Vertebral Size in Elderly Women with Osteoporosis
Mechanical Implications and Relationship to Fractures
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Abstract

Reductions in bone density are a major determinant of ver-
tebral fractures in the elderly population. However, women
have a greater incidence of fractures than men, although
their spinal bone densities are comparable. Recent observa-
tions indicate that women have 20-25% smaller vertebrae
than men after accounting for differences in body size. To
assess whether elderly women with vertebral fractures have
smaller vertebrae than women who do not experience frac-
tures, we reviewed 1,061 computed tomography bone den-
sity studies and gathered 32-matched pairs of elderly
women, with reduced bone density, whose main difference
was absence or presence of vertebral fractures. Detailed
measurements of the dimensions of unfractured vertebrae
and the moment arm of spinal musculature from T12 to L4
were calculated from computed tomography images in the
32 pairs of women matched for race, age, height, weight,
and bone density. The cross-sectional area of unfractured
vertebrae was 4.9-11.5% (10.5+1.4 vs 9.7+1.5 cm?; P
< 0.0001) smaller and the moment arm of spinal muscula-
ture was 3.2-7.4% (56.4+5.1 vs 53.1+4.4 mm; P < 0.0001)
shorter in women with fractures, implying that mechanical
stress within intact vertebral bodies for equivalent loads is
5-17% greater in women with fractures compared to
women without fractures. Such significant variations are
very likely to contribute to vertebral fractures in osteopo-
rotic women. (J. Clin. Invest. 1995. 95:2332-2337.) Key
words: osteoporosis « fractures « bone size + bone density ¢
computed tomography

Introduction

Osteoporosis is a disease characterized by low bone mass and
the development of nontraumatic fractures, most commonly in
the spine (1). Approximately 500,000 elderly women in the
United States are newly diagnosed with vertebral fractures every
year due to the inability of the vertebral body to withstand the
loads associated with normal daily activities as skeletal mass
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and bone strength decline with aging (1, 2). Of the two compo-
nents of vertebral bone mass (bone density and bone size)
cancellous vertebral bone density is known to be a major deter-
minant of vertebral fracture (3—5), while the prevailing view
is that vertebral size is mainly related to body size and does
not contribute to vertebral fractures (6). However, bone density
alone is not a sufficient explanation for vertebral fractures: many
women with low spinal bone density do not experience frac-
tures, and there is substantial overlap in bone density between
women with and without radiographic evidence of vertebral
compression (3-5). In an attempt to understand why some
women with low bone density do not have fractures, other prop-
erties of bone that contribute to its strength, such as the quality
of the material and its three-dimensional arrangement, are being
considered in the pathogenesis of osteoporotic fractures (7, 8).
Few studies, however, have examined the role of bone size as
a possible determinant of vertebral fractures (9).

There is a four- to sevenfold higher incidence of vertebral
fractures in elderly women as compared to men despite recent
in vitro and in vivo evidence that their spinal bone densities
are comparable (10—13). Studies using quantitative computed
tomography (QCT)' to measure the size and density of verte-
brae indicate that the cross-sectional area of vertebrae in women
is ~ 20-25% smaller than in men, even after accounting for
differences in body size (13). The degree to which gender
differences in vertebral size contribute to the greater incidence
of vertebral fractures in women remains to be determined. Nev-
ertheless, differences in vertebral cross-sectional area have im-
portant biomechanical implications with respect to the loading
capacity of the spine and they could account for variations
in fracture incidence that are not attributable to reductions in
cancellous vertebral bone density (13). In this study we exam-
ined whether elderly women with reduced bone density and
vertebral fractures have smaller vertebral bodies and are under
greater mechanical stress than women of the same age, body
habitus, and bone density, who do not experience vertebral
fractures.

