31 1.09 � 0.27 <.001 <.005
Ct.Ar (mm2) 135.7 � 31.0 125.9 � 29.4 <.001 <.005
Tb.Ar (mm2) 697.0 � 135.6 712.2 � 118.7 .27
Tb.BMD (mg/cm3) 174.2 � 38.4 164.2 � 36.7 <.01 <.05
inn.Tb.BMD (mg/cm3) 128.6 � 40.8 116.8 � 38.9 <.005 <.05
s.e.Tb.BMD (mg/cm3) 241.4 � 37.6 234.1 � 36.1 .06
Tb.N (1/mm) 1.74 � 0.30 1.66 � 0.30 <.01 <.05
Tb.Th (μm) 83.6 � 13.5 82.5 � 12.1 .42
Tb.Sp (μm � 103) 509.5 � 114.1 543.4 � 146.4 <.01 <.05
Tb.1/N.SD (μm � 103) 245.9 � 89.9 277.4 � 188.1 <.01 <.01
Failure load (N) 7430 � 1244 7004 � 1278 <.005 <.01
Reaction force (N) 14764 � 2624 13895 � 2694 <.005 <.05

Difference in areal bone mineral density (mg/cm2) between value at 4 years and value at baseline
Femoral neck �11.46 � 30.93 �21.02 � 33.25 <.005 <.05
Total hip �2.26 � 32.00 �10.90 � 32.01 <.05 <.05
Middistal radius �11.70 � 19.54 �11.70 � 19.06 .98
Ultradistal radius �6.16 � 18.10 �5.76 � 19.03 .84

Difference in HR-pQCT indices at distal radius between value at 4 years and value at baseline
Tt.BMD (mg/cm3) �5.79 � 10.98 �9.45 � 17.57 <.01 <.05
Ct.BMD (mg/cm3) �14.23 � 22.17 �20.90 � 24.10 <.005 <.05
Ct.Th (μm) �36.25 � 56.11 �48.37 � 55.33 <.05 <.05
Ct.Ar (mg/cm3) �3.00 � 4.35 �4.20 � 5.47 <.05 <.05
Tb.Ar (mm2) 2.13 � 3.55 2.89 � 4.04 .06 .10
Tb.BMD (mg/cm3) �0.10 � 5.05 �1.47 � 9.46 <.05 .06
inn.Tb.BMD (mg/cm3) �0.04 � 5.05 �1.28 � 8.72 <.05 .08
s.e.Tb.BMD (mg HA/cm3) �0.19 � 6.34 �1.72 � 11.30 .06 .09
Tb.N (1/mm � 103) 24.9 � 141.3 41.2 � 126.3 .28
Tb.Th (μm) �1.06 � 5.69 �2.42 � 5.72 <.05 <.05
Tb.Sp (μm) �5.70 � 36.48 �9.31 � 36.62 .36

(Continues)
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Results were similar after adjustment for distal radius aBMD
(baseline, change). Faster decreases in Tt.BMD (HR = 1.53 per
SD, 95% CI: 1.20–1.95, p < .001) and Ct.Thd were both associated

with a higher risk of fracture. The baseline distal radius aBMDwas
significant in only a few models (e.g., with Tb.Ar: HR = 1.32 per
SD increase, 95% CI: 1.11–1.57, p < .005).

Table 1. Continued

No fracture after 4 years Fracture after 4 years p p
(n = 613) (n = 109) Nonadjusted Adjusted for age

Tb.1/N.SD (μm � 103) �0.28 � 23.79 3.79 � 37.73 .15
Failure load (N) �92 � 199 �110 � 217 .45
Reaction force (N) �188 � 422 �235 � 451 .34

