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Abstract

Summary Marked trabecular and cortical bone loss was
observed at the proximal femur short-term after spinal
cord injury (SCI). 3D-DXA provided measurement of
vBMD evolution at both femoral compartments and cortical
thinning, thereby suggesting that this technique could be useful
for bone analysis in these patients.

Introduction SCl is associated with a marked increase in bone
loss and risk of osteoporosis development short-term after
injury. 3D-DXA is a new imaging analysis technique providing
3D analysis of the cortical and trabecular bone from DXA
scans. The aim of this study was to assess the evolution of
trabecular macrostructure and cortical bone using 3D-DXA
in patients with recent SCI followed over 12 months.
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Methods Sixteen males with recent SCI (< 3 months
since injury) and without antiosteoporotic treatment were
included. Clinical assessment, bone mineral density
(BMD) measurements by DXA, and 3D-DXA evaluation
at proximal femur (analyzing the integral, trabecular and
cortical volumetric BMD [vBMD] and cortical thickness)
were performed at baseline and at 6 and 12 months of
follow-up.

Results vBMD significantly decreased at integral, trabecular,
and cortical compartments at 6 months (— 8.8, — 11.6, and
— 2.4%), with a further decrease at 12 months, resulting in
an overall decrease of — 16.6, — 21.9, and — 5.0%), respectively.
Cortical thickness also decreased at 6 and 12 months (— 8.0 and
—11.4%), with the maximal decrease being observed during the
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first 6 months. The mean BMD losses by DXA at femoral neck
and total femur were — 17.7 and — 21.1%, at 12 months,
respectively.

Conclusions Marked trabecular and cortical bone loss was
observed at the proximal femur short-term after SCI.
3D-DXA measured vBMD evolution at both femoral
compartments and cortical thinning, providing better
knowledge of their differential contributory role to bone
strength and probably of the effect of therapy in these
patients.

Keywords 3D-DXA - Bone mineral density - Cortical -
DXA - Osteoporosis - Spinal cord injury - Trabecular

Abbreviations
SCI Spinal cord injury
BMD Bone mineral density

DXA Dual-energy X-ray absorptiometry

QCT Quantitative computed tomography

BMC Bone mineral content

vBMD Volumetric bone mineral density

3D-DXA  Three-dimensional dual-energy
X-ray absorptiometry

BMI Body mass index

AIS ASIA Impairment Scale

aBMD Areal bone mineral density

SD Standard deviation

Introduction

After spinal cord injury (SCI) there is marked bone loss
leading to an increased risk of osteoporosis development
and fragility fractures, mostly affecting sublesional sites
[1-4]. This bone loss occurs shortly after injury [2, 3, 5,
6] and is especially marked during the first year of SCI [6,
7]. Indeed, prospective studies have reported a 15-20%
decrease in bone mineral density (BMD) at total hip within
only 12 months [1, 2, 4, 5, 8-14], resulting in the development
of densitometric osteoporosis in up to 60% of these subjects
during this period of time [1-3, 15].

DXA measurements are limited to two-dimensional
evaluation of integral bone mineral mainly at lumbar spine
and/or proximal femur and, contrary to quantitative computed
tomography (QCT), cannot differentiate between trabecular
and cortical bone compartments [6, 16]. In this sense,
prospective studies using QCT have shown a higher decrease
in bone mass compared to DXA assessment [6, 17], with
a reduction of ~ 3% monthly of integral bone mineral
content (BMC) and volumetric bone mineral density
(vBMD) at proximal femur within the first 6 months after
injury [18], and up to 60% decrease of BMC at femoral neck
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2 years after injury [4] in both the trabecular and cortical bone
compartments [ 18-20]. However, the high-dose radiation and
cost, as well as the limited access to QCT, constitute some of
the main limitations for its applicability in clinical practice.

