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ABSTRACT

Quantitative microcomputed tomography using synchrotron radiation (SR �CT) was used to assess the effects
of a sequential etidronate therapy on both three-dimensional (3D) microarchitecture and degree of mineral-
ization of bone (DMB) in postmenopausal osteoporosis. Thirty-two iliac crest biopsy specimens were taken
from 14 patients with osteoporosis (aged 64 � 1.8 years) before (baseline) and after 1 year of etidronate
treatment, and after 2 years of treatment for four of the patients. The samples were imaged at high spatial
resolution (voxel size � 10 �m) using the microtomography system developed at the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. Three-dimensional microarchitecture parameters were calcu-
lated and compared with those obtained from conventional histomorphometry. In addition, the DMB was
evaluated also in 3D. No significant statistical changes regarding bone mass and structural parameters were
observed in histomorphometry or 3D analyses. The distribution of the DMB in cortical and trabecular bone
showed a trend to a shift toward highest mineralization values after 1 year of etidronate treatment (3.88% and
1.24% in cortical and trabecular bone, respectively). This trend was more evident after 2 years. The study also
showed that SR �CT is an accurate technique and the only one for quantifying both the mineralization and
the microarchitecture of bone samples at the same time in 3D. (J Bone Miner Res 2002;17:1372–1382)
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INTRODUCTION

IT IS well established that bisphosphonates (BPs) signifi-
cantly reduce fracture incidence by decreasing bone turn-

over and increasing bone mineral density (BMD) assessed

by DXA in patients with osteoporosis.(1–3) However, the
mechanisms of BP action remain not fully understood.
Indeed, although a significant increase in BMD of trabecular
sites was observed in the alendronate-treated patients,(4) it
was shown that no increase in bone mass (i.e., bone volume
to total volume [BV/TV] from quantitative histomorphom-
etry on iliac crest bone biopsy specimens) occurred in
patients after a 3-year treatment with alendronate as com-
pared with the placebo group. Significant increases in BMD
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also were observed in patients under other BPs,(1,5–7) in-
cluding etidronate.(8,2) These data suggested that parameters
other than true bone mass might explain changes in BMD or
reduced fracture incidence under treatment. Several factors
account for bone quality including three-dimensional (3D)
microarchitecture, matrix composition, and degree of min-
eralization of bone (DMB). In fact, by reducing osteoclastic
resorption, BPs might lessen the probability of trabeculae
perforation in spongy bone,(9,10) and in cortical bone it was
shown that they decrease bone porosity in ovariectomized
primates.(11) In addition, Boivin et al.(12) recently showed
that a 2- and 3-year treatment with alendronate was able to
improve the mean DMB (MDMB) as compared with pla-
cebo, thus leading to an increase in BMD in the absence of
actual changes in bone mass. As suggested by the authors,
this phenomenon certainly is related to a more complete
secondary mineralization of the basic structural units al-
lowed by the reduced level of bone turnover.(13) In this latter
work, the DMB was assessed on microradiography of bone
slices obtained from ground-down biopsy specimens, which
is the current reference technique. However, no data were
available regarding concurrent changes in both 3D micro-
architecture and DMB of human samples from patients
under BP therapy.

Among the different techniques available, microcom-
puted tomography (�CT) is used increasingly to assess bone
microarchitecture.(14) Synchrotron radiation �CT (SR �CT)
may provide 3D images of bone samples with a spatial
resolution as high as 1 �m.(15–17) Thus, specific image
analysis procedure may be applied to these 3D images to get
morphological and topological quantitative parame-
ters.(18,19) SR �CT was used to study the relationships
between 3D architecture and the elastic properties of tra-
becular bone in humans(20) and rats.(21) So far, the possibil-
ity of obtaining quantitative information regarding the min-
eral content of different areas of bone using �CT has not
been exploited. The technique relies on the physical prop-
erties of SR, which allows reconstructing quantitative maps
of the 3D distribution of linear absorption coefficient within
volumetric samples. Because absorption depends on the
amount of mineral in bone, a suitable calibration is able to
relate the reconstructed gray levels in SR �CT images to the
local DMB.

