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Abstract Bone microarchitecture can be studied noninva-
sively using high-resolution peripheral quantitative computed
tomography (HR-pQCT). However, this technique is not
widely available, so more simple techniques may be useful.
BMA is a new 2D high-resolution digital X-ray device,
allowing for bone texture analysis with a fractal parameter
(Hinean)- The aims of this study were (1) to evaluate the
reproducibility of BMA at two novel sites (radius and tibia) in
addition to the conventional site (calcaneus), (2) to compare
the results obtained with BMA at all of those sites, and (3) to
study the relationship between Hi,.,, and trabecular mic-
roarchitecture measured with an in vivo 3D device (HR-
pQCT) at the distal tibia and radius. BMA measurements were
performed at three sites (calcaneus, distal tibia, and radius) in
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14 healthy volunteers to measure the short-term reproduc-
ibility and in a group of 77 patients with chronic kidney dis-
ease to compare BMA results to HR-pQCT results. The
coefficient of variation of H,,.,, was 1.2, 2.1, and 4.7% at the
calcaneus, radius, and tibia, respectively. We found significant
associations between trabecular volumetric bone mineral
density and microarchitectural variables measured by HR-
pQCT and H,,c., at the three sites (e.g., Pearson correlation
between radial trabecular number and radial Hyeon ¥ = 0.472,
P < 0.001). This study demonstrated a significant but mod-
erate relationship between 2D bone texture and 3D trabecular
microarchitecture. BMA is a new reproducible technique with
few technical constraints. Thus, it may represent an interesting
tool for evaluating bone structure, in association with bio-
logical parameters and DXA.

Keywords Bone microarchitecture - Bone texture -
Chronic kidney disease - HR-pQCT - Trabecular
microarchitecture

Areal measurement of bone mineral density (aBMD) by
dual-energy X-ray absorptiometry (DXA) is the gold
standard method to evaluate fracture risk. Nevertheless, up
to 50% of fractures occur among individuals who would
not be classified as osteoporotic based on DXA measure-
ment [1, 2]. Thus, in 2000, the U.S. National Institute of
Health defined new “quality” criteria for the diagnosis of
osteoporosis in addition to a decreased bone mass. Bone
strength is influenced not only by the amount of bone but
also by its spatial distribution, cortical and trabecular
microarchitecture, bone turnover, and material properties
such as matrix mineralization, collagen polymorphisms,
and microdamage. These quality criteria cannot be evalu-
ated by DXA. Thus, new bone-imaging techniques have
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been developed to assess bone microarchitecture parame-
ters which may improve fracture risk prediction, including
2D bone-analysis (e.g., an X-ray-based fractal analysis or
2D analysis projection based on DXA images) and 3D
techniques (e.g., quantitative computed tomography or
magnetic resonance imaging) [3-5].

Peripheral quantitative computed tomography (pQCT),
an X-ray-based technique, has been developed to measure
separately trabecular and cortical density at peripheral
sites. It allows the assessment of parameters of bone
strength, such as polar moment of inertia, section modulus,
and cortical thickness but not trabecular microarchitecture
at the shaft of the radius and tibia [6]. This technique is not
widely available in clinical practice. Recently, high-reso-
lution pQCT (HR-pQCT) has been developed, with an
isotropic voxel size of 82 pum, thus leading to a better
resolution in comparison to previous pQCT devices [7].
HR-pQCT allows the measurement of both volumetric
bone mineral density (vBMD) and microarchitectural
parameters in total, cortical, and trabecular bone at the
ultradistal radius and tibia, with low radiation exposure
(effective dose of 3 puSv per measurement) with an acqui-
sition time of 3 min. It has excellent precision for both
density (0.7-1.5%) and structural parameters (1.5-4.4%),
with similar results at the two sites [8]. However, despite
these qualities, HR-pQCT measurements are limited to
peripheral skeletal sites, and currently fewer than 20
devices are available worldwide.