Alternatively, 3D analysis methods have been proposed
using DXA scans. Solutions were developed to model the
femoral shape [21, 22] or the spinal shape [23, 24] in 3D
using frontal and lateral DXA scans. Langton et al. [25]
proposed a method to model the geometry of the femur by
wrapping a template over a frontal DXA scan. Recently,
new methods have been proposed to model the bone density
distribution in addition to the shape and to analyze the cortical
and trabecular bone in 3D from DXA scans [26, 27]. These
“3D-DXA” techniques use a proximal femur statistical shape
and density model that is registered onto the DXA scan of the
patient and provides accurate estimates of trabecular and cor-
tical vBMD and cortical thickness in comparison with QCT.
Nevertheless, at present, there are no data on the usefulness of
3D-DXA in patients with SCI, one of the clinical situations
associated with the highest and fastest bone loss.

Therefore, the aim of the present study was to analyze the
trabecular macrostructure and cortical bone using 3D-DXA in
patients with recent SCI and evaluate their evolution during a
12-month follow-up.

Patients and methods
Study design and subjects

This prospective observational study was aimed at analyzing
the effect of recent SCI (< 6 months from SCI) on bone
turnover and BMD evolution and the factors related to
bone loss in these subjects. The detailed study design
and characteristics of the participants have been published
previously [3]. Forty-two patients with recent motor SCI
were initially included in the study and followed every
6 months at the Metabolic Bone Diseases Unit of the
Hospital Clinic. Patients with low calcium intake and/or
low serum values of 25 hydroxyvitamin D (250HD)
(< 20 ng/ml) were treated with calcium and/or vitamin
D supplements. Additionally, in patients with osteoporosis
development during follow-up, antiosteoporotic therapy
was recommended [28].

In the present study, we evaluated only the patients with
at least 12 months of follow-up without antiosteoporotic
treatment and with DXA analysis available at all three time
points (baseline, 6 months and 12 months of follow-up [20
subjects]). Of the 20 patients, 4 were excluded because the
3D-DXA analysis could not be performed at one of the
three time points due to artifacts in the DXA scan (in all
cases this was due to the presence of the urinary collector
device over the femur). Finally, 16 male patients with
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recent SCI were included in this study. Clinical assessment
and BMD measurements were performed at baseline and at
6 and 12 months of follow-up. This subgroup of 16 SCI
patients was comparable in age, body mass index (BMI),
and type and duration of time since SCI in relation to the
whole group of SCI patients [3] (data not shown).

Ethical approval was obtained from the Neurorehabilitation
Guttmann Institute and from the Hospital Clinic of Barcelona
Ethics Committees, and all participants provided written
informed consent.

Methods

Risk factors for osteoporosis were assessed in all participants,
including weight, height (obtained from clinical history of the
neurorchabilitation center [measured in the supine position
using a recumbent measuring board]), BMI, tobacco and
alcohol consumption, dietary calcium intake (mg/day), as
well as the main characteristics of the SCI including the level
(paraplegia/tetraplegia), type (spastic/flaccid), and severity of
SCI (according to the International Standards for Neurological
Classification of Spinal Cord Injury [ISNCSCI], assessed by
the ASIA Impairment Scale [AIS]) [29].

DXA scans (Lunar Prodigy, General Electric Medical
Systems, WI) were acquired at baseline and after a 6- and
12-month follow-up, analyzing the areal bone mineral density
(aBMD [g/cm?)) at the proximal femur (neck, trochanter, total
femur and femoral shaft) and lumbar spine. The DXA scans
were processed using the enCORE 2011 software version
13.60.033 (GE Healthcare). The coefficients of variations
are 0.6% for total femur aBMD and 0.8% for lumbar spine
aBMD. Osteoporosis was defined according to the WHO
criteria [30].