In this context, our aim was to use SR �CT to analyze
two elements of bone quality, that is, 3D microarchitecture
and DMB in patients with osteoporosis before and after a
1-year etidronate treatment.

MATERIALS AND METHODS

Patients and treatment

Fourteen postmenopausal patients with osteoporosis
(aged 64 � 1.8 years), with a mean of 2.1 � 1.3 vertebral
crush fractures, underwent a bone iliac crest biopsy after
double tetracycline labeling at baseline and after 1 year of
sequential treatment including etidronate (400 mg/day for
14 days; Procter and Gamble, Cincinnati, OH, USA) fol-
lowed by a 1-g/day supplement of elemental calcium (Cal-
cium Sandoz Forte; Sandoz Pharmaceuticals, Inc., East

Hanover, NJ, USA) for 2.5 months. This 13-week cycle was
repeated four times. Among the 14 patients, 4 patients were
followed up 1 more year under a similar therapy and a third
biopsy was performed on the iliac crest that was operated on
at baseline. These 14 patients were a subgroup of a popu-
lation of 32 subjects with osteoporosis, submitted to etidr-
onate, whom histomorphometric results at baseline and after
1 year of treatment were reported previously.(22) After bi-
opsy, bone samples were embedded in resin and processed
for histomorphometry (see the following section). The 14
biopsy specimens, which were selected from the original
group for this study, were the ones with a substantial
amount of bone available (at least more than one-half of the
bone sample still remaining in the plastic block). These
blocks (�7 � 7 � 10 mm) were used for SR �CT mea-
surements.

Bone histomorphometry

Iliac crest bone biopsy specimens were embedded in a
resin made of purified glycol and methylmethacrylate at
4°C. Nonserial sagittal 7-�m-thick sections were carried out
on a Reichert microtome (Cambridge Instruments GmbH,
Nublock, Germany). Sections were stained with modified
Goldner for subsequent measurements of conventional bone
histomorphometry.(23) Measurements of BV (BV/TV, per-
cent of cancellous bone area) and calculation of structural
indices (trabecular thickness [Tb.Th] and trabecular number
[Tb.N]) were carried out on an automatic image analyzer
(Biocom, Lyon, France). Five sections per individual were
measured. The bone formation rate (BFR/bone surface
[BS]) was measured on five unstained sections under UV
light. It was calculated as the product of the mineral appo-
sition rate (MAR) and of the mineralizing surface (MS/BS,
percentage of double-labeled bone perimeter � one-half
percentage of single-labeled bone perimeter).

All biopsy specimens were observed thoroughly to detect
any mineralization impairment or alteration in bone quality,
that is, woven bone or microcallus.

Microtomographic image acquisition

Measurements were carried out on the high-resolution
diffraction and topography beam-line ID19. The detailed
description of the experimental device for tomographic
scans was reported elsewhere.(24) The setup is based on a 3D
parallel tomographic acquisition. A monochromatic X-ray
beam was selected using a double crystal silicon monochro-
mator, operating in the symmetrical Bragg reflection geom-
etry. The 3D distribution of the internal structure of the
sample was reconstructed from a set of 2D projections
under different angles of view. For each bone sample, 900
radiographic images were acquired over an angular range of
180°, (angular step, 0.2°). The transmitted X-ray beam after
the sample was recorded using a scintillator coupled to a 2D
CCD-based camera, the FRELON camera developed by the
European SR facility (ESRF) Detector Group.(25) It includes
1024 � 1024 elements with a pixel size of 19 �m and a
dynamic range of 14 bits. For these experiments, the X-ray
energy was set to 20 KeV and the optical system was fixed
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to get a pixel size of 10.13 �m. This pixel size yields a 10
mm � 10 mm field of view for each radiograph. The
exposure time for one image was about 0.7 s so that the total
scan of each sample lasted for less than 15 minutes. During
the experiment, the operation mode of the machine was
multibunch mode with a current of �200 mA. Dark current
and reference images without the sample were taken regu-
larly to perform a flat field correction. The lacks of spatial
homogeneity of the beam and of the individual pixel detec-
tor responses for the most part were eliminated. The cor-
rected projection images then were processed with an exact
tomographic reconstruction algorithm based on 3D filtered

