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Abstract The prevalence of osteoporosis is high among
postmenopausal women and individuals sustaining a
spinal cord injury (SCI). We assessed the effects of
estrogen loss and unloading on the trabecular bone of
the knee in women. Pre- and postmenopausal ambula-
tory women (n=17) were compared to pre- and post-
menopausal women with SCI (n=20). High-resolution
magnetic resonance imaging was used to compare
groups on apparent measures of trabecular bone vol-
ume, trabecular number, trabecular spacing, and tra-
becular thickness in the distal femur and proximal tibia,
regions with a high proportion of trabecular bone and
the most common fracture site for SCI patients. Tra-
becular bone was deteriorated in women with SCI
compared to ambulatory women. SCI groups had fewer,
()19 and )26% less) and thinner trabeculae ()6%) that
were spaced further apart (40% and 62% more space
between structures) resulting in less trabecular bone

volume ()22% and )33%) compared to the ambulatory
groups (tibia and femur, respectively). Postmenopausal
women with SCI also had 34% greater trabecular
spacing in the tibia compared to the 40-year-old pre-
menopausal women with SCI, showing an interaction
between unloading and estrogen loss. Middle-aged
postmenopausal, ambulatory women, not taking estro-
gen or medications that affect bone, did not show the
deteriorated trabeculae that were evident in women with
SCI, nor did they show differences in distal femur and
proximal tibia trabeculae compared to a premenopausal
group. We conclude that the effect of unloading on bone
architecture is greater than that of estrogen loss in
middle-aged women.
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Introduction

Estrogen and loading are conceivably the most critical
determinants of bone health. Menopause causes women
to experience estrogen withdrawal while a complete
spinal cord injury (SCI) results in the most extreme form
of unloading where people are immediately and per-
manently paralyzed below their level of injury. Declines
in skeletal structure for postmenopausal women are 1–
3% per year for cortical bone and 3–5% per year for
trabecular bone during the first 5 years or so after ces-
sation of menses [1]. Over the first 2 years following SCI,
bone mineral declines �20–25% in areas composed of
cortical bone such as the femoral shaft and �55% in
areas comprised mainly of trabecular bone such as the
proximal tibia [2]. Early work has also shown �33% less
trabecular bone volume in the iliac crest 6 months after
spinal cord injury [3]. The effect of unloading, estrogen
loss, and unloading plus estrogen loss has been investi-
gated in female animals [4,5,6,7,8], but data are lacking
in women.
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Osteoporosis is a disease characterized by low bone
mass and microarchitectural deterioration of bone tissue
[9]; however, most studies have primarily focused on
changes in bone mass alone. Studying microarchitectural
deterioration in postmenopausal women andwomenwith
SCI presents a rare opportunity to examine the influences
of estrogen loss and unloading. Postmenopausal women
with SCI also provide a unique circumstance to examine
the influence of both factors simultaneously. While areal
bone mineral density (aBMD) is the current gold stan-
dard measure of osteoporosis and the paramount pre-
dictor of fracture, it does not indicate structural changes.
Most notably, it does not indicate trabecular bone
architecture. Examining microarchitecture is important
because there is an overlap in BMD between those that
fracture and those that do not [10,11,12]. In addition, the
lost structures may not be re-established because lamellar
bone (i.e. trabeculae) only forms on existing bone, thus
the removal appears to be irreversible [13]. Furthermore,
advances in imaging technology now allow in vivo, non-
invasive assessment of trabecular bone through large
areas of bone in the knee, calcaneus, and radius via high
resolution magnetic resonance imaging (MRI).

