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ABSTRACT: Osteoporosis is a major public health problem in men. Hypogonadal men have decreased BMD
and deteriorated trabecular bone architecture compared with eugonadal men. Testosterone treatment im-
proves their BMD and trabecular structure. We tested the hypothesis that testosterone replacement in hy-
pogonadal men would also improve their bone’s mechanical properties. Ten untreated severely hypogonadal
and 10 eugonadal men were selected. The hypogonadal men were treated with a testosterone gel for 24 mo
to maintain their serum testosterone concentrations within the normal range. Each subject was assessed before
and after 6, 12, and 24 mo of testosterone treatment by �MRI of the distal tibia. A subvolume of each �MR
image was converted to a microfinite element (�FE) model, and six analyses were performed, representing
three compression and three shear tests. The anisotropic stiffness tensor was calculated, from which the
orthotropic elastic material constants were derived. Changes in microarchitecture were also quantified using
newly developed individual trabeculae segmentation (ITS)-based and standard morphological analyses. The
accuracy of these techniques was examined with simulated �MR images. Significant differences in four
estimated anisotropic elastic material constants and most morphological parameters were detected between
the eugonadal and hypogonadal men. No significant change in estimated elastic moduli and morphological
parameters was detected in the eugonadal group over 24 mo. After 24 mo of treatment, significant increases
in estimated elastic moduli E22 (9.0%), E33 (5.1%), G23 (7.2%), and G12 (9.4%) of hypogonadal men were
detected. These increases were accompanied by significant increases in trabecular plate thickness. These
results suggest that 24 mo of testosterone treatment of hypogonadal men improves estimated elastic moduli
of tibial trabecular bone by increased trabecular plate thickness.
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INTRODUCTION

OSTEOPOROSIS, A DISEASE characterized by low bone
mass and deterioration of trabecular microarchitec-

ture leading to increased bone fragility, is a significant pub-
lic health problem. More than 1.5 million fractures occur
each year in the United States alone. The estimated annual
cost of medical and nursing services related to hip fractures
alone is more than $17 billion and is expected to increase
exponentially with the aging of the population.(1,2) Al-
though it is not typically seen to be as serious a problem as
for women, osteoporosis in men is now also recognized as
an increasingly important public health issue. Thirty per-
cent of hip fractures occur in men and the mortality rate is

twice that of women.(3) It is estimated that >2 million men
in the United States have osteoporosis, whereas the lifetime
risk of osteoporotic fractures in men has been estimated to
be 13–25%.(4,5) Among men evaluated for osteoporosis,
5–30% have no apparent cause other than hypogonadism.
Severely hypogonadal men have lower BMD than eugo-
nadal men; testosterone replacement of severely hypogo-
nadal men increases their BMD.(4–7)

Currently, DXA is being used widely to measure BMD
and predict fracture risk. However, reliable prediction of
fractures has been hampered by the significant overlap in
BMD between individuals with and without osteoporotic
fractures. Over the past decade, it has been recognized that
factors of bone quality other than bone mass, such as mi-
crostructure and bone tissue composition, also contribute to
fracture risk.(8,9) To accurately assess the individual risk of
osteoporotic fractures and evaluate the progression of os-
teoporosis and the efficacy of its treatment, noninvasive
tools are necessary to assess bone quality beyond bone
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mass. �CT and �MRI are high-resolution imaging modali-
ties that are now increasingly used for quantifying micro-
structural changes in trabecular bone architecture.(10–15)

�MRI of trabecular bone actually images the bone marrow
compartment instead of bone, whereas �CT measures X-
ray attenuations of bone mineral. One of the advantages of
�MRI is its noninvasive property. Recently, �CT with low
X-ray dose for peripheral sites has also been developed and
applied to patient studies.(16) However, �MRI has the ad-
vantage that no ionizing radiation exposure is involved
when imaging patients.

In assessing microstructural deterioration in trabecular
bone caused by hypogonadism in men, �MRI had previ-
ously been applied to characterize distal tibial trabecular
bone microarchitecture in hypogonadal and eugonadal
men.(14) This work showed that the tibial trabecular bone of
hypogonadal men differs from that of age- and race-
matched eugonadal men in the topology of the network by
having a significantly lower surface-to-curve ratio and a sig-
nificantly higher erosion index. These results suggested that
the bone loss in hypogonadal men is caused by a conversion
of plate-like to rod-like trabeculae. However, no statisti-
cally significant difference in either spinal or hip BMD by
DXA was found, supporting the importance of detecting
subtle microarchitectural changes in osteoporosis early. A
24-mo hormone replacement treatment study of the same
hypogonadal men indicated a significant increase in the sur-
face-to-curve ratio and a reduction in the erosion index of
tibial trabecular bone based on �MRI, as well as indepen-
dent but significantly increased BMD at the hip and spine
measured by DXA.(15) This study indicated that �MRI of
distal tibial trabecular bone could be valuable for monitor-
ing the efficacy of osteoporosis treatment. However, it is
still not clear whether there was any deterioration in me-
chanical properties of tibial trabecular bone in hypogonadal
patients and whether the mechanical properties of tibial
trabecular bone were improved on treatment.