back-projection algorithm. Volumes of �600 � 500 � 900
cubic voxels (size, 10.13 �m) were reconstructed. As an
illustration, Fig. 1 shows, respectively, a 3D display of bone
surfaces and three orthogonal slices through a reconstructed
bone biopsy volume. Because of the quality of images in
terms of spatial resolution and signal-to-noise ratio, bone
structure could be segmented easily from background by
simple thresholding. From a qualitative point of view, it is
noteworthy that differences in gray levels could be observed
on the slices both in cortical and in trabecular regions. This
property allowed a clear visualization of the typical shapes
of bone packets.

FIG. 1. Three-dimensional SR
�CT reconstructed image from an il-
iac crest biopsy. (A–B) Three-
dimensional displays at two different
angles of view. (C–E) Two-
dimensional slices through the 3D
image. (C) Slice x � 142; (D) slice
y � 255; (E) slice z � 26.
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Analysis of 3D architecture

3D SR �CT images ideally are suited to perform accurate
architectural analysis. For each patient, 3D architectural
parameters were computed in selected regions of interest
(ROIs) of trabecular bone. These ROIs were chosen within
the internal part of trabecular bone to avoid cracks and
fragments due to biopsy taking and histomorphometry cut-
ting off. Because of these constraints, the size of each ROI
was not the same for all biopsy samples. The number of
voxels in the x, y, and z directions ranged from 300 to 500,
200 to 300, and 300 to 600, respectively. Figure 2 shows a
typical histogram in a trabecular ROI. Because of the good
contrast and the high spatial resolution of images, bimodal
histograms were obtained. The first peak (low gray levels)
corresponds to resin and background absorption, and the
second one corresponds to bone absorption. Thus, bone
structure was binarized by simple thresholding, with the
same threshold for each sample of the series.

Different methods are available for architecture analy-
sis.(26) The 3D mean intercept length (MIL) method(18) was
used first and delivered morphometry and anisotropy pa-
rameters. The 3D image was scanned by a 3D test grid for
random orientations and the number of secants of parallel
test lines with bone were evaluated. The following param-
eters were extracted assuming a parallel plate model:
BV/TV (%), BS/BV (mm�1), Tb.Th (�m), Tb.N (mm�1),
trabecular separation (Tb.Sp; �m). This analysis was ap-
plied to cubic subvolumes in trabecular ROIs.

Because 3D images provide complete information on the
BV, it is not necessary to make model assumptions, and we
also used direct 3D parameters. The Tb.Th* was computed
according to the definition proposed by Hildebrand.(19) The
algorithm does not require any special constraints regarding
both the size and the geometry of BVs. The same method
was applied to the background instead of bone structure to
evaluate a direct Tb.Sp*. The direct BS/BV* was calculated
from a triangular mesh of the BSs. A direct Tb.N* also was
calculated as BV/TV/Tb.Th*. Moreover, the connectivity of
trabecular bone samples was estimated from the computa-
tion of the Euler number as previously described.(27) The
connectivity was normalized to the TV and expressed (in
mm�3). The architecture parameters also were computed on

the first slice of each volume reconstructed for comparison
to histomorphometry.

The correlation coefficients between the 3D and 2D ho-
mologous parameters were calculated to compare the dif-
ferent techniques used (histology, MIL, and direct method)
for the evaluation of 2D and 3D architectural parameters.

