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Abstract 

Background Modelling and remodelling adapt bone morphology to accommodate 
strains commonly encountered during loading.  If strains exceed a threshold threatening 
fracture, modelling-based bone formation increases bone volume reducing these strains.  If 
unloading reduces strains below a threshold that inhibits resorption, increased remodelling-
based bone resorption reduces bone volume restoring strains, but at the price of 
compromised bone volume and microstructure.  As weight-bearing regions are adapted to 
greater strains, we hypothesized that microstructural deterioration will be more severe than 
at regions commonly adapted to low strains following spinal cord injury.   

Methods We quantified distal tibial, fibula and radius volumetric bone mineral 
density (vBMD) using high-resolution peripheral quantitative computed tomography in 31 
men, mean age 43.5 years (range 23.5-75.0), 12 with tetraplegia and 19 with paraplegia of 
0.7 to 18.6 years duration, and 102 healthy age- and sex-matched controls.  Differences in 
morphology relative to controls were expressed as standardized deviation (SD) scores (mean 
± SD).  Standardized between-region differences in vBMD were expressed as SDs (95% 
confidence intervals, CI).   

Results              Relative to controls, men with tetraplegia had deficits in total vBMD of -
1.72±1.38 SD at the distal tibia (p<0.001) and -0.68±0.69 SD at distal fibula (p=0.041), but 
not at the distal radius, despite paralysis.  Deficits in men with paraplegia were -2.14±1.50 
SD (p<0.001) at the distal tibia and -0.83±0.98 SD (p=0.005) at the distal fibula while distal 
radial total vBMD was 0.23±1.02 (p=0.371), not significantly increased, despite upper limb 
mobility.  Comparing regions, in men with tetraplegia, distal tibial total vBMD was 1.04 SD 
(95%CI 0.07 , 2.01) lower than at the distal fibula (p=0.037) and 1.51 SD (95%CI 0.45, 
2.57) lower than at the distal radius (p=0.007); the latter two sites did not differ from each 
other.  Results were similar in men with paraplegia, but total vBMD at the distal fibula was 
1.06 SD (95%CI 0.35, 1.77) lower than at the distal radius (p=0.004). 

Conclusion Microarchitectural deterioration following spinal cord injury is 
heterogeneous, perhaps partly because strain thresholds regulating the cellular activity of 
mechano-transduction are region specific.    

Keywords Cortical Bone, HR-pQCT, Microstructure, Paralysis, Spinal Cord 
Injury, Trabecular bone, Unloading, Weight-bearing, 
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Introduction 

Bone has paradoxical properties of strength for loading yet lightness for mobility, stiffness 
for leverage yet flexibility for energy absorption.(1)  These properties are achieved by bone
modelling and remodelling, a cellular machinery that adapts the spatial distribution of 
bone’s mineralized matrix volume to its usual loading circumstances.(2) For example, in an
individual, adjacent cross sections of a long bone are assembled using similar volumes of 
mineralized matrix.(3) Differences in the external size, shape and internal microarchitecture
of each adjacent cross section along the bone are the result of differences in the volumes of 
the medullary and intracortical canals, not the volume of mineralized matrix.(4)

Mass is minimized in larger cross sections by assembling them with relatively more void 
volume, not more matrix volume.  The constant bone matrix volume is distributed radially 
by excavating a larger medullary canal producing a thinner cortex.  The thinner cortex is 
distributed around a larger perimeter preserving cortical area and so compressive strength. 
The greater radial distribution of cortical mass increases bending and torsional strength 
disproportionately to the increase in matrix volume.(5) Smaller cross sections achieve
robusticity by being assembled with a relatively thicker cortex and relatively less void 
volume, not less matrix volume.(6)

