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Regional cortical and trabecular bone loss after spinal cord injury
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Abstract—Spinal cord injury (SCI) triggers rapid loss of tra-
becular bone mineral density (BMD) in bone epiphyses and a 
loss of cortical cross-sectional area (CSA) in bone diaphyses, 
increasing fracture risk for people with SCI. The purpose of 
this study was to measure trabecular BMD and cortical CSA 
loss at several previously unexamined lower-limb sites (4% 
fibula, 12% femur, 86% tibia, cortical) in individuals with SCI. 
Using peripheral quantitative computed tomography, we 
scanned 13 participants with SCI longitudinally and 16 on one 
occasion; 21 participants without SCI served as controls. In the 
first year post-SCI, 15% to 35% of BMD was lost at the distal 
femur, proximal tibia, and distal fibula. Bone loss at the distal 
fibula accelerated between 1 and 2 years post-SCI. BMD at 
these sites reached a steady state value of ~50% of the non-SCI 
value 4 years post-SCI. At the tibia diaphysis, cortical CSA 
decline was slower, eventually reaching 65% of the non-SCI 
value. Because of the extensive loss of bone observed at these 
sites, careful consideration needs to be given to the dose of 
musculoskeletal stress delivered during rehabilitation interven-
tions like standing, muscle electrical stimulation, and aggres-
sive stretching of spastic muscles.

Key words: adaptation, bone mineral density, cortical bone, 
fracture, neurological, osteoporosis, paralysis, rehabilitation, 
spinal cord injury, trabecular bone.

INTRODUCTION

New discoveries in bone biology emphasize that 
bone is a dynamic tissue that senses and adapts to a wide 
array of stimuli. The key to bone’s adaptive capacity is its 
ability to detect, amplify, and transduce signals of various 
origins into cellular remodeling activities. Osteocyte 

cytoplasmic projections in the lacunocanalicular system 
sense interstitial fluid movement caused by mechanical 
loads [1]. Osteocytes communicate with one other via 
gap junctions [2] to transduce these small mechanical 
signals into molecular cascades that activate bone remod-
eling cells [3]. Bone can adapt to subtle, pervasive 
mechanical loads (vibration) [4] and to the largest epi-
sodic voluntary loads experienced by athletes [5–6]. This 
basic process is regulated by the endocrine system and 
may also bear upon an organism’s future endocrine func-
tion, because osteocytes and adipose cells share a com-
mon marrow stem cell origin [7]. Hypothalamic nuclei 
directly modulate bone adaptation via the actions of 
leptin and other neural signaling molecules [8]. There-
fore, far from being inert scaffolding, bone is an impor-
tant endocrine organ that rehabilitation specialists strive 
to “regenerate” through timely prescribed doses of stress.

Spinal cord injury (SCI) presents a massive perturba-
tion to all the systems that regulate bone health. The pre-
dictable result is derangement of bone homeostasis, 
culminating in loss of bone mineral density (BMD) in 
paralyzed limbs. BMD decline compromises bone 
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tomography, SCI = spinal cord injury, SD = standard deviation.
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strength, increasing the risk of fracture for people with 
SCI [9]. Fractures frequently occur during falls from a 
wheelchair, but even small external forces during trans-
fers or range-of-motion exercises can be sufficient to 
yield a fracture [10–11]. When fractures occur in indivi-
duals with SCI, they often go unnoticed and are often 
accompanied by delayed diagnosis, hospitalization, and 
medical complications [11]. Although pharmacologic 
treatments to prevent BMD loss are under development 
[12], no drug-based method currently exists to prevent or 
treat post-SCI osteoporosis. Rehabilitation specialists 
have been on the forefront of prescribing nonpharmaco-
logic bone-preservation interventions. Careful prescrip-
tion of therapeutic stress requires that rehabilitation 
specialists understand the ideal “windows” for interven-
tion and the bone tissue sites that are at greatest risk for 
BMD loss. Depending on the anatomic site, BMD decline
may conclude by 4 to 7 yr post-SCI [13–14]. Depending 
on the dose of stress applied, rehabilitation interventions 
may be most efficacious before the newly adapted bone 
tissue reaches a low-BMD steady state [15–16].