Analysis of the DMB

Calibration technique: At the difference to the CT num-
ber of clinical X-ray scanners, the gray levels in the 3D
reconstructed SR �CT images correspond to the linear
attenuation coefficient for a given energy. Because absorp-
tion depends on the mineral composition of bone, a suitable
calibration method allows estimating of the 3D distribution
of mineral content within a bone sample. To calibrate the
gray level (i.e., the absorption attenuation coefficient) into
the mineral part of bone tissue, we used phantoms of ho-
mogeneous water solutions with different dipotassium hy-
drogen phosphate (K2HPO4) concentrations. The samples
were imaged in the same experimental conditions used for
the bone samples (energy, 20 keV; pixel size, 10.13 �m).
The method was compared with microradiography based on
an aluminum step-wedge calibration.(28,29) For this purpose,
the same 100-�m-thick section of bone was radiographed
both at the ESRF at 8 keV, and at the U403 INSERM Unit
(Lyon, France) using a nickel-filtered copper K74 radiation
with a wavelength of 1.54 Å (E � 8 keV). Figure 3A
illustrates the same cortical bone slice imaged with the two
techniques, displaying similar contrasts. The gray levels
were converted into their corresponding degree of mineral-
ization values by using both calibration methods. The his-
tograms representing the number of pixels as a function of
mineral content per cubic centimeter of bone, obtained from
the two techniques, were not directly at the same scale
because the steps in DMB were different. To compare the
results, we estimated the probability density function (pdf),
respectively, from both histograms. Figure 3B shows the
pdf’s of the DMB using the two methods in both ROIs
displayed in Fig. 3A. It may be seen that the two curves are
well overlaid and exhibit the same range of variation of the
DMB of 0.6–1.3 g/cm3 in cortical bone. The same result
was found in both trabecular and cortical regions, as well as
in total bone (cortical � trabecular). The MDMB for the
different bone regions are reported in Table 1. The relative
errors were calculated as the absolute differences in DMB
mean value between SR �CT and microradiography. The
mean difference is �4.21%, indicating a good agreement
between the two techniques.

3D analysis of the DMB: The DMB was quantified sep-
arately in the trabecular ROIs already used for architectural
analysis and in additional cortical ROIs carefully selected
from the 3D biopsy volumes. The number of voxels in the
cortical ROIs along the x, y, and z directions ranged from
300 to 500, 200 to 300, and 60 to 120, respectively. The
distribution of the gray levels within the different ROIs was
obtained from the histogram of the bone images normalized
by the TV. The gray levels corresponding to bone absorp-
tion were converted into concentrations of mineral content
(in g/cm3 of bone) according to the calibration method. The

FIG. 2. Typical histogram of the gray levels of a 3D SR �CT image.
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histograms were averaged for each group. The changes
(�DMB) after treatment were calculated as the relative
percentage of the baseline value for each patient. Afterward,
the mean �DMB value was determined for each group.

Statistical analysis

Descriptive statistics including, the mean, SD, minimum,
and maximum values were evaluated for each group of
patients for both microarchitecture parameters and DMB.
The three groups of patients, before treatment, after 1 year
and 2 years of etidronate (ETD) are, respectively, denoted
baseline, ETD1, and ETD2. To evaluate the effects of
etidronate, the values of all parameters (architectural, DMB,
and histodynamic parameters) obtained at baseline were
compared with those after a 1-year treatment (n � 14) using
a T-Wilcoxon test. The Spearman correlation coefficient
was calculated to investigate potential correlations between
the different techniques (i.e., conventional histomorphom-
etry, SR �CT direct, and MIL methods). Finally, a linear
regression analysis was carried out between BFR/BS and
the DMB.

RESULTS

Conventional histomorphometric results

Data are summarized in Table 2. Bone mass and struc-
tural parameters did not show any significant change after
1-year treatment with etidronate. In contrast, histodynamic
measurements showed a significant decrease in BFR/BS
after 1-year treatment, confirming the expected etidronate-
induced reduction in bone turnover. This decrease in BFR
occurred through both a decrease in MAR (0.70 � 0.07
�m/day at baseline vs. 0.49 � 0.10 �m/day; p � 0.01) and
in MS/BS (8.1 � 4.9% at baseline vs. 3.5 � 2.6%; p �
0.001). Thorough observation of the sections did not reveal
either mineralization impairment or signs of bone quality
damage such as woven bone, microcracks, or microcallus.
Moreover, measurement of mineralization lag time, osteoid
thickness, and osteoid volume ruled out focal and atypical
osteomalacia in these samples (data not shown).