Difference in HR-pQCT indices at distal tibia between 4 years and baseline
Tt.BMD (mg/cm3) �3.49 � 9.66 �4.73 � 8.21 .21
Ct.BMD (mg/cm3) �11.18 � 19.35 �13.72 � 17.32 .21
Ct.Th (μm) �35.86 � 81.23 �48.79 � 73.57 .12
Ct.Ar (mm2) �3.88 � 8.58 �5.27 � 8.45 .11
Tb.Ar (mm2) 2.25 � 6.88 3.51 � 7.32 .08 .27
Tb.BMD (mg/cm3) 0.25 � 3.47 �0.02 � 3.50 .88
inn.Tb.BMD (mg/cm3) �0.87 � 3.73 �1.41 � 4.08 .19
s.e.Tb.BMD (mg/cm3) 1.90 � 4.20 2.01 � 3.94 .82
Tb.N (1/mm � 103) 42.5 � 151.7 34.1 � 143.7 .61
Tb.Th (μm) �1.63 � 6.88 �1.34 � 6.55 .70
Tb.Sp (μm) �10.49 � 43.62 �9.73 � 44.79 .77
Tb.1/N.SD (μm � 103) �2.94 � 25.31 1.26 � 27.70 .10
Failure load (N) �181 � 316 �216 � 261 .29
Reaction force (N) �402 � 726 �453 � 589 .50

Note: The results are presented as mean � SD.
Abbreviations: Tt.BMD, total volumetric bone mineral density (BMD); Ct.BMD, cortical volumetric BMD; Ct.Ar, cortical area; Ct.Thd, cortical thickness; Tb.

Ar, trabecular area; Tb.BMD, trabecular volumetric BMD; s.e.Tb.BMD, subendocortical (outer) Tb.BMD; inn.Tb.BMD, inner (central) Tb.BMD; Tb.N, trabecular
number; Tb.Thd, trabecular thickness; Tb.Spd, trabecular separation; Tb.1/N.SD, heterogeneity of trabecular separation.

Table 2. Association of Bone Microarchitecture Deterioration at Distal Radius with Risk of Fracture

Difference in
HR-pQCT measure
between 4 years
and baseline

Incident fracture after 4 years

Not adjusted

Adjusted for age,
weight, prevalent
fractures, and
prior falls

Additionally adjusted
for value of HR-pQCT
measure at baseline

Additionally adjusted
for aBMD (baseline +

change over
first 4 years)

Additionally adjusted
for aBMD (baseline +

change over
first 4 years)

Distal radius
(per SD decrease) Ultradistal radius Distal radius

Tt.BMD 1.41 (1.19–1.66)*** 1.34 (1.14–1.58)*** 1.41 (1.19–1.68)*** 1.48 (1.16–1.89)** 1.53 (1.20–1.95)***
Ct.BMD 1.47 (1.22–1.77)*** 1.37 (1.14–1.65)*** 1.36 (1.12–1.64)** 1.35 (1.09–1.67)** 1.38 (1.11–1.72)**
Ct.Ar 1.39 (1.15–1.67)*** 1.32 (1.09–1.59)** 1.36 (1.12–1.65)** 1.37 (1.09–1.73)** 1.42 (1.12–1.79)**
Ct.Thd 1.41 (1.16–1.73)*** 1.35 (1.11–1.65)** 1.42 (1.15–1.74)** 1.43 (1.11–1.84)** 1.48 (1.15–1.90)**
Tb.Ara 1.34 (1.11–1.62)** 1.31 (1.09–1.58)** 1.33 (1.00–1.61)** 1.37 (1.09–1.72)** 1.36 (1.09–1.70)**
Tb.BMD 1.31 (1.12–1.54)*** 1.23 (1.05–1.43)** 1.24 (1.05–1.46)* 1.22 (0.95–1.57) 1.23 (0.96–1.57)
s.e.Tb.BMD 1.29 (1.07–1.54)** 1.19 (1.01–1.42)* 1.22 (1.02–1.46)* 1.15 (0.91–1.46) 1.15 (0.91–1.45)
inn.Tb.BMD 1.32 (1.11–1.57)** 1.25 (1.06–1.46)** 1.24 (1.04–1.47)* 1.22 (0.95–1.58) 1.24 (0.96–1.59)
Tb.N 0.91 (0.75–1.11) 0.86 (0.71–1.05) 0.93 (0.75–1.14) 0.88 (0.69–1.09) 0.89 (0.71–1.11)
Tb.Thd 1.26 (1.03–1.54)* 1.32 (1.08–1.61)** 1.45 (1.16–1.81)** 1.26 (1.01–1.59)* 1.34 (1.07–1.68)*
Tb.Spda 1.09 (0.89–1.33) 1.12 (0.92–1.36) 1.04 (0.86–1.26) 1.08 (0.87–1.33) 1.06 (0.86–1.32)
Tb.1/N.SDa 1.15 (0.99–1.34) 1.11 (0.94–1.30) 1.11 (0.96–1.28) 1.11 (0.94–1.29) 1.12 (0.95–1.31)
Failure load 1.17 (0.94–1.45) 1.17 (0.94–1.46) 1.16 (0.93–1.44) 1.03 (0.80–1.32) 1.16 (0.92–1.46)
Reaction force 1.18 (0.95–1.47) 1.18 (0.95–1.48) 1.18 (0.96–1.47) 1.05 (0.82–1.34) 1.19 (0.94–1.49)