Postmenopausal estrogen-free women and women
with SCI are two at-risk populations for fractures result-
ing from bone loss. Indeed, in women over 50 years of age,
there is a 20% prevalence of osteoporosis at the hip and a
34–50% prevalence of osteopenia [14], contributing to a
40% lifetime risk of fracture of the hip, radius or spine
[15]. Individuals with SCI have alarmingly high rates of
osteoporosis. Osteoporosis is observed in approximately
75% of patients with complete SCI [16, 17]. This is asso-
ciated with a 5- and 23-fold greater fracture rate in the leg
and femur, respectively, when compared to able-bodied
individuals [18]. Up to 35% of the SCI population will
experience a fracture in their lifetime [19,20]. These high
rates of fracture in SCI are similar to the rates reported for
postmenopausal women. Bone changes in postmeno-
pausal women and spinal cord injured women purport-
edly occur as a result of different factors, which suggest
that women with SCI who also experience menopause
may face more deteriorated bone than that observed after
menopause or SCI alone. Bone loss following unloading
occurs at areas below the level of injury for individuals
with SCI such as the femur and the tibia [2,21], sparing
regions such as the distal radius or spine that do not
experience altered loading [2,22]. In contrast, menopause
and/or aging show dramatic losses in vertebral [23,24] and
radial [25,26] skeletal mass and structure alongwith losses
in regions such as the proximal femur [27] and calcaneous
[23,28]. Therefore, although bone deterioration is ele-
vated in regions comprised largely of trabecular bone in
both populations, different skeletal sites are affected in
women ensuing SCI and after menopause.

The purpose of this study was to compare the effects
of SCI and/or menopause on trabecular bone around
the knee, the bone type particularly affected by estrogen
and loading. We postulated more diminished trabeculae
in women with SCI. In addition, we sought to determine

the effect of menopause on trabeculae in women with
SCI, postulating that trabeculae would be more deteri-
orated in postmenopausal compared to premenopausal
women with SCI. Lastly, we tested the purported rela-
tionship between skeletal muscle and trabeculae.

Materials and methods

Subjects

Five groups of women were recruited for this study:
ambulatory premenopausal (AMBPRE), ambulatory
postmenopausal (AMBPOST), SCI premenopausal
young (<30 years old; SCIPREY), SCI premenopausal
older (>35 years of age; SCIPREO), and SCI post-
menopausal (SCIPOST). The women with SCI were re-
cruited from the Shepherd Center outpatient database
and the ambulatory women were recruited through an
advertisement in a local newspaper in Athens, Ga., USA.
Attempts were made to match groups for height, weight,
and race. AMBPRE and SCIPREO were matched on age
and AMBPOST and SCIPOST were matched on age.

Exclusionary criteria included previous or current
fracture or hardware in both lower extremities, hetero-
topic ossification in both lower extremities, long-term
medication use known to affect bone (e.g. corticosteroids)
and disorders known to influence bone (e.g. hyperthy-
roidism). Additional inclusion criteria for postmeno-
pausal women included: 1) 5 years postmenopause;
menopause was defined according to the World Health
Organization (WHO): 12 months after the cessation of
normalmenstrual cycles [29]; 2) use ofmedications known
to effect bone (estrogen replacement, hormone replace-
ment, bisphosphonates, soy supplements, or estrovan) in
the previous 5 years; 3) osteopenia or osteoporosis at one
or more site (spine, femoral neck, trochanteric, total hip,
or total body). We recruited individuals that were not
involved in heavy loading activities such as weight train-
ing programs. Additional inclusion criteria for women
with SCI were a complete SCI (American Spinal Cord
Injury Association rating of A) and ‡2 years post-injury.
Women were also asked about fracture history, anatom-
ical location and date of fracture, and were eligible for
participation as long as they had not sustained fractures in
both lower extremities. The extremity that did not expe-
rience a fracturewas imaged.Weattempted to recruit only
non-smoking women.

This study was approved by the Institutional Review
Boards at the University of Georgia and Shepherd
Center. All participants provided written informed
consent prior to enrollment in the study.