Taking advantage of high-resolution in vivo images of
trabecular bone, the image-based finite element (FE)
analysis technique allows calculation of mechanical proper-
ties of human trabecular bone in patients with osteoporosis
to assess the progression of osteoporosis and the efficacy of
treatment.(17–22) Recently, �MRI and image-based FE
analysis of calcaneal trabecular bone from postmenopausal
women, who had undergone treatment with either placebo,
5 mg, or 10 mg idoxifene for 12 mo, has shown significant
changes in estimated elastic moduli despite undetectable
changes in either BMD or bone volume fraction (BV/
TV).(20) These data suggest that significant changes in es-
timated elastic moduli of trabecular bone may precede any
measurable changes in BMD. Although FE analysis based
on the high-resolution �CT image of trabecular bone has
been validated by comparison with experimental measure-
ments of elastic and yield properties,(23–27) only a few stud-
ies have addressed the accuracy of �MR image-based FE
analysis.(18) Therefore, an evaluation of the accuracy of the
estimated elastic moduli would be desirable. It is important
to note that mechanical properties of trabecular bone can-

not be measured noninvasively in patients but can only be
estimated on the basis of high-resolution image based me-
chanical modeling.

With advances in high-resolution �CT imaging for tra-
becular bone, 3D model-independent morphological tech-
niques have been developed during the past 10 yr, allowing
quantification of model-independent trabecular thickness
(Tb.Th*), trabecular spacing (Tb.Sp*), trabecular number
(Tb.N*), and structure model index (SMI).(13,28,29) These
standard 3D morphological analysis techniques have rarely
been applied to either ex vivo or in vivo �MR images. In
addition, the existing morphological analysis techniques
could not explicitly segment individual trabecular plates
and rods. Therefore, the exact and detailed process of
pathological deterioration in osteoporosis and restoration
during treatment is not completely clear. Recently, indi-
vidual trabeculae segmentation (ITS)-based morphological
analysis has been developed.(30–32) It may be valuable to
use this new morphological analysis to determine underly-
ing architectural changes in tibial trabecular bone of hypo-
gonadal men in response to hormone replacement treat-
ment.

In this study, the image-based FE method(17) was used to
assess changes in the estimated elastic moduli of trabecular
bone in the distal tibia on the basis of in vivo �MRI data in
hypogonadal and eugonadal males published previ-
ously.(14,15) The first aim of this study was to evaluate pos-
sible differences in mechanical properties between hypogo-
nadal and eugonadal subjects at baseline (0 mo) and to
determine whether testosterone replacement of these se-
verely hypogonadal men during a 24-mo period improved
the mechanical properties of trabecular bone. The second
aim was to assess the morphological changes of trabecular
bone in the eugonadal and hypogonadal men using both
standard and newly developed ITS-based morphological
analyses.(30,32) Last, the validity of FE, ITS-based, and stan-
dard morphological analysis techniques was evaluated with
the aid of high-resolution �CT images, which were
downsampled to in vivo resolution to mimic those obtain-
able by �MRI (Appendix 1).

MATERIALS AND METHODS

The �MR images subjected to FE analysis were taken
from two previously published studies(14,15) and had been
approved by the Institutional Review Boards at the Uni-
versity of Pennsylvania and the Children’s Hospital of
Philadelphia, and each subject gave written informed con-
sent before entry.(14,15) Details of patient characteristics
and procedures are given elsewhere.(14,15) In brief, 10 un-
treated hypogonadal men who had secondary hypogonad-
ism with an estimated duration of >2 yr and had received no
testosterone treatment for at least 4 yr before enrollment
were compared with 10 eugonadal men who were of similar
age and were matched for race. All 10 eugonadal men had
a serum testosterone concentration within the normal range
and a normal BMD of the spine for age. Testosterone treat-
ment was provided to the hypogonadal men to maintain
serum testosterone concentration within the normal range
(400–900 ng/dl) throughout the 24 mo. Eugonadal men did
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not receive any treatment but had a second determination
of serum testosterone concentration at 24 mo.