Fractal analysis on conventional radiographs has been
developed to evaluate bone biomechanical properties [9].
This texture analysis can characterize trabecular bone mic-
roarchitecture via 2D projection images (gray-level projec-
tion) and the calculation of a fractal parameter (H,eqan). In
cross-sectional analyses, bone texture analysis was inde-
pendent of BMD for determining the risk of fracture [10]. A
2D high-resolution digital X-ray device (BMA) was recently
proposed as an improvement of this general concept [11].
BMA provides better precision of bone texture parameters
than previously found on digitized films, with a low radiation
exposure (effective dose of 3 pSv/measurement) [11]. Pre-
vious studies which have evaluated this technique at the
calcaneus found a significant decrease of H,.,, with age
[11]. It would therefore be interesting to evaluate texture
analysis at other peripheral sites, such as the radius and tibia,
to try to improve fracture risk prediction since other bone-
imaging techniques (e.g., HR-pQCT, magnetic resonance
imaging) have also been described at these sites [8, 12].

Thus, the aims of this study were (1) to evaluate the
reproducibility of BMA at two novel sites (distal radius and
tibia) in addition to the conventional site (calcaneus), (2) to
compare the results obtained with BMA at all of those
sites, and (3) to study the relationship between the texture
analysis (fractal parameter, H,,.,,) obtained with BMA and
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trabecular microarchitecture measured with a 3D device
(HR-pQCT) in a cross-sectional analysis of patients with
chronic kidney disease (CKD) who were known to have
sizeable architectural impairment.

Patients and Methods
Subjects

The study was approved by a local independent ethical
committee (Comité de protection des personnes Lyon Sud-
EstII), and all patients gave written informed consent before
participation. To assess the short-term reproducibility of
BMA analysis, 14 healthy volunteers (aged 20-37 years)
underwent three separate scans of the distal radius, tibia, and
calcaneus within a 1-month period. The first and second
measurements were performed the same day after reposi-
tioning; the third measurement was performed 1-2 weeks
after, as previously recommended by Gluer et al. [13].

To assess the correlation between 2D and 3D devices,
we performed BMA and HR-pQCT measurements in a
group of CKD patients as CKD is associated with impor-
tant bone-quality impairment [14].

HR-pQCT

vBMD and trabecular microarchitecture were assessed at
the ultradistal radius and tibia using an HR-pQCT system
(XtremeCT; Scanco Medical, Briittisellen, Switzerland).
This system enables the simultaneous acquisition of a stack
of 110 parallel slices with a nominal resolution (voxel size)
of 82 pm [8], leading to a dimensional representation of
approximately 9 mm in the axial direction. The following
settings were used: effective energy of 60 kVp, X-ray tube
current of 95 mA, and matrix size of 1,536 * 1,536 pixels.
Positioning and detailed technical settings were previously
described [8]. Briefly, the measurement region was man-
ually defined on an anteroposterior scout view, with a
reference line at the joint surface of the radius and tibia, as
shown in Fig. 1. Then, the first slice was 9.5 and 22.5 mm
proximal to the reference line for the distal radius and tibia,
respectively. The outcome variables used in our analyses
included vBMD (mg HA/cm? ) for entire (D) and tra-
becular (Dy.p) regions and trabecular thickness (Tb.Th,
pm), number (Tb.N, mmfl), separation (Tb.Sp, pm), and
intraindividual distribution of separation (Tb.SpSD, um).

BMA Analysis
As illustrated in Fig. 2, images were obtained at three sites:

calcaneus, distal tibia, and distal radius. This system (D3A
Medical Systems, Orléans, France) enables the acquisition
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Fig. 1 Positioning of the ROI at the tibia and the radius with HR-
pQCT. Scout views demonstrating the reference line position (solid
line) and the measurement site (between dotted lines). The first CT

of an image with a nominal resolution (pixel size) of 50 pm
[11]. A first acquisition was performed in all subjects with
the same technical settings (calcaneus 55 kV, 10 mAs;
distal tibia 55 kV, 20 mAs; and distal radius 50 kV,
12 mAs). Then, for each site the region of interest (ROI)
was positioned and the mean gray level was calculated
within the ROL If the mean gray level within the ROI was
out of range, a second acquisition with an accordingly
corrected intensity was then performed.

At the calcaneus, two anatomical landmarks were
manually placed by the operator to position an ROI of
256 * 256 pixels [11]. At the distal tibia (radius), the
anatomical landmarks were manually placed to obtain a
tangent line to the middle of the tibia (radius) joint surface,
and then a horizontal translation of 440 pixels/22 mm (180
pixels/9 mm) was applied to position the 256 * 180-pixel
ROI so that we studied the same region as HR-pQCT
measurement (Fig. 2).