Microarchitecture of trabecular bone

Trabecular bone of the distal femur and proximal tibia
was assessed using high resolution MRI as done previ-
ously [21,30]. Images were acquired on a GE Signa 1.5 T
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magnetic resonance imager. A 3D fast gradient-echo se-
quence (TE/TR=4.5/30 ms; 40� flip angle) was used to
obtain the high resolution images (10 cm FOV), with a
spatial reconstructed resolution of 195·195·1000 lm.
A bilateral phased array coil (USA Instruments) was used
to collect 60 contiguous 1 mm slices in the axial plane,
starting with the distal end of the femur, and another
block of 60 starting with the proximal end of the tibia.
A 3-D low-pass filter was applied to correct for hetero-
geneous signal across the phased array surface coil. Ima-
ges were categorized into bone and non-bone (marrow)
using a dual phase limit threshold. Some voxels contained
bone and non-bone. This was accounted for by partial
volume correction [31]. Regions of interests were manu-
ally identified and a set of parallel lines rotated by 5�
through the slice to determine mean intercept length.
Parameters measured were apparent trabecular bone
volume to total volume (app.BV/TV) and apparent tra-
becular thickness (app.Tb.Th, mm), fromwhich apparent
trabecular number (app.Tb.N, mm)1) and separation
(app.Tb.Sp, mm) were derived [32,33]. These procedures
are both valid [32], reliable [34,35] and discriminate be-
tween those that do and do not fracture [31].

Muscle morphology

MRI was used to examine skeletal muscle morphology
of the thigh as previously described [36]. Briefly, T1
weighted MR images were taken of one thigh with a
1.5 T magnet using the whole-body coil (TR/TE 500/
14 ms, FOV (20–24 cm, 256·256 matrix). Transaxial
images, 1 cm thick and 0.5 cm apart, were taken from
the knee joint to the hip joint. Skeletal muscle cross
sectional area at the level of the middle third of the
femur was determined. Images were analyzed on spe-
cifically designed software (X-Vessel, East Lansing,
Mich., USA). Images were segmented into fat (high
intensity), muscle (mid-intensity) and bone (low inten-
sity). A preliminary segmentation of each two-dimen-
sional slice into fat and non-fat regions was obtained by
simplex optimization of the correlation between a Sobel
gradient image computed from the original image and
the corresponding gradient images computed from sin-
gle-threshold fat-segmented images. The first-pass seg-
mentation corrected for inhomogeneous signal intensity
across the image. The image was then re-segmented into
three intensity components using a fuzzy c-mean clus-
tering algorithm. To determine thigh skeletal muscle
cross sectional area (CSA), manual selection of a pixel of
skeletal muscle was done. This highlighted and provided
a total number of skeletal muscle pixels (without fat or
bone) in the region of interest. Quadriceps femoris CSA
was determined by manually tracing the area in each
slice and creating a histogram of pixels across signal
intensity. Pixels with mid-range signal intensity values
(between 80 and 387) defined skeletal muscle. After
obtaining the number of pixels in the region of interest
corresponding to muscle, muscle CSA was calculated by

correcting for field of view (FOV=20–24 cm) and total
pixel number; number of muscle pixels·(FOV2/total
pixel number). Average muscle CSA is reported for the
mid-third region of the thigh and quadriceps femoris.
The mid-third region was determined by measuring fe-
mur length from coronal scout images. Images were
analyzed by a single investigator and test–retest reli-
ability was excellent (r=0.998).

Areal bone mineral density

Dual energy X-ray absorptiometry (DXA; Delphi A,
Hologic, Inc., Bedford Mass., USA) was used to deter-
mine areal bone mineral density (aBMD) of the whole
body, hip (total, neck, trochanteric, and total regions),
and spine (L1–L4) in ambulatory postmenopausal wo-
men. T-scores are reported along with levels of aBMD.
A calibration step wedge, consisting of thermoplastic re-
sin (68% fat) and thermoplastic resin-aluminum steps
(�10% fat) calibrated against stearic acid (100% fat) and
water (8.6% fat; Hologic, Inc.) was scanned prior to
testing to calibrate fatmass and fat-free soft tissuemass.A
lumbar spine phantom consisting of calcium hydroxyap-
atite embedded in a cube of thermoplastic resin (model
DPA/QDR-1); Hologic x-caliber anthropometric spine
phantom was scanned daily to ensure mineral accuracy.