Subjects were evaluated by �MRI at 0, 6, 12, and 24 mo,
yielding images from the right tibial metaphysis.(15) The
acquisition voxel size was 137 × 137 × 410 �m. Subse-
quently, the raw images were converted to bone volume
fraction maps in which the gray value represents the frac-
tional content of bone and subvoxel-processed to enhance
apparent resolution (69 × 69 × 103 �m). The resulting reso-
lution-enhanced images were binarized using custom-
designed programs.(33) Images from each subject at 6, 12,
and 24 mo were registered to the baseline images (Fig. 1).
Cylindrical subvolumes (7.54 mm in diameter and 5.15 mm
in length) of the images at each time point for each subject
were first matched for architectural features and then ex-
tracted from the binarized images to ensure that the same
volume was analyzed. A parallelepiped-shaped volume of
interest (VOI) of 75 × 75 × 50 voxels, corresponding to 5.18
× 5.18 × 5.15 mm, was isolated from the center of each
cylindrical subvolume along the image coordinate system
(Fig. 1). Single isolated voxels or a group of connected vox-
els not connected to the remainder of the trabecular bone
microstructure were removed using principal component

analysis because they do not contribute mechanically and
may cause convergence problems in computations. Finally,
the VOIs were subjected to the following mechanical and
morphological analyses.

VOI images were processed to construct �FE models by
converting the image voxels representing bone to eight-
node brick elements. The bone tissue material properties
were chosen as isotropic, linearly elastic with a Young’s
modulus of 15 GPa, and a Poisson’s ratio of 0.3 for all
models. Using an element-by-element preconditioned con-
jugate gradient solver, six analyses were performed for each
image, representing three uniaxial compression tests and
three uniaxial shear tests.(17,34) The anisotropic stiffness
tensor of each VOI was calculated in the original image
coordinate system (X1, X2, and X3). Subsequently, the best-
fit orthotropic stiffness matrix and the principal directions
of the stiffness matrix were calculated by minimizing off-
diagonal terms, and the compliance matrix was transformed
to the new principal coordinate system (x1, x2, and x3; Fig.
1,(17) whereas x3 was always in the longitudinal direction of
the tibia). Based on the compliance matrix, estimated elas-
tic material constants (three Young’s moduli, E11, E22, E33,
and three shear moduli, G23, G31, G12) were calculated. The
estimated elastic material constants were sorted such that
E11 represented the smallest modulus and E33 the largest
(E33 > E22 > E11).

ITS-based morphological analysis was performed.(32)

Digital topological analysis (DTA)(35–40) combined with a
volumetric reconstruction was used to segment trabecular
bone microstructure into individual trabecular plates and
rods.(30,32) A series of ITS-based morphological parameters
of trabecular bone microstructure were calculated,(32) in-
cluding plate bone volume fraction (pBV/TV), rod bone
volume fraction (rBV/TV), trabecular plate and rod num-
ber density (pTb.N and rTb.N, 1/mm), mean trabecular
plate thickness (pTb.Th, mm), mean trabecular rod thick-
ness (rTb.Th, mm), mean trabecular plate surface area
(pTb.S, mm2), and mean trabecular rod length (rTb.�, mm).

Standard model-independent morphological analyses
were also performed using a commercial software package
(SCANCO Medical, Bassersdorf, Switzerland). These in-
cluded bone volume fraction (BV/TV), surface-to-volume
ratio (BS/BV), mean trabecular number (Tb.N*, 1/mm),
mean trabecular thickness (Tb.Th*, mm), mean trabecular
separation (Tb.Sp*, mm), and connectivity density (Conn.D,
1/mm3). The geometrical degree of anisotropy (DA) and
structure model index (SMI) were also calculated. The SMI
is a parameter expressing the plate-likeness of the structure,
with 0 for an ideal plate and 3 for an ideal rod structure.(29)

DA was defined as the ratio between the maximal and
minimal axes of the mean intercept length (MIL) ellipsoid.

Paired Student’s t-tests were performed to evaluate dif-
ferences between patient groups and to evaluate temporal
changes from the baseline to 6, 12, and 24 mo after treat-
ment, with p < 0.05 indicating statistical significance.

RESULTS

The estimated elastic moduli (E11, E33, G31, and G12) in
the hypogonadal men were found to be significantly lower

FIG. 1. Anatomic site for �MRI-based FE. (A) Sagittal localizer
image of the distal right tibia. The rectangle encompasses the area
from which the transaxial high-resolution image data in B were
collected. (B) The high-resolution cross-sectional image through
the tibia, perpendicular to the vertical axis of the image in A,
showing the trabecular architecture of the tibial metaphysis. The
circle marks the virtual bone biopsy core. The rectangular VOI
indicates the region for which �FE analysis was performed. X1,
X2, and X3 represent the image coordinate system (with X3 rep-
resenting the direction perpendicular to the display plane); x1, x2,
and x3 represent the new material principal coordinate system
calculated from FE analysis. (C) Cylindrical virtual bone biopsy
core with the cubic VOI in the center. (D) �FE mesh for the cubic
VOI.
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than those in the eugonadal controls (Table 1; Fig. 2A). In
the worst cases, the estimated elastic moduli E11 and G31

were only 77% and 74% of that of eugonadal men, respec-
tively. In the longitudinal assessments of estimated elastic
moduli, there was no change in any parameter in the eugo-
nadal group over 24 mo as expected (Fig. 2A). In contrast,
several estimated elastic moduli (E22, E33, G23, and G12)
increased after 24 mo of hormone replacement treatments,
but no changes were detected at earlier time points of treat-
ment (Fig. 2). It is noteworthy that the four estimated elas-
tic moduli (E22, E33, G23, and G12) within the hypogonadal
group that significantly increased were the moduli that had
relatively smaller differences compared with those of eugo-
nadal group before the treatment; no significant changes
were detected for the other two estimated moduli, E11 and
G31, although these two estimated moduli of the hypogo-
nadal group had an initial deficit of 23% or greater relative
to the eugonadal group (Fig. 2).

