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Abstract
Summary Computed tomography and finite element modeling
were used to assess bone mineral and stiffness loss at the knee
following acute spinal cord injury (SCI). Marked bone mineral
loss was observed from a combination of trabecular and
endocortical resorption. Reductions in stiffness were 2-fold
greater than reductions in integral bone mineral.
Introduction SCI is associated with a rapid loss of bone
mineral and an increased rate of fragility fracture. The large
majority of these fractures occur around regions of the knee.
Our purpose was to quantify changes to bone mineral,
geometry, strength indices, and stiffness at the distal femur
and proximal tibia in acute SCI.
Methods Quantitative computed tomography (QCT) and
patient-specific finite element analysis were performed on 13
subjects with acute SCI at serial time points separated by a
mean of 3.5 months (range 2.6–4.8 months). Changes in bone
mineral content (BMC) and volumetric bone mineral density
(vBMD) were quantified for integral, trabecular, and cortical
bone at epiphyseal, metaphyseal, and diaphyseal regions of
the distal femur and proximal tibia. Changes in bone volumes,
cross-sectional areas, strength indices and stiffness were also
determined.

Results Bone mineral loss was similar in magnitude at the
distal femur and proximal tibia. Reductions were most
pronounced at epiphyseal regions, ranging from 3.0 % to
3.6 % per month for integral BMC (p <0.001) and from
2.8 % to 3.4 % per month (p <0.001) for integral vBMC.
Trabecular BMC decreased by 3.1–4.4 %/month (p <0.001)
and trabecular vBMD by 2.7–4.7 %/month (p <0.001).
A 3.8–5.4 %/month reduction was observed for cortical BMC
(p <0.001); the reduction in cortical vBMD was noticeably
lower (0.6–0.8 %/month; p ≤0.01). The cortical bone loss
occurred primarily through endosteal resorption, and
reductions in strength indices and stiffness were some 2-fold
greater than reductions in integral bone mineral.
Conclusions These findings highlight the need for therapeutic
interventions targeting both trabecular and endocortical bone
mineral preservation in acute SCI.
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Introduction

Bone loss is a recognized sequela of spinal cord injury
(SCI). It occurs primarily at regions below the neurological
lesion with little to no loss at the spine or supralesional
regions [1, 2]. Mechanical unloading from the loss of motor
function is an important factor in the pathogenesis of SCI
related bone loss; however, metabolic, endocrine, neural,
and vascular changes after SCI have also been implicated
as important mediating factors [3]. Unlike primary
osteoporosis, the greatest loss of bone mineral in people
with SCI is observed around regions of the knee. Within the
first 2 to 3 years of SCI, some 50 % of the bone mineral at
the distal femur and proximal tibia is resorbed [4, 5].
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In addition to complications such as heterotopic ossification
[6] and kidney stone development [7], bone loss after SCI is
associated with an increased rate of fragility fracture that is two
times greater than the general population [8]. Consistent with
the observed losses in bone mineral, fractures in individuals
with SCI frequently occur around regions of the knee [9, 10].
Fractures after SCI are a source of considerable morbidity, loss
of independence, and increased medical costs. Approximately
50 % of these fractures are characterized by medical
complications requiring prolonged hospitalization and
discharge to a second facility rather than home [11].

Bone mineral loss after SCI has been well characterized
using both dual energy X-ray absorptiometry (DXA) [2, 4, 12,
13] and quantitative computed tomography (QCT) [5, 14–16].
Unfortunately, the mechanical consequence of this bone loss
remains unclear. The mechanical integrity of bone will depend
on parameters such as geometry, mineral distribution, material
properties, and mode of loading. DXA is limited to an areal
projection of integral bone mineral, and previous studies
utilizing QCT to investigate SCI related bone loss have
employed single-slice analyses with surrogate measures of
mechanical integrity (e.g., mass-weightedmoments of inertia).
A better understanding of the mechanical consequence of SCI
related bone loss may therefore aid in the development of
preventive techniques to reduce the occurrence of fracture in
this population.

The purpose of this study was to quantify changes to bone
mineral, geometry, strength indices, and stiffness at the distal
femur and proximal tibia in acute SCI (<1 year). To this end, a
short-term prospective analysis (2.6–4.8 months depending
on the subject) was performed on individuals with acute SCI
using QCT analysis and patient-specific finite element (FE)
modeling. We focus on acute SCI because the largest declines
in bone mineral are observed during this time period [4, 5],

rendering it an important treatment window for therapeutic
intervention.