3D architecture results

3D parameters calculated using MIL and direct methods
are reported in Tables 3 and 4, respectively. The statistical
analysis showed no significant changes in bone mass and
structural parameters after 1-year treatment as compared
with baseline. The correlation coefficients of the different
parameters are summarized in Table 5. Bone mass and
structural parameters, measured with conventional histo-
morphometry, fairly correlated with those measured with
SR �CT (BV/TV, r	 � 0.79 and p � 0.0001; Tb.N, r	 �
0.78 and p � 0.0001; Tb.Sp, r	 � 0.82 and p � 0.0001)
except for Tb.Th (r	 � 0.5, not significant). High positive
correlations were observed when comparing the 3D param-
eters extracted by the direct method and the MIL approach.
The weakest correlation was found for Tb.Th measure-
ments.

FIG. 3. Images of the same 100-�m-thick
slice of cortical bone (A) SR image, (B) micro-
radiograph, and (C) corresponding pdf estimated
by the two calibration methods.

TABLE 1. MDMB AND BETWEEN BRACKETS THE SD,
CALCULATED FOR THE TRABECULAR AND CORTICAL REGION

OF THE SAME BONE FRAGMENT MEASURED BY USING SR

CT AND MICRORADIOGRAPHY

MDMB SR �CT �Radiography �MDMB

Trabecular 1.00 (0.05) 1.12 (0.07) 4.14%
Cortical 1.08 (0.05) 1.05 (0.06) 4.11%
Total 1.18 (0.06) 1.13 (0.08) 4.39%

The relative error �MDMB comparing results from the two
techniques also are indicated for each bone region.
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3D results on DMB

The gray level distribution allowing the study of bone
mineral content was evaluated from the bone peak of the
histogram, first normalized to the BV of each biopsy spec-
imen. The concentration in mineral substance after calibra-
tion was found in the range of 0.6–1.3 g/cm3 in both cortical
and trabecular bone. The averaged distributions of mineral
content for each group (baseline, ETD1, and ETD2) are
illustrated in Fig. 4. It is remarkable to note that changes in
the DMB under treatment differed between bone envelopes.
In cortical bone, values shifted toward higher degrees of
mineralization along with a decrease of the lowest degrees.
In trabecular bone, only the lowest values decreased.
MDMB are reported in Table 6. The differences between
the individual DMB values for the two groups were found in
the CI of 10%, for both trabecular and cortical envelopes.
After 2 years, the MDMB increased by �12% and 8% in
cortical and trabecular bone, respectively. The peak corre-
sponding to the bone absorption region clearly showed a
shift toward the right side or highest mineralized values.
Interestingly, a significant negative relationship between
BFR/BS and the DMB values was found in all etidronate-
treated patients (n � 18) while no such relationship was
observed at baseline (Fig. 5).

DISCUSSION

A few years ago, the World Health Organization added to
the definition of osteoporosis, characterized as a systemic
skeletal disease inducing a decrease in bone mass leading to
fracture, the notion of a deterioration of bone architec-
ture,(30) thus emphasizing the role of trabecular connectivity
in bone resistance to fracture. Indeed, some but not all
biomechanical properties correlate with bone density.(31,32)

Ex vivo tests showed that 70–90% of the variance of bone
elastic modulus and strength is explained by linear and
power functions of bone density depending on the bone
site.(33,34) However, clinical studies showed a substantial
overlap between BMD values of individuals with bone
fractures and those without.(35) Trabecular 3D organization
(connectivity and orientation of the trabeculae) as well as
bone tissue intrinsic quality might explain the remaining
20–30% of the bone mechanical properties variance. In-
deed, studies evaluating concurrently bone mechanical
properties, bone mass, and microarchitecture showed that
bone strength and elastic modulus were better predicted
when including microarchitecture parameters than when
using bone mass alone.(36–38) Various techniques were de-
veloped to visualize and measure microarchitecture includ-
ing histomorphometry, serial histological sections followed