The ITS-based morphological analyses showed, in gen-
eral, that tibial trabecular bone in hypogonadal men had
significantly lower plate bone volume fraction (pBV/TV),
mean trabecular plate thickness (pTb.Th), mean trabecular
rod thickness (rTb.Th), and mean trabecular plate surface
area (pTb.S) but significantly higher trabecular rod number
(rTb.N) than those of eugonadal men at baseline (Table 2).
These differences except rTb.N persisted throughout the 24
mo. There was no change in any of the ITS-based morpho-
logical parameters in the eugonadal group over 24 mo. In
the hypogonadal group, however, a significant increase in
pBV/TV was observed at 24 mo, whereas transient but sig-
nificant decreases in rBV/TV and rTb.N were observed at
12 mo but not at 24 mo (Fig. 3). In addition, significant
increases in pTb.Th (beginning at 12 mo), rTb.Th (at 24
mo), and pTb.S (beginning at 6 mo) were noticed.

The standard morphological analyses, in general, showed
that tibial trabecular bone in hypogonadal men had signifi-
cantly lower bone volume fraction (BV/TV) and mean tra-
becular thickness (Tb.Th*) but significantly higher bone
surface to volume ratio (BS/BV), connectivity density
(Conn.D), and SMI than those of eugonadal men at base-

TABLE 1. ANISOTROPIC ELASTIC MODULI OF TIBIAL TRABECULAR BONE AT 0, 6, 12, AND 24 MO FOR EUGONADAL AND

HYPOGONADAL GROUPS

0 mo 6 mo 12 mo 24 mo

Eugonadal E11(GPa) 0.557 (0.091) 0.559 (0.099) 0.528 (0.100) 0.540 (0.104)
E22(GPa) 0.783 (0.113) 0.816 (0.106) 0.764 (0.108) 0.815 (0.109)
E33(GPa) 2.30 (0.21) 2.30 (0.26) 2.24 (0.24) 2.24 (0.28)
G23(GPa) 0.512 (0.049) 0.520 (0.049) 0.495 (0.055) 0.515 (0.061)
G31(GPa) 0.402 (0.059) 0.402 (0.067) 0.384 (0.061) 0.390 (0.068)
G12(GPa) 0.257 (0.035) 0.257 (0.040) 0.245 (0.040) 0.259 (0.040)

Hypogonadal E11(GPa) 0.428 (0.049)* 0.422 (0.044)* 0.411 (0.051)* 0.458 (0.040)*
E22(GPa) 0.783 (0.066) 0.802 (0.060) 0.798 (0.073) 0.851 (0.059)†

E33(GPa) 1.90 (0.13)* 1.93 (0.10)* 1.92 (0.13)* 2.00 (0.11)*†

G23(GPa) 0.466 (0.042) 0.476 (0.029)* 0.475 (0.034) 0.498 (0.031)†

G31(GPa) 0.298 (0.031)* 0.295 (0.026)* 0.288 (0.032)* 0.313 (0.026)*
G12(GPa) 0.199 (0.023)* 0.201 (0.022)* 0.197 (0.024)* 0.217 (0.022)*†

Values are mean (SE), in GPa.
* Significant differences (p < 0.05; paired Student’s t-test) between the eugonadal group and the hypogonadal group at the corresponding time point.
† Significant differences (p < 0.05; paired Student’s t-test) between 0 mo and the following time points.

FIG. 2. (A) Normalized elastic moduli of both hypogonadal and
eugonadal groups (normalized by the corresponding modulus in
the eugonadal group at baseline). (B) Relative changes in elastic
moduli of the hypogonadal group from baseline at 6, 12, and
24 mo of treatment. Values shown are means ± SE. #p < 0.05 and
*p < 0.01 indicate significant difference compared with the base-
line.
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line (Table 3). These differences also persisted throughout
the 24-mo period of treatment. It is notable that there was
no change in any of the morphological parameters in the
eugonadal group over 24 mo. In the hypogonadal group,
however, significant increases in BV/TV and Tb.Th* were
observed at 24 mo, whereas a transient but significant de-
crease in Conn.D was observed at 6 and 12 mo but not at 24
mo (Fig. 4). In addition, a significant decrease in BS/BV at
12 and 24 mo was noticed.