Methods

Identification of patients for study. From December, 1985 through
March, 1992, 1,061 patients had computed tomography (CT) bone den-
sity studies at the Department of Radiology of Loma Linda University,
Loma Linda, CA and completed a questionnaire which included infor-
mation about their race or ethnic background, age, height, weight, diet,
physical activity, and health status. From these questionnaires we se-
lected postmenopausal Caucasian women, 60 yr of age or older, who

1. Abbreviations used in this paper: CT, computed tomography; QCT,
quantitative computed tomography.
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Table 1. Characteristics of 232 Elderly Women with and without
Vertebral Fractures*

Without fracture With fracture P
(n = 148) (n = 84) value*
Cancelous bone density
(gm/cm’) 68.8+21.6 49.4+26.1 < 0.0001
Age (yr) 70.2+6.7 74.2+6.4 < 0.0001
Height (cm) 159.7+8.1 156.9+10.0 < 0.05
Weight (kg) 59.9+12.5 57.7*+13.0 NS

Values are mean*SD. * Probabilites determined using the unpaired ¢
test.

were ambulatory, not taking any medication on a regular basis (includ-
ing oral calcium supplements, vitamins, fluoride, and estrogen prepara-
tions), and without history of hip fracture or of any chronic illness that
could result in bone loss. Using these criteria we identified 727 women
and subsequently we reviewed their CT bone density studies.

Data from 265 bone density studies were excluded for the following
reasons: missing (n = 97), deteriorated (n = 48), or incomplete (n
=12) CT exams and/or scanning settings other than 140 mAs, 120
kVp, 2 5, and 10-mm section thickness (n = 108). In addition, to permit
valid comparisons between bone density measurements, records for 184
examinations using other than the CT-T 9800 scanner (General Electric
Co., Milwaukee, WI) and calibration phantom (Image Analysis, Inc.,
Columbia, KY) were eliminated.

The remaining 278 CT bone density studies were reviewed to iden-
tify women with cancellous bone density below 110 mg/cm®. Current
criteria suggests that osteoporosis be defined as a condition wherein the
value for bone mineral density is > 2.5 SD below the young adult
mean value (14). Previous studies indicate that nontraumatic vertebral
fractures occur predominantly in patients with QCT measurements for
cancellous bone density < 110 mg/cm®, which corresponds ~ to 2.5
SD below peak bone density (13, 15). For this reason, 30 women with
cancellous bone density > 110 mg/cm® were excluded from further
evaluation as they did not have osteoporosis nor were they at risk for
fracture. )

Because there are no generally accepted guidelines to diagnose verte-
bral fractures (16), anteroposterior and lateral CT spine radiographs of
the 248 remaining women were independently reviewed by two radiolo-
gists to determine the presence or absence of fractures in the vertebral
bodies based on the following criteria: wedge fractures were identified
by a reduction in anterior height compared to posterior height; central
collapse fractures by a loss of height in the mid-portion of the vertebral
body compared with either the anterior or posterior height; and crush
fractures by a reduction in both the anterior and posterior height when
compared with the closest adjacent intact vertebrae. 16 women were
excluded on the basis that they had fractures in all five vertebrae (n
= 6), scoliosis 20° or greater (n = 7), or the opinion between radiolo-
gists about the diagnosis differed (n = 3).

Of the remaining 232 Caucasian women, 60 yr or older, with cancel-
lous vertebral bone density below the fracture threshold of 110 mg/
cm’®, 148 had no evidence of vertebral compression while 84 had one
or more vertebral fractures. On average, women with one or more frac-
tures had lower cancellous bone density, were older, and shorter, than
women without fractures, corroborating previous investigations indicat-
ing that reductions in bone density with aging are important in the
pathogenesis of vertebral fractures (2—5) and that vertebral fractures
lead to loss of height (17) (Table I). There was, however, considerable
overlap among the values for cancellous bone density in those with and
without fractures (Fig. 1). To eliminate the confounding effect that age,
bone density, and anthropometric variables may have on the pathogene-
sis of vertebral fractures and/or on the size of the bones, a subset of
patients from each group was matched within 12 mo of age and within
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Figure 1. Cancellous vertebral bone density in women with spinal osteo-
porosis, with and without vertebral fractures. Cancellous vertebral bone
density measured by QCT, in 148 women without (A) and 84 women
with (B) vertebral fracture. Values for cancellous bone density represent
the mean measurement for all five vertebral bodies in women without
fractures and the average of one or more unfractured vertebral bodies
in women with fractures. Normative data for cancellous vertebral density
according to age (mean*1 SD) are provided from reference 15; it
should be noted that most women above the age of 60 have osteoporosis
(defined as bone density values 2.5 SD below peak bone density, refer-
ence 14) and QCT values below the threshold for spontaneous vertebral
fracture (110 mg/cm® K,HPO,) (2-5).