The methods used to calculate the fractal parameter
(Himean) have been previously described in detail by Les-
pessailles et al. [11]. Briefly, the gray levels of the ROI

Calcaneus

Fig. 2 Positioning of the ROI at the three sites (BMA). ROIs are the
circled regions. At the calcaneus, it was positioned as recommended
by the manufacturer. At the radius and tibia, ROIs were set so that
they matched the ROIs used in HR-pQCT

slice was 9.5 and 22.5 mm proximal to the reference line for the distal
radius and distal tibia, respectively

were fitted to a fractal model for texture analysis, the
fractional Brownian motion, which allows description of
fractal shapes by a single parameter, H. For each ROI,
H,ean Was averaged based on the evaluation of H in eight
different directions following a 22.5° step. The higher the
Hinean, the smaller the roughness of the texture within the
ROLI. In texture analysis, roughness is a parameter that
quantifies both the amplitudes and frequencies of the
irregularities of a surface. In BMA application, the texture
basis is given by the soft tissues and the irregularities are
represented by trabecular elements. In clinical practice, the
higher the H,,c.y, the better the trabecular status.

For both BMA and HR-pQCT, examinations were per-
formed at the nondominant radius and at the right tibia,
except when there was a fracture history at these sites.

Quality Control

Calibration tests were carried out every day for the two
techniques using an external phantom to detect any
potential drift of the instrumentation. We did not observe
any drift during the period of the protocol. Both examin-
ations (BMA and HR-pQCT) were analyzed by the same
observer (J. B.).

Statistical Analysis

For each subject in the reproducibility study, a coefficient
of variation (CV) was calculated as the standard deviation
of the three repeated measurements divided by the subject
mean. Furthermore, the short-term precision errors were
then calculated as root-mean-square (RMS) averages of the
precision errors for each of the subjects. Relationships
between the fractal parameter, vBMDs, and microarchi-
tecture were estimated using Pearson or Spearman corre-
lations, depending on the distribution of variables (i.e.,
Pearson for parametric distribution, Spearman for non-
parametric distribution). Comparison of Hy,.,, measured at
the radius, tibia, and calcaneus was performed by repeated-
measures ANOVA, followed by Tukey’s test for pairwise
comparisons. The statistical level of significance was 0.05.
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All statistical analyses were performed with SPSS software
(version 15.0; SPSS, Inc., Chicago, IL).

Results
Characteristics of CKD Patients

We performed BMA and HR-pQCT measurements in a
group of 77 CKD patients (50 men and 27 women, mean
age 67 £ 15 years, mean glomerular filtration rate [GFR]
33 £ 12 mL/min per 1.73 m? body mass index 26.0 +
4.6 kg/m?). Among these individuals, 13 had a history of
fractures and 18 suffered from type 2 diabetes mellitus.
Due to patient motion during the examinations, BMA
measurements at the calcaneus and tibia could not be
analyzed in four patients and in one patient at the radius;
for the same reason, HR-pQCT measurements could not be
analyzed in four patients at the radius and in two at the
tibia. Thus, this results in 76, 73, and 73 BMA measure-
ments (at the radius, tibia, and calcaneus, respectively)
and 73 and 75 HR-pQCT scans (at the radius and tibia,
respectively).

Biochemical assessments of phosphate/calcium param-
eters were as follows: serum calcium 2.31 £ 0.13 mmol/L,
phosphate  1.18 & 0.21 mmol/L, parathyroid hormone
99 £+ 97 pg/L, 25 OH vitamin D 22 4+ 14 ng/L, and total
alkaline phosphatase 77 £ 26 IU/L.

Reproducibility of the Fractal Parameter with BMA

As summarized in Table 1, reproducibility was good at all
sites, mainly at the calcaneus and radius (CV = 1.2 and
2.1%, respectively), with slightly less satisfying values at
the tibia (4.7%). The CV and its 95% confidence interval
(CI) for each site are also summarized in Table 1.