Methods

Subjects

Thirteen adults with acute SCI, and medically stable in the
opinion of their physiatrist, were recruited from the inpatient
population at the Rehabilitation Institute of Chicago (RIC). No
inclusion/exclusion criteria were based on sex, race, or ethnicity.
All subjects had SCI within 4months, were non-ambulatory, and
had an American Spinal Injury Association (ASIA) impairment
scale level of A, B, or C at study entry (Table 1). Pregnant
females and patients with current or recent (within 12 months)
use of drugs that affect bonemetabolism (bisphosphonates, PTH,
selective estrogen receptor modulators [SERMs]) were excluded
from participation. Prior to participation, the study was approved
by the necessary Institutional Review Boards and subjects
provided written informed consent.

CT acquisition

Each subject received two CT scans separated by a mean of
3.5 months (range, 2.6–4.8 months), referred to hereafter as
"baseline" and "follow-up" scans. All CT images were
acquired on the right knee, apart from one subject with
femoral fixation hardware for which images were acquired
on the left knee. The CT scans were performed using a
Sensation 64 Cardiac (Siemens Medical Systems, Forchheim,
Germany; 120 kVp, 280 mA s, pixel resolution 0.352 mm,
slice thickness 1 mm). Each scan was 30 cm in length and
captured approximately 15 cm each of the distal femur and

Table 1 Subject characteristics
and time post-SCI at baseline and
follow-up scans

Subject Sex SCI level ASIA Age Months post-SCI
at baseline

Months post-SCI
at follow-up

Months between
scans

1 F C6 B 21 1.5 4.7 3.2

2 F C5–C6 C 64 1.0 4.9 3.9

3 M T11 B 22 2.0 4.5 2.6

4 M T11 B 44 2.9 6.1 3.2

5 F T4–T5 B 21 1.4 4.4 3.0

6 M C4 A 22 3.0 7.7 4.7

7 M C5–C6 B 25 1.7 6.4 4.7

8 M C4–C5 A 24 2.2 7.0 4.8

9 M C4 B 25 1.1 3.7 2.6

10 M C7 B 19 3.8 6.8 3.0

11 M C5 A 27 3.1 7.7 4.7

12 F T5 A 25 2.7 6.2 3.5

13 M C5 B 23 1.3 4.6 3.3
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proximal tibia. All CT scans included a phantom— placed on
the side of, or underneath, the subjects' knee — with known
calcium hydroxyapatite concentrations (QRM, Moehrendorf,
Germany). The phantom served as an interscan calibration,
allowing for the conversion of CT Hounsfield units to bone
equivalent density ρha.

CT image alignment and registration

The CT images were first aligned and registered using a
combination of Mimics (Materialise, Leuven, Belgium) and
Matlab (MathWorks, Natick, MA, USA) software. For this
procedure, alignment and registration was performed
separately for femora and tibiae creating two image series
per scan. The native baseline images were first manually
realigned along the longitudinal axis of the femur or tibia.
Native follow-up images were then registered into their
respective aligned baseline images using a previously reported
registration procedure [17]. Analyses of three randomly
rotated images from each of six different subjects suggested
the registration procedure was highly accurate. For femur
bones, the mean absolute error about the anterior–posterior,
medial–lateral, and transverse axes were all 0.0±0.0°, 0.0±
0.0°, and 0.0±0.0°, respectively. For tibia bones, the mean
absolute error about the anterior–posterior, medial–lateral, and
transverse axes were 0.0±0.0°, 0.0±0.0°, and 0.4±0.5°,
respectively (note that registration errors about the transverse
axes will not influence the reliability of the QCT outcome
measures reported below).

QCT mineral analysis

The QCT mineral analyses were performed by a single
researcher (WBE). Three regions were analyzed for each bone
corresponding to 0–10 %, 10–20 %, and 20–30 % of segment
length, as measured from the distal end of the femur or
proximal end of the tibia (Fig. 1) [18]. These regions were
chosen based on their anatomical correspondence to
epiphyseal (0–10 %), metaphyseal (10–20 %), and diaphyseal
(20–30 %) locations. Segment lengths were estimated from
self reported stature using the proportionality constants of
Drillis and Contini as cited by Winter [19]. This method of
segment length estimation was chosen in place of direct
stature or segment measurement due to difficulties in reliably
assessing these parameters in the SCI population. What is
most important with this within-subject study design is that
the regions of interest correspond between respective baseline
and follow-up scans.