The diversity in external bone size, shape, and architecture is largely the result of genetic 
variance.(7) However, focal differences in loading also contribute to this structural diversity
because bone is mechanosensitive.(2)  Bone adapts its structural design to accommodate a
range of commonly encountered loading circumstances. These structural adaptations ensure 
that bone strains during loading remain within a range that does not threaten fracture during 
usual activities.(2) These strain ranges and the thresholds may also be region specific and
selected for by genetic factors.(8) If strains exceed a threshold associated with a high risk of
fracture, modelling and remodelling restore strains by increasing or redistributing total bone 
volume.(2,9) When unloading occurs, strains fall below a threshold inhibiting resorption,
resorptive modelling or negatively balanced remodelling restore strains by reducing bone 
volume and compromising bone microstructural strength.(2,10)

Bone loss following spinal cord injury occurs below the level of the injury but the severity 
of bone loss and the cellular activity adapting bone to its loading are region specific.(11-15)

Weight bearing regions like the tibia are subjected to higher loads and strain rates than less 
weight bearing regions, like the fibula,(16) or non-weight bearing regions like the radius.
Bone loss reduces bone volume and disrupts the microarchitecture of the remaining bone 
volume.  The microarchitectural deterioration reduces bone strength as a power function of 
the bone loss causing it.(17-19) Bone mineral density (BMD) measurements do not capture
microstructural deterioration and so, bone fragility may be present in patients with spinal 
cord injury with osteopenia or so-called normal BMD.  We therefore hypothesized that 
weight bearing regions will have lost more bone and structural integrity than less weight-
bearing or non-weight bearing bones after spinal cord injury.  

Methods 

Participants We recruited 12 men with tetraplegia mean age 44.6 years (range 25.9 
- 67.2) and 19 men with paraplegia, mean age 42.9 years (range 23.5 - 75.0) with injury of
various grades.(20)  Men with tetraplegia were studied 6.5 years, range 0.7 - 15.6, and men
with paraplegia were studied 6.5 years (range 1.6 - 18.6) after the injury and compared with
102 age matched healthy male controls. Men aged under 18 years, with a history of distal
tibia and radius fractures or treatment for osteoporosis were excluded.  Participants provided
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informed consent prior to participation. The study was approved by the Austin Health 
Research Ethics Committee. 

Image acquisition and analysis     Image acquisition, reconstruction, analysis and 
validation have been reported.(21,22) Participants had distal radius, distal tibia and distal fibula
microstructure quantified using HR-pQCT (Scanco Medical, Switzerland) at Austin Health. 
A region of interest of 9.02 mm was acquired starting 9.5 mm or 22.5 mm proximal to the 
joint line of the distal radius and tibia, respectively. The 49 most proximal slices of a region 
of interest were chosen for analysis. Images were reconstructed at a resolution of 82 μm. 
Total, cortical and medullary areas, and volumetric bone mineral density (vBMD) of total, 
trabecular and cortical compartments, trabecular number, thickness, separation, cortical 
porosity, and matrix mineral density were quantified using StrAx1.0 algorithm (Strax Corp, 
Melbourne, Australia).  

A non-threshold based method selects attenuation profile curves and segments (separates) 
bone from background and cortical from trabecular bone.(23) Profile curves are produced as
photons are attenuated by mineralized bone.  Bone edges are identified as the beginning and 
end of the rise and fall of the attenuation profie.  Analyzing ~3600 profiles around the 
perimeter of each cross-sectional slice segments the compartments.  Porosity is quantified as 
the average void volume fraction of all voxels within each compartment.  

Agreement between HR-pQCT and the gold standard (μCT of cadaveric specimens imaged 
at 19 μm voxel size) ranged from R2 = 0.87 to 0.99.  Precision error in vivo was 0.54% for
porosity.  Quality control for the performance of HR-pQCT was based on daily scanning 
phantoms containing hydroxyapatite (densities 0, 100, 200, 400, and 800 mgHA/cm3)
(QRM, Germany).  Radiation exposure is 3-5 µSv per measurement.(4,22) The coefficients of
variation (CV) of the measurements ranged from 0.54% to 3.98%.(23) Inhomogeneity of
Trabecular Network is calculated based on the standard deviation of the spacing between 
mid-axis (ridges) of the trabeculae. Marching cubes and ruler intercept methods were 
applied to quantify trabecular Structural Model Index (SMI), Connectivity Density (ConnD), 
and Bone Surface (BS) using specified image analysis algorithm,  developed by the 
manufacturer.(24,25)

