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Summary

Objective: To assess the relation between three-dimensional (3D) measurements obtained by lumbar dual energy X-ray
absorptiometry (DXA) and osteoporotic fractures in dorsal vertebrae.

Material and methods: We analysed retrospectively 32 postmenopausal women, allocated to two groups: 16 women
in the experimental group, who presented incident fractures of the dorsal vertebrae, and 16 women in the control group,
who did not show any type of fracture. Measurements of the (aBMD) of vertebrae L1 through L4 were taken at the initial
visit (i.e., prior to the fracture event) by lumbar dual-energy x-ray absorptiometries (DXA). 3D measurements obtained
by DXA were evaluated using 3D modelling software (3D-SHAPER). Volumetric bone mineral density (vBMD) was cal-
culated in the trabecular, cortical and integral bone. Cortical thickness and cortical surface BMD (sBMD) were also me-
asured. Differences in measurements derived from the DXA between the experimental and control groups were assessed
using an unpaired Student t-test. The odds ratio (OR) and the area under the receiver operating characteristic curve
(AUC) were also determined.

Results: In the present age-adjusted case-control study, no significant differences were found between the experimental
and control groups in terms of weight (p=0.44), height (p=0.25) and aBMD (p=0.11). However, significant differences
(p<0.05) were found in the integral and trabecular vBMD and in the cortical sSBMD. Trabecular vBMD in the vertebral
body was the measure that best discriminated between both groups, with an AUC of 0.733, compared to 0.682 of the
aBMD.

Conclusion: This study shows the ability of 3D models resultant from lumbar DXAs to discern between subjects with
incident fractures in the dorsal vertebrae and control subjects. It is necessary to analyse larger cohorts to establish if
these measurements could improve the prediction of fracture risk in clinical practice.

Key words: 3D modelling, fracture risk, osteoporosis, trabecular, cortical, vertebral fracture, volumetric bone mineral
density, superficial bone mineral density.

INTRODUCTION

Every year 8.9 million osteoporosis-related fractures
occur worldwide, representing one fracture every 3 se-
conds?, with vertebral being the most common osteopo-
rotic fractures?.

Dual-energy X-ray absorptiometry (DXA) is the standard
test for diagnosing osteoporosis and evaluating fracture
risk3#, as it is a low-radiation, inexpensive technique. The
DXA provides two-dimensional (2D) images that measure
the bone mineral density of the area (aBMD) projected

along the anteroposterior (AP) direction. Various studies
show that alow aBMD value, measured in AP DXA explora-
tions, is among the highest fracture risks**. The decrease of
the aBMD standard deviation leads to an increase from 1.5
up to 3.0 times the risk of fracture, depending on its location
and its measurement’s location®. Nevertheless, a low BMD
value is not enough to explain every fracture. Recent studies
suggest that the risk of fracture is high when the BMD value
is low, but this does not mean that fracture risk is negligible
when the BMD value is normal3®.
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Most osteoporosis-related vertebral fractures are lo-
cated in the vertebral body®. In AP DXA images of the spi-
nal column, the vertebral body overlaps the posterior
vertebral elements, so the BMD in the vertebral body
cannot be estimated separately. On the other hand, the
risk of fracture depends on the architecture of the tra-
becular bone and the thickness of the cortical bone?®.
However, the trabecular and cortical bone compart-
ments are difficult to assess separately on AP DXA scans.

As an alternative to the DXA, quantitative computed
tomography (QCT) provides a three-dimensional (3D)
analysis of the bone structures. In QCT imaging, the vo-
lumetric BMD (vBMD) can be measured in the vertebral
body alone, separate from the posterior vertebral ele-
ments, and even trabecular and cortical structures can
be evaluated in isolation®!112, Previous studies have ap-
praised the association between vBMD derived from
QCT and vertebral fractures®!3-'7, Finite element models
based on QCT have also been analysed to know the me-
chanical properties of the vertebrae and to predict the
risk of vertebral fracture!’-2°. However, QCT scans com-
pared to DXA scans involve exposure to a higher dose of
radiation, as well as a higher cost. As a consequence,
QCT is rarely used in clinical practice for fracture risk
assessment.