TABLE 2. BONE MASS AND ARCHITECTURAL AND BONE FORMATION HISTOMORPHOMETRIC PARAMETERS IN PATIENTS AT

BASELINE AND AFTER 1 YEAR (ETD1) OR 2 YEARS (ETD2)

Baseline ETD1 Baseline ETD1 ETD2

n � 14 patients n � 4 patients

BV/TV (%) 15.2 � 5.5 14.8 � 4.5 16.2 � 4.1 17.8 � 5.8 15.9 � 4.5
Tb.Th (�m) 126.5 � 28.2 116.6 � 39.1 130.6 � 14.9 114.0 � 41.8 112.6 � 29.4
Tb.N (mm�1) 1.20 � 0.33 1.3 � 0.31 1.28 � 0.20 1.41 � 0.26 1.38 � 0.12
Tb.Sp (�m) 774.1 � 296.8 691.9 � 194.7 668.4 � 158.2 593.3 � 113.7 575.1 � 54.2
BFR/BS

(�m3/�m2 per day)
0.045 � 0.020 0.027 � 0.018* 0.070 � 0.015 0.019 � 0.013 0.014 � 0.015

* Versus baseline, p � 0.05.

TABLE 3. BONE MASS AND ARCHITECTURAL AND 3D PARAMETERS OBTAINED BY USING THE MEAN MIL METHOD, IN

PATIENTS AT BASELINE AND AFTER 1 YEAR (ETD1) OR 2 YEARS (ETD2)

3D MIL

Baseline ETD 1 year Baseline ETD1 ETD2

n � 14 patients n � 4 patients

BV/TV (%) 14.5 � 5.9 13.9 � 4.6 18.5 � 1.6 17.1 � 4.1 21.2 � 4.7
(min–max) (5.6–23.9) (6.2–22.0) (16.7–20.6) (10.9–22.0) (15.2–28.1)
BS/BV (mm�1) 23.5 � 5.9 24.5 � 6.3 19.5 � 1.44 23.4 � 8.4 20.8 � 3.2
(min–max) (14.6–32.4) (15.9–37.6) (18.4–21.9) (15.9–37.6) (16.1–25.2)
Tb.Th (�m) 91 � 23 85 � 22 92 � 18 93 � 23 99 � 16
(min–max) (61–137) (53–121) (63–108) (53–109) (79–125)
Tb.N (mm�1) 1.5 � 0.4 1.6 � 0.4 1.8 � 0.3 1.8 � 0.1 2.1 � 0.2
(min–max) (0.9–2.3) (0.4–1.1) (1.5–2.3) (1.7–2.0) (1.9–2.4)
Tb.Sp (�m) 611 � 200 582 � 188 462 � 71 452 � 15 374 � 52
(min–max) (351–1039) (392–1062) (351–538) (436–477) (317–442)
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by 3D reconstruction,(39) quantitative �CT,(40) or magnetic
resonance imaging.(41,42) According to Parfitt et al.,(43,44) the
mathematic parallel plate model allows extrapolation of 3D
parameters such as Tb.Th or Tb.N from bidimensional
measurements of trabecular bone perimeter and trabecular
bone area. This latter technique was used extensively in
humans and animals for studying osteoporosis pathophysi-
ology or treatments. Compared with reconstruction based
on serial histological sections, which is time consuming and
rarely performed,(45) �CT, pioneered by Feldkamp et al.,(46)

appears to be a suitable method for imaging and quantifying
trabecular bone microstructure in 3D(14) in animals and in
humans.(47)

The use of SR �CT as compared with standard �CT
offers the opportunity of an accurate investigation of local
bone mineral content in addition to microarchitectural anal-
ysis. Present results report the first simultaneous analysis of
both 3D microarchitecture and DMB in biopsy specimens
previously processed for conventional histomorphometry,
with no further destruction of the sample.