Note: The results are presented as HR (95% confidence interval).
Abbreviations: Tt.BMD, total volumetric bonemineral density (vBMD); Ct.BMD, cortical vBMD; Ct.Ar, cortical area; Ct.Thd, cortical thickness; Tb.Ar, trabec-

ular area; Tb.BMD, trabecular vBMD; s.e.Tb.BMD, subendocortical (outer) Tb.BMD; inn.Tb.BMD, inner (central) Tb.BMD; Tb.N, trabecular number; Tb.Thd,
trabecular thickness; Tb.Spd, trabecular separation; Tb.1/N.SD, heterogeneity of trabecular separation.

aper SD increase.
*p < .05.
**p < .01.
***p < .001.
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Association between rate of distal tibia bone
microarchitecture decline and fracture risk

At the distal tibia, faster decreases in Tt.BMD, Ct.BMD, Ct.Ar, Ct.
Thd, and the failure load, as well as a more rapid increase in Tb.
Ar, were associated with a higher fracture risk (Table 3). However,
all the associations became nonsignificant after adjustment for
confounders. Femoral neck aBMD and bone loss were significant
in the final models with each HR-pQCTmeasure (e.g., with Ct.Thd:
HR = 1.47 per SD, 95% CI: 1.10–1.96, p < .01 and HR = 1.51 per
SD, 95% CI: 1.15–1.99, p < 0.005, respectively). Similarly, total
hip aBMD and bone loss remained significant in the final models
with most of the HR-pQCT measures.

Single versus multiple fractures

Ninety-five men had one incident fracture, whereas 14 men sus-
tained at least two fractures. In the fully adjusted models, a rapid
decrease in the distal radius Tt.BMD, Ct.BMD, Ct.Thd, and Ct.Ar
and accelerated Tb.Ar expansion were each associated with a
higher risk of one fracture (e.g., Tt.BMD: HR = 1.36 per SD, 95%
CI: 1.06–1.75, p < .05), whereas the decrease in ultradistal aBMD
was not (Fig. 1). By contrast, both the changes in the aforemen-
tioned HR-pQCT measures and the decrease in the ultradistal
aBMD were associated with a higher risk of multiple fractures,
e.g., aBMD (HR = 2.47 per SD, 95% CI: 1.30–4.70, p < .01) and
Tb.Ar (HR = 2.71 per SD, 95% CI: 1.31–5.61, p < .01). Other HR-
pQCT measures were not associated with the risk of one or mul-
tiple fractures. The results were similar after adjustment for distal
radius aBMD. Distal tibia HR-pQCT measures were not associated
with a risk of single or multiple fractures.

Major osteoporotic fractures

Forty-eight men sustained incident major osteoporotic fractures
(MOFs). At the distal radius, a rapid decrease in Tt.BMD, Ct.BMD,
Ct.Ar, Ct.Thd, and inn.Tb.BMD and a rapid increase in Tb.Ar and
Tb.1/N.SD were associated with a higher risk of MOF (Fig. 2).
Other indices did not predict the MOFs. The results were similar
after adjustment for distal radius aBMD. Distal tibia HR-pQCT
measures were not associated with a risk of MOF.

All fractures

The patterns were similar to the analysis focused on fragility frac-
tures, but the HR values were lower for the radius HR-pQCT mea-
sures and nonsignificant for the distal tibia. For instance, in the
fully adjusted model including distal radius aBMD, a lower distal
radius Tt.BMD was associated with a higher risk for all fractures
(HR = 1.48 per SD, 95% CI: 1.15–1.89, p < .005).