5% of body height, weight, and cancellous vertebral bone density. Using
this approach we identified a total of 32 unique matched pairs of women
whose main difference was the presence or absence of vertebral frac-
tures.

Measurements by quantitative computed tomography. The cortical
vertebral bone density, the cross-sectional area, and the height of all
unfractured vertebral bodies, from T12 to L4, were determined directly
from CT images in the 32 pairs of women as previously described
(13, 18). In addition, the corresponding moment arm of the spinal
musculature, defined as the distance from the vertebral body to the
projected center of the erector spinae muscle, was also measured from
the same images (13, 19). All measurements were done only in vertebral
bodies without fracture. The coefficients of variation for cortical verte-
bral bone density, vertebral cross-sectional area, vertebral body height,
and the moment arm of spinal musculature, previously calculated from
three repeated determinations in five subjects at the five vertebral levels,
were 1, 1.7, 1.6, and 1.5%, respectively.
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Figure 2. Biomechanics of the vertebral body. The compressive force
within the vertebral body during bending results from two equal and
opposing moments (equations 1 and 2). A decrease in the moment arm
between the center of the erector spinae musculature (A) and the center
of the vertebral body (B) requires more muscle tension to maintain
equilibrium, resulting in a higher compressive stress in the vertebral
body (equation 3).

Resisting moment = applied moment (1)
Muscle tension X moment arm (2)
= upper body weight X lever distance

upper body weight X lever distance
moment arm

Muscle tension = 3)
During axial compression alone, the center of gravity of the upper body
(C) is directly above B; thus the moment arm for the applied moment
is zero, and there is no resisting bending moment. Under these condi-
tions, axial compressive stress within the vertebral body is inversely
related to the area of compression (equation 4).

upper body weight

Axial compressive stress =
P vertebral body area

4)
(Gilsantz, V., M. L. Boechat, R. Gilsanz, M. L. Loro, T. F. Roe, and
W. G. Goodman. 1994. Gender differences in vertebral size in adults:
biomechanical implications. Radiology. 190:678—683.)

Table II. Characteristics of 32 Pairs of Caucasian Women
with and without Vertebral Fractures Who Were Matched
for Age, Height, Weight, and Cancellous Vertebral Bone Density

Without fracture With fracture P
(n = 32) (n =32) value*
Cancellous bone density
(gm/cm®) 57+21.5 56+23.5 NS
Age (yr) 72.7+6.57 72.9+6.43 NS
Height (cm) 159.9+8.14 157.1+6.10 NS
Weight (kg) 59.1+15.80 58.8+13.08 NS

Values are mean+SD. * Probabilities determined using the paired ¢
test. '
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Table III. Cancellous and Cortical Bone Densities of Intact
Vertebral Bodies in 32 Pairs of Women with [Fx(+)] and without
[Fx(—)] Fracture

Cancellous Bone Density Cortical Bone Density

P P

Vertebral level Fx(-) Fx(+)  value* Fx(-) Fx(+) value*

TI2 (n = 12) 76*x15 76+16 NS 331+70 347+109 NS
Ll (n=16) 64+20 70+30 NS 345x74 33068 NS
L2 (n=26) 57+24 58+29 NS 354113 359%72 NS
L3 (n=23) 52+20 50+23 NS 331x77 329%69 NS
L4 (n=127) 50+26 48+28 NS 342+82 332469 NS
All (n = 104) 58+23 58+27 NS 34671 339+73 NS

n, Number of paired intact vertebral bodies compared at the designated
level. Values are mean+SD (mg/cm® K,HOP,). * Probabilities deter-
mined using the paired ¢ test.

Differences in mechanical stress during axial loading were calculated
as the ratio of the cross-sectional areas between women without and
with fractures. Differences in mechanical stress during bending were
calculated as the product of the ratios of the cross-sectional areas X the
ratios of the moment arms of the spinal musculature between women
without and with fractures (13, 20, 21) (Fig. 2).

Additionally, estimates of mechanical stress during axial loading
and during bending between adjacent vertebral levels (T12 and L1, L1
and L2, L2 and L3, L3 and L4) were calculated for the 32 women
without fractures.