DISCUSSION

The results of this study showed significant differences
between eugonadal and hypogonadal men in four aniso-
tropic elastic moduli computed by �FE analysis on the basis
of in vivo �MR images of tibial trabecular bone. More
importantly, significant increases in estimated elastic
moduli E22, E33, G23, and G12 were found in hypogonadal

men after 24 mo of treatment. These results are the first
compelling demonstration of treatment effects of hormone
replacement on trabecular bone mechanical constants de-
rived from in vivo high-resolution �MRI data.

It is further noted that after 24 mo of treatment, the
restoration in anisotropic elastic properties was not uniform
among different principal directions. E11 and G31 had the
highest initial deficits (>23%) before treatment in the hy-
pogonadal group compared with those of eugonadal men
(Fig. 2A). However, there was no significant increase in E11

and G31 after 24 mo of treatment. This observation might
suggest that the effect of testosterone treatment on me-
chanical properties is anisotropic, in that the estimated elas-
tic modulus of tibial trabecular bone with higher initial loss
(E11, G31) in testosterone deficiency is less recoverable with
treatment.

The preliminary validation study comparing high-
resolution �CT and simulated �MR images indicated the
estimated elastic moduli in substantially different resolution
regimens to be highly correlated with one another (Appen-
dix 1). Because predictions of elastic moduli from FE analy-
sis based on �CT images are known to be accurate esti-
mates of those determined experimentally, these data lend
added credence to the mechanical constants derived from
in vivo �MR images in patients undergoing treatment. In
this study, the “simulated” �MR images were resampled in
the Fourier domain (k-space) to a resolution corresponding
to that achievable by in vivo �MRI. In addition, the simu-
lated �MR images had a noise level and noise statistics
equivalent to actual �MR images. The �CT images used for
validation included specimens from anatomic sites such as
the femur and spine. Whereas these preliminary validation
results are encouraging, a more extensive evaluation will be
needed to establish the method’s clinical potential.

The results of this study emphasize the critical impor-
tance of microstructure of trabecular bone as a determinant
of its mechanical competence. The deficit of bone volume

TABLE 2. MEANS AND SES FOR THE ITS-BASED MORPHOLOGICAL PARAMETERS AFTER 0, 6, 12, AND 24 MO FOR EUGONADAL AND

HYPOGONADAL GROUPS

0 mo 6 mo 12 mo 24 mo

Eugonadal pBV/TV 0.145 (0.007) 0.150 (0.008) 0.141 (0.006) 0.140 (0.007)
rBV/TV 0.124 (0.007) 0.119 (0.007) 0.125 (0.007) 0.129 (0.006)
pTb.N (mm−1) 1.87 (0.01) 1.87 (0.03) 1.87 (0.02) 1.87 (0.02)
rTb.N (mm−1) 1.97 (0.04) 1.94 (0.05) 1.97 (0.05) 2.01 (0.04)
pTb.Th (mm) 0.161 (0.002) 0.162 (0.002) 0.159 (0.002) 0.160 (0.002)
rTb.Th (mm) 0.181 (0.001) 0.181 (0.001) 0.181 (0.001) 0.180 (0.001)
pTb.S (mm2) 0.136 (0.004) 0.141 (0.004) 0.134 (0.004) 0.133 (0.004)
rTb.� (mm) 0.574 (0.006) 0.579 (0.005) 0.574 (0.005) 0.571 (0.004)

Hypogonadal pBV/TV 0.109 (0.005)* 0.115 (0.004)* 0.115 (0.004)* 0.118 (0.004)*†

rBV/TV 0.143 (0.004) 0.139 (0.004) 0.138 (0.004)† 0.140 (0.004)
pTb.N (mm−1) 1.85 (0.02) 1.85 (0.01) 1.85 (0.02) 1.86 (0.02)
rTb.N (mm−1) 2.15 (0.03)* 2.13 (0.02)* 2.10 (0.02)† 2.12 (0.02)
pTb.Th (mm) 0.148 (0.002)* 0.150 (0.002)* 0.150 (0.002)*† 0.151 (0.001)*†

rTb.Th (mm) 0.174 (0.001)* 0.174 (0.002)* 0.176 (0.001)* 0.176 (0.001)*†

pTb.S (mm2) 0.115 (0.002)* 0.121 (0.002)*† 0.120 (0.002)*† 0.121 (0.002)*†

rTb.� (mm) 0.561 (0.004) 0.555 (0.003) 0.567 (0.002) 0.560 (0.003)

* Significant differences (p < 0.05; paired Student’s t-test) between the eugonadal group and the hypogonadal group at the corresponding time point.
† Significant differences (p < 0.05; paired Student’s t-test) between 0 mo and the following time points.