The 3D-DXA software algorithm (version 2.2, Galgo
Medical) [26] was used to assess in 3D the trabecular
macrostructure and the cortex from DXA scans at baseline,
and at 6 and 12 months of follow-up. The method relies on a
statistical shape and density model of the proximal femur built
from a database of QCT images. The 3D statistical model is
registered onto the DXA scan to obtain a 3D patient-specific
model of the proximal femur shape and BMD distribution of
the patient. The cortical thickness and density is computed by
fitting a mathematical function to the density profile computed
along the normal vector at each node of the proximal femur
surface mesh [31]. 3D-DXA measurements include the
vBMD and BMC of the cortical, trabecular and integral
(trabecular + cortical) bone compartments, and mean cortical
thickness. All 3D-DXA measurements are performed at the total
femur. The accuracy of models and measurements provided by
the 3D-DXA software algorithm was evaluated in a previous
study by comparing 3D-DXA and QCT analyses [26]. Briefly,
integral, trabecular, and cortical vVBMD computed by QCT and
3D-DXA at total femur have shown correlation coefficients of

0.95, 0.86, and 0.93, respectively. The correlation coefficient
between mean cortical thickness computed by 3D-DXA
and QCT at total femur was 0.91. The least significant
changes (LSC) for the 3D-DXA (measurements evaluated
in postmenopausal women) were 0.057 mm for the mean
cortical thickness, 16.8 mg/cm3 for the integral vBMD,
15.5 mg/cm?® for the trabecular vBMD, and 16.6 mg/cm’
for the cortical vBMD (total hip) [32].

Statistical analysis

Quantitative variables were described using means and
standard deviations (SD) whereas frequencies and percentages
were reported for qualitative variables. The 3D-DXA and
DXA measurements computed at baseline, 6-, and 12-month
follow-up were compared using paired samples Student’s ¢
test. A Bland-Altman plot was used to analyze the agreement
between percentage changes in total hip BMC measured by
3D-DXA and DXA. The average cortical thickness and
density anatomical distribution were computed at each
time points over the 16 study subjects. The statistical
significance of the differences found at each vertex of the
femoral shape was analyzed using paired samples Student’s ¢
test. All hypothesis tests with a p value lower than 5% were
considered significant.

Results

The clinical characteristics of the SCI patients at baseline are
shown in Table 1. Briefly, 16 male patients with a mean age of
42.3 + 18.5 years (range 18-67 years) and complete medullar
motor involvement (16 AIS A) were included at 93 + 25 days
after injury. Seven patients had paraplegia and 9 had
tetraplegia. The most frequent cause of SCI was traffic
accident (63%). Most patients had spasticity (87.5%).

The 12-month evolution of 3D-DXA vBMD, cortical
thickness, and BMC is shown in Table 2. As can be seen in
the table, the 3D-DXA vBMD significantly decreased at
6 months of follow-up in all femoral compartments: integral
vBMD, trabecular vBMD, and cortical vBMD. The mean
cortical thickness also decreased up to — 8.0% within the same
period of time. The estimated monthly decreases over the first
six months of follow-up were — 2.3 and — 1.9% per month for
trabecular BMC and vBMD and — 2.0 and — 0.4% per month
for cortical BMC and vBMD, respectively. A further decrease
in integral vBMD, trabecular vBMD, cortical vBMD, and
mean cortical thickness was observed from 6 to 12 months
of follow-up. As a result, the overall mean integral, trabecular,
and cortical vBMD decreases at 12 months were — 16.6,
—21.9, and — 5.0%, respectively, while the overall decrease
in cortical thickness was — 11.4%. BMC values significantly
decreased in all the locations evaluated (Table 2).
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Table 1  Clinical characteristics of SCI patients at baseline
Variable SCI at baseline (n = 16)
Age (years) 423+ 18.5 (18-67)
Male (%) 100

Weight (kg) 739+13.3
BMI (kg/m?) 248+49
Current tobacco consumption (%) 18.8

Current alcohol consumption (%) 12.5
Characteristics of SCI

Time since injury (days) 93+£25
Complete motor involvement (%) 100

AIS scale (A-E, n) 16 AIS A
Wheel chair users (%) 100
Paraplegia/tetraplegia (%) 43.8/56.3
Spasticity (%) 87.5

Cause of SCI

Traffic accident (%) 62.5

Falls from heights (%) 18.75

Other causes (%) 18.75

DXA

Femoral neck aBMD (g/em?) 1.038 £ 0.178
Trochanter aBMD (g/cm?) 0.889 +0.122
Femoral shaft aBMD (g/cm?) 1.242 +£0.212
Total hip aBMD (g/cm?) 1.069 £ 0.167
Femoral neck T-score (SD) -04+12
Total hip T-score (SD) -03+1.1
Femoral neck BMC (g) 5.7+09
Trochanter BMC (g) 124+25
Femoral shaft BMC (g) 19.5+3.0
Total hip BMC (g) 37.7+6.0
3D-DXA