In order to overcome the limitations of the DXA and
QCT scans, various researches suggest the use of 3D mo-
delling methods to determine the shape and distribution
of bone density considering a limited number of DXA
scans?!'?5, These studies use a three-dimensional statis-
tical model of the bone shape and density which is re-
corded in DXA examinations to obtain a personalized 3D
model of such bone (QCT type). The precision of these
methods?!?® has been evaluated by comparing 3D mo-
dels and measurements obtained via DXA and QCT. Ho-
wever, as far as we know, no study has been conducted
on the association of measurements provided by DXA-
based 3D modelling techniques and vertebral fractures.

On another note, AP DXA usually includes only the
lumbar region (L1 to L4), since the rib cage overlaps in
the projection, avoiding the use of DXA to determine the
aBMD in the thoracic spine. Despite this, various studies
indicate that the greatest number of vertebral fractures
related to osteoporosis occur at the thoracoabdominal
junction (T12-L1)'*52¢, Although the reason for this hig-
her prevalence is unknown, it has been suggested that
thoracic kyphosis and rib cage stiffness predispose this
area to fracture as the vertebral load is higher at this lo-
cation. Even though measurements made at the same
fracture location show a greater power of discrimina-
tion, Budoff et al.?’ found a high correlation between tra-
becular vBMD in the lumbar vertebrae and trabecular
vBMD in the dorsal vertebrae.

The objective of this study was to assess the ability of
3D measurements derived from the DXA to distinguish
subjects with incident fractures of the dorsal vertebrae
from control subjects. To do this, a retrospective case-con-
trol study was carried out, which included postmenopau-
sal Caucasian females who experienced a fracture event
in the dorsal vertebrae (cases) and control females of the
same age without any type of fracture. For each subject,
3D measurements derived from lumbar DXA were obtai-
ned at the initial baseline visit (which took place at least
one year prior to the vertebral fracture event for subjects
in the experimental group) using lumbar DXA AP scans
and a DXA-based 3D modelling technique?.
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IMIATERIALS AND METHODS

Study population

We analyzed in retrospect a database compiled at CETIR
Grup Medic (Barcelona, Spain). The database is made up
of postmenopausal Caucasian women over the age of 40
who have already had an initial baseline and follow-up
visit, both conducted between the years 2000 and 2010.
Subjects in the database were stratified into two groups:
patients with incident fractures in the dorsal vertebrae
related to osteoporosis (experimental group) and sub-
jects without any type of fracture (control group). The
inclusion criteria in the experimental group were: ab-
sence of prevalent osteoporotic fractures, incident oste-
oporotic fracture of the dorsal vertebrae during the
follow-up period (between one and ten years from the
initial baseline visit), and absence of non-vertebral oste-
oporotic fractures during the follow-up period. The in-
clusion criteria in the control group were: absence of any
type of osteoporotic fracture at the time of the initial ba-
seline visit and for at least seven years following it. The
individuals in both groups were excluded if they had un-
dergone spinal surgery or had any bone disease other
than osteoporosis, such as severe osteoarthritis, severe
scoliosis, spondylitis, spinal infection, or abnormal bone
growth. Each subject in the experimental group was age-
matched (* 5 years) with a subject in the control group
(1:1). Clinical parameters such as age, weight, height, and
body mass index (BMI) were collected from each subject
at the initial baseline visit. The database used in this
study is part of a previous study in which the relation bet-
ween 3D measurements derived from lumbar DXA and
different types of vertebral fractures was evaluated?®.

