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Context: Idiopathic osteoporosis (IOP) is an uncommon disorder in which low areal bone mineral
density (aBMD) and/or fractures occur in otherwise healthy premenopausal women.

Objectives: Our objectives were to characterize bone mass, microarchitecture, and trabecular bone
stiffness in premenopausal IOP and to determine whether women with low aBMD who have never
fractured have abnormal microarchitecture and stiffness.

Design, Setting, and Patients: We conducted a prospective cohort study of 27 normal controls and
31 women with IOP defined by low trauma fracture (n = 21) or low BMD (Z score =—2.0; n = 10).

Main Outcome Measures: We assessed aBMD by dual-energy x-ray absorptiometry; volumetric
BMD and cortical and trabecular microarchitecture of the radius and tibia by high-resolution (82
wm) peripheral quantitative computed tomography; and trabecular bone stiffness (elastic moduli),
estimated by micro-finite element analysis.

Results: Fracture subjects did not differ from controls by age or body mass index, which was lower
in low-BMD subjects than controls. Fracture subjects also had lower aBMD than controls at all sites
(P < 0.05-0.0001). Bone size was similar in controls and fracture subjects but 10.6% smaller in
low-BMD subjects (P < 0.05). Every trabecular parameter in both fracture and low-BMD groups was
markedly worse than controls (P < 0.01-0.0001). Cortical thickness was significantly lower in both
fracture and low-BMD groups at the tibia but not radius. Bone stiffness estimated by micro-finite
element analysis was comparably reduced in low-BMD and fracture groups.

Conclusion: Premenopausal women with IOP had marked trabecular microarchitectural deterio-
ration at the radius and tibia. Cortical parameters were affected only at the tibia. Although they
had not fractured, microarchitectural deterioration was similar in IOP women with low BMD and
those with fractures. (J Clin Endocrinol Metab 94: 4351-4360, 2009)

n postmenopausal women, low bone mineral density
I (BMD) and fragility fractures are common, and mea-
surement of areal BMD (aBMD) by dual-energy x-ray ab-
sorptiometry (DXA) is an excellent tool for prediction of
future fractures (1). Quantitative histomorphometry of
transiliac bone biopsies has demonstrated that microar-
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chitectural deterioration generally underlies low BMD
measurements in postmenopausal women (2-4).

In premenopausal women, low aBMD and fractures are
uncommon (3, 6), and the relationship of low aBMD mea-
surements and fractures to bone microarchitecture,
strength, and future fracture have not been defined (7, 8).

Abbreviations: aBMD, Areal bone mineral density; BMI, body mass index; BV, bone volume;
3D, three-dimensional; Dy, trabecular bone density; DXA, dual-energy x-ray absorpti-
ometry; uFE, micro-finite element; HA, hydroxyapatite; HR-pQCT, High-resolution periph-
eral quantitative computed tomography; IOP, idiopathic osteoporosis; Th.N, trabecular
number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; TV, total volume; vBMD,
volumetric BMD; VOI, volume of interest.

jcem.endojournals.org 4351

Downloaded from jcem.endojournals.org at Univ of Cincinnati Hith Sci Libr/Serials Dept on November 15, 2009


http://jcem.endojournals.org

4352 Cohen et al. Microarchitecture in Idiopathic Osteoporosis

In otherwise healthy young women, low aBMD measure-
ments may be an artifact of small bone size (9, 10) or due
to genetically determined low peak bone mass (11); bone
microarchitecture and strength may be normal and short-
term fracture risk very low. Conversely, low aBMD may
be due to premature bone loss with microarchitectural
deterioration, and short-term risk of fractures may be
higher. Although low trauma fractures in young women
should raise concerns for bone health, they have not
been definitively linked to abnormal bone microarchi-
tecture. One retrospective bone biopsy study of young
adults with unexplained fractures found abnormal can-
cellous and cortical microarchitecture (12), whereas an-
other did not (13).

High-resolution peripheral quantitative computed to-
mography (HR-pQCT) (Xtreme CT; Scanco Medical AG,
Bassersdorf, Switzerland) of the distal radius and tibia is a
new, noninvasive, three-dimensional (3D) imaging tech-
nique that provides a true volumetric measurement of
BMD (vBMD). Its resolution is sufficiently high (voxel
size = 82 um) to distinguish between cortical and cancel-
lous bone and to visualize fine details of trabecular mi-
croarchitecture that were previously measureable only on
bone biopsies. In postmenopausal women with fractures,
HR-pQCT revealed cortical thinning and decreased can-
cellous bone volume, with fewer, more widely spaced tra-
beculae and increased heterogeneity of the trabecular net-
work (14-16). Micro-finite element (uFE) analysis
techniques applied to HR-pQCT data sets provide an es-
timate of bone mechanical competence (stiffness) that dis-
tinguishes between groups of subjects with and without
fractures (17, 18).