The CTHounsfield units were converted to bone equivalent
density using a linear relationship established with the
phantom. This process can result in negative bone density
values for voxels comprised primarily of marrow fat [20].
Femora and tibiae were segmented from CT images using a

0.15 g/cm3 threshold to identify the periosteal surface
boundary; some manual identification was required for
lower-dense bones in regions with a thin cortical shell. These
regions were all located in the distal most epiphyseal region,
for which, the coefficients of variance in measurement
parameters were within 0.2 % at the femur and 0.6 % at the
tibia (as indicated from three repeat analyses for each of six
subjects from both baseline and follow-up scans, i.e., 3
analyses × 6 subjects × 2 scans=36 image series). For the
epiphyseal and metaphyseal regions, we computed volumetric
bone mineral density (vBMD; g/cm3) and bone mineral
content (BMC; g) for integral, cortical, and trabecular regions
of bone (Fig. 1). Trabecular and cortical bone specific regions
were identified using methods identical to those previously
described for the proximal tibia [18]. The trabecular region
was determined from a 3.5-mm, or 10-pixel, in-plane erosion
of the integral bone region (i.e., all voxels contained within the
periosteal surface boundary). The cortical region was
determined from a Boolean subtraction of the trabecular from
the integral region, followed by a thresholding of 0.35 g/cm3 to
remove any residual trabecular bone. For the diaphyseal
region, only integral and cortical vBMD and BMC were
computed. Here, the cortical region included all voxels within
the integral region greater than 0.35 g/cm3.

QCT geometry and strength indices

Measurements of distal femur and proximal tibia geometry
and strength indices were determined using methods similar to
those described for the proximal femur by Lang et al. [21].
These measures were calculated along the longitudinal axis of
the bone and subsequently averaged within each region.
Cross-sectional area (CSA; cm2) was calculated as the
cumulative sum of voxel area within the periosteal surface
boundary. Bone volumes (BV; cm3) of integral and cortical
bone were quantified for each region and used as surrogate
measures of periosteal and endosteal expansion. A compressive
strength index (CSI; g2/cm4) was calculated as

CSI ¼ iBMD2⋅CSA;

where iBMD is the integral vBMD. Additionally, a torsional
strength index (TSI; cm3) was calculated:

TSI ¼ Ix þ Iy
W

Ix ¼ 1
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where (I x + I y) is the modulus weighted polar moment of
inertia of the cross-section,W is the effective bone width, Ei is
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the elastic modulus for the i th voxel located at (x i, y i), Ec is
the elastic modulus of cortical bone, and x; yð Þ is the modulus
weighted centroid of the cross-section. Elastic moduli were
determined using a density–elasticity relationship specific to
proximal tibia bone [22]:

E3 ¼ 6; 570ρ137app ;

where E3 is expressed inMPa and ρ app is the apparent density
expressed in g/cm3 (ρ app=ρha/0.626) [23].

FE predicted stiffness

The FE method was used to calculate compressive Kc and
torsional stiffness K t for epiphyseal, metaphyseal, and
diaphyseal regions of the distal femur and proximal tibia.
Images were resampled to isotropic voxels with 1.5-mm edge
length and segmented bones were directly converted to voxel-
based FE models with linear hexahedral elements. This level
of refinement was chosen following a convergence analysis
examining element edge lengths ranging from 3.0 to 1.0 mm;
decreasing edge length from 1.5 to 1.0 mm changed FE
predicted stiffness by less than 2 %. Bone elements were
assigned to one of approximately 160 linear orthotropic
material properties corresponding to a bin width of 10

Hounsfield units. Elastic moduli in the axial direction E3

was defined using the density–elasticity relationship of Rho
et al. [22] (see QCT geometry and strength indices). Values of
E3 less than 0.01MPa were assigned a new value of 0.01MPa
[24]. Anisotropy was assumed to be the same throughout with
E1=0.574·E3, E2=0.577·E3, G12=0.195·E3, G23=0.265·E3,
G31=0.216·E3, ν12=0.427, ν23=0.234, and ν31=0.405 [25].
Here, subscripts 1 and 2 denote the medial and anterior
directions, respectively. These anisotropic definitions have
illustrated excellent agreement between experimentally
measured and FE predicted principal strains for a cadaveric
tibia loaded in compression (r2=0.966) and torsion (r2=0.994)
[26]. Additionally, these modeling parameters have illustrated
excellent agreement between experimentally measured and FE
predicted torsional stiffness (r 2=0.949) for 22 cadaveric
proximal tibiae [18].