Several gaps exist in our understanding of BMD loss 
after SCI. Information on bone loss within the first 6 mo 
post-SCI is limited, with estimates ranging from 2.0 to 
13.5 percent loss for various lower-limb locations [17–
19]. The advent of peripheral quantitative computed 
tomography (pQCT), a three-dimensional measurement 
technique, has revealed that BMD loss differs at trabecu-
lar bone sites of the distal and proximal epiphyses [20] 
and that bone loss at diaphyseal sites occurs as a result of 
cortical wall thinning, not by decline of BMD [13,20]. 
The implications of this are clear for the rehabilitation 
specialist charged with recommending a dose of stress 
for these tissues: fracture risk may be higher for some 
sites than others. At two of the sites at greatest fracture 
risk, the proximal tibia and the supracondylar femur [11], 
post-SCI rate of BMD decline has never been examined. 
A few previous studies of the ultradistal femur suggest 
that bone loss near these regions may be rapid and exten-
sive (>50% loss) [13]. Whether BMD loss varies as a 
function of time post-SCI has not been determined with 
pQCT. One study that used dual X-ray absorptiometry 
(DEXA), a two-dimensional technique, suggested that 
BMD loss was higher for the first year postinjury than for 
the second year [21].

The question of a BMD steady state after SCI 
remains contentious. A DEXA study of SCI/non-SCI 
monozygotic twins suggested that BMD decline contin-

ued throughout the life span and did not reach a steady 
state [22]. Other longitudinal work with pQCT found 
only small, nonsignificant BMD losses after 30 mo of 
follow-up, suggesting that a steady state had indeed 
developed [14]. The issue of whether BMD declines 
indefinitely after SCI bears upon the haste with which 
rehabilitation interventions may need to be implemented. 
Studies of electrically stimulated cycling suggest that 
BMD gains after chronic SCI are likely to be small [23–
24] and not universally beneficial to all anatomic sites 
[23]. Interventions that begin quickly after SCI have 
shown better efficacy [15,25–26]. Understanding each 
site’s rate of BMD loss and steady state timing will help 
rehabilitation specialists more effectively educate their 
clients about post-SCI BMD loss.

The purpose of this study was to measure BMD loss 
at several previously unexamined (4% from distal fibula, 
12% from distal femur, 86% from distal tibia) lower-limb 
sites in people with SCI. We determined whether the rate 
of BMD loss differed as a function of time post-SCI and 
whether or not BMD reached a steady state value. We 
anticipated that the severity of BMD loss would vary 
among the anatomic regions examined. Specifically, we 
predicted that the normal loading differences between the 
tibia and fibula may have caused divergent adaptations to 
emerge in these bone sites.

METHODS

Participants
Twenty-nine individuals with complete SCI (Ameri-

can Spinal Injury Association Impairment Scale grade A) 
[27] participated in this study. An additional 21 individu-
als without SCI served as a control cohort. Demographic 
data appear in the Table. Exclusion criteria were a his-
tory of bone pathology (bone-specific metabolic disease, 
cancer, etc.), thyroid disorder, previous fracture at the 
scan sites, pregnancy, and medications known to affect 
bone metabolism. Participants with SCI were not excluded
if they previously performed unilateral electrical stimula-
tion training in our research [15]; however, previously 
trained limbs were excluded from this analysis.

Control individuals underwent a single bilateral 
assessment with pQCT. Participants with SCI underwent 
between 1 and 6 bilateral pQCT scans over the course of 
1–5 yr. Bilateral values were averaged across limbs for 
each participant.
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Participant Sex SCI Level Age SCI Duration (yr) Time Bin
SCI

1 M T8 38 0.53 1,2,3,4,5
2 M T8 20 0.22 1,2,3,5
3 M T7 27 0.05 1,2,3,4
4 M C6 49 0.31 1,4
5 F T6 18 0.41 1,4
6 M T8 19 0.41 1
7 M T10 37 0.02 1,2,3
8 M T8 43 0.33 1,2,3
9 M T12 20 0.42 1,2

10 M T4 16 0.15 1
11 M C7–8 20 0.42 1
12 M T8 72 0.11 1
13 M T11 22 0.81 2,3
14 M T11 34 0.68 2,3
15 M T4 44 0.58 2,3,4
16 M T10 26 0.72 2,3,4
17 M T4 48 0.64 2
18 F C5–6 26 1.07 3
19 M T6 34 1.77 3
20 M T10 64 1.49 3
21 M T4 24 3.41 4,5
22 M T6 28 2.05 4
23 M T4 26 4.56 5
24 M T6 36 7.74 5
25 M T1 49 24.23 5
26 M T4 46 9.21 5
27 F T6 44 23.04 5
28 M T7 60 13.26 5
29 M T3 47 29.24 5

Non-SCI
30 M — 24 — —
31 M — 25 — —
32 M — 30 — —
33 M — 34 — —
34 M — 43 — —
35 M — 50 — —
36 M — 62 — —
37 M — 24 — —
38 M — 24 — —
39 F — 48 — —
40 M — 61 — —
41 M — 27 — —
42 F — 31 — —
43 M — 30 — —
44 M — 42 — —
45 M — 23 — —
46 M — 24 — —
47 M — 50 — —
48 M — 28 — —
49 M — 24 — —
50 F — 22 — —

Table.
Subject demographics.