In this study, we used HR-pQCT and uFE techniques
to characterize cortical and cancellous vBMD, trabecular
microarchitecture, and trabecular bone mechanical com-
petence in otherwise healthy premenopausal women with
idiopathic osteoporosis (IOP), defined as low trauma frac-
tures and/or low aBMD by DXA, with no historical or
biochemical secondary cause of osteoporosis. We hypoth-
esized that, despite their relative youth, young women
with low trauma fractures have microarchitectural dete-
rioration and detectable reductions in estimated bone stiff-
ness (strength). Conversely, we anticipated that young
women with low aBMD measurements who had not had
a fracture would have normal microarchitecture.

Patients and Methods

Patient population

Premenopausal women, aged 18-48 yr, were recruited at
Columbia University (New York, NY) and Creighton University
(Omaha, NE) by advertisement, self-referral, or physician refer-
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ral. Subjects were eligible for inclusion if there was a documented
history of low-trauma fractures after age 18 or very low aBMD
by DXA (T score =—2.5 or Z score =—2.0) at the spine or
proximal femur. Low trauma was defined as equivalent to a fall
from a standing height or less, excluding skull or digit fractures.
Fractures were ascertained by review of radiographs or radio-
graph report. To qualify as normal controls, women were re-
quired to have normal aBMD by DXA (T score =—1.0 or Zscore
=-1.0) and no history of low-trauma fractures. Premenopausal
status was defined by regular menstrual cycles off hormonal con-
traception and early follicular-phase FSH levels lower than 20
mlU/ml. Subjects and controls were excluded if they had given
birth or had lactated within the past 12 months. Cases and con-
trols had a detailed history and physical and biochemical eval-
uation to exclude secondary causes of osteoporosis, including
disorders causing premenopausal estrogen deficiency, endo-
crinopathies (e.g. hyperthyroidism, Cushing’s syndrome, or
prolactinoma), anorexia nervosa, bulimia, celiac or other gas-
trointestinal diseases, abnormal mineral metabolism (e.g. osteo-
malacia or hyperparathyroidism), hypercalciuria (>300 mg/g
creatinine), and drug exposures (e.g. glucocorticoids, anticon-
vulsants, anticoagulants, or methotrexate). Women with serum
25-hydroxyvitamin D (25-OHD) levels lower than 10 ng/ml
were excluded. Because vitamin D deficiency and insufficiency
are common and commercial assays variable, women with 25-
OHD levels between 10 and 20 ng/ml were enrolled if their serum
PTH was normal (10-65 pg/ml).

All subjects provided written informed consent, and the In-
stitutional Review Boards of both institutions approved these
studies.

Laboratory assessments

Fasting morning blood was drawn during the early follicular
phase of the menstrual cycle and analyzed as convenience sam-
ples in a clinical laboratory for complete blood count, erythro-
cyte sedimentation rate, serum electrolytes, renal and hepatic
function, FSH, celiac antibodies (tissue transglutaminase, en-
domysial), protein electrophoresis, thyroid function, PTH, and
25-OHD; 24-h urine collections were analyzed for free cortisol,
calcium, and creatinine. Serum and urine were archived and
stored at —80 C for batch analyses in research laboratories when
recruitment is complete.

aBMD

aBMD was measured by DXA (QDR-4500; Hologic Inc.,
Walton, MA) at Columbia and Creighton University Medical
Centers. T and Z scores compared subjects and controls with
young normal and age-matched populations of the same race and
sex, as provided by the manufacturer. Scanners at both sites were
cross-calibrated with a reference phantom to read BMD within
1% at baseline and at 6-month intervals throughout the study.