Integral vVBMD (mg/cm’®) 354.6 £65.3
Trabecular vBMD (mg/cm’) 219.1 +£55.1
Cortical vVBMD (mg/cm3) 850.8 +£36.8
Cortical thickness (mm) 1.89 £ 0.19
Integral BMC (g) 31.3+54
Trabecular BMC (g) 15.0+29
Cortical BMC (g) 163 +2.8

The results are expressed as mean + SD (range) or as percentage

SCI spinal cord injury, BMI body mass index, AIS ASIA Impairment
Scale, DXA dual-energy X-ray absorptiometry, aBMD areal bone mineral
density, BMC bone mineral content, 3D-DXA three-dimensional dual-
energy X-ray absorptiometry, vBMD volumetric bone mineral density,
SD standard deviation

Figure 1 shows the Bland-Altman plot agreement analysis
between the percentage changes at 6 and at 12 months of total
hip BMC measured by DXA and 3D-DXA. As can be seen in
the figure, a confidence interval (= 1.96 SD) between — 8.2
and 12.8 was observed. In addition, the mean difference
between percentage changes in BMC measured by DXA

@ Springer

and 3D-DXA was not statistically significant (2.3%,
p = 0.11, one-sample ¢ test).

The anatomical distribution of the changes in cortical
thickness and density is shown in Fig. 2. As can be seen at the
top of the figure, cortical thinning was more pronounced in
regions of thick cortex such as the femoral shaft. However,
when computed as a percentage, changes in cortical thickness
were rather homogeneously distributed over the femoral
shape. A marked decrease in cortical density was observed
at the greater trochanter and in the region of the lesser
trochanter (bottom of Fig. 2).

As shown in Table 2, aBMD (measured by DXA)
markedly decreased at 6 months in all the sites evaluated:
femoral neck, trochanter, femoral shaft, and total femur,
with a further decrease at the femoral neck, trochanter,
femoral shaft, and total femur within 6 to 12 months of
follow-up. The resulting overall mean decreases of aBMD
at 12 months were as follows: femoral neck (— 17.7%),
trochanter (— 23.7%), femoral shaft (— 20.9%), and total
femur (— 21.1%) (Table 2).

Discussion

Our study used 3D-DXA to evaluate the evolution of the
different bone compartments at the proximal femur in SCI
patients. We observed a marked decrease in trabecular (22%)
and cortical (5%) vBMD 1 year after SCI, the latter also
associated with a significant decrease in cortical thickness
(11%).

In a prospective pQCT-based study including patients with
recent SCI followed for 12 months, Coupaud et al. [17]
observed trabecular and cortical BMC losses of 15 and
3%, respectively, in the distal femur. In our study, a
decrease of 20.6% in trabecular BMC and 15.1% in cortical
BMC was found at the proximal femur at 12 months. Along
the same line, in a group of early SCI patients with 4 months
of follow-up analyzed by QCT, Edwards et al. [7, 18, 19, 33]
described a marked decrease in trabecular BMC and vBMD
(up to 3.1-4.4 and 2.7-4.7% per month, respectively) and also
in cortical BMC (3.8-5.4% per month) at the proximal femur,
with lower decreases in cortical vBMD (0.6—-0.8% per month)
at this location. In our study, the estimated monthly decreases
over the first six months of follow-up were — 2.3 and — 1.9%
per month for trabecular BMC and vBMD and — 2.0 and
— 0.4% per month for cortical BMC and vBMD, respectively.
It is of note that our 3D-DXA results were concordant with
those obtained with QCT. Thus, we observed not only a
different magnitude of bone loss of the trabecular and
cortical compartments during this early period after SCI
but also a similar amount of bone loss in these locations
compared with QCT. This bone loss pattern could be
attributed to several factors, such as the particular
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Fig. 1 Bland-Altman plot
showing the agreement between
percentage changes in total hip
BMC measured by 3D-DXA and
by DXA. Solid line represents the
mean difference; dotted lines
represent the limits of agreement
(£ 1.96 SD). p value obtained

s s s e e 901D
12.8

o+

Mean

- % change in BMC by DXA

from a one-sample ¢ test. 3D-
DXA, three-dimensional dual-
energy X-ray absorptiometry;
DXA, dual-energy X-ray
absorptiometry; BMC, bone
mineral content; SD, standard
deviation