Comparison of the Fractal Parameter Obtained
at Different Sites

Mean values of He,, among our 77 CKD patients were
0.609 % 0.038 at the radius, 0.562 + 0.044 at the tibia, and
0.621 & 0.024 at the calcaneus, as summarized in Fig. 3.
When analyzing Hye., at the three sites, there was a

Table 1 Precision of texture analysis (fractal parameter He.,) at
three different sites with BMA, calculated from three repeated mea-
surements with repositioning in 14 healthy volunteers

Mean £ SD CV (%, 95% CI)
Calcaneus 0.627 £ 0.024 1.17 (0.92-1.58)
Tibia 0.528 + 0.036 4.66 (3.70-6.30)
Radius 0.584 + 0.033 2.08 (1.65-2.82)
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significant association between the tibia and calcaneus
(r =0.437, P < 0.001, n = 69) and between the tibia and
radius (r = 0.564, P < 0.001, n = 71) but not between the
radius and calcaneus (n = 71).

Comparison Between BMA Analysis and HR-pQCT

As summarized in Table 2 and in Fig. 4, we found sig-
nificant correlations between all trabecular parameters
(density and microarchitecture) and the fractal value at the
three sites except for tibial trabecular thickness, which did
not correlate with H,.., at any site. The relationships
observed between the two techniques were stronger at the
same site, especially at the tibia (r > 0.5). The trend was
similar when comparing HR-pQCT and BMA measure-
ment at the radius. When comparing H,,, at the calcaneus
with trabecular microarchitecture measured with HR-
pQCT at the tibia and the radius, we also observed a
relationship, though of lower significance.

Moreover, there were significant relationships between
trabecular microarchitecture assessed with HR-pQCT at
the two sites, ranging from 0.585 (for trabecular thickness)
to 0.871(for trabecular density), with all P values <0.001
(n =171).

BMA Results in CKD Patients According to the History
of Fractures

When comparing the 13 patients with history of fractures to
the other CKD patients, there were no significant differences
regarding age (69 £ 9vs.67 + 16 years, P = nonsignificant
[NS]), BMI (24.7 + 4.4 vs. 26.4 + 4.6 kg/m?, P = NS),

075 *

0,70

0,65

0,60

0,55

Fractal parameter (H mean)

0,50 4

0,45

Calcaneus Tibia Radius

Fig. 3 Graphic representation of the different H,,.,, values obtained
at the three sites in CKD patients. * P < 0.001. Hj., values
measured at the radius, tibia, and calcaneus were compared by
repeated measures ANOVA, followed by Tukey’s test for pairwise

comparisons
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Table 2 Correlation between the fractal parameter (BMA) and mi-
croarchitectural and density parameters (HR-pQCT)

HR-pQCT Hiean
Calcaneus Tibia Radius
Tibia
Dyan 0.420%* 0.532%%* 0.445%*
Tb.N 0.319%** 0.512%%* 0.437%%*
Tb.Sp —0.377%%* —0.552%* —0.415%*
Tb.SpSD —0.362%* —0.537** —0.426%*
Tb.Th 0.236 0.184 0.140
Radius
Diab 0.365%* 0.5037%%* 0.537%#
Tb.N 0.275* 0.436%* 0.472%:
Tb.Sp —0.347%%* —0.492%* —0.472%*
Tb.SpSD —0.325%%* —0.355%* —0.403**
Tb.Th 0.317%* 0.412%%* 0.480%**

Spearman or Pearson correlation according to the distribution of
variables

Number of patients analyzed for each correlation: Hy,e., calcaneus
and HR-pQCT tibia n = 69; Hean calcaneus and HR-pQCT radius
n = 68; Hyean tibia and HR-pQCT tibia n = 70; Hyean tibia and HR-
pQCT radius n = 68; Hyean radius and HR-pQCT tibia n = 72; Hypean
radius and HR-pQCT radius n = 70

* P <0.05, ** P <0.01

2,5

N
I

Trabecular number (radius)
- (&}
‘ .