Vertebral fractures were confirmed by a radiologist,
who used the evaluation of vertebral fractures according
to the Genant semi-quantitative classification criteria®.
The absence of fracture was determined by reviewing
the clinical history of the subjects, analyzing the AP DXA
examinations at the baseline and follow-up visits, and
ruling out the subjects whose height decreased by 2 cm
or more between the reference visit and the follow-up
visit. The presence (experimental group) or absence
(control group) of fractures in the dorsal vertebrae could
not be confirmed by morphometry for all the subjects,
so the study is limited to clinical fractures.

This study was conducted as stipulated by the latest
version of the Declaration of Helsinki. The Scientific
Committee of the CETIR Grup Medic gave its ethical ap-
proval for the use of retrospective clinical data and the
measurement results within the scope of this study.
Anonymity of each subject was ensured and maintained
by using numerical codes for all records.

Medical images and 2D measurements derived from DXA
All the subjects included in the study went through a
lumbar AP DXA examination at the baseline visit. DXA
scans were carried out with a Prodigy densitometer (GE
Healthcare, Madison, Wisconsin, USA) and analysed with
the enCORE software (v14.10, GE Healthcare, Madison,
Wisconsin, USA). DXA scans and analyses were perfor-
med by a radiologist at CETIR Grup Medic in accordance
with the manufacturer's recommendations. 2D measu-
rements derived from DXA, such as aBMD (in g/cm?),
bone mineral content (BMC, in g), and area (in cm?),
were measured for L1 to L4 vertebrae in the AP DXA exa-
minations. The T-score was evaluated using the GE-
Lunar reference curves for Spain.
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3D measurements derived from the DXA

3D measurements derived from the DXA in the L1-L4
segment were obtained with 3D-SHAPER software
(Galgo Medical, Barcelona, Spain) and AP DXA scans
taken at the initial baseline visit (before fracture). 3D-
SHAPER calculates a custom 3D model of the lumbar
spine shape and density from a single AP DXA image, as
described in Lépez Picazo et al.?> and is briefly summa-
rized next. First, the custom 3D estimate is obtained by
registering and fitting a statistical model of shape and
density in the AP DXA image. The statistical model is
previously generated using a training database of QCT
scans of Caucasian men and women. The cortical bone
of the vertebral body is then segmented using an algo-
rithm based on intensity models?>?°, This algorithm cal-
culates the density profile along the normal vector at
each node of the 3D surface mesh and adjusts it to a
function defined by the thickness and cortical density,
the location of the cortical cortex, the density of the su-
rrounding tissues and the blur of the image. Finally, 3D
measurements derived from the DXA are taken in diffe-
rent vertebral regions and bone compartments. The
vBMD (in mg/cm?), the BMC (in g) and the volume (in
cm?®) were measured in the integral bone of the total ver-
tebra and the vertebral body. These same measurements
were also obtained for the trabecular and cortical com-
partments in the vertebral body. The average cortical
thickness (Cort. Th., in mm) and the cortical surface
bone mineral density (cortical sSBMD, in mg/cm?) were
measured in the vertebral body. Cortical SBMD is the
amount of cortical bone per unit area integrated along
the normal vector at each node of the vertebral body
surface mesh. It was calculated as the multiplication of
the cortical vBMD (in mg/cm?) and the Cort. Th. (in cm).

Statistical analysis

Descriptive statistics, including mean and standard de-
viation, were used to analyze both the experimental and
control groups at the initial baseline visit. The differences
between the groups were assessed using the unpaired
Student t-test, after verifying the normality of the data.
A value of p<0.05 was considered statistically significant.
Invariant logistic regressions were used to investigate
possible correspondence between independent variables
(weight, height, BMI, 2D and 3D measurements obtained
by DXA) and the state of the fracture. The ability of DXA-
derived measurements to discriminate between subjects
with fractures and control subjects was assessed using
the area under the receiver operating characteristic
curve (AUC). The odd ratio (OR) was calculated with 95%
confidence intervals (CI) to estimate the odds of a verte-
bral fracture occurring at any change of one standard de-
viation in measurements obtained by the DXA. The mean

of the 3D shape and the density to visualize the differen-
ces in the distribution of vBMD were calculated for each
group. Cuts in the median plane of the vertebral body
were used to display the anatomical distribution of the
differences in vBMD. The distribution of cortical SBMD
was also calculated for each group. The differences in
cortical sBMD distribution were shown in one instance
of the average shape. Statistical analyses were carried out
using Matlab Academic (version R2015b, MathWorks,
Inc., Natick, Massachusetts, USA).