% change in BMC by 3D-DXA

) 2.3 [p=0.11]

+ -8.2

+ at 6 months compared with baseline
O at 12 months compared with baseline
1 I

1 1

characteristics of the femur, which mainly contains cortical
bone, and the markedly high bone remodeling status
that occurs in this clinical condition, especially affecting
trabecular and endocortical bone [6, 34, 35]. Thus, it
should be noted that the absolute amounts of vBMD
loss at 12 months were similar in the two compartments
(— 47.9 mg/cm® at trabecular bone and — 42.4 mg/cm’
at cortical bone) (Table 2), indicating that cortical femur
sustains the same decrease in total VBMD amount (mg/cm’),
but not in the percentage, since cortical bone is denser than
trabecular bone. Indeed, we observed a significant decrease in
cortical thickness of up to — 11.4% at 12 months after injury,
with recent data also indicating a — 8% decrease by QCT in the
cross-sectional area (CSA) of the cortical bone at the femoral
shaft 1 year after injury [17], further confirming the potential
usefulness of 3D-DXA in the analysis of these two bone com-
partments in SCI patients.

Previous studies have reported higher BMD losses during
the first months after injury [1, 2, 6, 13, 34]. In this sense,
mean monthly losses of 2% at total hip by DXA [7] and of
3% at integral bone (vVBMD and BMC by QCT) [19] have
been described within the first months after injury, with up to a
8.3% decrease in integral (BMC) during the first 6 months
after injury [33]. In our study, we also observed a monthly
aBMD loss by DXA of ~ 2% at total hip within the first
6 months of follow-up (— 14% at 6 months) and ~ 1.5%
monthly loss of integral vVBMD by 3D-DXA, confirming the
marked early bone loss that is produced after injury. Similarly,
BMC loss at the total hip seemed to be greater during the first
6 months after injury, with the magnitude being similar with
both DXA and 3D-DXA.

Additionally, whereas the bone loss at the trabecular
compartment seemed to be similar in magnitude in both
6-month periods during the first year after SCI, bone
loss at the cortical compartment was higher during the
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Average of the two measures

first 6-month period resulting in a higher initial decrease
in cortical thickness. Thus, cortical thickness decreased by 8%
in the first 6 months after injury and by 3.7% thereafter
(Table 2). Although the reasons for the more marked early
cortical decrease are not completely understood, a potential
influence of the associated muscle loss could be hypothesized.
In fact, marked muscle atrophy usually precedes bone loss and
is commonly observed after SCI, with previous studies
reporting a good correlation between cortical bone and muscle
losses in these subjects [2, 36]. Indeed, when we analyzed the
anatomical distribution of the average changes in cortical
thickness and density, a more marked decrease was observed
in the cortical thickness at the inferior-anterior area in these
patients. This is in contrast with previous reports during the
aging process in which a relative preservation of the infe-
rior-anterior area is described. This finding was attributed to
the mechanical load from walking [37]. Our patients had a
complete SCI, all of whom were wheelchair users and thereby
lacking muscle strength and loading in this area. All these data
may explain the different pattern of bone loss in this clinical
situation.