The FE models were subjected to either a fixed axial
(compression) or torsional (internal-rotation) displacement.
Surface nodes at the proximal end of femoral models and
distal end of tibial models were fully constrained (Fig. 2).
Displacements were applied to a reference node placed at the
geometric center of, and kinematically coupled to, the distal
most surface nodes of femoral models and the proximal most
surface nodes of tibial models. Owing to the irregular surface
at epiphyseal regions, the reference node for these models was

Fig. 1 Frontal plane CT image
slice from a representative subject
illustrating integral, trabecular,
and cortical regions of the distal
femur and proximal tibia, which
are highlighted in yellow. Dotted
lines depict the partitions between
epiphyseal (Epi), metaphyseal
(Met) and diaphyseal (Dia)
regions
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coupled to the distal most 1.5 cm of surface nodes for femoral
models and the proximal most 1.5 cm of surface nodes for
tibial models. All other degrees of freedom of the reference
node were constrained and the reaction force, or torque, was
monitored and used to calculate stiffness.

Statistical analysis

Statistical analyses were performed using SPSS software
(Chicago, IL, USA). Data were examined for assumptions of
normality and differences between baseline and follow-up
outcome measures were examined using paired Student's t -
tests or Wilcoxon signed-rank tests where appropriate. Due to
the large number of statistical comparisons the criterion alpha
level was set to 0.01. Percent changes between baseline and
follow-up scans were also computed and normalized to time
between baseline and follow-up scans in months.

Results

Bone mineral

During the acute period of SCI, integral bone at the distal
femur illustrated mean declines ranging from 1.0 % to 3.0 %
per month for integral BMC (p ≤0.002) and from 0.9 % to
2.8 % per month for integral vBMD (p ≤0.005), depending on
the region of interest (Table 2). Trabecular BMC decreased by
an average of 2.3–3.1 %/month (p <0.001) and trabecular
vBMD by an average of 2.0–2.7 %/month (p <0.001). A
1.0–3.8 %/month mean reduction was observed for cortical
BMC (p ≤0.004). The mean reduction in cortical vBMD was
noticeably lower (0.5–0.8 %/month), reaching significance at
the epiphyseal (p <0.001) and metaphyseal (p =0.003)
regions. A clear trend was observed in that bone mineral loss
progressively decreased moving proximally away from the
epiphysis (Fig. 3).

Fig. 2 Representative finite
element (FE) models for
epiphseal, metaphyseal,
and diaphyseal regions of the
distal femur (left) and proximal
tibia (right). Displacement
constraints are shown in blue and
kinematic coupling constraints
are shown in yellow
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Integral bone at the proximal tibia illustrated mean declines
ranging from 0.4 % to 3.6 % per month for integral BMC and
from 0.4% to 3.4%/month for integral vBMD (Table 2). These
changes were significant at the epiphyseal (p <0.001) and
metaphyseal (p ≤0.003) regions. Trabecular BMC decreased
by an average of 2.3–4.4 %/month (p ≤0.005) and trabecular
vBMD by an average of 2.2–4.7 %/month (p ≤0.005). A 0.4–
5.4 %/month mean reduction was observed for cortical BMC,
while the mean reduction in cortical vBMD was noticeably
lower (0.3–0.6 %/month). Changes in cortical BMD were
significant at the epiphyseal (p <0.001) and metaphyseal

(p =0.001) regions, while changes in cortical vBMD were
only significant at the epiphyseal (p =0.01) region. Similar
to the femur, a clear trend was observed in that bone
mineral loss progressively decreased moving distally away
from the epiphysis (Fig. 3).