Statistical analysis

Two-way analysis of variance (ambulatory versus meno-
pause status) was used to detect differences in age, height
and weight (SPSS version 11). One-way ANOVA was
used to compare time since menopause and duration of
spinal cord injury. Two-way ANOVA was used to test
differences in app.BV/TV, app.Tb.N, app.Tb.Sp and
app.Tb.Th. Simple contrasts were performed using the
Bonferroni correction when necessary. Pearson’s r cor-
relation analysis was used to evaluate the relation between
thigh or quadriceps skeletal muscle and measures of tra-
becular bone microarchitecture as well as to examine the
relationship between time since injury and trabecular
parameters. Significance was set at P<0.05. Effect size
using Cohen’s d (d) was calculated when differences ap-
proached significance. Small, medium, and large effects
are 0.20, 0.50, and 0.80, respectively. All descriptive and
outcome measures are reported as mean±SD.

Results

Subjects

Nineteen women with SCI, five SCIPREY, eight SCIP-
REO and six SCIPOST, met the study criteria. Height,
body weight and time since injury were not different
between the SCI groups (Table 1). Three of the women
with SCI were current smokers (one in each group). Two
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women in each SCI group were African American; all
others were Caucasian. Seven women (one SCIPREO,
four SCIPOST, and two SCIPREY) had experienced a
fracture to the lower extremity since the accident that
caused the spinal cord injury (three distal femur, two
proximal tibia, one each of proximal femur and femoral
shaft). Most subjects fractured within 8 years following
injury (n=6, range 2–8 years), except for one subject
who fractured 27 years after SCI.

Seventy-eight premenopausal and 27 postmeno-
pausal women responded to the advertisement. Eight
premenopausal women were selected to participate who
best represented the SCIPREO group. Postmenopausal
women were excluded because of chronic illness or
medication use (n=5), length of time post-menopause
(n=4) or did not want to be in the study due to claus-
trophobia (n=5). Thirteen postmenopausal women
underwent DXA scans and nine had one or more sites
that were osteopenic or osteoporotic. On average, the
postmenopausal ambulatory women were in the oste-
openic range for trochanteric (t=)1.30±0.72), total hip
(t=)1.22±0.67), lumbar spine (t=)1.86±1.19), and
total body (t=)1.28±1.02) aBMD. The AMBPOST
group comprised these nine subjects.

Height and body weight was not different between
the two ambulatory groups (Table 1). No women in the
ambulatory groups were current smokers. Two women
were African American in the postmenopausal group
and one in the premenopausal group; all others were
Caucasian.

The AMBPRE and SCIPREO groups were not dif-
ferent in age. The AMBPOST and SCIPOST were also
not different in age or years post-menopause. Further-
more, there were no differences in height or body weight
in the women with SCI versus the ambulatory women.

Bone microarchitecture

Five ambulatorywomen and fivewomenwith SCI did not
complete the high-resolution scan of the femur due to
motion artifact. Representative images of the distal femur
of subjects who completed testing satisfactorily are
demonstrated in Fig. 1a–e. All of the apparent bone
parameters of the distal femur suggested diminished
architecture in the SCI groups compared to the ambula-
tory groups. Women with SCI had 30.9% lower appBV/
TV [0.212±0.043 versus 0.307±0.029; F(1,26)=30.7,
P<0.001], 26.5% fewer trabeculae [appTb.N=
1.021±0.169 mm)1 versus 1.390± 0.089 mm)1;
F(1,26)=37.9, P<0.001], trabeculae that were 61.7%
further apart [appTb.Sp= 0.815± 0.168 mm versus
0.504±0.060 mm; F(1,26)= 30.9, P<0.001] and 6.8%
thinner [appTb.Th = 0.206±0.013 mm versus 0.221±
0.009 mm; F(1,26)= 4.8, P=0.039] in the distal femur
compared to the ambulatory group (Fig. 2a–d). There
were no significant differences in any measure of trabec-
ular bone microarchitecture among the three groups of
spinal cord injured women. In addition, there was noT
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interaction or main effect of menopause for any femoral
trabecular parameter. In other words, measures of
trabecular bone microarchitecture were not different in
the postmenopausal versus the premenopausal women.