FIG. 3. Changes of ITS-based morphological parameters in the
hypogonadal group after 6, 12, and 24 mo of treatment relative to
the baseline. Values shown are means ± SE. #p < 0.05 and *p <
0.01 indicate significant difference compared with the baseline.
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fraction in these severely hypogonadal men relative to
those in the eugonadal peers was found to be significant but
relatively modest (7.7%). By contrast, the elastic moduli
were lower by as much as 23% in some directions. These
observations provide a further impetus toward the devel-
opment and application of noninvasive in vivo microimag-
ing techniques for quantifying trabecular bone microstruc-
ture as input to �FE analysis. The data also emphasize the
potential importance of a more detailed analysis of the ar-
chitectural changes such as they are amenable by the au-
thors’ ITS-based and standard morphological analysis tech-
niques.

The ITS-based morphological analyses identified a sig-
nificantly lower trabecular plate bone volume fraction
(pBV/TV) and trabecular plate thickness (pTb.Th) in hy-
pogonadal men compared with eugonadal men at baseline.
Furthermore, the ITS-based morphological analyses
yielded a significantly higher pBV/TV and pTb.Th after 24

mo of treatment in hypogonadal men, suggesting that tes-
tosterone treatment improved the tibial trabecular bone
microstructure in hypogonadal men by a significant in-
crease in trabecular plate thickness and trabecular plate
bone volume fraction, which implies that the architecture
became more “plate-like.” These observations are consis-
tent with previous topological analysis but with greater
specificity and quantification.(15) However, some caution is
advised with respect to trabecular rod–related parameters
(rBV/TV and rTb.N) as well as trabecular plate surface
area (pTb.S) at the limited resolution of clinical �MRI (Ap-
pendix 1). Nevertheless, this study showed the plausibility
of ITS-based analysis in clinical �MR images to estimate
individual trabecular plate morphologies, which has been
shown to be important in mechanical properties of trabec-
ular bone.(30,32,41)

In a previous study of the same image data,(15) the sur-
face-to-curve ratio (a topological representation of the ratio
of trabecular plates to trabecular rods) was found to in-
crease by 11.2% and the topological erosion index (a ratio
of the sum of topological parameters expected to increase,
divided by the sum of those expected to decrease as a result
of excessive osteoclast resorption) decreased by 7.5% after
24 mo of testosterone treatment. The authors suggested
that testosterone replacement of hypogonadal men may not
only retard bone resorption but may reverse the deteriora-
tion of trabecular architecture because the increase in the
surface-to-curve ratio suggests that treatment partially re-
stores trabecular connectivity. These data provide further
evidence in support of the previously observed effects in-
dicating that the changes in the surface-to-curve ratio or
topological erosion index are caused by an increase in plate
volume.

The standard morphological analyses detected significant
differences between the two groups at baseline in BV/TV,
BS/BV, SMI, Conn.D, and Tb.Th*. In addition, improve-
ments in BV/TV and Tb.Th* after 24 mo of treatment were

TABLE 3. MEANS AND SES FOR THE STANDARD MORPHOLOGICAL PARAMETERS AFTER 0, 6, 12, AND 24 MO FOR EUGONADAL AND

HYPOGONADAL GROUPS

0 mo 6 mo 12 mo 24 mo

Eugonadal BV/TV 0.263 (0.004) 0.263 (0.006) 0.257 (0.006) 0.261 (0.006)
BS/BV (mm−1) 13.5 (0.2) 13.3 (0.2) 13.6 (0.2) 13.5 (0.3)
Conn.D (mm−3) 5.84 (0.31) 5.49 (0.32) 5.66 (0.39) 5.87 (0.32)
SMI 1.44 (0.05) 1.39 (0.06) 1.47 (0.05) 1.45 (0.07)
DA 2.46 (0.03) 2.50 (0.04) 2.51 (0.02) 2.45 (0.02)
Tb.N* (mm−1) 2.52 (0.06) 2.50 (0.07) 2.53 (0.07) 2.55 (0.06)
Tb.Th* (mm) 0.170 (0.003) 0.172 (0.003) 0.168 (0.003) 0.170 (0.002)
Tb.Sp* (mm) 0.408 (0.010) 0.413 (0.012) 0.408 (0.013) 0.405 (0.010)

Hypogonadal BV/TV 0.236 (0.004)* 0.239 (0.004)* 0.238 (0.004)* 0.244 (0.004)†

BS/BV (mm−1) 15.5 (0.3)* 15.3 (0.3)* 15.1 (0.3)*† 15.0 (0.2)*†

Conn.D (mm−3) 7.38 (0.24)* 7.13 (0.21)*† 6.81 (0.24)† 7.12 (0.20)*
SMI 1.67 (0.04)* 1.64 (0.04)* 1.64 (0.04) 1.64 (0.05)
DA 2.54 (0.04) 2.55 (0.03) 2.57 (0.03) 2.54 (0.04)
Tb.N* (mm−1) 2.65 (0.04) 2.64 (0.05) 2.62 (0.05) 2.68 (0.04)
Tb.Th* (mm) 0.153 (0.001)* 0.153 (0.002)* 0.154 (0.002)* 0.156 (0.002)*†

Tb.Sp* (mm) 0.382 (0.006) 0.385 (0.008) 0.389 (0.007) 0.380 (0.007)

* Significant differences (p < 0.05; paired Student’s t-test) between the eugonadal group and the hypogonadal group at the corresponding time point.
† Significant differences (p < 0.05; paired Student’s t-test) between 0 mo and the following time points.