Geometry and strength indices

The observed declines in bone mineral at the femur were
associated with a 1.8–5.4 %/month mean reduction in
CSI (p ≤0.003) and a 1.2–3.8 %/month mean reduction in TSI

Table 2 Mean (SD) QCT measures of BMC and vBMD for integral, cortical, and trabecular components of epiphyseal (Epi), metaphyseal (Met), and
diaphyseal (Dia) regions of the distal femur and proximal tibia

Epi Met Dia

Distal femur BMC (g) Integral Baseline 35.99 (9.69) 24.92 (6.20) 22.35 (5.82)

Follow-up 32.37 (10.19)* 23.29 (6.08)* 21.63 (5.89)†

Percent change/month −3.0 (1.8) −1.9 (1.0) −1.0 (0.8)
Cortical Baseline 10.59 (3.54) 14.67 (3.67) 19.87 (5.28)

Follow-up 8.47 (3.69)* 13.49 (3.56)* 19.21 (5.32)†

Percent change/month −5.8 (3.7) −2.3 (1.4) −1.0 (1.0)
Trabecular Baseline 17.64 (5.77) 7.34 (2.73) N/A

Follow-up 15.95 (6.09)* 6.77 (2.64)*

Percent change/month −3.1 (2.1) −2.3 (1.6)

vBMD (g/cm3) Integral Baseline 0.271 (0.032) 0.319 (0.042) 0.494 (0.058)

Follow-up 0.244 (0.042)* 0.301 (0.044)* 0.478 (0.056)†

Percent change/month −2.8 (1.8) −1.7 (1.1) −0.9 (0.8)
Cortical Baseline 0.488 (0.024) 0.715 (0.041) 0.944 (0.043)

Follow-up 0.475 (0.025)* 0.702 (0.039)† 0.926 (0.046)

Percent change/month −0.8 (0.4) −0.5 (0.6) −0.5 (0.6)
Trabecular Baseline 0.234 (0.035) 0.159 (0.028) N/A

Follow-up 0.212 (0.045)* 0.148 (0.030)*

Percent change/month −2.7 (1.9) −2.0 (1.6)

Proximal tibia BMC (g) Integral Baseline 26.72 (7.18) 23.47 (6.13) 22.40 (5.15)

Follow-up 23.37 (7.68)* 22.37 (6.13)* 21.60 (5.04)

Percent change/month −3.6 (2.4) −1.3 (1.1) −0.4 (0.9)
Cortical Baseline 8.73 (2.79) 17.33 (4.04) 21.65 (5.09)

Follow-up 7.09 (2.73)* 16.53 (4.16)† 20.84 (5.04)

Percent change/month −5.4 (2.9) −1.3 (1.5) −0.4 (1.0)
Trabecular Baseline 11.11 (4.02) 4.72 (2.29) N/A

Follow-up 9.47 (4.47)† 4.36 (2.28)†

Percent change/month −4.4 (3.8) −2.3 (1.9)

vBMD (g/cm3) Integral Baseline 0.241 (0.032) 0.393 (0.054) 0.582 (0.073)

Follow-up 0.211 (0.046)* 0.375 (0.058)† 0.572 (0.068)

Percent change/month −3.4 (2.4) −1.2 (1.3) −0.4 (1.0)
Cortical Baseline 0.532 (0.024) 0.837 (0.050) 0.990 (0.046)

Follow-up 0.521 (0.024)† 0.815 (0.058) 0.974 (0.043)

Percent change/month −0.6 (0.7) −0.7 (1.2) −0.3 (1.0)
Trabecular Baseline 0.174 (0.033) 0.140 (0.047) N/A

Follow-up 0.149 (0.049)† 0.130 (0.049)†

Percent change/month −4.1 (3.8) −2.2 (1.8)

Statistical significance between baseline and follow-up measures are indicated by * (p <0.001) and † (p ≤0.01)
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(p ≤0.001), depending on the region of interest (Table 3).
Declines at the tibia were associated with a 0.8–6.3 %/month
mean reduction in CSI and a 0.7–4.2%/monthmean reduction
in TSI. These changes were significant at the epiphyseal
(p <0.001) and metaphyseal (p <0.001) regions. Measures of
CSA did not illustrate significant declines at the femur
(0.1–0.3%/month; p≥0.02) or tibia (0.1–0.3%/month; p≥0.04).
Similarly, integral BV did not illustrate significant declines at the
femur (0.1–0.2 %/month; p ≥0.02) or tibia (0.1–0.3 %/
month; p ≥0.04). On the other hand cortical BV decreased by
0.5–5.3 %/month at the femur and by 0.1–5.0 %/month at the
tibia. Reductions in cortical BV were significant across all
regions of the femur (p ≤0.003) and the epiphyseal (p <0.001)
and metaphyseal (p =0.001) regions of the tibia.