Statistical analysis. All results are expressed as the mean*1 SD.
Statistical evaluation of the data was done using the Student’s ¢ test for
either unpaired or paired samples (22), or its multivariate analogue, the
Hotelling’s T? (23).

Results

By design, there was no difference in the age, cancellous bone
density, and anthropometric variables in the subset of 32
matched pairs of women whose main difference was the pres-
ence or absence of vertebral fractures (Table IT). A total of 56
fractures was present in the 32 women with fractures: 39 of
these were wedge fractures, 11 were crush fractures and 6 verte-
brae had central collapse. 17 women had 1 fracture, 8 women

Table IV. Height of Intact Vertebral Bodies in 32 Pairs of Women
with [Fx(+)] and without [Fx(—)] Fracture

Height
Vertebral level Fx(-) Fx(+) P value*
TI2 (n = 12) 2.31+0.14 2.27+0.18 NS
L1 (n = 16) 2.42+0.16 2.44+0.14 NS
L2 (n = 26) 2.53+0.18 2.48+0.20 NS
L3 (n = 23) 2.56+0.17 2.50+0.22 NS
L4 (n =27) 2.56+0.21 2.51+0.23 NS
All (n = 104) 2.48+0.37 2.44+0.38 NS

n, Number of paired intact vertebral bodies compared at the designated
level. Values are mean+SD. * Probabilities determined using the paired
t test. Values for vertebral body height represent the average of the

anterior, middle, and posterior heights of unfractured vertebral bodies.
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Table V. Vertebral Cross-sectional Area and Moment Arm of Spinal Musculature in 32 Pairs of Women with [Fx(+)]

and without [Fx(—)] Fracture

Cross-sectional area (cm?) Moment arm (mm)

Vertebral level Fx(-) Fx(+) P value* Fx(-) Fx(+) P value*
T12 (n = 12) 9.22+1.05 8.42+1.40 0.08 49.17%2.70 46.96+4.44 0.050
Ll (n=16) 9.78+0.90 8.66+1.10 0.007 52.68+3.69 50.97+2.89 0.038
L2 (n = 26) 10.02+1.16 9.27+1.35 0.042 55.82+3.86 52.06+3.36 0.0001
L3 (n = 23) 10.96+1.24 10.42+1.35 0.17 58.30+3.14 55.40+2.77 0.0001
L4 (n=27) 11.65+1.09 10.73+1.18 0.005 60.60+4.16 56.13+3.28 0.0001
All (n = 104) 10.52+1.38 9.71x1.54 0.0001 56.35+5.15 53.09+4.40 0.0001

n, Number of paired intact vertebral bodies compared at the designated level. Values are mean+SD. * Probabilities determined using the paired
t test. Significant differences were also found using the cross-sectional area of the vertebrae from T12 to L4 as a vector of observations, Hotelling’s
T2 test (P < 0.003). Similarly, using the moment arms from T12 to L4 as a vector of observations, the Hotelling’s T? test yields a significant

result (P < 0.0001).

had 2, 5 had 3, and 2 had 4. The number of fractures at each
vertebral level was 20 at T12, 16 at L1, 6 at L2, 9 at L3, and
5 at L4.

In this subgroup of 32 matched pairs, there was no differ-
ence in the cortical bone density (Table III) or in the height of
unfractured vertebral bodies at any vertebral level (Table IV).
In contrast to these findings, the cross-sectional area of unfrac-
tured vertebral bodies was found to be significantly smaller in
the 32 women with fractures, compared with their matched
counterparts, at L1, L2, and 14 vertebral levels and when all
unfractured vertebrae from T12 to L4 were considered together
(Table V). Substantial differences were also found using the
cross-sectional area of the vertebrae from T12 to L4 as a vector
of observations; Hotelling’s T2 test (P < 0.003) (Table V).
On average, the cross-sectional area of unfractured vertebral
bodies was 7.7% smaller in women with fractures as compared
with women without fractures (Table VI).