REesuLts

Characteristics of the subjects

32 postmenopausal Caucasian women were included in
this study: 16 patients with at least one incident osteo-
porotic fracture of the dorsal vertebrae (experimental
group) and 16 subjects of the same age without any type
of fracture (control group). The fractured group consis-
ted of 11 subjects with a single fractured dorsal vertebra
and 5 subjects with multiple vertebral fractures. A total
of 25 incident vertebral fractures were found in the pa-
tients in the fracture group: two T4, two T7, one T8, one
T9, three T10, one T11, nine T12, five L1 and one L2. It
is unknown whether the vertebral fractures presented
wedge, biconcave or crush deformities.

Patients in the experimental group had a vertebral
fracture event at an average (* standard deviation) of
3.2£2.4 years from the initial baseline visit. The absence
of osteoporotic fracture events was ensured for the con-
trols during an average period of 8.4+1.0 years. No sig-
nificant differences (p=0.05) were observed between
the experimental and control groups in terms of age,
weight, height and BMI (Table 1).

2D measurements derived from DXA

In line with WHO classification criteria, 94% of the pa-
tients in both groups presented a low aBMD (T-score for
L-L4 <-1). The experimental group included 12 women
with osteoporosis, 3 with low bone mass and 1 with nor-
mal bone mass; while the control group included 5
women with osteoporosis, 10 with low bone mass and
1 with normal bone mass.

The mean aBMD in the L1-L4 segment of the subjects
in the experimental group was 8.1% lower compared to
those in the control group, although not significant
(p=0.11; table 2). There were also no significant diffe-
rences in BMC and AREA (p>0.05). The aBMD differen-
tiated between the experimental group and the control
group with an AUC=0.662. Each decrease in one stan-
dard deviation in the aBMD was associated with an al-
most two-fold increase in the probability of presenting
an osteoporotic fracture in the dorsal vertebrae
(OR=1.862; 95% CI: 0.862-4.022).

Table 1. Characteristics of the subjects at the initial baseline visit

Controls
Number 16
Age (years) 63.9 £7.7 [50.0 - 74.0]
Weight (kg) 61.7 +10.1 [46.0 - 85.0]
Height (cm) 154.0 + 4.7 [143.0 - 161.0]

BMI (kg/m?) 26.0 +3.6 [21.0 - 32.8]

Fractured p*
16
64.9 + 8.4 [48.8 - 75.7] 0.738
64.2 +8.2 [54.0 - 83.0] 0.444
156.0 £ 5.1 [148.0 - 169.5] 0.251
26.4+2.9[22.0-30.8] 0.733

Results expressed as mean * standard deviation [minimum - maximum]; *: p values of the unpaired Student t-test; BMI: body mass index.