Analyses adjusted for follow-up values of aBMD and HR-
pQCT indices

The models were adjusted for the ultradistal radius aBMD and
the distal radius HR-pQCT measures taken after 4 years instead
of at baseline. Changes in Tt.BMD, cortical measures, and Tb.Ar
were significantly associated with a higher fracture risk (e.g., Tt.
BMD: HR = 1.37 per SD, 95% CI: 1.11–1.69, p < .005; Ct.Th:
HR = 1.32 per SD, 95% CI: 1.07–1.64, p < .01; Tb.Ar: HR = 1.35
per SD, 95% CI: 1.08–1.70, p < .01). In similar models, changes
in Tt.BMD, cortical measures, and Tb.Ar were significantly associ-
ated with a higher risk of MOF (e.g., Tt.BMD: HR = 1.61 per SD,

Table 3. Association of Bone Microarchitecture Deterioration at Distal Tibia with Risk of Fracture

Difference in HR-pQCT
measure between
4 years and baseline

Incident fracture after 4 years

Not adjusted

Adjusted for age,
weight, prevalent
fractures, and
prior falls

Additionally adjusted
for value of HR-pQCT
measure at baseline

Additionally adjusted
for aBMD (baseline +

change over
first 4 years)

Additionally adjusted
for aBMD (baseline +

change over first 4 years)
Distal tibia
(per SD decrease) Femoral neck Hip

Tt.BMD 1.29 (1.06–1.57)* 1.16 (0.95–1.40) 1.16 (0.96–1.41) 1.07 (0.87–1.33) 1.08 (0.87–1.34)
Ct.BMD 1.35 (1.14–1.61)*** 1.19 (0.98–1.44) 1.18 (0.97–1.43) 1.08 (0.87–1.34) 1.07 (0.85–1.34)
Ct.Ar 1.33 (1.11–1.59)** 1.17 (0.97–1.42) 1.18 (0.98–1.42) 1.09 (0.89–1.32) 1.08 (0.88–1.32)
Ct.Thd 1.35 (1.14–1.61)*** 1.19 (0.99–1.44) 1.19 (0.99–1.44) 1.09 (0.88–1.35) 1.07 (0.86–1.34)
Tb.Ara 1.19 (1.03–1.38)* 1.13 (0.95–1.33) 1.14 (0.96–1.36) 1.06 (0.86–1.30) 1.05 (0.85–1.29)
Tb.BMD 1.01 (0.86–1.19) 1.02 (0.87–1.20) 1.04 (0.87–1.25) 1.01 (0.82–1.25) 1.00 (0.81–1.24)
s.e.Tb.BMD 1.08 (0.84–1.40) 1.03 (0.83–1.28) 1.02 (0.81–1.28) 1.05 (0.82–1.33) 1.05 (0.83–1.33)
inn.Tb.BMD 1.04 (0.91–0.19) 1.05 (0.91–1.20) 1.07 (0.91–1.25) 1.04 (0.86–1.25) 1.03 (0.85–1.24)
Tb.N 0.95 (0.78–1.16) 0.97 (0.79–1.19) 0.93 (0.75–1.16) 0.98 (0.79–1.22) 0.98 (0.79–1.21)
Tb.Thd 0.96 (0.78–1.18) 0.99 (0.81–1.21) 1.01 (0.82–1.24) 1.01 (0.83–1.25) 0.99 (0.81–1.23)
Tb.Spda 1.02 (0.83–1.26) 1.02 (0.82–1.27) 1.03 (0.85–1.25) 1.00 (0.83–1.22) 1.01 (0.83–1.22)
Tb.1/N.SDa 1.18 (0.99–1.40) 1.17 (0.96–1.42) 1.10 (0.92–1.33) 1.04 (0.87–1.24) 1.06 (0.89–1.26)
Failure load 1.23 (1.00–1.51)* 1.19 (0.98–1.42) 1.12 (0.92–1.37) 1.02 (0.83–1.27) 1.02 (0.82–1.26)
Reaction force 1.19 (0.97–1.46) 1.16 (0.95–1.42) 1.11 (0.91–1.36) 1.02 (0.83–1.25) 1.02 (0.83–1.25)