R
&

0,5 0,55 0,6 0,65 0,7 0,75
Hmean (radius)

Fig. 4 Correlation between H, ., at the radius (BMA) and trabecular
number at the radius (HR-pQCT): r = 0.472, P < 0.001

GFR (31 £ 11 vs. 32 4+ 12 mL/min per 1.73 rn2, P = NS),
proportion of diabetes mellitus (23 vs. 24%, P = NS), and
proportion of men (46 vs. 68%, P = NS). However, He., at
the calcaneus (0.611 + 0.014 vs. 0.623 4+ 0.025, P = 0.024)
was significantly lower in CKD patients with a history of
fractures, with a similar trend at the radius (0.592 4+ 0.038 vs.
0.613 + 0.038, P = 0.068). By contrast, results were not
significant at the tibia. Concerning HR-pQCT, we found sig-
nificant decreased total BMD (257 4+ 52 vs. 299 4+ 71
mgHA/cm3, P = 0.05), trabecular BMD (137 & 53 vs.
174 £+ 44 mgHA/cm3 , P = 0.015), and trabecular thickness

(67 & 10vs. 79 &+ 13 um, P = 0.004) in the fractured CKD
patients at the tibia; results were similar at the radius.

Discussion

In this study we applied the measurement of the fractal
parameter H,,.,, with BMA at two novel sites (tibia and
radius) and at the conventional site (calcaneus) and asses-
sed their relationship with trabecular microarchitecture
measured at the distal radius and tibia by HR-pQCT. Thus,
the main findings of the present study are (1) the good
reproducibility of H,,.., assessment at the three sites; (2) a
significant association between the results of bone texture
analysis at the tibia and the calcaneus, on the one hand, and
at the tibia and the radius, on the other hand; and (3) the
association between trabecular microarchitecture assessed
with HR-pQCT and H,,,.., at the three sites.

The reproducibility of Hy,e., at the calcaneus was sim-
ilar to that reported by Lespessailles et al. [11], who found
a CV of 1.2%. At the radius, the CV of BMA measurement
was similar to that provided by DXA for the measurement
of aBMD (1-2%) or HR-pQCT (0.7-1.5% for density and
0.9-4.4% for structural parameters). The results were
slightly lower at the tibia (4.7%), comparable to the upper
values found with HR-pQCT, likely due to a more difficult
positioning of patients. Thus, the most reproducible site for
measuring H..., appears to be the calcaneus. Since the
results of reproducibility are satisfying at the radius when
compared to other imaging techniques, the use of both the
radius and the calcaneus to assess H,c., could represent a
valuable option to improve the evaluation of bone status
with BMA.

As illustrated in Fig. 3, the H,c., values obtained at the
three sites were significantly different. This apparent dis-
crepancy could be explained by the differences in BMA
and structure at these three sites, as previously described,
e.g., with magnetic resonance imaging [15].

We found a moderate correlation between the BMA
texture parameter and HR-pQCT microarchitectural vari-
ables, similar to Chappard et al. [16], who demonstrated a
good relationship between 2D texture analysis on radio-
graphs and trabecular histomorphometry. All of these
results are consistent with the fact that H,.,, was devel-
oped to be an index of the 3D trabecular microarchitecture,
which is not addressed by DXA. We can therefore
hypothesize that H,.,, at all sites could be independent of
total aBMD but correlated to trabecular BMD and mic-
roarchitecture, as illustrated in Table 2. Thus, since it
has been well demonstrated that trabecular structure or
texture parameters of the radius or the calcaneus could
help to identify spine and hip fractures [17-19], BMA
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measurement could represent a new tool to improve the
prediction of fracture risk; however further longitudinal
studies are required to test this hypothesis.

A first limitation of this study is its focus on CKD
patients, who usually experience bone damage as soon as
their GFR falls below 60 mL/min per 1.73 m? [14].
Indeed, the impact of CKD on bone and mineral status may
be immediate (serum phosphocalcic dysequilibrium) or
delayed (fractures, vascular calcifications); in hemodialysis
patients there is a fourfold increased risk of hip fracture
[20], whereas there is a twofold increased risk of hip
fracture in predialysis patients [21]. Even if several studies
have reported on DXA in CKD patients with contradictory
results [14, 22-24], recent international guidelines have
emphasized the fact that BMD assessment by DXA anal-
ysis should no longer be performed in CKD patients since
it does not predict fracture risk in this population and does
not predict the type of renal osteodystrophy [25].