Bone strength  Micro finite element analysis (μFEA) was used to estimate Failure 
Load (FL) using the FAIM software (version 8.0).  A uniaxial loading with a tissue elastic 
modulus of 6,829 MPa, a Poisson’s ratio of 0.3, a critical strain of 7000 micro-strain and a 
critical volume of 2%, were defined.  A 1% apparent strain was applied, and failure load is 
calculated as the load when 2% of elements exceeded the critical strain.(25,26)

Statistical analysis  Statistical analyses were performed using STATA version 14.2 
(StataCorp. 2018. Stata Statistical Software. College Station, TX: StataCorp LP). Normality 
was checked using the Shapiro-Wilk normality test. The Welch's t-test were used to compare 
traits between cases and controls. Two-tailed p-values <0.05 denoted statistical significance. 
Results were expressed as mean and standard deviation. Differences in standardized terms 
among sites were expressed as a SD adjusted for age based on simple linear regression.  

Results 

Weight bearing regions: distal tibia and distal fibula 

Men with tetraplegia and men with paraplegia had reduced total, cortical and trabecular 
vBMD at the distal tibia relative to healthy controls (Table 1).  Cortical porosity was higher, 
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and cortical thickness and matrix mineral density were lower, relative to healthy controls.  
Trabecular vBMD was reduced due to fewer, thinner, more rod-like and more separated 
trabeculae, with loss of trabecular surface area and connectivity, and greater inhomogeneity 
of the trabecular network (Figure 1).  Failure load was reduced.   Distal tibial vBMD was 
lower and cortical porosity was higher at later than earlier follow-up times (Figure 2).  At 
the distal fibula, total vBMD was lower in men with tetraplegia and men with paraplegia 
relative to controls, but with deficits confined to trabecular vBMD produced by fewer, more 
separated trabeculae, with loss of homogeneity in distribution (Table 2).   

Non-weight bearing region: distal radius 

Despite the presence of tetraplegia, no deficits in distal radial total, cortical or trabecular 
vBMD were present. Trabecular thickness was increased in men with tetraplegia and men 
with paraplegia, and matrix mineral density was reduced, relative to healthy controls. 
Trabecular number and homogeneity were not deteriorated. Nor did failure load differ from 
controls (Table 3).  

Comparisons of regions, cortical and trabecular bone 

Table 4 shows the standardized mean difference between region with their 95% confidence 
intervals.  Figure 3 illustrates these differences with their p values.  Deficits in total, cortical 
and trabecular vBMD were greater at the distal tibia than distal fibula or distal radius.  
Deficits were statistically significant in several, but not all, comparisons.  Deficits were also 
significantly greater in some, but not all, comparisons of the distal fibula versus distal 
radius. 

Discussion 

The purpose of this study was to quantify the microstructural deterioration of the distal 
metaphyseal regions of the appendicular skeleton in individuals with spinal cord injury. 
Relative to controls, men with tetraplegia or paraplegia had increased cortical porosity, 
reduced cortical thickness and matrix mineral density, complete loss of trabecular plates, 
reduced trabecular surface area, connectivity and loss of homogeneity of the interconnected 
plates seen as patching fallout of trabeculae.  These changes resulted in loss of estimated 
strength at the distal tibia, a weight bearing site. More modest deficits were found at the 
distal fibula, a weight bearing site subjected to lower stresses during loading.(27)

Most published studies, like those cited in a meta-analysis,(12) focussed on the reduction in
BMD, a measurement that does not capture the heterogeneity in cortical and trabecular 
morphology within and between regions of the skeleton.  We report a hierarchy of deficits. 
The tibia experienced the greatest loss, followed by the fibula, with the least loss from the 
radius. These observations are consistent with the relative reduction in loading following 
spinal cord injury,(12) with the tibia experiencing the greatest unloading, and the radius the
least unloading relative to their customary loading.   