HR-pQCT of the radius and tibia

HR-pQCT (XtremeCT; Scanco Medical AG) was performed
at Columbia University in all participants, including those re-
cruited at Creighton University. The nondominant forearm and
distal tibia were immobilized in a carbon fiber shell and scanned
as described (14, 15, 17). The region of interest is defined on a
scout film by manual placement of a reference line at the endplate
of the radius or tibia; the first slice is 9.5 and 22.5 mm proximal
to the reference line at the radius and tibia, respectively (Fig. 1A).
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FIG. 1. A, HR-pQCT scout films of the tibia (/eft) and radius (right) illustrating the placement
of the reference line at the endplate of the tibia or radius. The first slice of the region of
interest is 22.5 and 9.5 mm proximal to the reference line at the tibia and radius, respectively.
A stack of 110 parallel CT slices provides a 3D image of approximately 9 mm in the axial
direction (dashed lines). B-D, Representative HR-pQCT scans from control (B), fracture (C),
and low-BMD (D) subjects.

A stack of 110 parallel CT slices is acquired at the distal end of
both sites using an effective energy of 40 keV, slice thickness of
82 wm, image matrix size 1024 X 1024, with a nominal voxel size
of 82 um. This provides a 3D image of approximately 9 mm in
the axial direction. Attenuation data are converted to equivalent
hydroxyapatite (HA) densities. The European Forearm Phantom
is scanned regularly for quality control.

The analysis methods have been described, validated (19—
22), and applied in several recent clinical studies (14, 15,17, 18,
23, 24). Briefly, the volume of interest (VOI) is automatically
separated into cortical and trabecular regions using a threshold-
based algorithm set to one third the apparent cortical bone den-
sity. Mean cortical thickness is defined as the mean cortical vol-
ume divided by the outer bone surface. Trabecular bone density
(Dyrap) is the average bone density within the trabecular VOI.
Bone volume (BV)/total volume (TV) (percent) is derived from
D,,.,, assuming the density of fully mineralized bone is 1200 mg
HA/cm? (BV/TV = 100 X D,,,,/1200 mg HA/cm?). Measure-
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ments of trabecular microstructure are lim-
ited by the resolution of the XtremeCT,
which approximates the width of individual
trabeculae. Therefore, trabecular structure
is assessed using a semi-derived algorithm
(20, 25). Trabeculae are identified by a
mid-axis transformation method and the
distance between them assessed by the dis-
tance-transform method (26). Trabecular
number (Tb.N) is the inverse of the mean
spacing of the mid-axes. Trabecular thick-
ness (Tb.Th) and trabecular separation
(Tb.Sp) are then derived from BV/TV and
Tb.N using formulae from traditional quan-
titative histomorphometry; Tb.Th = (BV/
TV)/Tb.N and Tb.Sp = (1 — BV/TV)/Tb.N.

mFE analysis based on HR-pQCT
images

We used HR-pQCT data to calculate ap-
parent anisotropic elastic moduli of trabec-
ular bone, a surrogate measure of bone’s
resistance to force, otherwise termed me-
chanical competence or stiffness. First, the
mineralized phase was thresholded auto-
matically by using a Laplace-Hamming fil-
ter followed by global threshold using a
fixed value of 40% of maximal grayscale
value of theimages (27). Thena VOI of 70 X
70 X 70 voxels, corresponding to 5.74 X
5.74 X 5.74 mm>, was isolated manually
from the center of each thresholded radius
image, anda VOI of 110 X 110 X 110 vox-
els, corresponding to 9.02 X 9.02 X 9.02
mm?>, was isolated manually from the center
of each thresholded tibia image. The loca-
tion of the VOI was defined by the center of
the largest cylinder that could fit within
the trabecular compartment, providing a
reproducible location based on a custom-
ized protocol. Each subvolume of the HR-
pQCT image of the distal radius and distal
tibia was converted to a wFE model by
directly converting bone voxels to eight-
node elastic brick elements with an element size of 82 X 82 X
82 um?. Bone tissue properties were assumed to be isotropic
and linearly elastic with a Young’s modulus of 15 GPa and a
Poisson’s ratio of 0.3 for all models (28). Three wFE analyses,
representing three uniaxial compressions, were performed on
each model using an element-by-element preconditioned con-
jugate gradient solver (29-31). Based on the anisotropic com-
pliance matrix, estimated apparent elastic constants (three
apparent Young’s moduli, E,, E,,, and E5;) were calculated
and sorted. E, represents the modulus along the medial-lat-
eral direction, E,, along the anterior-posterior direction, and
E;; along the axial direction.

Statistical analysis

Statistical analyses were performed using SAS software (SAS
Institute, Cary, NC). ANOVA was used to examine overall dif-
ferences among the three groups (controls, fracture, and low-
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BMD). Between-groups comparisons were conducted using Stu-
dent’s t tests. Logistic regression analyses were used to control for
covariates. All data are expressed as mean = sp.