All subjects completed the high-resolution proximal
tibia scans satisfactorily. Representative images are
demonstrated in Fig. 3a–e. Results from the proximal
tibia are similar to the distal femur. Ambulatory status
had a significant effect on trabecular bone microarchi-
tecture (Fig. 4 a–d). The spinal cord injured groups
had 22.3% less app.BV/TV [0.202±0.044 versus
0.260±0.024; F(1,35)=21.4, P<0.001], 18.5% less
app.Tb.N [1.016±0.170 mm)1 versus 1.244±
0.134 mm)1; F(1,35)=22.5, P=0.001] and 5.8% less
app.Tb.Th [0.196±0.123 mm versus 0.208±0.006 mm;
F(1,35)=8.1, P=0.008] compared to the ambulatory
groups. There was a significant interaction for app.Tb.Sp
(P=0.042), thus simple effects were examined. Analyses
showed a simple effect of ambulatory status with greater
spacing in SCI groups compared to ambulatory groups
(26%, 60% and 41% for SCIPREO, SCIPOST and
SCIPREY, respectively; P £ 0.031). There was also a
trend for a simple effect of menopause in SCI
women (P=0.059). SCIPOST had 33.6% greater
app.Tb.Sp in the tibia compared to SCIPREO (P=0.020,
d=1.45). For SCI groups, there were no significant
relationships between number of years injured and

trabecular parameters for both sites (r2 £ 0.073–0.109,
P‡0.330).

Muscle CSA

Muscle cross-sectional area of the thigh and quadriceps
was �55% lower for SCI groups compared to the
ambulatory groups (thigh ambulatory=93±20.3 cm2,
SCI=41±18.3 cm2, P=0.001; quadriceps ambula-
tory=46±9.6 cm2, SCI=19±8.6 cm2). Skeletal muscle
CSA of the thigh was not statistically different between
pre- and postmenopausal women (101.1±16.95 cm2

versus 86.4±21.56 cm2, P=0.182), but the effect size was
moderate to large (Cohen’s d=0.78). Trabecular bone
parameters were correlated to skeletal muscle CSA in the
thigh for SCI groups; femur (n=14), r2=0.481, 0.408,
0.405 for app.BV/TV, Tb.N and Tb.Sp; tibia (n=19),
r2=0.384, 0.325 and 0.282 for app.BV/TV app.Tb.N, and
app.Tb.Sp, respectively, P<0.05). Similar relationships
were found in the ambulatory groups; femur (n=10)
r2=0.427 and 0.405 for app.Tb.N and appTb.Sp, tibia
(n=15) r2=0.424, 0.383, and 0.377 for app.BV/TV, Tb.N
and Tb.Sp, P<0.05). In the ambulatory women, the re-
lationship between age and muscle CSA was not sig-
nificant (P=0.523).

Discussion

The primary finding was that unloaded bone in women
with SCI had more deteriorated ultrastructure than bone
in postmenopausal estrogen-free women. Findings of
large deterioration in women with SCI are similar to