We observed deficits in cortical and trabecular vBMD at the distal tibia, but deficits in 
vBMD at the distal fibula were confined to trabecular bone, and were less than the deficits at 
the distal tibia. The fibula is slender and largely cortical.  Cortical bone has a lower surface 
area/matrix volume ratio than trabecular bone and so is less susceptible to being remodelled 
than trabecular bone following unloading.(12) As the fibula is subjected to lower strains than
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the tibia, we suggest that paralysis may have resulted in strains deviating less from their 
customary strain environment than the deviation of strains usually encountered at the 
tibia.(16) Consequently, loss of trabecular bone may have been sufficient to restore strains
without the need to compromise cortical bone.     

Eser et al reported deficits in vBMD at the distal femur and proximal tibia were confined to 
trabecular bone despite these weight-bearing bones being subjected to higher strains than the 
radius .(17) The larger trabecular surface area/matrix volume ratio at these locations may also
make these regions susceptible to more rapid trabecular than cortical bone loss.  

Finding uncompromised distal radial microstructure in men with tetraplegia was 
unanticipated.  However, scrutiny of the literature supports the likely validity of this 
observation.  For example, in a meta-analysis,(12) lower limb bones had greater deficits in
bone mass than upper extremity bones.  Eser et al report rapid decreases in vBMD at the 
distal femur and tibia in patients with tetraplegia or paraplegia with little loss of bone at the 
distal radius in patients with paraplegia (as expected) and in the smaller number of patients 
with tetraplegia.(28) Studies of astronauts demonstrate preservation of radial bone, a structure
commonly subjected to lower loads than weight bearing structures.(29) Modlesky et al
reported reduced distal femur and proximal tibia trabecular density using high-resolution 
magnetic resonance imaging in 10 men with long-term complete spinal cord injury 
compared to 8 controls.  Despite complete SCI injury between C6-L1, radius BMD was not 
reduced relative to controls, as confirmed in this, and other studies.(30)

No deficits at the distal radius of men with paraplegia were expected but evidence of higher 
vBMD in men with paraplegia than in healthy controls or men with tetraplegia might be 
expected due to mechanical usage for propulsion of a wheelchair.  This was not observed.  
However, Goktepe et al reported higher distal radial BMD in elite athletes with paraplegia, 
not sedentary subjects with paraplegia, an observation suggesting greater than usually 
encountered strains are needed to stimulate bone formation in this non-weight bearing 
bone.(31)  The  higher distal radial trabecular thickness in both tetraplegia and paraplegia than
controls is likely to be due to preferential loss of thinner trabeculae as reported following 
rapid perimenopausal bone loss.(32)

Likewise, in a study of dogs subjected to 40 weeks of immobilization, the greatest loss of 
bone occurred at the metacarpals (50%), compared to humeri which lost the least bone 
(28%).(10) Although the forelimbs of quadrupeds are weight-bearing, the distal limb bones
experience greater peak stresses during locomotion than the proximal humerus.(33) Hsieh and
colleagues reported using an in vivo loading of the ulna in rats that threshold strains are 
largest distally, where locomotor strains are typically higher than proximally.  There was a 
correlation between greater peak strains and greater periosteal bone formation once a 
threshold was exceeded.(34) Schulte et al also reported that bone formation in mice occurs at
sites of high local mechanical strain while bone resorption occurred at sites of low local 
strain.(35) Christen et al demonstrate a linear relationship between focal remodelling and
local loading determined  by micro finite element analysis in humans but non-mechanically 
determined component of this cellular activity fulfilling other demands for remodelling.(36)