FIG. 4. Changes of standard morphological parameters in the
hypogonadal group after 6, 12, and 24 mo of treatment relative to
the baseline. Values shown are means ± SE. #p < 0.05 and *p <
0.01 indicate significant difference compared with the baseline.
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found paralleling those of the ITS-based morphological pa-
rameters. Despite the limited resolution of clinical �MRI,
the validation study further suggests that the standard 3D
model-independent morphological analysis could provide
robust estimates of in vivo trabecular microstructure com-
parable to those based on high resolution �CT images.
There was no change in the SMI, which is the primary
measure of trabecular type in the standard 3D morphologi-
cal analysis. However, the topological surface-to-curve ra-
tio, which has been found to be a sensitive measure of the
bone’s relative “plate-likeness,”(15) and the recently intro-
duced ITS-based parameters, both indicated a transition to
more plate-like trabecular microstructure at lower resolu-
tion. Therefore, both standard and ITS-based morphologi-
cal analyses may be useful measures for evaluating in vivo
trabecular bone microstructure from �MR images.

No significant changes were detected in terms of trabec-
ular plate number or trabecular rod number after 24 mo of
treatment. This is similar to many in vivo experimental
studies using intermittent PTH or bisphosphonate admin-
istration, although the mechanisms of their actions are dif-
ferent.(42–44) In general, whereas these interventions
yielded improvements in the bone’s mechanical properties
by increasing trabecular thickness, they did not affect tra-
becular number. The results of simulated erosion showed
that loss of entire trabecular elements is more detrimental
than an equal amount of bone loss by uniform thinning of
trabeculae.(45) Therefore, the timing of treatment has been
recognized as important in the management of osteoporo-
sis.

There are several limitations in this study. The study is
inherently limited by the tibial trabecular bone site where
osteoporotic fractures are rare. High-resolution imaging
techniques have been limited thus far to peripheral bone
sites such as the distal tibia and radius or the calca-
neus.(16,20,40) Nevertheless, the results from this study in
hypogonadal men indicating detectable changes in both
structural and mechanical parameters in response to treat-
ment support the use of the tibial site as a surrogate loca-
tion for assessing bone. The second limitation is that only
linear analysis for elastic moduli has been performed in this
study even though nonlinear analysis for trabecular bone
strength is now possible. The challenges for nonlinear
analysis are how in vivo mechanical loading conditions can
be determined and implemented in computations of small
subvolumes of tibial trabecular bone. On the other hand,
there is ample evidence for the high degree of correlation
between strength and elastic modulus of trabecular
bone.(23,46–48) The accuracy and precision of FE analysis,
new ITS-based morphological analysis, and the standard
morphological parameters have been studied in a prelimi-
nary validation study (Appendix 1). These data are encour-
aging and support applications of these techniques in clini-
cal �MRI of patients with metabolic bone disease. The
validation study was performed with simulated MR images,
whereas further studies including both simulated and real
MR images to evaluate the use of the described approaches
are in progress. The third limitation is that constant bone
tissue property has been assumed for all FE models. Al-
though it is known that bone strength and fracture risk is a

function of microstructures, bone tissue composition, and
other factors, there is little evidence that osteoporotic bone
is fundamentally different from normal bone in its intrinsic
properties. Unlike �CT-based FE models that could make
use of density differences based on variations in the mea-
sured X-ray attenuation of bone mineral, such information
is not amenable from �MRI, which images bone marrow
and infers the presence and location of bone indirectly.
Last, the analyses were performed in small subvolumes of
available �MR images, which provide limited information
on whole bone mechanical behavior. Therefore, extension
of mechanical structural analysis (i.e., determination of the
structural stiffness and strength) to the entire section of the
distal tibia will be of particular interest. However, the trade-
off between additional parameters for mechanical compe-
tence and the large computational cost and time will have to
be determined for clinical usefulness.

In summary, image-based �FE analysis and the new ITS-
based and the standard morphological analyses were ap-
plied to study the anisotropic elastic and morphological
properties of eugonadal and hypogonadal men before and
after treatment. Differences in estimated elastic moduli and
morphological parameters were detected between the eu-
gonadal and hypogonadal groups, and improvements were
found on treatment in the hypogonadal group. With the
increasing availability of high-resolution in vivo �MRI and
�CT imaging for clinical assessment of osteoporosis, image-
based �FE modeling and ITS-based and standard morpho-
logical analyses are likely to provide new insight for detec-
tion, management, and treatment of patients with bone
disease in the future.
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APPENDIX 1: VALIDATION STUDY OF
µMRI-BASED ANALYSES