We found fair correlations between histomorphometric
(2D) and 3D homologous parameters, which were compa-
rable with previously reported results.(48) Interestingly, the
histomorphometric Tb.Th exhibited the weakest correlation
with the 3D MIL technique (r	 � 0.5). This correlation was
much higher when the 3D calculation was limited to the first
slice closest to that of histology (r	 � 0.84). These results

permit validation of SR �CT as compared with histology,
which is used widely and still considered as the standard
technique for the study of bone microarchitecture. However,
the values obtained in 2D measurements can significantly
differ depending on the position and on the direction of the
slice. Thus, 3D analysis allows overcoming the strong vari-
ability of 2D measurements because of the larger number of
slices used in the computation.

The methods used for the calculation of morphological
parameters yielded significant differences for some param-
eters. Although the BV/TV and BS/BV parameters were
very close for 3D direct and indirect methods, the other
parameters presented substantial absolute variations. For
instance, the direct Tb.Th* generally was higher than the
Tb.Th derived from the parallel plate model. The same
behavior was already observed in a previous work reporting
microstructural data obtained from standard �CT on differ-
ent bone sites.(49) The orders of magnitude between the
values reported on iliac crest biopsies in the later work were
the same as in our findings. The differences between direct
and indirect methods suggest that the assumption of a par-
allel plate model is not completely appropriate. However,
most correlations between 3D parameters were quite high.
A smaller correlation may be observed between Tb.Sp from
the parallel plate model and its 3D direct homologous, and
the values are quite different.

TABLE 4. DIRECT 3D ARCHITECTURAL PARAMETERS IN PATIENTS AT BASELINE AND AFTER 1 YEAR (ETD1)
OR 2 YEARS (ETD2)

3D Direct

Baseline ETD 1 year Baseline EDT1 ETD2

n � 14 patients n � 4 patients

BV/TV* (%) 15.2 � 6.4 14.5 � 5.1 19.4 � 2.0 18.0 � 5.6 22.2 � 6.0
(min–max) (5.8–24.8) (5.6–24.0) (17.6–21.8) (11.2–3.5) (16.0–29.2)
BS/BV* (mm�1) 20.3 � 4.8 24.5 � 6.5 17.5 � 1.7 20.2 � 7.6 18.1 � 2.7
(min–max) (13.2–27.2) (15.9–37.6) (18.4–21.9) (14.9–30.8) (14.8–20.7)
Tb.Th* (�m) 180 � 40 172 � 37 196 � 15 178 � 54 187 � 27
(min–max) (121–246) (103–227) (177–212) (102–227) (164–223)
Tb.N* (mm�1) 1.5 � 0.4 1.6 � 0.4 1.8 � 0.3 1.9 � 0.2 2.1 � 0.2
(min–max) (0.9–2.3) (0.9–2.1) (1.5–2.3) (1.7–2.0) (1.9–2.4)
Tb.Sp* (�m) 701 � 62 682 � 64 684 � 83 660 � 40 573 � 56
(min—max) (516–814) (572–789) (561–747) (603–698) (515–650)
Connectivity (mm�3) 4.5 � 2.2 5.4 � 3.6 4.9 � 2.0 5.0 � 1.8 10.2 � 6.4
(min–max) (1.3–8.7) (1.4–15.6) (3.4–7.8) (2.8–6.7) (3.9–18.0)

TABLE 5. SPEARMAN CORRELATION COEFFICIENTS BETWEEN MICROARCHITECTURAL PARAMETERS COMPUTED FROM

HISTOMORPHOMETRY (2D), 3D MIL, AND 3D DIRECT METHODS

BV/TV BS/BV Tb.Th Tb.N Tb.Sp

3D MIL/3D Direct 0.98* 0.98* 0.96* 0.97* 0.87*
2D/3D MIL 0.79* — 0.50 0.78* 0.82*
2D/3D MIL first slice 0.78* — 0.84* 0.82* 0.84*

* The statistical significance ( p � 0.0001) is indicated by *. “3D MIL first slice” corresponds to the parameters extracted from the
first slice of each volume reconstructed.
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In this study, after 1 year of etidronate treatment, neither
bone volume nor microarchitecture parameters, including
connectivity, changed while the dynamic indices of bone
remodeling such as BFR/BS had significantly decreased.
This lack of effect on bone mass was not caused by the
weak potency of etidronate because similar results were
reported with other more potent BPs such as pamidronate(50)

or alendronate.(4) Thus, etidronate did not improve the con-
nectivity parameters. However, in the absence of a control
group, we cannot rule out the possibility that etidronate
prevented further microarchitectural deterioration.