We propose that the heterogeneity of the morphological changes following spinal cord 
injury is likely to reflect the nature of bone as a mechanosensitive organ.  Harold Frost, and 
many investigators since, suggested that bone modelling and remodelling adapt bone 
morphology to differences in microstrain imposed by unloading, physiological loading, 
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overloading and pathological loading.(2,5,8,9,15,37)  The mechanisms responsible for
mechanotransduction are now better understood (Figure 4). During loading, bone matrix 
deformation (strain) generates lacuna-canalicular fluid flow which induces shear stress on 
osteocytes, down regulating sclerostin, an inhibitor of bone formation and stimulator of bone 
resorption.(38,39) When sclerostin expression is suppressed, bone formation increases
focally.(39) Concurrently, resorptive modelling, or negatively balanced remodelling, occur at
other locations. This alters the spatial distribution of the mineralized matrix, adapting a 
region’s microarchitecture to the new loading circumstances while avoiding an increase in 
total bone volume, which is energy requiring.(1,2,40)

Reduced loading in individuals with spinal cord injury reduces canalicular fluid flow. 
Reduced strains upregulate sclerostin leading to reduced bone formation, increased bone 
resorption, bone loss and a reduction in bone volume which restores local strains at the price 
of compromised bone volume, microarchitecture and bone strength.(41) Sclerostin levels
were not available in the present study.  Published studies suggest that changes in sclerostin 
levels depend on the type and duration of SCI.(42,43) For example, Battaglino et al reported
that sclerostin levels were greatest in subjects with short-term SCI (≤5 years) and decreased 
during the first 5 years post-injury.(42) By contrast, Maimoun et al report lower concentration
of sclerostin,(43) a finding that should be associated with increased bone formation.
Circulating concentrations may not be appropriate surrogates for the local action of this 
osteocyte product as reduced levels should be associated with increased bone formation.  

In addition to changes in bone volume and microstructure, matrix mineral density was lower 
in men with tetraplegia and paraplegia, despite the absence of changes in morphology at the 
distal radius.  This observation suggests that rapid remodelling has a systemic effect 
compromising bone properties above the level of the spinal cord injury. Shen et al reported 
decreased mineral to collagen matrix ratio in the humeri of paraplegic mice.(44) This rapid
remodelling may underly the so-called regional acceleratory phenomenon reported by 
Frost.(45)

Stiffness, or resistance to bending, is a function of the degree of matrix mineralization and 
bone geometry, with the cross-sectional moment of inertia capturing the distribution of mass 
around the axis of loading.(5)  As stiffness is determined by material and structural
properties, both can vary independently, as matrix mineralization and microstructure did 
here. The change was greater at the distal tibia where both microstructure and matrix 
mineral density were compromised, contributing to the greater decline in estimated failure 
load. 

Prevention of musculoskeletal deterioration following spinal cord injury remains 
challenging and has been attempted using functional electrical stimulation (FES)-rowing.  
Gibbons et al. report a case study of a patient with SCI in whom they suggest distal tibial 
bone loss measured using HR-pQCT was attenuated.(46)  Draghici et al. measured distal tibia
and distal radial microstructure also using HR‐ pQCT in an uncontrolled cross-sectional 
study of 13 men with SCI.(47)  Time since injury, total distance rowed, and peak foot force
together predicted trabecular, not cortical, morphology.  These studies are difficult to 
interpret due to issues in design and execution.  However, in a 6-month controlled 
prospective study of FES-cycling 30-min 3 times weekly initiated 4·5 weeks post SCI in 19 
para- and tetraplegic patients compared with 19 patients with SCI left untreated, no evidence 
of attenuation of bone loss was observed.(48)  By contrast, Fang et al reported that 20
individuals with SCI treated for 12 months with FES–assisted rowing plus zoledronate 
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improved distal femur stiffness by 4.6% estimated using finite element analysis, while 
stiffness decreased by 13.9% in those treated with rowing alone.  No benefits were observed 
in either group at the proximal tibia.  No group received drug therapy alone or no 
intervention.(49) In an uncontrolled study, Frotzler et al. reported improvement in thigh cross
sectional area, distal femoral epiphysis trabecular and total BMD following 12 months of 3.7 
hourly sessions per week FES-cycling in 11 subjects with complete SCI 11.0 years post 
injury.(50) Bone parameters in the femoral shaft decreased.  Further studies are needed to
address this therapeutic challenge. 