48 Lopez Picazo M, Humbert L, Di Gregorio S, Gonzalez Ballester MA, Del Rio Barquero LM (R|GINALS

3D measurements derived from the DXA
The integral vBMD in the total vertebra in the experimen-
tal group was 10.2% lower than in the control group
(p<0.05; table 2). In the vertebral body, the differences
in vBMD were more pronounced in the trabecular bone
(-16.2%, p<0.01) than in the integral bone (-12.8%,
p<0.01). Cortical vBMD in the vertebral body was 2.3%
lower in the experimental group, as well as non-signifi-
cant (p=0.477). The cortical vBMD in the vertebral body
in the experimental group was 10.0% lower than in the
control group (p=0.018). The anatomical distribution of
the mean differences between the trabecular vBMD in
the vertebral body of the subjects included in the fractu-
red and control groups is shown in figure 1. In it, we can
see how the differences in the trabecular vBMD are more
pronounced near the end plates of the vertebral body.
The trabecular vBMD in the vertebral body was re-
lated to higher values of AUC (0.801) and OR (5.060;
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95% CI: 1.406-18.208), compared to other measure-
ments derived from DXA (Table 2). Slightly lower va-
lues were found for the integral vBMD in the vertebral
body (AUC=0.793 and OR=4.557; 95% CI: 1.411-
14.718). The AUC map associated with the trabecular
vBMD values calculated at each voxel of the volumetric
images of the subjects included in the experimental
and control groups is shown in figure 2. Only the AUC
of the 90" percentile (AUC>0.720) are represented. A
maximum AUC value of 0.815 was reached. Trabecular
vBMD measurements show a higher AUC value near
the end plates.

Cortical sBMD in the vertebral body was connected
to higher values of AUC (0.734) and OR (2.649; 95% CI:
1.111-6.313), compared to other measurements made
on cortical bone (Table 2). The anatomical distribution
of the mean differences in cortical SBMD between the
subjects included in the experimental and control

Table 2. Measurements derived from the DXA of the initial baseline visit in both groups, differences between groups, AUC and OR

L1-L4 Controls Fractured Differences p* AUC OR [IC 95%]
2D measurements derive from DXA
aBMD 0931+0.126  0.856+0.133  -0.076 (-8.1%) 0.110 0.662 1.862 [0.862 - 4.022]?
BMC 46.6 £7.8 44.4 £ 9.6 -2.7 (-5.8%) 0.392 0.613 1.382 [0.672 - 2.841]?
Area 50.0 £3.9 51.1+6.2 1.2 (2.4%) 0.523 0.488 0.785[0.382 - 1.614]°
3D measurements derived from the DXA
Integral bone, total vertebra
Int. vBMD 256.2 +36.6 230.0 + 34.0 -26.2 (-10.2%) 0.044 0.691 2.296 [0.974 - 5.413]?
Int. BMC 40.5+6.9 38.1+8.4 -2.4 (-6.0%) 0.379 0.602 1.394 [0.677 - 2.868]*
Int. volume 1579 £+ 14.1 165.2 + 23.7 7.3 (4.6%) 0.300 0.574 0.670[0.317 - 1.417]°
Integral bone, vertebral body
Int. vBMD 207.6 £ 24.1 181.0 £ 20.5 -26.6 (-12.8%) 0.002 0.793 4.557 [1.411 - 14.718]?
Int. BMC 21.3+31 19.2+39 -2.1(-9.7%) 0.109 0.652 1.865 [0.863 - 4.029]?
Int. volume 102.6 £9.3 105.8 +15.5 3.2 (3.1%) 0.484 0.531 0.766 [0.371 - 1.583]°
Trabecular bone, vertebral body
Trab. DMOv 134.5 £21.2 112.7 £16.3 -21.8 (-16.2%) 0.003 0.801 5.060 [1.406 - 18.208]°
Trab. BMC 12.0+2.0 10.5+2.0 -1.5 (-12.7%) 0.038 0.688 2.338[0.996 - 5.486]*
Trab. volume 89.4 +8.7 93.3+13.8 3.8 (4.3%) 0.357 0.563 0.702 [0.334 - 1.473]°
Cortical bone, vertebral body
Cort. vBMD 704.3 +47.9 687.9+77.2 -16.3 (-2.3%) 0.477 0.543 1.307 [0.639 - 2.673]*
Cort. BMC 93+14 8.7+22 -0.6 (6%) 0.401 0.570 1.373 [0.668 - 2.823]?
Cort. volume 13.2+1.3 12.5+1.9 -0.6 (-4.7%) 0.294 0.621 1.492 [0.716 - 3.110]?
Cort. Th. 0.66 + 0.06 0.62 +0.05 -0.05 (-7.1%) 0.017 0.734 2.659 [1.115 - 6.342]*
Cort. BMDs 52.2+6.5 47.0+5.1 -5.2 (-10.0%) 0.018 0.734 2.649 [1.111 - 6.313]*
Cortical bone, regions of the vertebral body
Cort. BMDs (Higher) 58.7 £ 8.0 525 & 58 -6.3 (-10.7%) 0.017 0.730 2.722 [1.115 - 6.644]
Cort. BMDs (Lower) 56.9 £ 6.8 51.5+5.7 -5.3 (-9.4%) 0.023 0.754 2.793 [1.060 - 7.358]
Cort. BMDs (Previous) 411+74 359+5.9 -5.3 (-12.8%) 0.035 0.699 2.363 [1.020 - 5.477]
Cort. BMDs (Later) 54.1+8.38 50.1+8.8 -4.0 (-7.4%) 0.209 0.637 1.629 [0.762 - 3.480]