FE predicted stiffness

The FE predicted compressive stiffness K c decreased by
an average of 1.3–5.5 %/month (p ≤0.002) across regions
of the femur and by an average of 0.6–5.9 %/month
(p ≤0.009) across regions of the tibia (Table 3). The FE
predicted torsional stiffness K t decreased by an average of
1.3–5.0 %/month (p <0.001) across regions of the femur

and by an average of 0.7–5.2 %/month (p ≤0.003) across
regions of the tibia.

Discussion

Themechanical consequence of bone loss associated with SCI
has been difficult to interpret due to limitations in the imaging
and analysis techniques previously employed. In this study,
volumetric QCT analysis and patient-specific FE modeling
were used to quantify changes to bone mineral, geometry,
strength indices, and stiffness at the distal femur and proximal
tibia over a 2.6- to 4.8-month period of acute SCI. The results
illustrated a marked loss of bone mineral that was similar in
magnitude at both the distal femur and proximal tibia. These
losses were greatest at epiphyseal regions and were associated
with large changes in measures of mechanical integrity.
Reductions in QCTstrength indices and FE predicted stiffness
at epiphyseal regions were approximately two times greater
than the observed reductions in integral vBMD.

To our knowledge, this study is the first to utilize patient-
specific FE modeling to examine changes in bone stiffness
following SCI. It remains unclear if these changes in stiffness
are associated with similar changes in strength. Although

Fig. 3 Mean relative changes/
month in QCT measures of BMC
and vBMD for integral, cortical,
and trabecular components of
epiphyseal (Epi), metaphyseal
(Met), and diaphyseal (Dia)
regions of the distal femur and
proximal tibia. Error bars
illustrate 1 standard deviation
(see Table 2 for significance)
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some studies have observed high correlations between FE
predicted stiffness and fracture strength in vitro [27, 28],
post-yield behavior and its contributions to strength will

depend on loading mode and strain rate [29]. Further research
addressing the relationship between stiffness and strength in
the SCI population is therefore warranted. An interesting

Table 3 Mean (SD) QCTmeasures of bone geometry and strength as well as FE model predicted stiffness for epiphyseal (Epi), metaphyseal (Met), and
diaphyseal (Dia) regions of the distal femur and proximal tibia

Epi Met Dia

Distal femur Integral BV (cm3) Baseline 131.50 (24.32) 78.57 (19.17) 45.55 (11.76)

Follow-up 130.66 (24.60) 77.78 (18.72) 45.43 (11.80)

Percent change/month −0.2 (0.5) −0.3 (0.4) −0.1 (0.2)

Cortical BV (cm3) Baseline 21.44 (6.30) 20.40 (4.49) 20.96 (5.11)

Follow-up 17.54 (7.00)* 19.09 (4.44)* 20.62 (5.10)†

Percent change/month −5.3 (3.7) −1.8 (1.0) −0.5 (0.4)

CSA (cm2) Baseline 29.42 (3.68) 17.84 (3.46) 10.68 (2.08)

Follow-up 29.23 (3.78) 17.66 (3.35) 10.35 (2.10)

Percent change/month −0.2 (0.5) −0.3 (0.4) −0.1 (0.2)

CSI (g2/cm4) Baseline 2.21 (0.70) 1.82 (0.50) 2.46 (0.67)

Follow-up 1.82 (0.74)* 1.61 (0.49)* 2.37 (0.67)†

Percent change/month −5.4 (3.1) −3.4 (1.9) −1.8 (1.5)

TSI (cm3) Baseline 4.69 (1.39) 3.43 (0.97) 2.85 (0.76)

Follow-up 4.08 (1.41)* 3.12 (0.92)* 2.69 (0.83)†

Percent change/month −3.8 (2.3) −2.5 (1.3) −1.2 (1.0

Kc (kN/mm) Baseline 226.17 (49.82) 122.33 (21.91) 150.38 (22.85)

Follow-up 183.08 (63.90)* 113.28 (20.56)* 142.90 (24.30)†

Percent change/month −5.5 (3.9) −2.0 (1.6) −1.3 (1.1)

K t (N m/deg) Baseline 552.61 (162.09) 177.99 (56.81) 131.84 (42.29)