This study has several limitations. This was a cross-sectional data with limited number of 
individuals with spinal cord injury and absence of data in the early months following spinal 
cord injury.  For these reasons we could not document the precise temporal patterns of bone 
loss in each region.  However, Edwards et al reported early rapid bone loss of 3-5% per 
month.(51) Similarly, Eser et al reported trabecular and cortical bone loss for the distal
epiphyses and midshafts of the femur, tibia, and radius measured using peripheral 
quantitative computed tomography in 24 tetraplegic and 65 paraplegic men with SCI of 2 
months and 50 years duration.(17)  Bone mass and cortical area of the diaphyses, showed an
exponential decrease with time since injury reaching a plateau after 3–8 years.  While the 
upper limbs are not loaded by body weight, about 50% of this small group of subjects had 
level D grade ASIA impairment scale, in which most of the muscles are spared below the 
level of injury, an effect that may partly account for the preservation of bone structure.  
Analysis of cortical porosity of the fibula was not available.  Height and weight 
measurements were not available so matching with controls was confined to age and sex.  
While unloading due to spinal cord injury plays a most important role in bone loss, bone loss 
is multifactorial.(12,52)  Coexisting autonomic dysfunction was not quantified in this study
and may contribute to bone loss, but few, if any, studies have quantified the contribution of 
the hemodynamic changes that may influence the skeleton.(53,54)

In summary, fractures are common in patients with spinal cord injury and often occur at 
metaphyseal regions.(55)  Bone fragility is the result of bone loss that is region specific and
is, in part, a function of the change in mechanical load imposed on the region.  Following 
unloading caused by spinal cord injury, weight bearing regions, adapted to accommodate 
greater peak strains and strain rates, are at higher risk for bone loss and microarchitectural 
deterioration during unloading than non-weight bearing regions that are adapted to lower 
peak strains and strain rates. These observations highlight the site specificity of the strain 
thresholds regulating the cellular activity of mechano-transduction. The rapidity of the 
change and irreversible microarchitectural deterioration suggest prompt intervention with 
antiresorptive, anabolic therapy, or both, warrants consideration. 
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Figure 1.Images of trabecular and cortical bone at the distal tibia 
Axial and axial-coronal views of distal tibia of a 28 years male with spinal cord injury (panels 1, 2) 
and a healthy control (panels 3, 4).  Cortices are thin and porous.  Trabeculae are thinned, 
disconnected with loss of homogeneity in their distribution.     

Figure 2. Distal tibial total, cortical and trabecular volumetric bone mineral density (vBMD) and 
cortical porosity as a function of time since injury.  
The regression lines were derived by plotting vBMD and cortical porosity from 0 to 50 months and 
then from 50 to 250 months. vBMD was lower and cortical porosity was higher at later than earlier 
follow up times.    

Figure 3. Comparison of deficits total, cortical and trabecular volumetric bone mineral density 
(vBMD) at the distal tibia (black bar), distal fibula (deep grey bars) and distal radius (light grey bars) 
in men with tetraplegia and paraplegia. Deficits are expressed as standard deviations from the mean in 
age-matched controls. 

Figure 4. Differences in loading-induced microstrain within the range usually encountered by a bone 
do not modify modelling or remodelling (green).  When loading exceeds a strain threshold threatening 
fracture (red), modelling increases bone formation and bone volume restoring strains.  When loading 
is reduced, as occurs in spinal cord injury, strains decrease below a threshold inhibiting remodeling 
(blue) result in initiation of unbalanced remodelling causing bone loss and a decrease in bone volume 
which restores strains. 



15 

Table 1. Distal tibial microstructure in individuals with tetraplegia and paraplegia and controls. 