Several studies have been performed in CKD patients
with a pQCT device that measures separately trabecular
and cortical BMD at peripheral sites but does not assess
trabecular microarchitecture. Studies on dialysis patients
usually have reported decreased cortical vBMD and
thickness compared to controls, without significant changes
in trabecular vBMD [26-29]. All of these studies con-
firmed a cortical impairment, probably due to secondary
hyperparathyroidism, often seen during end-stage renal
disease. In predialysis patients, Obatake et al. [30] reported
a decrease in total, cortical, and trabecular BMD in 53
CKD patients after a 1-year follow-up. In 2005, Tsuchida
et al. [31] reported a negative correlation between trabec-
ular BMD and biomarkers of bone formation in 85 predi-
alysis patients. To our knowledge, no studies have
evaluated bone status with bone texture analysis in CKD
patients and only two studies have focused on this topic
with HR-pQCT. Nickolas et al. [32] recently reported a
more important trabecular loss and decreased BMD in 32
predialysis CKD patients with a history of fractures in
comparison to 59 CKD patients without fractures, similar
to our present results that are, however, from cross-sec-
tional data. The second study evaluating the interest of HR-
pQCT during CKD was performed in the present cohort of
CKD patients, studied in comparison to the epidemiologi-
cal cohorts STRAMBO and OFELY: we demonstrated that
these predialysis CKD patients experienced a moderate but
significant trabecular impairment, positioning their results
between those of normal and osteopenic controls [33].

Moreover, when comparing our results obtained with
BMA to results obtained in a case—control, multicenter
study evaluating bone texture analysis in osteoporosis in
219 controls (mean age 69 + 10 years) and 159 osteopo-
rotic postmenopausal women [34], CKD patients had H,can
values between those of healthy controls and osteoporotic
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patients with fractures (0.609 4 0.038 vs. 0.612 £ 0.031
vs. 0.600 % 0.035, respectively).

The present study consisted of a preliminary approach to
BMA measurement, to determine its reproducibility at
three sites and to study its relationship with 3D bone
evaluation by HR-pQCT in a specific population of
patients. Even if the data on our CKD patients seem close
to both HR-pQCT and BMA values of controls having
similar age and gender, these results need to be replicated
in a cohort of individuals with normal renal function.
Unfortunately, BMA reference values were not available at
our center to locally compare the results observed in our
CKD patients to those of healthy controls.

Moreover, this study is also limited by its cross-sectional
design, which prevented us from examining the predictive
value for incident fracture of the texture parameter. The
association we found between architectural variables asses-
sed using HR-pQCT and H,,ea,, On the one hand, and the
observation of a significant decrease of H,.., at the calca-
neus and probably an almost significant decrease at the
radius in CKD patients with a history of fractures, on the
other hand, can justify prospective studies testing the ability
of texture analysis to predict fracture better than aBMD alone
as it is associated with bone microarchitecture.

In conclusion, this study demonstrated the feasibility of
H,jean measurement with BMA at two novel sites. How-
ever, the precision error was the lowest at the calcaneus.
We also found a significant association between Hi,can
measurement and 3D trabecular microarchitecture mea-
sured by HR-pQCT at the same site. Thus, BMA mea-
surement might be a promising simple tool for evaluating
trabecular bone, but its ability to predict the risk of fracture
should be evaluated in further longitudinal prospective
studies.

Acknowledgments We thank Pr. Maurice Laville and Drs. Laurent
Juillard, Fitsum Guebre-Egziabher, Nicolas Rognant, Catherine
Chaubo, and Alexandre Klein (Department of Nephrology, Hopital
Edouard Herriot, Réseau TIRCEL, Lyon, France) for help in patient
recruitment. We also thank Dr. Clotilde Gadois (D3A Medical Sys-
tems) for her scientific support. This work was partly supported by a
2007 Société Frangaise de Pédiatrie/Archives de Pédiatrie educational
grant.