Note: The results are presented as HR (95% confidence interval).
Abbreviations: Tt.BMD, total volumetric bone mineral density (vBMD); Ct.BMD, cortical vBMD; Ct.Ar, cortical area; Ct.Thd, cortical thickness; Tb.Ar, trabec-

ular area; Tb.BMD, trabecular vBMD; s.e.Tb.BMD, subendocortical (outer) Tb.BMD; inn.Tb.BMD, inner (central) Tb.BMD; Tb.N, trabecular number; Tb.Thd,
trabecular thickness; Tb.Spd, trabecular separation; Tb.1/N.SD, heterogeneity of trabecular separation.

aper SD increase.
*p < .05.
*p < .01.
***p < .001.
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95% CI: 1.20–2.17, p < .005; Ct.Ar: HR = 1.63 per SD, 95% CI:
1.17–2.29, p < .005; Tb.Ar: HR = 1.64 per SD, 95% CI: 1.17–
2.32, p < .005).

Exclusion of men who had an incident fracture during first
4 years

Because a fracture may trigger bone loss, we excluded 53 men
who had had a fracture during the first 4 years. In the remaining
679 men, 97 had incident fractures after the 4-year follow-up.
The results were similar to those in the entire cohort. Rapid
changes in distal radius Tt.BMD, Ct.BMD, Ct.Ar, Ct.Thd, and Tb.
Ar and a low baseline ultradistal radius aBMD were associated
with a high fracture risk, e.g., a decrease in Ct.Thd (HR = 1.37
per SD, 95% CI: 1.04–1.80, p < .05 and baseline aBMD:

HR = 1.64 per SD, 95% CI: 1.13–2.39; p < .01). The results were
similar after adjustment for distal radius aBMD.

ROC analyses and comparison of AUC for fragility fractures

The reference model included age, weight, prior falls and frac-
tures, baseline and slope of aBMD (ultradistal radius for the
radius, femoral neck for the tibia), and HR-pQCTmeasure at base-
line. Further addition of the slope of the HR-pQCT measure did

Fig. 2. Associations of ultradistal radius aBMD at baseline (UD aBMD BL)
and of rates of change (described using Greek letter delta,Δ) in HR-pQCT
measures at distal radius with risk of major osteoporotic fracture in older
men. The figure presents only the HR per one standard deviation
(SD) decrease in baseline ultradistal radius aBMD and per one SD rate
of change of the HR-pQCT measures (increase in Tb.Ar, Tb.Sp, Tb.1/N.SD
or decrease for other variables) as well as corresponding 95% CI. HR
values for rate of change in ultradistal radius aBMD and baseline values
of HR-pQCT measures are not presented. Tt.BMD, total volumetric bone
mineral density; Ct.BMD, cortical BMD; Ct.Thd, cortical thickness; Ct.Ar,
cortical area; Tb.Ar, trabecular area; Tb.BMD, trabecular BMD; inn.Tb.
BMD, inner (central) Tb.BMD; s.e.Tb.BMD, subendocortical (outer) Tb.
BMD; Tb.N, trabecular number; Tb.Thd, trabecular thickness; Tb.Spd, tra-
becular separation; Tb.1/N.SD, heterogeneity of trabecular separation.
#For these variables, HR is calculated per SD increase.

Fig. 1. Associations of rates of change in ultradistal radius aBMD
(UD aBMD)measured by DXA and in selected HR-pQCTmeasures at distal
radius with risk of one fracture (1 fx) andwith risk ofmultiple fractures (>1
fx) in oldermen. The figure presents the HR values per one standard devi-
ation change (increase in Tb.Ar or decrease for other variables) and 95%
CI for HR-pQCT measures. The figure presents only HR for the rates of
change in aBMD and in the bone microarchitecture measures. HR values
for the baseline values of aBMD or the HR-pQCT measures are not pre-
sented. Tt.BMD, total volumetric bone mineral density; Ct.BMD, cortical
BMD; Ct.Ar, cortical area; Ct.Th, cortical thickness; Tb.Ar, trabecular area;
Tb.BMD, trabecular BMD; Tb.Th, trabecular thickness.
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not increase the AUC significantly. The largest increase was
found for the distal radius Ct.Thd and Tb.Ar (from 0.66 to 0.69),
which was not significant (p = .50). The findings were similar
for the radius after adjustment for distal radius aBMD and for
the tibia after adjustment for total hip aBMD.