Tetraplegic Paraplegic 

Parameters of distal tibia Cases, n=12 Controls, n=79 p-value Cases, n=17 Controls, n=81 p-value

Total vBMD (mgHA/cm3) 236.7 (64.5) 334.1 (58.9) <0.001 213.1 (75.2) 334.9 (58.9) <0.001 

Cortical vBMD (mgHA/cm3) 572.9 (50.3) 677.5 (68.5) <0.001 554.5 (86.4) 677.5 (65.7) <0.001 

Porosity (%) 67.2 (3.6) 59.1 (5.4) <0.001 68.3 (6.3) 59.1 (5.1) <0.001 

Thickness(mm) 0.62 (0.14) 0.79(0.19) 0.002 0.60 (0.18) 0.77 (0.16) 0.002 

Matrix Mineral Density (%) 64.7 (0.5) 65.4 (0.9) <0.001 64.2 (0.6) 65.4 (0.8) <0.001 

Trabecular vBMD (mgHA/cm3) 98.3 (74.0) 169.2 (43.9) 0.007 80.1 (63.8) 168.4 (45.7) <0.001 

Number (1/mm) 2.13 (1.09) 3.13(0.68) 0.009 1.73 (0.86) 3.14 (0.69) <0.001 

Thickness(µm) 189 (15) 197(13) 0.130 190 (17) 197 (14) 0.128 

SMI 2.28 (0.75) 1.52 (0.40) 0.005 2.37 (0.53) 1.45 (0.46) <0.001 

Separation (mm) 1.94 (0.90) 1.13 (0.25) 0.010 2.08 (0.77) 1.14 (0.25) <0.001 

Surface (mm2) 12906 (8098) 16725 (5227) 0.138 10394 (4666) 16605 (4625) <0.001 
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Connectivity Density (1/mm3) 2.83 (2.11) 4.56 (1.54) 0.017 2.14 (1.43) 4.38 (1.49) <0.001 

Inhomogeneity (mm) 0.51 (0.48) 0.21 (0.08) 0.053 0.72 (0.61) 0.21 (0.08) 0.003 

Failure Load (N) 4074 (2521) 6909 (1407) 0.004 3369 (1807) 6905 (1388) <0.001 
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Table 2. Distal fibula microstructure in individuals with quadriplegia and paraplegia and controls 

Tetraplegic Paraplegic 

Parameters of distal fibula Cases, n=11 Controls, n=60 p-value Cases, n=15 Controls, n=63 p-value

Total vBMD (mgHA/cm3) 571.1 (85.1) 637.6 (107.4) 0.035 555.1 (92.9) 643.2 (105.1) 0.004 

Cortical vBMD (mgHA/cm3) 912.0 (50.2) 932.5 (44.2) 0.227 915.6 (36.6) 929.7 (49.6) 0.222 

Cortical Area(mm2) 63.4 (17.8) 70.4 (13.9) 0.240 57.4 (10.9) 69.9 (14.0) <0.001 

Cortical Thickness(mm) 1.34 (0.21) 1.52 (0.25) 0.027 1.29 (0.23) 1.52 (0.25) 0.002 

Trabecular vBMD (mgHA/cm3) 188.9 (78.1) 226.4 (50.7) 0.151 164.5 (46.4) 231.9 (50.5) <0.001 

Number (1/mm) 1.39 (0.47) 1.89 (0.39) 0.005 1.24 (0.33) 1.90 (0.41) <0.001 

Separation (mm) 0.71 (0.38) 0.45 (0.11) 0.043 0.75 (0.21) 0.45 (0.13) <0.001 

Thickness(µm) 111 (26) 101 (19) 0.248 111 (16) 104 (20) 0.128 

Inhomogeneity (mm) 0.35 (0.17) 0.21 (0.07) 0.017 0.38 (0.12) 0.21 (0.08) <0.001 

vBMD; Volumetric bone mineral density 
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Table 3. Distal radial microstructure of individuals with tetraplegia and paraplegia and controls 

Tetraplegic Paraplegic 

Parameters of distal radius Cases, n=11 Controls, n=79 p-value Cases, n=18 Controls, n=81 p-value

Total vBMD (mgHA/cm3) 372.9 (72.5) 385.4 (68.6) 0.598 397.5 (73.0) 392.6 (67.8) 0.794 

Cortical vBMD (mgHA/cm3) 709.9 (63.3) 739.1 (69.7) 0.180 730.0 (66.2) 746.0 (65.0) 0.360 