To address the impact of clinical resolution of �MRI on the
estimated mechanical and morphological properties, 13 cylindri-
cal trabecular samples (diameter, 5.20 mm; length, 30 mm) were
obtained from two third lumbar vertebrae (52- and 50-yr-old
men), four proximal femurs (one pair: 60-yr-old woman, two
singles: 64- and 44-yr-old men), and one pair of proximal tibiae
(69-yr-old man) according to previously established proto-
col(47,49–51) and scanned by �CT (VivaCT 40; Scanco Medical) at
21 × 21 × 22-�m resolution. The images were binarized by setting
a threshold at the midpoint of the two modes of the histogram and
downsampled in the spatial frequency domain (k-space) by a fac-
tor of 6 × 6 × 18, yielding anisotropic resolution ∼126 × 126 × 396
�m. Subsequently, gaussian noise was added to real and imagi-
nary parts of the downsampled data sets, and the absolute values
were computed to convert gaussian noise to rician noise,(52) re-
sulting in a signal-to-noise ratio (SNR) of 14. The downsampled
images were comparable in terms of resolution and SNR to those
obtained by in vivo virtual bone biopsy (VBB).(53) These simu-
lated, partial volume blurred �MR images were subvoxel-
processed analogous to the in vivo images. Both original high-
resolution �CT images and the corresponding simulated �MR
images were subsequently subjected to FE analysis and ITS-based
and standard morphological analyses, as described earlier. Linear
regressions were performed between the estimated elastic moduli
and morphological parameters of high-resolution �CT images and
those of the corresponding simulated �MR images. A full account

of these studies examining the effect of resolution and noise on
trabecular bone mechanical parameters will be given elsewhere.

The comparisons of the estimated elastic moduli between high-
resolution �CT and the corresponding simulated �MR images
indicated excellent correlations (r2 � 0.981–0.997):

E11
�MRI = 0.556 E11

�CT + 0.0258, r2 = 0.991, p � 0.001

E22
�MRI = 0.673 E22

�CT − 0.0105, r2 = 0.981, p � 0.001

E33
�MRI = 0.916 E33

�CT + 0.175, r2 = 0.995, p � 0.001

G23
�MRI = 0.797 G23

�CT + 0.00932, r2 = 0.994, p � 0.001

G31
�MRI = 0.729 G31

�CT + 0.0204, r2 = 0.997, p � 0.001

G12
�MRI = 0.620 G12

�CT + 0.00715, r2 = 0.991, p � 0.001

The validation results of ITS-based morphological parameters
indicated that trabecular plate associated parameters of the low-
resolution, simulated �MR images were significantly correlated
with those derived directly from the high-resolution �CT images
(except pTb.S). Trabecular rod associated parameters from simu-
lated �MRI, in general, correlated poorly with those from �CT,
except rBV/TV and rTb.N. These results were consistent with the
fact that simulated in vivo �MR images make the estimation of
trabecular rod related parameters difficult.

�pBV�TV��MRI = 0.842�pBV�TV��CT − 0.0289,
r2 = 0.969, p � 0.001

�rBV�TV��MRI = 0.554�rBV�TV��CT + 0.0639,
r2 = 0.343, p � 0.035

�pTb.N��MRI = 0.653�pTb.N��CT − 0.222,
r2 = 0.920, p � 0.001

�rTb.N��MRI = 0.164�rTb.N��CT + 1.29, r2 = 0.334, p = 0.038

�pTb.Th��MRI = 1.15�pTb.Th��CT + 0.0335,
r2 = 0.796, p � 0.001

�rTb.Th��MRI vs. �rTb.Th��CT, p = 0.857, not significant

�pTb.S��MRI vs. �pTb.S��CT, p = 0.346, not significant

�rTb.���MRI vs. �rTb.���CT, p = 0.770, not significant

On the other hand, it was interesting to observe that the standard
3D morphological parameters, in general, showed excellent corre-
lations between those from simulated �MR images and those from
�CT images.

�BV�TV��MRI = 0.850�BV�TV��CT + 0.0167,
r2 = 0.994, p � 0.001

�BS�BV��MRI = 0.673�BS�BV��CT + 1.95, r2 = 0.969, p � 0.001

�Conn.D��MRI = 0.0588�Conn.D��CT + 1.47,
r2 = 0.651, p � 0.001

�SMI��MRI = 0.955�SMI��CT + 0.832, r2 = 0.953, p � 0.001

�DA��MRI = 0.912�DA��CT + 1.39, r2 = 0.765, p � 0.001

�Tb.N*��MRI = 0.577�Tb.N*��CT + 0.824, r2 = 0.878, p � 0.001

�Tb.Th*��MRI = 0.888�Tb.Th*��CT + 0.0431,
r2 = 0.965, p � 0.001

�Tb.Sp*��MRI = 0.779�Tb.Sp*��CT + 0.0826,
r2 = 0.958, p � 0.001
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