Similar to the findings for area, the moment arm between
the center of unfractured vertebral bodies and the center of the
erector spinae muscle was found to be significantly smaller in
women with fractures compared with their matched counterparts
both using Student’s ¢ tests (P < 0.0001) or its multivariate

Table VI. Percent Differences in Vertebral Cross-sectional Area,
Moment Arm of Spinal Musculature, and Mechanical Stress

of Intact Vertebral Bodies in 32 Pairs of Women with and
without fracture

Mechanical stress

(% difference)
Cross-sectional area  Moment arm Axial
Vertebral level (% difference) (% diffe ) compression Bending
TI2 (n = 12) 8.7 45 10 15
L1 (n = 16) 11.5 32 13 17
L2 (n = 26) 7.5 6.7 8 16
L3 (n = 23) 49 50 5 11
L4 (n = 27) 7.9 74 9 17
All (n = 104) 7.7 5.8 8 15

n, Number of paired intact vertebral bodies compared at the designated
level.

analogue the Hotelling’s T? test (P < 0.0001) (Table V). On
average, the moment arm was 5.8% smaller in women with
fractures as compared with women without fractures (Table
VI). The overall correlation between measurements of cross-
sectional area and moment arm of spinal musculature was 0.60
(P < 0.0001).

Based on cross-sectional area and moment arm values, esti-
mates of mechanical stress were obtained for women with and
without fractures. Mean differences in mechanical stress for
equivalent loads within the intact lumbar vertebral bodies were
calculated to be 8% (10.52/9.71 = 1.08) greater during axial
loading and 15% ([10.52/9.71] X [56.35/53.09] = 1.15)
greater during bending in women with fractures than in women
without fractures (Table VI).

Differences in cross-sectional area, moment arm, and me-
chanical stress between women with and without fractures were,
on average, greater than the difference that normally exists in
these parameters between adjacent vertebral levels (Table VII).

Discussion

The results of the current study indicate that small vertebral
size contributes to the development of vertebral fractures in
women already at risk for fractures. The cross-sectional area of
the vertebral body was smaller in women with osteoporosis and

Table VII. Percent Differences in Vertebral Cross-sectional Area,
Moment Arm of Spinal Musculature and Mechanical Stress
Between Adjacent Vertebral Levels in 32 Women without
Vertebral Fracture

Mechanical stress

(% difference)
Vertebral Cross-sectional area’ Moment arm Axial
level (% difference) (% diffe ) compression Bending

T12-L1 4.1 6.3 4 11
L1-L2 6.3 55 7 13

- L2-1L3 7.7 4.2 8 13
L3-14 5.0 3.2 5 9
Average 5.8 4.8 6 11
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Table VIII. Anterior, Middle and Posterior Vertebral Body Height in 56 Pairs of Vertebrae with [Fx(+)] and without [Fx(—)] Fractures

Anterior Middle Posterior

Vertebral level Fx(-) Fx(+) Fx(-) Fx(+) Fx(-) Fx(+)
T12 (n = 20) 2.19+0.22 16.4+041% 2.00+0.25 1.36+0.42% 2.35+0.25 2.36+0.186
L1 (n = 16) 2.46+0.19 1.85+0.27% 2.20+0.19 1.36+0.39% 2.57+0.20 2.40+0.22*
L2 (n = 6) 2.65+0.14 1.93+0.67 2.30+0.17 1.45+0.51* 2.58+0.12 2.42+0.31
L3(n=29) 2.77+0.21 2.20+0.44* 2.49+0.16 1.77+0.43* 2.86+0.16 2.55+0.22*
L4 (n=25) 2.70+0.13 2.30+041 2.64+0.21 1.34+0.27* 2.42+0.18 2.32+0.38
All (n = 56) 2.44+0.28 1.89+0.45% 2.20+0.28 1.45+0.44% 2.55+0.28 2.39+0.23*

n, Number of paired vertebrae compared at the designated level. Values are mean+SD. * P < 0.05. *P < 0.0001.

vertebral fractures than in women of the same age without
fractures (Tables V and VI). This difference was found from
measurements obtained solely from unfractured vertebral bod-
ies, thus, the results cannot be ascribed to deformities arising
from vertebral compression. Because subjects with and without
fracture were matched for height and weight before the size of
the vertebral body was measured, it is unlikely that variations
in body habitus account for the current findings (Table II).
Similarly, our findings cannot be attributed to reductions in
bone density, as neither cancellous nor cortical bone density in
the spine differed between groups (Table III).