Discussion

In older men followed prospectively for 12 years, faster bone loss
at the distal radius (Tt.BMD, cortical bone, Tb.Thd) over 4 years
was associated with a higher fracture risk. This association was
significant after adjustment for confounders including baseline
values of aBMD, the HR-pQCT measure, and the DXA-measured
bone loss. However, assessment of the decline in bone micro-
architecture did not improve the fracture prediction in this
cohort.

In themodels without HR-pQCTmeasures, baseline aBMD and
bone loss at the hip predicted fractures. By contrast, in the
models that included distal radius aBMD, only baseline aBMD,
but not bone loss, was associated with the fracture risk. Previ-
ously, both initial aBMD and bone loss at the hip were associated
with the fracture risk in most,(9,11-14,17,22-24) but not all,(16,19) stud-
ies. Data on the link between bone loss at the distal radius and
the fracture risk are discordant. This may be due to poor statisti-
cal power. In our study, the average percentage bone loss was
similar at the forearm and the hip, and rates of bone loss at the
radius were similar in both groups. However, distal radius ROIs
are small and may be sensitive to positioning error, so bone loss
at the radius may be difficult to assess in short-term follow-ups.
The link between the rate of bone loss and fracture risk has been
detected in long-term follow-ups,(10,25) but not always in short-
term follow-ups,(20,21) similar to our study.

The rates of change of some HR-pQCT measures of distal
radius predicted fractures, whereas those at the distal tibia did
not. In our previous analysis, baseline values of the distal tibia
HR-pQCT measures did not predict incident fracture either.(5) In
the models that included aBMD and a HR-pQCT measure, only
bone loss at the hip, not that of the ultradistal/distal radius,
was predictive of fractures. Thus, it is plausible that only the
strongest predictors may remain significant in multivariable
models.

In most HR-pQCT studies to date, both cortical and trabecular
indices predicted fractures.(8) Biomechanical studies also show
that the trabecular bone structure deterioration confers higher
bone fragility.(35) By contrast, in our study, mainly the changes
in the cortical indices predicted fracture. Prospective estimation
of trabecular bone decline by HR-pQCT may not be accurate
because of the cortical bone trabecularization and resolution
limitations of the first-generation HR-pQCT. The change in the
distal radius Tb.Thd was associated with fracture. Because it is a
derived measure and not directly measured (in first-generation
HR-pQCT), the data should be interpreted cautiously. The lack
of a link between the μFE measures and fracture risk is counter-
intuitive, given findings showing that μFE-derived measures are
a good predictor of fracture risk.(7) Our algorithms assess the
resistance to compression. However, the resistance to other
deformations (bending, torsion) may be more important. They
reflect overall bone strength and do not account for bone mor-
phology or composition.(36)

Low aBMD and poor bone microarchitecture are associated
with higher fracture risk.(5-9) The repeated measures allow for
the assessment of bone loss on bone fragility. A faster bone

decline results in poor bone status, e.g., faster prior bone loss
was associated with poorer bone microarchitecture at the distal
radius and distal tibia after adjustment for the confounders,
including final femoral neck aBMD.(26) Greater bone loss also
results in subsequent lower aBMD associated with a higher frac-
ture risk. The link between bone loss and fracture risk was stron-
ger in men with a higher initial aBMD than in men with a lower
aBMD.(22) Men with rapid bone loss may have entered the zone
of low aBMD and high fracture risk, whereas men with stable
aBMD remained in the zone of low fracture risk. Similarly, women
who transitioned to lower aBMD category (e.g., osteopenia to
osteoporosis) had higher fracture risk than those who remained
in the same group regardless of the initial category.(37)