Follow-up 458.87 (176.81)* 165.49 (52.86)* 126.03 (43.21)*

Percent change/month −5.0 (3.5) −1.9 (1.7) −1.3 (1.1)

Proximal tibia Integral BV (cm3) Baseline 110.10 (20.70) 59.83 (13.84) 38.83 (8.75)

Follow-up 109.28 (21.20) 59.52 (13.63) 38.00 (8.67)

Percent change/month −0.3 (0.3) −0.1 (0.4) −0.1 (0.4)

Cortical BV (cm3) Baseline 16.30 (4.79) 20.60 (4.14) 21.86 (4.89)

Follow-up 13.48 (4.74)* 20.11 (4.19)† 21.34 (4.82)

Percent change/month −5.0 (2.8) −0.7 (0.6) −0.1 (0.4)

CSA (cm2) Baseline 25.10 (3.20) 13.44 (2.38) 8.63 (1.58)

Follow-up 24.91 (3.36) 13.37 (2.34) 8.52 (1.53)

Percent change/month −0.3 (0.3) −0.1 (0.4) −0.1 (0.4)

CSI (g2/cm4) Baseline 1.49 (0.49) 2.10 (0.66) 2.92 (0.77)

Follow-up 1.17 (0.53)* 1.92 (0.66)* 2.79 (072)

Percent change/month −6.3 (3.9) −2.5 (2.3) −0.8 (1.8)

TSI (cm3) Baseline 2.90 (0.76) 3.28 (0.89) 2.71 (0.66)

Follow-up 2.46 (0.80)* 3.07 (0.91)* 2.58 (0.66)

Percent change/month −4.2 (2.6) −1.9 (1.8) −0.7 (1.3)

Kc (kN/mm) Baseline 138.94 (35.22) 134.24 (24.61) 148.60 (23.80)

Follow-up 110.01 (45.27)† 126.15 (26.20)† 145.00 (22.64)†

Percent change/month −5.9 (4.7) −1.7 (1.8) −0.6 (0.9)

K t (Nm/deg) Baseline 313.90 (99.42) 148.67 (45.28) 99.81 (28.77)

Follow-up 256.68 (103.17)* 140.18 (45.29)† 97.25 (28.11)†

Percent change/month −5.2 (3.7) −1.6 (1.8) −0.7 (0.9)

Statistical significance between baseline and follow-up measures are indicated by * (p <0.001) and † (p ≤0.01)
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finding was that similar relative reductions were observed for
FE predicted stiffness and QCT strength indices (see Table 3).
In fact, post-hoc correlation analyses illustrated strong
relationships between these two measures. For the femur and
tibia, respectively, correlations of r =0.881 and r =0.945 were
observed between changes in CSI and K c, while correlations
of r =0.884 and r =0.911 were observed between changes in
TSI and K t. This finding has important implications for QCT-
based studies of SCI, suggesting that surrogate measures of
bone strength provide meaningful information about
mechanical integrity, at least around regions of the knee.

Measures of bone loss along the periosteal surface
boundary, such as integral BV and CSA, did not illustrate
significant changes. On the other hand, cortical BV illustrated
reductions as large as 5.3 %/month at the femur and 5.0 %/
month at the tibia. These data suggest that cortical bone was
lost from endosteal rather than periosteal resorption and this is
consistent with previous literature suggesting that bone loss
from disuse takes place through a combination of trabecular
and endocortical resorption [5, 17, 21, 30, 31]. A clear trend
was observed in that bone mineral loss progressively
decreased moving from the epiphyses towards the diaphyses.
This phenomenon is the probable explanation for the fact that
fractures in this population dominate in the more distal regions
of the femur and proximal regions of the tibia as opposed to
the shafts [10, 32]. The reason that bone loss after SCI is
regionally specific is unclear, but it has been hypothesized that
the increased surface/volume ratio towards the ends of long
bones allows for greater osteoclastic resorption [16, 31].
Additionally, recent work utilizing a Botox-induced disuse
murinemodel suggests there may be different osteoclastogenic
events mediating bone loss at the ends and shafts of long
bones [33]. Specifically, this model indicates an initial
resorption response within the proximal tibia caused by
basal osteoclast activity, with a secondary wave of bone
resorption in the diaphysis driven by osteoclastogenisis
within the marrow space.