Porosity (%) 56.8 (4.9) 54.3 (5.6) 0.145 55.3 (5.4) 53.8 (5.2) 0.285 

Thickness(mm) 0.74 (0.15) 0.79(0.18) 0.325 0.86 (0.23) 0.78 (0.18) 0.0904 

Matrix Mineral Density (%) 64.7 (0.7) 65.3 (0.9) 0.020 64.6 (0.7) 65.2 (0.8) 0.002 

Trabecular vBMD (mgHA/cm3) 152.7 (65.5) 160.2 (46.3) 0.720 173.5 (56.4) 164.0 (47.3) 0.511 

Number (1/mm) 2.40 (0.70) 2.76 (0.58) 0.127 2.53 (0.52) 2.74 (0.54) 0.096 

Thickness(µm) 205 (13) 197 (13) 0.085 212 (11) 198 (13) <0.001 

SMI 1.99 (0.62) 1.74 (0.41) 0.220 1.79 (0.55) 1.70 (0.45) 0.524 

Separation (mm) 1.41 (0.55) 1.16 (0.25) 0.166 1.21 (0.28) 1.15 (0.25) 0.410 
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Surface (mm2) 6408 (2489) 6818 (1786) 0.608 6044 (1242) 6780 (1783) 0.044 

Connectivity Density (1/mm3) 3.61 (1.37) 4.46 (1.21) 0.073 4.01 (0.95) 4.35 (1.18) 0.200 

Inhomogeneity (mm) 0.25 (0.14) 0.19 (0.07) 0.190 0.21 (0.07) 0.19 (0.06) 0.272 

Failure Load (N) 2499 (776) 2668 (652) 0.526 2600 (625) 2680 (662) 0.651 

vBMD; Volumetric bone mineral density, SMI; Structure Model Index. SMI of 0 indicates plate-like structure, 3 indicates rod-like structure 
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Table 4. Total, cortical and trabecular vBMD differences between tibia, fibula and radius in tetraplegic and paraplegic men. 

Difference expressed as age-adjusted standardized deviations (SD) with 95% confidence intervals (CIs).   

Deviation Tetraplegic Paraplegic 

Total vBMD Mean difference, SD (CI) p-value Mean difference, SD (CI) p-value

Tibia vs. Fibula -1.04 (-2.01, -0.07) 0.037 -1.31 (-2.23, -0.39) 0.007 

Tibia vs. Radius -1.51 (-2.57,-0.45) 0.007 -2.37 (-3.22, 1.52) <0.001 

Fibula vs. Radius -0.47 (-1.21, 0.27) 0.202 -1.06 (-1.77, -0.35) 0.004 

Cortical vBMD 

Tibia vs. Fibula -0.50 (-1.10, 0.10) 0.096 -1.05 (-1.69, -0.41) 0.002 

Tibia vs. Radius -0.54 (-1.13, 0.05) 0.070 -0.99(-1.65, -0.33) 0.005 

Fibula vs. Radius -0.04 (-0.65, 0.57) 0.893 0.06(-0.48, 0.60) 0.824 

Trabecular vBMD 

Tibia vs. Fibula -0.98 (-2.51, 0.55) 0.198 -1.03 (-2.07, 0.01) 0.051 

Tibia vs. Radius -1.73 (-3.25, -0.21) 0.027 -2.66 (-3.64, -1.68) <0.001 
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Fibula vs. Radius -0.75 (-1.98, 0.48) 0.219 -1.63 (-2.34, -0.92) <0.001 
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Highlights 

 Weight-bearing regions have more severely compromised bone density and
microstructure than less- or non-weight bearing regions after spinal cord injury.

 Higher cortical porosity, fewer and more separated trabeculae, with loss of trabecular
homogeneity and lower matrix mineral density occur at weight-bearing regions
following spinal cord injury.

 Uncompromised distal radial microstructure occurs in men despite tetraplegia
suggesting this non-weight bearing region is adapted to low customary strains.
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