Using a gray-level scale, DMB currently is assessed by
microradiography, which is the gold standard for this eval-
uation.(12) However, before microradiography assessment, it
is necessary to obtain regular, thin (100 �m thick), and
evenly polished bone slices, which is a very time-
consuming procedure. Conversely, there is no need for
special sample preparation to perform 3D SR �CT images.
In addition, 3D measurements give information from a stack
of virtual slices at the same time; thus, results are statisti-
cally more representative and robust than when obtained
from a single slice. Currently, standard �CT is used to
assess 3D bone microarchitecture but has never been used

yet for the quantification of the DMB. The present method,
based on a monochromatic X-ray beam, provided by SR
makes this quantification possible directly in 3D because of
the lack of beam hardening.

In our study, the etidronate-induced changes did not reach
but were close to the level of statistical significance (p �
0.05) after the first year of treatment. The MDBM tended to
increase in both envelopes. After 2 years of treatment the
shift of the curves toward the high values became more
apparent, although the number of patients available was
very limited. These changes in mineralization under BPs
were thought related to an increase in the duration of the
secondary mineralization phase because of the reduction in
bone remodeling. Data showing a significant negative rela-
tionship between BFR/BS and MDBM only in etidronate-
treated patients support this hypothesis. Moreover, it was
assumed that this increase in MDBM could account for the
improved bone strength. This assumption was supported by
the fact that the mineralization of bone matrix concurs with
its mechanical properties(51) and by the decrease of fracture
rate reported in BP-treated patients.(4,12) Indeed, it was
shown, in alendronate-treated minipigs that there was a
negative relationship between the level of bone remodeling

FIG. 4. Distributions of the
DMB (in mineral content per cu-
bic centimeter of bone) in pa-
tients at baseline and after etidr-
onate treatment at (A) 1 year (n �
14 patients, EDT1) and (B) 2
years (n � 4 patients, ETD2).

TABLE 6. EFFECTS OF ETIDRONATE TREATMENT ON BONE MINERALIZATION

Mean DMB
(SEM; g/cm3)

Baseline ETD1 Baseline ETD1 ETD2

n � 14 patients n � 4 patients

Cortical bone 0.871 (0.011) 0.901 (0.012) 0.846 (0.010) 0.902 (0.012) 0.948 (0.013)
Mean �DMB (%) �3.88 �4.09 �12.07
Trabecular bone 0.940 (0.014) 0.951 (0.014) 0.880 (0.013) 0.910 (0.013) 0.952 (0.015)
Mean �DMB (%) �1.24 �1.39 �8.26

Mean values of DMB and the SEM calculated for each averaged histogram over the different groups. The second line indicates the
mean �DMB percentage of the baseline, averaged over the different groups.
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and both the cortical and the trabecular bone resistance to
fracture.(52) However, by reducing bone remodeling levels,
BPs might increase collagen cross-links as well and thus
improve bone matrix mechanical properties as it was re-
ported previously.(53) In addition, the importance of a cor-
rect level of cross-linking for mineralization also was re-
ported,(54,55) emphasizing the major role of the mineral/
matrix interface.

In conclusion, our results clearly showed that SR �CT is
a useful and innovative tool for bone quality analysis. It
allows information on both mineralization and trabecular
microarchitecture of the same bone samples. Moreover, we
found that etidronate, a first generation BP, was able to
induce changes in bone mineralization as early as the first
year of treatment, whereas no change in bone microarchi-
tecture parameters was observed. After 2 years of treatment,
the changes in mineralization are similar to those reported
with alendronate,(12) suggesting that these effects may be
shared by drugs reducing bone remodeling. Whether this
increase in bone mineralization accounts for the increase in
bone strength and related decrease in fracture rate remains
to be determined.
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