Results

Characteristics of the study population

The study population comprised 27 controls and 31
subjects with IOP, 21 included because of low trauma
adult fractures whether or not they had low aBMD (frac-
ture group) and 10 with low aBMD but no adult low
trauma fractures (low-BMD group). In the fracture group,
the number of fractures ranged from one to 12. Eleven
subjects had multiple (two to 12) fractures; two had ver-
tebral, three had hip, nine had rib, nine had arm or fore-
arm, and seven had ankle or metatarsal fractures. BMD
was in the osteoporotic range (T score =—2.5 or Z score
=-2.0) in nine fracture subjects (43%).

Mean age, height, weight, body mass index (BMI), and
BMD are presented in Table 1. Controls had slightly
higher weight and BMI than IOP subjects, although the
difference did not reach statistical significance. However,

J Clin Endocrinol Metab, November 2009, 94(11):4351-4360

within the IOP group, low-BMD subjects were shorter and
weighed significantly less than controls, whereas fracture
subjects did not differ from controls.

A family history of osteoporosis, reported in 52% of
controlsand 65% of IOP subjects (P value nonsignificant),
was more common in the low-BMD group than in the
fracture group (90 vs. 52%; P = 0.04).

aBMD was lower at all sites in IOP subjects than con-
trols (Table 1). Within the IOP group, mean aBMD of the
IOP fracture group was within the expected range for age
(Zscore =—2.0) atall sites. Despite this and although they
had not been selected by BMD criteria, the IOP fracture
group had significantly lower aBMD at all sites than con-
trols. Differences in BMD remained significant after con-
trolling for BML.

Selected laboratory results from the initial evaluation to
exclude secondary causes of osteoporosis (Table 1) re-
vealed no major differences among the groups. Mean se-
rum 25-OHD levels were similar in controls and both
groups of IOP subjects. Serum 25-OHD levels below 20
ng/ml were found in a similar number of IOP subjects (n =
4;13%) and controls (n = 3;11%). All subjects had serum

TABLE 1. Characteristics of the study population

IOP subgroups

Control, n = 27 IOP, n = 31 I0P fracture, n = 21 IOP low BMD, n = 10
Demographic and
anthropomorphic
features
Age (yr) 343 £ 8.7 37.8 7.7 37.1 £ 8.1 395+6.7
Race (% Caucasian) 96 100 100 100
Height (cm) 164.1 79 162.8 £ 6.6 163.8 £ 6.8 160.7 £ 5.9
Weight (kg) 67.7 £ 14.2 61.2 £16.2 64.1 = 17.9 55.3 = 10.2"
BMI (kg/m?) 25.1 46 23.0x54 23.8 6.0 21.4 + 39"
BMD
Absolute BMD (g/cm?) N
Lumbar spine 1.093 = 0.09 0.865 = 0.12¢ 0.905 = 0.13¢ 0.781 = 0.04"
Total hip 0.969 = 0.08 0.789 + 0.15¢ 0.811 = 0.17f 0.746 = 0.11
Femoral neck 0.850 = 0.08 0.672 = 0.14° 0.692 + 0.15" 0.632 = 0.11
Distal radius 0.724 + 0.05 0.687 *+ 0.05° 0.691 + 0.699 0.679 = 0.05"
Z score
Lumbar spine 0.61 +0.82 —1.42 £ 1.16° —1.06 = 1.239 —2.17 * 0.45"
Total hip 0.28 = 0.63 —1.00 * 1.30¢ —0.78 £ 1.44¢ —1.44 = 0.87
Femoral neck 0.12 £ 0.75 —1.35 £ 1.22¢ —1.19 = 1.34f —-1.67 +£0.92
Distal radius 0.71 £0.80 0.18 = 0.82° 0.25 +£0.82 0.03 + 0.83"
Serum and urine biochemistries
Serum calcium (mg/dl) 9.1+0.2 9.0+0.3 9.0*+0.3 9.0+ 0.3
Serum phosphorus (mg/dl) 36+04 34+04 33 +047 35+05
Serum PTH (pg/ml) 34.1 = 10.6 335123 355+ 11.7 295+ 13.2
Serum 25-OHD (ng/ml) 293 +99 34.5 + 15.0 35.2 £ 17.1 329+938
Urine calcium (mg/gCr) 134 + 69 141 = 56 134 = 61 158 + 42

Serum calcium levels are albumin-corrected measurements.
a=¢ Control vs. IOP: 2 P < 0.05; P = 0.01; P = 0.0001.