Fig. 1 Representative high resolution magnetic resonance axial
images of the distal femur for a AMBPRE (premenopausal
ambulatory), b AMBPOST (postmenopausal ambulatory), c
SCIPREO (premenopausal SCI >35 years old), d SCIPOST
(postmenopausal spinal cord injured) and e SCIPREY (premeno-
pausal SCI <30 years old). Black is bone and white is marrow or
fat
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findings in men with SCI compared to ambulatory men
(femur=26% less app.BV/TV, 21% less app.Tb.N, 7%
less app.Tb.Th, 43% more app.Tb.Sp; tibia=19% less
app.Tb.N, 18% less app.BV/TV, 32% more app.Tb.Sp
[21]. Hence, unloading following SCI substantially
diminishes bone architecture around the knee in both
men and women. These findings confirm similar findings
in animals. Gender differences in deteriorated trabeculae
of the tibia were not reported following hind-limb
unloading in male and female rats [37]. The reduced
microarchitecture in SCI in addition to a reduction in
bone mass coincides with the high rate of fracture in this
population compared to ambulatory individuals [18].
Among the women with SCI, one-third had fractures to
the thigh and leg since the initial injury. This is in
accordance with other reports of fracture incidence
(29% and 33%) [19,20]. All three groups of women with
SCI had deteriorated trabeculae. This is notable con-
sidering the variability in chronological age (22–62
years) and time since injury (2–33 years). These findings

in conjunction with the lack of relationship between time
since injury and trabeculae also show that the influence
of unloading on bone architecture occurred independent
of chronological age and number of years injured. In
other words, bone was not more deteriorated for women
that had been injured for a greater number of years or
who were older. Previous longitudinal studies have
shown that changes in bone mineral content occur 2
years following injury, reaching a steady state thereafter
[2]. The lack of correlation from the present study sug-
gests that the deterioration of trabeculae probably oc-
curs early after unloading.

The central purpose of this investigation was to
compare the effects of menopause versus SCI on tra-
becular bone of the knee. Clearly, unloading resulted in
substantial microarchitectural deterioration compared
to estrogen loss, which showed no differences compared
to premenopausal ambulatory women. Although the
women in the postmenopausal ambulatory group were
young, 50–63 years old, women were approximately 8
years into estrogen withdrawal, a time during which the
most rapid changes in trabecular bone have been re-
ported [25,38]. Deteriorated calcaneus trabeculae have
been reported in postmenopausal women [34]. Apparent
trabecular bone volume was 16% less, thickness 11%
less and spacing 17.5% greater for a postmenopausal
group compared to a group of premenopausal women.
However, the age difference between the groups was 26.5
years and therefore age and estrogen effects indepen-

Fig. 2 Comparison of trabecular parameters of the distal femur. a
Apparent trabecular bone volume relative to total bone volume
(App.BV/TV), b apparent trabecular number (App.Tb.N), c
apparent trabecular spacing (App.Tb.Sp), d Apparent trabecular
thickness (App.Tb.Th). AMBPRE premenopausal ambulatory;
AMBPOST postmenopausal ambulatory; SCIPREO premenopau-
sal spinal cord injured >35 years old; SCIPOST postmenopausal
spinal cord injured; SCIPREY premenopausal <30 years old.
*P=0.001, SCI<ambulatory for a, b, d; SCI>ambulatory for c.
Values are mean±SD
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dently cannot be discerned. The age difference in our
ambulatory pre- and postmenopausal groups was 12
years, thus minimizing the effect of age on bone.

Comparative investigations into the aforementioned
determinants of bone health have been examined using
rat models of osteoporosis. The trabecular bone was
deteriorated in tibial structures of young ovariectomized
rats (estrogen free) and rats with sciatic neurectomy
(unloaded) compared to sham controls [6]. These data
also suggest that estrogen has stronger effects on the
trabecular structural parameters compared to unload-
ing. Unloading and ovariectomy have also been shown
to result in similar losses in distal femur and proximal
tibia trabeculae (relative bone volume, trabecular num-
ber, spacing, and thickness) compared to control con-
ditions, suggesting that absence of load and estrogen
have similar effects on bone architecture [4,8]. Women in
the present study clearly had more deteriorated trabec-
ulae after SCI than after menopause. Thus the effects of
estrogen loss on trabeculae in lower mammals appear to
be more pronounced than in humans. These data also
show significantly greater spacing in SCIPOST com-
pared to SCIPREO. This is an interesting finding which
shows an interaction between menopause and SCI,
suggesting that lack of estrogen in the unloaded state has
greater effects than each parameter alone as previously
reported in rats [4,8].