References

1. Wainwright SA, Marshall LM, Ensrud KE, Cauley JA, Black
DM, Hillier TA et al (2005) Hip fracture in women without
osteoporosis. J Clin Endocrinol Metab 90:2787-2793

2. Sornay-Rendu E, Munoz F, Garnero P, Duboeuf F, Delmas PD
(2005) Identification of osteopenic women at high risk of frac-
ture: the OFELY study. J Bone Miner Res 20:1813-1819

3. Sornay-Rendu E, Boutroy S, Munoz F, Delmas PD (2007)
Alterations of cortical and trabecular architecture are associated
with fractures in postmenopausal women, partially independent



J. Bacchetta et al.: 3D Bone Microarchitecture and 2D Bone Texture

391

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

of decreased BMD measured by DXA: the OFELY study. J Bone
Miner Res 22:425-433

. Majumdar S (2008) Magnetic resonance imaging for osteoporo-

sis. Skeletal Radiol 37:95-97

. Prouteau S, Ducher G, Nanyan P, Lemineur G, Benhamou L,

Courteix D (2004) Fractal analysis of bone texture: a screening
tool for stress fracture risk? Eur J Clin Invest 34:137-142

. Bachrach LK (2006) Measuring bone mass in children: can we

really do it? Horm Res 65(Suppl 2):11-16

. Nickolas TL, Leonard MB, Shane E (2008) Chronic kidney disease

and bone fracture: a growing concern. Kidney Int 74:721-731

. Boutroy S, Bouxsein ML, Munoz F, Delmas PD (2005) In vivo

assessment of trabecular bone microarchitecture by high-resolu-
tion peripheral quantitative computed tomography. J Clin Endo-
crinol Metab 90:6508-6515

. Link TM, Majumdar S, Konermann W, Meier N, Lin JC, Newitt

D et al (1997) Texture analysis of direct magnification radio-
graphs of vertebral specimens: correlation with bone mineral
density and biomechanical properties. Acad Radiol 4:167-176
Benhamou CL, Poupon S, Lespessailles E, Loiseau S, Jennane R,
Siroux V et al (2001) Fractal analysis of radiographic trabecular
bone texture and bone mineral density: two complementary
parameters related to osteoporotic fractures. J Bone Miner Res
16:697-704

Lespessailles E, Gadois C, Lemineur G, Do-Huu JP, Benhamou L
(2007) Bone texture analysis on direct digital radiographic ima-
ges: precision study and relationship with bone mineral density at
the os calcis. Calcif Tissue Int 80:97-102

Kazakia GJ, Hyun B, Burghardt AJ, Krug R, Newitt DC, de Papp
AE et al (2008) In vivo determination of bone structure in
postmenopausal women: a comparison of HR-pQCT and high-
field MR imaging. J Bone Miner Res 23:463-474

Gluer CC, Blake G, Lu Y, Blunt BA, Jergas M, Genant HK
(1995) Accurate assessment of precision errors: how to measure
the reproducibility of bone densitometry techniques. Osteoporos
Int 5:262-270

Bacchetta J, Boutroy S, Juillard L, Vilayphiou N, Guebre-Eg-
ziabher F, Pelletier S et al (2009) Bone imaging and chronic
kidney disease: will high-resolution peripheral tomography
improve bone evaluation and therapeutic management? J Ren
Nutr 19:44-49

Link TM, Bauer J, Kollstedt A, Stumpf I, Hudelmaier M, Settles
M et al (2004) Trabecular bone structure of the distal radius, the
calcaneus, and the spine: which site predicts fracture status of the
spine best? Invest Radiol 39:487-497

Chappard D, Guggenbuhl P, Legrand E, Basle MF, Audran M
(2005) Texture analysis of X-ray radiographs is correlated with
bone histomorphometry. J] Bone Miner Metab 23:24-29
Majumdar S, Genant HK, Grampp S, Newitt DC, Truong VH, Lin
JC et al (1997) Correlation of trabecular bone structure with age,
bone mineral density, and osteoporotic status: in vivo studies in
the distal radius using high resolution magnetic resonance
imaging. J Bone Miner Res 12:111-118

Link TM, Majumdar S, Augat P, Lin JC, Newitt D, Lu Y et al
(1998) In vivo high resolution MRI of the calcaneus: differences
in trabecular structure in osteoporosis patients. J Bone Miner Res
13:1175-1182

Sornay-Rendu E, Cabrera-Bravo JL, Boutroy S, Munoz F, Del-
mas PD (2009) Severity of vertebral fractures is associated with

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

alterations of cortical architecture in postmenopausal women.
J Bone Miner Res 24:737-743