Only clinical radiographic criteria were used to diagnose
vertebral fractures in the current study. Although more rigorous
parameters for the diagnosis of vertebral fractures have been
proposed (16), widespread acceptance and application of these
criteria have yet to be adapted. It should be noted, however, that
the severity of vertebral deformity for subjects with fractures in
the current study was substantial, as judged by the magnitude of
the discrepancies in height for the anterior, middle, and posterior
portions of the vertebral body in the 32-matched pairs of women
(Table VIII). Furthermore, all fractured vertebrae had at least
20% reduction in anterior, middle, and/or posterior vertebral
body height.

Our findings corroborate numerous in vitro studies indicat-
ing that the compressive strength of the vertebra is determined
not only by its bone density (13, 24-30), but also by its cross-
sectional area (13, 30, 31). The cross-sectional area of vertebral
bodies is designed to bear mechanical loads that are progres-
sively larger caudally as the superimposed weight of the upper
body increases. In the present study, the values for the cross-
sectional area from T12 to L4 increased in all subjects, while,
simultaneously, cancellous bone density decreased and cortical
bone density remained unchanged, underscoring the importance
of vertebral size to meet increasing loads (Tables III and V).

The smaller vertebral size in women with fractures results
in greater mechanical stress for all normal physical activities.
Mechanical stress within the vertebrae arise from axial compres-
sive forces and from bending forces; the magnitude of each
type of stress varies with posture and with orientation of verte-
bral bodies within the spinal column. Compressive stress within
bone during axial loading varies inversely with cross-sectional
area (13, 20, 21) (Fig. 2). For example, the relative compres-
sive stress within two vertebral bodies that differ in cross-sec-
tional area by 10% is 1/0.9, or 1.11, times greater in the smaller
bone with an equivalent applied mechanical load. In the current
study, the average difference in the cross-sectional area of intact
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vertebrae between women with and without fractures was 7.7%
(Table VI). This disparity corresponds to an 8.3% greater stress
during axial compression, for an equivalent applied load, in the
intact vertebrae of women with fractures (Table VI).

Even greater discrepancies in mechanical stress occur during
the application of bending forces in vertebrae of different size.
The applied moment is a function of upper body weight and
lever distance and is opposed by an equal resisting moment
which is a function of the moment arm and the tension generated
by paraspinous musculature (13, 31, 32) (Fig. 2). In the present
study, the moment arm was, on average, 5.8% smaller in the
paired subjects with fracture; implying that for an equivalent
load, mechanical stress during bending was 15% greater in the
intact vertebral bodies of women with fractures (Table VI).

It should be noted that differences in vertebral cross-sec-
tional area, moment arm of spinal musculature, and mechanical
stress between women with and without fractures are, on aver-
age, greater than the differences that normally exist in these
parameters between adjacent vertebral levels in elderly women
(Table VII).

The mechanism responsible for the smaller cross-sectional
area in women with spinal fracture is not known. Although in
this study we did not rigorously control for diet or physical
activity, variables known to affect the rate of decline of bone
mass with aging (1, 17), it is unlikely that these factors account
for the smaller vertebral cross-sectional area noted in women
with fracture. In elderly women little, if any, bone is gained
from the periosteal surface of vertebral bone, and the overall
circumference of their vertebrae remains stable (11). The varia-
tions in vertebral body dimensions found in this study are there-
fore more likely to reflect differences in bone growth that evolve
during skeletal development.

Current studies suggest that vertebral fractures in elderly
women may result from insufficient bone acquisition during
childhood and a relatively low peak bone mass (33). The
amount of bone gained during growth is largely genetically
regulated, possibly by an allelic change in the receptor for 1,25
dihydroxy-vitamin D (34). Recent observations in children and
adolescents also indicate that variations in vertebral size and
not vertebral density account for gender difference in vertebral
peak bone mass (35). Whether genetic factors or other determi-
nants of peak bone mass, such as physical activity, regulate
the size and/or the density of the vertebral bone is yet to be
established.

In conclusion, vertebral size is an important determinant
of vertebral fracture in elderly women with osteoporosis. The
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smaller cross-sectional area of the vertebral bodies imparts a
mechanical disadvantage that increases the stress within the
spine and becomes increasingly important as bone density de-
clines with age. Future studies are required to ascertain the
relative significance of bone size and bone density in predicting
the probability of vertebral fractures in women with osteopo-
rosis.
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