99 Control vs. IOP fracture: 9 P < 0.05; ¢ P = 0.01; T P = 0.001; 9 P =< 0.0001.

h= Control vs. IOP low BMD: " P < 0.05; ' P < 0.0001.
J10P fracture vs. low BMD: P < 0.001.
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TABLE 2. Volumetric density, trabecular and cortical microarchitecture, and mechanical competence of the study

population
IOP subgroups
Control, n = 27 IOP, n = 31 IOP fracture, n = 21 IOP low BMD, n = 10
Radius

Mean area (mm?) 255.9 = 30.3 236.0 = 46.3 239.5 £ 46.7 228.7 = 471"
Total density (mg HA/cm?) 331.8 £ 55.2 291.5 = 70.57 2974 =749 279.1 + 62.2"
Cortical density (mg HA/cm?) 905.8 = 60.3 894.8 + 86.3 891.8 + 99.8 901.0 = 51.5
Cortical thickness (mm) 0.814 = 0.17 0.73 = 0.20 0.736 = 0.23 0.716 = 0.13
Dyrap (MgHA/CM?) 158.0 + 27.6 117.6 = 36.4¢ 123.5 + 38.19 105.1 = 30.6*
Th.N (1/mm) 2.01 =£0.23 1.70 + 0.28¢ 1.73 = 0.299 1.63 = 0.26/
Tb.Th (mm) 0.066 = 0.01 0.057 + 0.011° 0.059 * 0.01°¢ 0.053 = 0.0V
Tb.Sp (mm) 0.440 = 0.07 0.550 + 0.12¢ 0.538 + 0.127 0.575 + 0.12%
sp of 1/Tb.N (inhomogeneity) 0.173 + 0.03 0.240 + 0.07¢ 0.236 + 0.08" 0.250 + 0.06'
Elastic moduli (MPa)

E,, (anterior-posterior) 376 = 136 219.8 £ 162.0° 244 + 1797 168 + 108*

E,, (medial-lateral) 588 * 249 356.5 + 272.6° 404 = 308°¢ 257 = 14V

E. (longitudinal) 1160 =+ 486 668.8 = 524.7¢ 775 + 589° 445 + 254~

Tibia

Mean area (mm?) 664.2 *= 86.1 624.0 = 89.8 638.3 = 87.8 595.4 + 91.5"
Total density (mg HA/cm?) 303.9 +37.9 249.7 + 49.49 251.3 + 54.09 2465 + 412
Cortical density (mg HA/cm?) 922.8 +32.0 892.8 + 47.5° 894.0 + 47.1¢ 890.4 = 50.9"
Cortical thickness (mm) 1.208 £ 0.16 1.00 = 0.21¢ 1.004 = 0.2179 0.998 + 0.21
Dyab (Mg HA/cm?) 159.5 = 24.9 122.5 = 37.3¢ 125.9 = 42.9° 115.7 = 22.9%
Tb.N (1/mm) 1.96 = 0.28 1.56 = 0.33¢ 1.60 = 0.409 1.49 + 0.12%
Tb.Th (mm) 0.068 = 0.010 0.065 = 0.013 0.065 = 0.01 0.065 = 0.01
Th.Sp (mm) 0.451 + 0.07 0.605 + 0.159 0.602 + 0.189 0.610 = 0.06*
sp of 1/Tb.N (inhomogeneity) 0.197 = 0.04 0.291 = 0.11¢ 0.297 + 0.13" 0.277 + 0.04¢
Elastic moduli (MPa) 4

E,, (anterior-posterior) 2476 * 118.3 146 + 99¢ 155.4 = 114.2¢ 128.7 = 61.8

E,, (medial-lateral) 350.7 = 144.9 214 + 161° 231.5 = 190.1¢ 180.1 * 77.3%

Es5 (longitudinal) 943.0 = 314.3 684 + 4142 710.5 = 488.9 633.5 = 226.9

a=d Control vs. IOP: 2 P=< 0.05;? P < 0.01; P = 0.001; Y P < 0.0001.
€9 Control vs. IOP fracture: € P =< 0.05; " P = 0.01; 9 P = 0.001.

h=k Control vs. IOP low BMD: " P = 0.05; /P = 0.01;/ P = 0.001; ¥ P = 0.0001.