Rapid bone loss results in a lower aBMD; however, it may also
be a risk factor per se. In our cohort, faster bone decline at the
distal radius was associated with a higher risk of fracture after
adjustment for the final values of aBMD and of the HR-pQCT
measures, but the point estimates were lower than in themodels
adjusted for the initial values. Lower HR values and the loss of
statistical significance after adjustment for the final values in
prior studies(9,21) suggest that rapid bone loss increases the frac-
ture risk because of the poorer bone status at the end of the ini-
tial follow-up. However, rapid bone loss also predicted hip
fracture after adjustment for the final aBMD.(9) Thus, rapid bone
loss may result in a bone nonadapted to the subject’s body hab-
itus, physical activity, or mechanical strains. Cortical bone loss
may also be correlated with parallel bone decline, which is not
detected by HR-pQCT but increases bone fragility,
e.g., trabecular structural decline or the deterioration of the bone
matrix or mineral lattice.(36)

The improvement in fracture prediction by repeated DXA
measures is not certain. The precision of DXA or HR-pQCT versus
individual changes is poor. Bone status should be assessed over
an extended follow-up (which delays treatment) or at sites with
low variability. In women, bone loss at the lumbar spine (with
signal-to-noise ratio [SNR]: 2.5) predicted fractures, whereas that
at the femoral neck (SNR: 1.5) did not.(18) It is not clear whether
an assessment of the change in bone status would provide addi-
tional information on the fracture risk. The inclusion of bone loss
(aBMD) in the model did not improve fracture predic-
tion.(12-14,17,22) This pattern was found in both sexes regardless
of the site of DXA measurement and regardless of the type of
fracture. We show that the repeated HR-pQCT measures do not
improve fracture prediction inmen. Thus, it does not seem useful
to incorporate repeated measurements of aBMD or of standard
measures from first-generation HR-pQCT into the screening
strategy to assess fracture risk in older men. However, recent
data show that the link between bone characteristics and frac-
ture risk varies according to the bone phenotype.(38) Whether
the utility of the repeated measures varies according the pheno-
type needs further investigation.

A strength of the study includes that bone microarchitecture
was assessed at the non-weight-bearing radius and the weight-
bearing tibia using a reference device (in 2006). The incident
fractures were confirmed by DXA spine scans or by a medical
professional, and trauma level of the fractures was assessed.

We recognize the study’s limitations. The cohort of this single-
center study was of modest size and consisted primarily of Cau-
casian men. Older volunteers for epidemiologic studies are typi-
cally healthier than their peers. Men who did not return after
4 years were older and had more fractures at baseline. Thus,
bone decline and the number of incident fractures may have
been underestimated. The number of incident fractures was
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not sufficient to analyze vertebral or hip fractures separately. The
results cannot be extrapolated to women, young men, or other
ethnic groups. In terms of imaging, partial volume effects may
bias bonemicroarchitecture evaluation. Trabecularization of cor-
tical bone results in the overestimation of cortical bone loss
while underestimating trabecular bone loss. Tb.Thd, Tb.1/N.SD,
and Ct.Thd are derived, not measured. For some HR-pQCT mea-
sures (e.g., Tb.N, Tb.Thd, Tb.1/N.SD), LSC and SNR are relatively
large compared the observed changes. These two factors likely
contributed to the lack of association between the changes in
trabecular measures and the risk of fracture. HR-pQCT does not
assess the intrinsic bone decline (microdamage, post-
translational modifications of bone proteins, mineral imperfec-
tions). Self-reported prior fractures and falls were not checked.

In summary, in older men followed prospectively, a faster
decline in cortical bone at the distal radius was associated with
a higher fracture risk after adjustment for relevant confounders.
This link was stronger for MOFs and multiple fractures. Of note,
faster cortical bone loss was related to increased fracture risk
after adjustment for the baseline value and after adjustment
for the follow-up value. This suggests that rapid cortical bone
loss (e.g., distal radius Ct.Thd) is associated with high bone fragil-
ity regardless of the value of the HR-pQCT measure at a single
time point. However, repeated HR-pQCT measures did not
improve fracture prediction. Thus, utility of repeated measures
of aBMD or HR-pQCT for the screening strategy (e.g., the Xtre-
meCT II device) in older men needs further study.
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