The present results support the potential usefulness of
3D-DXA in these patients, not only in the assessment of
the differential evolution of the cortical and trabecular
bone compartments after injury but also in evaluating if
there is a differential response to antiosteoporotic treat-
ment. Thus, it is well known that trabecular and cortical
compartments are both contributors to bone strength, with
previous reports indicating the need for the development of
noninvasive methodologies to analyze the thickness and
density of cortical regions of femur to improve the predic-
tion of fracture risk [38]. It seems logical to assume that
having better differentiation between the bone compart-
ments might allow better identification of their differential
contribution to bone strength and probably determine if
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Fig.2 Anatomical distribution of
the average changes in cortical
thickness (in mm and as a
percentage) and cortical density
(in mg/em?® and as a percentage)
computed by 3D-DXA at 6 and
12 months compared with
baseline. The color-coded regions
indicate the changes at each
vertex compared to baseline,
when statistically significant

(p < 0.05). The regions in gray
indicate nonsignificant changes
(p>0.05). Changes at the femoral
head are not shown

Anterior view

Posterior view

6 months w Dp>005
15%
7.5
0
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35
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there is a more preferential action of different types of
antiosteoporotic treatments. In this sense, denosumab, a
potent antiresorptive agent, which has recently shown
promising results in osteoporotic SCI patients [28], has also
shown to increase bone strength by increasing trabecular and
cortical bone compartments [39].

Although DXA measurement is considered the clinical
standard for BMD analysis and fracture risk prediction [40],
it cannot differentiate between the cortical and trabecular bone
compartments [6, 16]. Thus, some authors support the role of
other imaging studies such as QCT in SCI. Nonetheless,
the lower repeatability at peripheral sites [17], the high-dose
radiation, high cost, and limited access to QCT analysis [40]
limit the applicability of QCT in clinical practice. For years,

3D modeling approaches using DXA scans were limited to
the analysis of bone shape [21-25]. Nowadays, 3D-DXA
imaging analysis techniques provide 3D analysis of cortical
and trabecular bone density from DXA scans and could be an
appropriate and complementary assessment tool in SCI
patients. Indeed, our study, which is the first to assess
bone mass evolution at the proximal femur by 3D-DXA in
early SCI patients, allowed us to assess the trabecular and
cortical bone compartments in this clinical situation.

Since DXA provides areal density measurements, a direct
comparison with volumetric density measurements by 3D-
DXA is not straightforward. Nevertheless, both methods
provide the BMC at the total hip, a measurement that can
be compared. In the present study, no significant differences
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were observed between the percentage change in BMC
measured by DXA and 3D-DXA, a finding that was
corroborated with the Bland-Altman agreement plot observing
a Cl between — 8.2 and 12.8%, which can be compared with the
average percentage decrease in BMC for these SCI patients at 6
and 12 months by DXA. The main limitation of this compari-
son is related to the definition of the regions of interest used in
both approaches. The 3D-DXA total hip region was defined
over the 3D subject-specific femoral shapes, while the DXA
total hip region was identified in the DXA scan. Further studies
are needed to assess the agreement in measuring changes in
bone density using 3D-DXA compared to other techniques,
such as DXA or QCT, to potentially improve the 3D-DXA
measurement technique. In addition, it should be noted that
precision is critical to monitor changes in bone density.
Variability in BMC changes at 6 and 12 months was quite
similar (i.e., similar SD) when measured by DXA and 3D-
DXA. However, a greater variability (i.e., higher SD in relation
to the mean change) was found for changes in vBMD com-
pared to aBMD. This finding could be partly due to greater
intersubject variability and/or to higher precision errors for
3D-DXA measurements in these patients, which could be a
potential limitation for 3D-DXA compared to DXA.

The present study has several limitations, such as the
absence of a healthy control group, the lower accuracy of
3D-DXA compared to QCT assessment, the higher variability
of 3D-DXA compared to DXA, and the low number of
patients included in the study. Nonetheless, the homogeneity
of our patients, the prospective nature of the study with 1 year
follow-up analysis of patients with recent SCI, allows
adequate clinical interpretation of the results.

In conclusion, 3D-DXA allowed assessment of the marked
bone loss that occurs at both proximal femoral compartments
(cortical and trabecular) short-term after SCI. The present data
suggest that 3D-DXA could be a useful complementary
assessment tool in SCI patients allowing better identification
of the differential contribution of the bone compartments to
bone strength. Further studies are needed to assess whether the
use of this technique will be of benefit in the clinical approach
to SCI patients.
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