Measurements of the experimental and control groups are expressed as mean * standard deviation. Differences between groups are expressed
as mean (percentage). *: p values of the unpaired Student t-test; p values <0.05 are shown in bold; : probability ratio corresponding to a
standard deviation of decrease in the measure; ": probability ratio corresponding to a standard deviation of increase in the measurement; AUC:
area below the receiver operating characteristic curve; OR: odds ratio; CI: confidence interval; Int.: integral; Trab.: trabecular; Cort.: cortical;
aBMD: areal bone mineral density (g/cm?); BMC: bone mineral content (g); area (cm?); vBMD: volumetric bone mineral density (mg/cm?); vo-
lume (cm?); Cort. Th .: cortical thickness (mm); BMDs: surface bone mineral density (mg/cm?); Int.: integral bone; Trab.: trabecular bone; Cort.:

cortical bone; Total: total vertebra; Body: vertebral body.
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groups, is shown in figure 3 (top). More pronounced dif-
ferences (magenta-coloured) were found in the end pla-
tes of the L1, L2 and L4 vertebrae. The cortical sSBMD in
the lower end plate was the measure of SBMD with the
highest AUC (0.754) and OR (2.793; 95% CI: 1.060-
7.358) values. Figure 3 (bottom) shows the AUC value
calculated using cortical sSBMD at each vertex of the ver-
tebral body surface. AUC values of the 90th percentile
(i.e. in the range of 0.777-0.836) are circled in red and
were found mainly on the end plates.

Discussion

In the present study, the ability of 3D measurements de-
rived from lumbar DXA, to discriminate between pos-
tmenopausal women with and without osteoporotic
fractures in the dorsal vertebrae, was evaluated. 3D me-

asurements derived from the DXA were performed at
the initial baseline visit (at least one year before the ver-
tebral fracture event), using standard DXA scans and a
3D modelling technique?>.

Age, gender, and BMI are independent risk factors for
osteoporosis-related fractures®*. In this study, a data-
base of postmenopausal females paired by age was used
to eliminate the possible effect of age and gender on the
results. Although inclusion criteria related to height or
weight were not used to recruit subjects, no significant
differences were found between the groups in terms of
height, weight, and BMI at the initial baseline visit.

No significant differences were observed in the aBMD
(-8.1%, p=0.110), but in the integral vBMD (-10.2%,
p=0.044). On the other hand, higher ORs were found for
the vBMD measurements obtained via DXA in the verte-

Figure 1. Anatomic distribution of the mean differences in trabecular vBMD, between the subjects included in the experimental
group and those in the control group. The differences are shown in the mid-coronal plane (centre) and the median lateral plane
(right) of the vertebral body. The image on the left shows the plans that were used. The red-yellow areas indicate the regions
where the difference in trabecular vBMD between the subjects with vertebral fracture and the control subjects is on average
lower (in blue-green areas this difference is higher). Non-significant changes (unpaired Student t-test) were marked in black.
The pink outline indicates the periosteal surface of the vertebral body

ADMOYV (mg/cm?)