We have recently described bone mineral loss at the
proximal femur in acute SCI [17]. During the same period,
individuals from the present study lost proximal femur
integral, trabecular, and cortical BMC at rates of 2.7–3.3 %/
month, 3.1–4.7 %/month, and 3.9–4.0 %/month, respectively.
Proximal femur integral, trabecular, and cortical vBMD were
lost at rates of 2.5–3.1 %/month, 2.8–4.4 %/month, and 0.8–
1.0 %/month, respectively. These relative rates of reduction in
bone mineral are similar in magnitude to the reductions
observed at epiphyseal regions of the distal femur and
proximal tibia. The literature suggests the establishment
of a new bone-metabolic steady-state in chronic SCI
approximately 25 % and 50 % less than normal at the hip
and knee, respectively [1, 4, 12]. Therefore, it is likely that
bone steady-state after SCI is established at the hip first, as
opposed to the knee, or that a discrepancy in the relative rates

of bone mineral decline ensues sometime after the window of
acute SCI examined herein. A better understanding of the
mechanism(s) behind these potential site-specific differences
in bone loss patterns may help to identify novel therapies for
attenuating or reversing bone loss after SCI.

This study is limited by the error inherent to QCT analysis,
much of which is related to partial volume effects caused by
the limited resolution of the clinical CT scan relative to the
thin cortical shell [34] — especially in the epiphyseal region.
Partial volume effects in the vicinity of a thin cortical shell
could manifest as lower dense bone that would mistakenly be
considered residual trabecular bone in the cortical region
analysis. This limitation of the analysis procedure is readily
observed in Fig. 1, but it is important to note that both baseline
and follow-up images would be subject to this error in the
same manner. The FE modeling parameters used in this study
have been previously validated for proximal tibia cadaveric
bones loaded in torsion [18]. However, these modeling
parameters have not been validated for proximal tibia bones
loaded in axial compression, or under any mode of loading for
the distal femur. Particular attention should therefore be
placed on the observed relative changes in stiffness between
baseline and follow-up scans rather than absolute values.

The inclusion of individuals during the first few months of
SCI is a strength of the study, however, some difficulty was
met obtaining follow-up CT scans at a consistent length of
time after baseline. Much of the between-subject variation in
time between baseline and follow-up scans was unavoidable
because many subjects were outpatients scattered throughout
the Midwest at the time of follow-up and arrangements were
made to obtain scans during return visits with RIC physiatrists
nearest 12 weeks after study entry. To control for this
variation, relative changes in outcome measures were
normalized to months between baseline and follow-up scans.
Our sample population was skewed towards young males,
which limits the generalizability of our findings to females
or older adults with acute SCI. On the other hand, our sample
population was quite characteristic of the large majority of
individuals with SCI; over 80 % are male and some 50–70 %
of new cases occur in persons aged 15–35 years [35].

The findings from this study have important clinical
implications for the treatment of SCI related bone loss. During
the acute period of SCI, we observed a marked loss of bone
mineral due to a combination of trabecular and endocortical
resorption. Therefore, it is important that therapeutic
interventions are implemented soon after injury and that both
trabecular and cortical bone mineral preservation is targeted.
Reductions in bone mineral were most pronounced at
epiphyseal regions of the knee, reaching magnitudes as high
as 4.7 %/month and 5.4 %/month for trabecular and cortical
bone mineral, respectively. Thus, mechanical loading
interventions aimed at preventing bone loss after SCI should
target the epiphyseal regions of the distal femur and proximal
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tibia when possible. Finally, changes in mechanical integrity,
as evidenced by QCT strength indices and FE predicted
stiffness, were as much as 2-fold greater than changes in
integral BMD. It is important that therapists and clinicians
utilizing densitometric measures to monitor bone health in
people with SCI are aware of this potential discrepancy.

In summary, individuals with acute SCI experienced a
rapid and substantial loss of bone mineral at the distal femur
and proximal tibia through a combination of trabecular and
endocortical resorption. The observed reductions in bone
mineral were largest at epiphyseal regions and progressively
decreased moving towards diaphyseal regions. This specific
pattern of bone loss had large mechanical consequences that
may, at least in part, help explain the large prevalence and
distribution of fragility fracture after SCI. Studies examining
the efficacy of targeted therapeutic interventions to reverse or
halt SCI related bone loss are thus warranted.
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