PTH levels within the normal range. Among those with
serum 25-OHD below 20 ng/ml, the mean PTH level was
42 + 10 pg/ml.

HR-pQCT and uFE results in IOP and control
subjects

HR-pQCT and puFE measurements are presented in
Table 2. We first evaluated differences between control
and both groups of IOP subjects, considered together. At
the radius, there were significant differences in total
vBMD (cortical plus trabecular) and all trabecular density
and structural indices. IOP subjects had 12% lower total
vBMD (P = 0.02) and 26 % lower trabecular vBMD (P <
0.0001), 15% lower Tb.N (P < 0.0001), 14% lower
Tb.Th (P = 0.003), 25% higher Tb.Sp (P < 0.0001), and
41% higher variability (sb) in Tb.Sp (P < 0.0001). Bone
size (bone area) and cortical thickness tended to be lower
in IOP subjects (P = 0.06-0.09). At the tibia, total bone
vBMD, trabecular vBMD, and all structural indices except
Tb.Th differed significantly. IOP subjects had 18% lower
total vBMD, 23% lower trabecular vBMD, 20% lower
Tb.N, 33% higher Tb.Sp, and 45 % higher variability (sp)

in Tb.Sp (all P = 0.0001). Bone size (mean area) tended to
be lower in IOP subjects (P = 0.09). Cortical density and
thickness were significantly lower at the tibia in IOP sub-
jects (P = 0.007-0.0002). Young’s moduli were substan-
tially and significantly lower in IOP subjects than controls
in all three directions at both radius and tibia (Table 2).

Figure 1, B-D, illustrates representative HR-pQCT
scans from control, fracture, and low-BMD subjects. Con-
sidering low-BMD and fracture groups separately (Table
2), bone size (mean area) did not differ between control
and fracture subjects, whereas the low-BMD group had
significantly smaller bones than controls (Fig. 2A). Radius
cortical density and thickness (Fig. 2B) did not differ be-
tween controls and either fracture or low-BMD. In con-
trast, tibial cortical parameters were significantly and
comparably lower than controls in both fracture and low-
BMD groups.

ANOVA models showed significant overall differences
among the three groups for the variables of primary in-
terest: trabecular microstructure and uFE (stiffness) indi-
ces. Virtually every trabecular parameter in both fracture
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FIG. 2. Comparisons between the IOP fracture and low-BMD groups in comparison with controls for HR-pQCT variables assessed at the radius

and tibia.

and low-BMD groups differed from controls. Notably,
although they had not fractured, women in the low-BMD
group had microarchitectural deterioration as profound
as women in the fracture group (Table 3 and Fig. 2, C-E).
Moreover, estimated trabecular bone stiffness was as low
as or lower in the low-BMD than the fracture group (Table
2 and Fig. 2F).

Because age and BMI, PTH, and vitamin D may affect
bone structure and stiffness, we compared controls and

IOP, controlling for these variables. Between-groups dif-
ferences in trabecular and cortical microarchitectural pa-
rameters and Young’s moduli remained significant after
controlling for age, BMI, PTH, and 25-OHD (data not
shown).

Fracture number did not correlate with any radius HR-
pQCT parameter. However, at the tibia, near-significant
relationships were found between number of adult frac-
tures and cortical density (R = —0.244; P = 0.07), Tb.N
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(R =—0.242; P = 0.07), Th.Sp (R = 0.245; P = 0.07),and
Tb.Sp sp (R = 0.233; P = 0.08).

Discussion

To our knowledge, this is the first study to examine 3D
HR-pQCT measures of bone mass, structure, and micro-
architecture and uFE of HR-pQCT images to estimate
trabecular bone stiffness in premenopausal women with
IOP. We found that premenopausal women with IOP have
significant trabecular microarchitectural deterioration
compared with normal controls. Cortical density and
thickness were also lower in IOP subjects, but the differ-
ences achieved statistical significance only at the tibia. In
general, trabecular structure was more severely affected
than cortical structure. Estimated stiffness was signifi-
cantly lower in all directions at both radius and tibia. Par-
ticularly noteworthy was the finding that trabecular bone
microarchitecture and stiffness were as severely affected in
women with low BMD who had never had an adult low
trauma fracture.