'\H\”)IIH_'\YT\:l

Figure 2. Map of the AUC calculated by using the trabecular vBMD in each voxel of the volumetric images of the subjects
included in the experimental group and the control group. Only AUCs greater than the 90" percentile are represented
(AUC >0.778). The maximum AUC registered is 0.930
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Figure 3. Top: anatomical distribution of the mean differences in the cortical sBMD of the vertebral body between
the subjects included in the experimental group and the control group. Non-significant changes (unpaired Student
t-test) are shown in grey. Bottom: AUC was calculated by using the cortical sSBMD at each vertex of the vertebral body
surface of the subjects included in the experimental group and the control group. The regions where the differences
in the cortical sSBMD were not significant (unpaired Student t-test), in the region of interest of the total vertebra,
are shown in grey. The regions listed at an AUC greater than the 90 percentile (that is, an AUC>0.777) are circled

in red. The maximum AUC was 0.836
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bral body (OR=4.557; 95% CI: 1.411-14.718 in the inte-
gral bone, and OR=5.060; 95% CI: 1.406-18.208 in the
trabecular bone) in comparison with the aBMD
(OR=1.862; 95% CI: 0.862-4.022). These results are con-
sistent with various studies present in the literature,
where it was found that the OR for QCT-derived measu-
rements of vBMD are similar or higher; if compared with
aBMD measurements!#!6, Melton et al.* reported a
slightly higher OR for vBMD in the L1-L3 segment
(OR=2.2; 95% CI: 1.1-4.3) in the integral bone and
OR=1.9; 95% CI: 1.0-3.6 in the trabecular bone), compa-
red to aBMD (OR=0.7; 95% CI: 0.4-1.2). Anderson et al.’
reported a higher OR for vBMD in L3 (OR=5.3; 95% CI:
1.3-21 in the integral bone and OR=5.6; 95% CI: 1.3-23.4
in the trabecular bone), compared to aBMD (OR=2.8;
95% CI: 1.0-8.0). Grampp et al.'® reported a higher OR
for vBMD in the L1-L4 segment (OR=3.0; 95% CI: 1.5-
6.1 in the integral bone and OR=4.3; 95% CI: 1.8-10.1 in
the trabecular bone), compared to aBMD (OR=2.4; 95%
Cl: 1.4-4.2).

The trabecular vBMD in the vertebral body was the
measure that best discriminated between the experi-
mental and the control groups, with an AUC of 0.801,
compared to 0.662 for aBMD. Similar findings have been
found in the literature in studies based on QCT3*11-17:30,
Chalhoub et al.!® reported an AUC of 0.79 for trabecular
vBMD, compared to 0.72 for aBMD. Melton et al.* repor-
ted an AUC of 0.78 for trabecular vBMD, compared to
0.75 for aBMD. Grampp et al.'® reported an AUC of 0.82
for trabecular vBMD, compared to 0.78 for aBMD. Imai
et al.2? reported an AUC of 0.77 for trabecular vBMD,
compared to 0.71 for aBMD.

Degenerative diseases of the vertebral spine, abdomi-
nal aortic calcification, and other sclerotic lesions artifi-
cially increase the aBMD measure obtained in the AP
DXA341130 despite the fact that patients with such patho-
logies have a higher risk of fracture. Trabecular vBMD in
the vertebral body may be less sensitive to artifacts pro-
duced by these diseases, which are often found on the ver-
tebral surface (cortical bone) or in the posterior arch. This
could explain the higher AUC values found for the trabe-
cular vBMD in our study. In this sense, 3D measurements
derived from the DXA of the trabecular bone in the verte-
bral body could provide an alternative measure, overco-
ming the limitation of the diagnosis based on the aBMD by
ruling out bone spurs, local deformations in the periosteal
surface or in the posterior vertebral processes3’.