Postmenopausal women had levels of aBMD associ-
ated with osteopenia or osteoporosis at one or more

sites. This is in agreement with declines in BMD fol-
lowing menopause [25,39,40], although smaller and
variable loss have been documented [26,41,42]. An
unexpected finding was the lack of difference in trabec-
ular bone for the post- compared to premenopausal
ambulatory women. Even within the knee region, there
are reported differences in aBMD (9.8% lower) in pre-
and postmenopausal groups with mean ages similar to
the current study (pre=47.4 years, post=59.4) implying
a loss of bone mineral density at the knee with meno-
pause, thus either altered cortical bone or trabecular
bone in the knee [43]. While other anatomical regions
(hip, for example) experience greater bone mass loss
(versus knee) following menopause [43], in vivo high
resolution images can only be obtained from limited
sites at the present time, the calcaneous, radius and
about the knee. The knee was examined in this study
because of the high prevalence of fracture incidence
observed in this region for persons with SCI [44,45].

How can we explain the lack of differences in bone
architecture between the pre- and postmenopausal
groups in this study? Changes in aBMD may not reflect
structural changes in trabeculae. The postmenopausal
ambulatory women showed levels of aBMD associated
with osteopenia and osteoporosis for the total hip, tro-
chanteric, lumbar and total body regions as defined by
the WHO [1]. Of the sites that were measured with
DXA, the lumbar spine has the highest trabecular
composition (66% trabecular), which was shown to be
osteopenic for AMBPOST, while we did not show dif-
ferences in trabeculae of the knee. Results have been
conflicting as to whether trabecular measures correlate
well with aBMD [21,33,34,46]. Correlations between
structural measures of the distal radius and radial
aBMD were poor (r=0.42 for app.Tb.N and )0.42 for

Fig. 3 Representative high resolution magnetic resonance axial
images of the proximal tibia for a AMBPRE (premenopausal
ambulatory), b AMBPOST (postmenopausal ambulatory), c
SCIPREO (premenopausal SCI >35 years old), d SCIPOST
(postmenopausal spinal cord injured) and e SCIPREY (premeno-
pausal SCI <30 years old)
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app.Tb.Sp, no significant relation to app.Tb. BV/TV)
and there was no relation between any distal radius
structural and proximal femur aBMD measures [33] or
trabecular measures of the calcaneous and aBMD in the
femur [46]. However, the same laboratory showed
stronger correlations (r=0.60–0.72) between calcaneous
BMD and calcaneal app. BV/TV and others have shown
significant correlations between proximal femur aBMD
and trabecular parameters in the tibia in men with and
without SCI (r=0.62 for appBV/TV, 0.78 for appTb.N
and )0.82 for appTb.Sp) [21,34]. These latter studies
evaluated aBMD and trabeculae in the same bone re-
gions and also examined bone regions, calcaneous and
proximal tibia, which are largely comprised of trabecu-
lar bone. Variability in specific changes in cortical and
trabecular bone may have contributed to our findings
that trabeculae were not different between ambulatory
groups. Some early postmenopausal women show de-
creased trabecular thickness, some lose trabecular bone
volume and number in the distal radius, while others
lose cortical thickness independently without losses in
trabeculae or fail to show any declines [47]. The effects
of estrogen on trabecular bone appear to be complex

with other, perhaps unidentified, factors substantially
influencing skeletal integrity.

This study comprised small groups, which suggests the
study may have been underpowered to detect differences
in trabecular bone between pre- and postmenopausal
women. In addition, all ambulatory women did not have
femur images; 12 of 17 women had distal femur images.
Based on the studies by Ahlborg et al. and Ouyang et al.,
and theWHOTechnical Report Series, we estimated that
postmenopausal women would have 15% less trabecular
bone than premenopausal women or 3% loss per year
[1,25,28] To detect such a difference, a sample of eight
subjects was required (b=0.80). However, the average
difference in trabecular bonewas less than 1%, suggesting
rather that trabecular bone in the tibia is not different
between the post- versus premenopausal women.