In our subjects, trabecular structure was as severely
disrupted at the tibia as at the radius, and cortical structure
was more severely affected at tibia than radius. In addi-
tion, we found correlations of borderline significance be-
tween fracture number and several cortical and trabecular
parameters at the tibia, but not the radius. This contrasts
with postmenopausal women with osteopenia, in whom
radius but not tibia HR-pQCT measurements discrimi-
nated between those with and without fractures (14). It is
also noteworthy because the tibia is a weight-bearing bone
and one would predict that mechanical loading would
result in relative sparing at that site (32, 33). The possi-
bility of a defect in appropriate cortical and trabecular
bone responses to weight bearing in women with IOP re-
quires further exploration.

Several studies have reported that HR-pQCT parame-
ters discriminate between postmenopausal women with
and without fractures, whereas aBMD by DXA did not
(14, 15, 17). Similarly, Melton et al. (18) reported that
decreased vBMD, microstructure, and stiffness estimated
by wFE of the radius are associated with forearm fracture
in postmenopausal women. Our study confirms and ex-
tends these data by providing evidence of cortical and tra-
becular microarchitectural deterioration at both radius
and tibia in premenopausal women with IOP, whether or
not they have had a fracture.

To our knowledge, this is the first study to apply uFE
to HR-pQCT scans from premenopausal women with
IOP. uFE calculates apparent Young’s moduli, an estimate
of trabecular bone stiffness and an index of resistance to
mechanical forces. Although a surrogate measure of stiff-
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ness, wFE analysis of a cube of trabecular bone has dem-
onstrated excellent agreement with true biomechanical
tests of bone specimens (34, 35) and uFE analysis of distal
radius and tibia measurement sites, which include both
trabecular and cortical bone. The latter have been shown
to distinguish between postmenopausal women with and
without fractures (17, 18). Because the technique we used
analyzes only trabecular bone and does not include con-
tributions from cortical bone, we may have underesti-
mated differences in stiffness at the tibia, where cortical
width and density were significantly higher in normal than
affected women.

Other studies of young adults with unexplained frac-
tures have yielded conflicting data on bone microarchi-
tecture. Khosla et al. (12) found lower cancellous bone
volume and cortical width in transiliac bone biopsies from
young men and women with unexplained fractures. In
contrast, in a retrospective study of biopsies from nine
young women with low trauma fractures and 18 matched
controls, we did not detect significant differences in can-
cellous bone volume, cortical width, Tb.N or Tb.Sp (13).
Our prospective HR-pQCT study and retrospective bi-
opsy results may differ because the biopsy study was
smaller and had limited power to detect significant differ-
ences. In addition, we found rather weak correlations be-
tween structural parameters measured by HR-pQCT and
by two-dimensional histomorphometry of transiliac bone
biopsies in the same subjects (36). Thus, discrepancies be-
tween our previous and current results may be due to in-
nate structural differences between the central unloaded
iliac crest site and peripheral sites, both loaded (tibia) and
unloaded (radius). However, although the inherent het-
erogeneity of the skeleton (37) raises concerns about gen-
eralizing our findings to other skeletal sites, we have also
reported that HR-pQCT scans of the radius and tibia cor-
relate strongly with central aBBMD of the lumbar spine and
proximal femur in the same subjects (36). In addition, we
recently found significant correlations between elastic
stiffness of the radius and tibia estimated by HR-pQCT-
based uFE with that of the proximal femur and lumbar
spine (r* = 0.2-0.3; P < 0.01), estimated from central
QCT-based FE in the same subjects (38), suggesting that
the estimated mechanical competence of the distal radius
and tibia assessed by HR-pQCT predicts vertebral and
femoral mechanical properties.

In postmenopausal women, particularly those over age
60, a fragility fracture or a low BMD measurement pre-
dicts future fractures (39). However, the clinical signifi-
cance of fractures in young women is uncertain (40). It
may be difficult to judge the level of trauma associated
with the fracture. aBMD measurements may be within the
expected range for age (Z score =—2.0) in young women
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with fractures, as they were for many of our fracture sub-
jects. Although a premenopausal fracture is associated
with a 33-74% increased risk of fracture after menopause
(41,42), few epidemiological data are available regarding
the likelihood of future premenopausal bone loss or frac-
tures. A small observational study of 16 young women
with unexplained fractures managed with exercise, cal-
cium, and vitamin D found that BMD improved slightly
and no new fractures occurred (43). However, this may
reflect the relative rarity of fractures in young vs. older
women, regardless of aBBMD measurements (1, 5).