In the present study, the differences were less pro-
nounced in the cortical bone (cortical sSBMD: -10.1%,
AUC=0.734) than in the trabecular bone (trabecular
BMD: -16.2%, AUC=0.801). Biomedical studies demons-
trated that the contribution of the cortical bone to the
vertebral force is usually low in normal subjects, but it
could be considerable in subjects with osteoporosis3®3!,
The precision of measurements derived from the DXA in
the trabecular and the cortical bones was evaluated in
previous works?’. However, the cortex of the vertebral
body is very thin (from 180 to 600 pm with an average
thickness of 380 pm)??, and DXA-based 3D modelling
methods can hardly model local deformities, which
could affect the precision of the cortical. Cortical SBMD
is considered a stronger measure of cortical bone than
cortical vBMD, since generally it is easier to measure in
low-resolution images3*32.
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Local differences between the experimental and the
control groups were analyzed using color-coded images.
The mean differences in the trabecular vBMD between
the subjects included in the experimental groups and
those in the control group and their respective AUC were
greater near the end plates and smaller in the centre of
the vertebral body. Experimental studies of vertebral
fractures in specimens show how the end plates of the
vertebral body are the regions where failure at a tissue
level begins®3-%6. These findings are consistent with bio-
mechanical studies that show that the maximum load
fraction on the trabecular bone normally occurs near the
end plates?®353¢, The anatomical distribution of mean
differences in cortical SBMD between subjects included
in the thoracic spine fracture subgroup and their respec-
tive subjects in the control subgroup shows more pro-
nounced differences in the end plates?3-3¢. The results
are consistent with biomechanical studies showing the
thickness and density of the end plate, and the density
of the adjacent trabecular bone as good predictors of
local stiffness and strength.

The most significant limitation of the present study
is the small number of subjects included. The main dif-
ficulties in including subjects in the experimental group
were to find patients with DXA images from before the
incident fracture, since most patients go to the doctor's
office after the fracture event, and to ensure that the
subjects did not present prevalent osteoporotic fractu-
res in any bone at the time of the initial baseline visit.
Furthermore, our study is monocentric, only includes
postmenopausal Caucasian females and not all of them
have the same fractured vertebra. Therefore, the results
can only be extrapolated to populations with similar
characteristics. Besides, due to the design of our study
(retrospective and case-control), we cannot directly
imply a causal association between the reduction of 3D
measurements derived from DXA and osteoporotic frac-
ture. Another limitation is that the participants included
in this study did not undergo a QCT examination. The-
refore, we were unable to make a direct comparison bet-
ween the results obtained using 3D measurements
derived from DXA and measurements derived from QCT.
Nor was a comparison made of 3D measures derived

from DXA and other methods used in clinical practice to
predict fracture risk (such as the Trabecular Bone Score
-TBS- or the FRAX® tool). Furthermore, the presence/
absence of vertebral fracture was confirmed by antero-
posterior DXA scans and vertebral morphometry (VFA,
Vertebral Fracture Assessment). It would have been in-
teresting to include other imaging modalities such as
QCT or X-ray to further assess vertebral fractures.

CONCLUSIONS

This case-control study showed the association between
3D measurements derived from lumbar DXA and incident
osteoporotic fractures in the dorsal vertebrae. The indi-
viduals in the experimental group showed lower values
of vBMD measured in different vertebral regions and
compartments compared to the values measured in the
group of control subjects. Trabecular vBMD in the verte-
bral body was the measure that best discriminated bet-
ween the experimental and control groups. Methods
based on 3D modelling based on DXA could be a valuable
option to complement standard 2D measurements deri-
ved from DXA in the management of osteoporosis. Similar
studies involving larger cohorts will be conducted in fu-
ture researches to determine whether 3D measurements
derived from lumbar DXA could improve the prediction
of fracture risk in clinical practice. Case-control studies
will also be carried out with subjects presenting exclusi-
vely osteopenia according to the aBMD criteria.
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