Finally, it is also plausible that estrogen loss without a
concomitant reduction of loading or physical activity did
not alter bone microstructure in the loaded plane. While
the axial plane is ideal to measure changes in architecture
in groups with altered loading, the influence of meno-
pause on trabeculae may be more apparent in the hori-
zontal direction that could be measured in the coronal
plane. Some evidence suggests that early losses of tra-
becular bone are reflected as a greater relative loss of
horizontal trabeculae, compared to load bearing or ver-
tical trabeculae [48,49]. Furthermore, it has been shown
that load bearing trabeculae may increase in thickness to
account for lost horizontal structures [50,51,52]. Among
the four measures of apparent trabecular measures pre-

Fig. 4 Comparison of trabecular parameters of the proximal tibia.
a Apparent trabecular bone volume relative to total bone volume
(App.BV/TV), b apparent trabecular number (App.Tb.N), c appar-
ent trabecular spacing (App.Tb.Sp), d apparent trabecular thick-
ness (App.Tb.Th). *P £ 0.001, SCI<ambulatory for a, b, d;
SCI>ambulatory for c. **P=0.020, SCIPOST>SCIPREY. Val-
ues are mean±SD

270



sented in this study, trabecular thickness is the least
accurate due to the small size of trabeculae walls (78–
200 lm) compared to pixel size (195·195 lm) and slice
thickness (1000 lm) used in high resolution MR scan-
ning. This is noted as a limitation with the current
technology [53].

These data also show moderate correlations between
trabecular bone and skeletal muscle size for both ambu-
latory and SCI women. aBMD has been reported to be
related to muscle mass in able-bodied individuals, with
40–60% of the variance in bone explained by skeletal
muscle mass [54]. These correlations suggest that
increasing skeletal muscle size may have a positive influ-
ence on trabeculae. Evoking muscle hypertrophy of the
thighmay increase wall thickness and number in the distal
femur and proximal tibia. According to the mechano-
transduction theory of bone cell activation, a force or
bending of the bone plays a critical role in bone formation
[55,56], supporting resistance training as an avenue for
bone formation. However, in regions where mineralized
walls and osteocytes have been lost and connectivity de-
creased, the bending force may not be realized and thus
mechanical stimuli may fail to activate bone growth. In
contrast, limited data have shown increases in trabeculae
following mechanical interventions. Trabecular bone
volume, thickness and number were increased following
low strain, high frequency stimulation in sheep [57] and
following re-ambulation in tail suspended rats [58], while
trabecular bone density was increased following loading
exercises in women [59]. Although limited data support
recovering lost trabeculae, the relationship between
muscle and microarchitecture is encouraging for loading
interventions optimized for hypertrophy.

In summary, trabecular bone integrity about the knee
was deteriorated in SCI women between the ages of 22–63
compared to ambulatory women; hence unloading had
negative effects on trabeculae. These are the first data in
women that clearly suggest unloading has larger effects on
trabecular architecture of the knee compared to estrogen
withdrawal associated with menopause. Additionally,
postmenopausal women with SCI had the most deterio-
rated trabeculae indicating an interaction between these
primary bone determinants. Although menopause pur-
portedly decreases trabecular bone integrity, no differ-
ences were found regarding menopause in ambulatory
women. The lack of differences in trabeculae between the
ambulatory groups encourages further investigations into
trabecular deterioration due to estrogen loss, explicitly at
other skeletal sites. Because loss of trabeculae is evident in
individuals with SCI where fracture incidence is high and
it is unknown whether lost trabeculae can be re-estab-
lished in humans, studies should be undertaken to reverse
bone loss in this population.
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