Alem AM, Sherrard DJ, Gillen DL, Weiss NS, Beresford SA,
Heckbert SR et al (2000) Increased risk of hip fracture among
patients with end-stage renal disease. Kidney Int 58:396-399
Nickolas TL, McMahon DJ, Shane E (2006) Relationship
between moderate to severe kidney disease and hip fracture in the
United States. ] Am Soc Nephrol 17:3223-3232

Urena P, Bernard-Poenaru O, Ostertag A, Baudoin C, Cohen-
Solal M, Cantor T et al (2003) Bone mineral density, biochemical
markers and skeletal fractures in haemodialysis patients. Nephrol
Dial Transplant 18:2325-2331

Jamal SA, Hayden JA, Beyene J (2007) Low bone mineral den-
sity and fractures in long-term hemodialysis patients: a meta-
analysis. Am J Kidney Dis 49:674-681

Yamaguchi T, Kanno E, Tsubota J, Shiomi T, Nakai M, Hattori S
(1996) Retrospective study on the usefulness of radius and lum-
bar bone density in the separation of hemodialysis patients with
fractures from those without fractures. Bone 19:549-555
Kidney Disease: Improving Global Outcomes (KDIGO) CKD-
MBD Work Group (2009) KDIGO clinical practice guideline for
the diagnosis, evaluation, prevention, and treatment of Chronic
Kidney Disease-Mineral and Bone Disorder (CKD-MBD). Kid-
ney Int Suppl S1-S130

Russo CR, Taccetti G, Caneva P, Mannarino A, Maranghi P,
Ricca M (1998) Volumetric bone density and geometry assessed
by peripheral quantitative computed tomography in uremic
patients on maintenance hemodialysis. Osteoporos Int 8:443-448
Hasegawa K, Hasegawa Y, Nagano A (2004) Estimation of bone
mineral density and architectural parameters of the distal radius
in hemodialysis patients using peripheral quantitative computed
tomography. J Biomech 37:751-756

Negri AL, Barone R, Lombas C, Bogado CE, Zanchetta JR
(2006) Evaluation of cortical bone by peripheral quantitative
computed tomography in continuous ambulatory peritoneal
dialysis patients. Hemodial Int 10:351-355

Jamal SA, Gilbert J, Gordon C, Bauer DC (2006) Cortical pQCT
measures are associated with fractures in dialysis patients. ] Bone
Miner Res 21:543-548

Obatake N, Ishimura E, Tsuchida T, Hirowatari K, Naka H,
Imanishi Y et al (2007) Annual change in bone mineral density in
predialysis patients with chronic renal failure: significance of a
decrease in serum 1,25-dihydroxyvitamin D. J Bone Miner Metab
25:74-79

Tsuchida T, Ishimura E, Miki T, Matsumoto N, Naka H, Jono S
et al (2005) The clinical significance of serum osteocalcin and N-
terminal propeptide of type I collagen in predialysis patients with
chronic renal failure. Osteoporos Int 16:172-179

Nickolas TL, Stein E, Cohen A, Thomas V, Staron RB, McMa-
hon DJ et al (2010) Bone mass and microarchitecture in CKD
patients with fracture. J Am Soc Nephrol 21:1371-1380
Bacchetta J, Boutroy S, Vilayphiou N, Juillard L, Guebre-Eg-
ziabher F, Rognant N et al (2010) Early impairment of trabecular
microarchitecture assessed with HR-pQCT in patients with stage
II-IV chronic kidney disease. J Bone Miner Res 25:849-857
Lespessailles E, Gadois C, Kousignian I, Neveu JP, Fardellone P,
Kolta S et al (2008) Clinical interest of bone texture analysis in
osteoporosis: a case control multicenter study. Osteoporos Int
19:1019-1028

@ Springer



	Assessment of Bone Microarchitecture in Chronic Kidney Disease: A Comparison of 2D Bone Texture Analysis and High-Resolution Peripheral Quantitative Computed Tomography at the Radius and Tibia
	Abstract
	Patients and Methods
	Subjects
	HR-pQCT
	BMA Analysis
	Quality Control
	Statistical Analysis

	Results
	Characteristics of CKD Patients
	Reproducibility of the Fractal Parameter with BMA
	Comparison of the Fractal Parameter Obtained at Different Sites
	Comparison Between BMA Analysis and HR-pQCT
	BMA Results in CKD Patients According to the History of Fractures

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