The clinical significance of isolated low aBMD mea-
surements in premenopausal women is even more uncer-
tain. Some argue that in young, otherwise healthy women,
a diagnosis of osteoporosis should be not made unless
there has been a fracture (8, 44—46). One reason for the
difficulty in interpreting low BMD measurements in pre-
menopausal women is that DXA provides a two-dimen-
sional areal measurement, does not take the thickness of
the bone into consideration, and may underestimate true
vBMD in smaller individuals (47). Both central (48) and
peripheral QCT measure vBMD directly and thus may
help ascertain whether a low aBMD measurement reflects
asmall bone of normal density or a true decrease in vBMD.
It is perhaps because body size (and therefore bone size)
influences DXA measurements that premenopausal
women of small stature and thin habitus tend to have
lower aBMD (7, 47, 49-53). However, our results sug-
gest, at least in this small group of otherwise healthy
women with low aBMD, that microarchitectural deterio-
ration is as severe as in premenopausal women with
fractures.

Another problem is that a single low BMD measure-
ment provides no insight into whether it is simply due to
low peak bone mass or to bone loss that has occurred
previously or is ongoing—the pathophysiological mech-
anism common in postmenopausal women. Thus, some
premenopausal women with low aBMD may have com-
pletely normal microarchitectural, dynamic, and material
properties of bone. Others may have lost bone after having
attained peak bone mass and, like similarly affected
postmenopausal women, have microarchitectural ab-
normalities that compromise bone strength and in-
crease fracture risk.

Finally, there are insufficient prospective data to assess
the predictive value for fracture of a T score of less than
—2.5 in premenopausal women. However, otherwise
healthy, premenopausal women with low-energy wrist
fractures have significantly lower forearm (54) as well as
spine and hip (55) BMD than controls. Thus, low aBMD
measurements in premenopausal women may mean that
bone strength is compromised and represent a presymp-
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tomatic phase of IOP. Our results suggest that this is the
case, at least in some women. Clearly, noninvasive tools to
assess bone microarchitecture would be of great value in
the management of such women.

Although our results delineate structural characteris-
tics of bone, they do not speak to the pathogenesis of IOP
in premenopausal women. In a previous study, we found
lower follicular-phase serum estradiol levels and higher
bone resorption markers in women with IOP, whereas
serum IGF-I did not differ (52). Another study reported
more frequent hypercalciuria (56, 57) and several suggest
a genetic predisposition (51, 52, 56, 57). When recruit-
ment is complete and biochemical analyses of archived
serum and urine are available, it will be important to
examine the relationships between the profound micro-
structural differences reported here and gonadal and
calciotropic hormones, bone turnover markers, IGF-1,
and cytokines.

This study has several limitations. Our younger sub-
jects may not have reached peak bone mass. We may have
misclassified fractures as low trauma when in fact they did
not reflect abnormal fragility. Our sample size is too small
to permit subgroup analyses by fracture type. Premeno-
pausal women who have BMD measured or volunteered
for this study may do so because of a family history of
osteoporosis, thus biasing toward the finding of bone
structural abnormalities. A small group of subjects and
controls had serum 25-OHD concentrations under 20 ng/
ml, a level currently considered to represent vitamin D
deficiency. Although this may have influenced our find-
ings, adjusting for serum 25-OHD and PTH did not affect
the results. Because only cross-sectional data are available,
we cannot determine whether observed abnormalities re-
sult from ongoing bone loss or past insults, now stabilized.
Our uFE analyses examine a trabecular subvolume of the
radius and tibia and thus may predict only trabecular
rather than whole bone stiffness. Finally, assumptions of
uniform bone mineralization are incorporated into uFE
analyses.

Our study also has important strengths. To our knowl-
edge, this is the largest case-control study of women with
IOP and the only one to include noninvasive measure-
ments of trabecular and cortical bone microarchitecture
and trabecular stiffness. Both cases and controls were
carefully characterized and common causes of secondary
osteoporosis excluded by detailed clinical and biochemi-
cal evaluation.

In conclusion, we found significant microstructural dif-
ferences in cortical and trabecular bone and estimated
stiffness of the distal radius and the tibia between a group
of premenopausal women with unexplained osteoporosis
and a group of healthy women with normal aBMD.
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Notably, the tibia, a weight-bearing bone, was as se-
verely affected as the unloaded radius, and women with
low aBMD who had not fractured were as severely af-
fected as those included on the basis of one or more low
trauma fractures. The finding that young women with
low aBMD appear to have microarchitectural deterio-
ration that is comparable to women who have sustained
fractures is novel and could have implications for clin-
ical management.
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