C = cervical, F = female, M = male, SCI = spinal cord injury, T = thoracic.
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This study was conducted as a mixed cross-sectional 
and longitudinal design. SCI individuals 1–12 (Table) 
were first assessed soon after SCI (<6 mo). The remain-
ing participants enrolled at later post-SCI times. Thirteen 
individuals in the SCI cohort underwent repeat pQCT 
evaluation at intervals spanning at least 3 mo. To facili-
tate statistical analysis, we partitioned the data set into 
five time bins based on time post-SCI: 0–0.5 yr, >0.5–1 yr,
>1–2 yr, >2–4 yr, and >4 yr. If an individual was scanned 
on more than one occasion in a time bin, the mean of the 
scans was used.

Peripheral Quantitative Computed Tomography 
Scan Procedure

pQCT measurements were performed with a Stratec 
XCT 3000 densitometer (Stratec Medical; Pforzheim, 
Germany). Accuracy of this device is 2 percent (to the 
COMAC phantom); precision is ±3 mg/cm3 for trabecular
bone and ±9 mg/cm3 for cortical bone [28]. This device 
is calibrated with respect to fat (fat density = 0 mg/cm3). 
Voxel size was 0.4 mm3, scanner speed was 25 mm/s, and 
slice thickness was 2.2 mm.

pQCT images were obtained at set percentages of 
limb length. Using a tape measure, we measured tibia 
length between the most distal palpable tip of the medial 
malleolus and the most proximal edge of the medial tibial 
plateau. Femur length was measured between the most 
proximal palpable limit of the greater trochanter and the 
most distal limit of the lateral femoral condyle. An inves-
tigator passed the limb through the pQCT gantry and 
secured the participant’s foot onto a footplate. Using an 
inclinometer placed just distal to the tibial tuberosity, the 
investigator adjusted the vertical height of the footplate 
in order to bring the pitch of the shank to horizontal. A 
radiology technician performed a scout view of the talo-
crural joint and placed a reference line at the distal tibial 
plateau, bisecting the region of highest density at the lat-
eral side of the distal tibia. Using this reference line, the 
scanner obtained an image at 4 percent and at 66 percent 
of tibia length (measured from the distal end). The 4 per-
cent site has been widely studied [13,19,29–31] and pro-
vides a window into degradation of the tibia trabecular 
lattice with SCI. The 66 percent location lacks a trabecu-
lar lattice and has previously been used to examine endo-
cortical absorption of the tibia cortical shell, as estimated 
by cortical cross-sectional area (CSA) [23,32]. In addi-
tion to tibia BMD and CSA, we were interested in exa-
mining fibula adaptations to paralysis. The fibula serves 

as a muscle attachment site but experiences far lower 
body weight forces than the tibia [33]. We suspected that 
the functional differences between the tibia and fibula 
might cause divergent adaptations to emerge in neighbor-
ing bone sites. We therefore analyzed BMD of the fibula 
in the 4 percent tibia images.

Limitations of gantry movement required the partici-
pant to be repositioned for scans of the proximal tibia and 
distal femur. Several individuals lacked sufficient trunk 
mobility or hip abduction range to allow appropriate 
positioning for femur scans. For the entire data set (52 
scan sessions), 11 femur scans could not be obtained. For 
the proximal tibia and femur scans, a radiology techni-
cian performed a scout view of the tibiofemoral joint and 
placed a reference line at the proximal limit of the tibia 
plateau. Using this reference line, the scanner obtained an 
image at 86 percent of tibia length (measured from the 
distal end). We scanned this location because the tibial 
tuberosity is visible at this site. We suspected that the loss 
of quadriceps contractions after paralysis could exacer-
bate bone loss at the insertion site of the patellar tendon. 
No previous studies have reported longitudinal BMD 
change of the proximal tibia. Finally, the radiology tech-
nician placed a reference line at the distal limit of the lat-
eral femoral condyle. Using this reference line, the 
scanner obtained an image at 12 percent of femur length. 
We scanned this location rather than the 4 percent femur 
site [13] because the supracondylar region has a higher 
risk for fracture [11].

Analysis Procedures
To analyze “trabecular” sites (fibula, distal tibia, 

proximal tibia, distal femur), an investigator defined a 
region of interest that incorporated a small amount of soft 
tissue outside the periosteal margin. A threshold algo-
rithm removed voxels below 200 mg/cm3, starting from 
the outer edge of the region of interest and moving 
inward. This removed all voxels corresponding to muscle 
and fat and defined the periosteal edge. Inside the perios-
teal border, densities higher than 400 mg/cm3 were 
defined as cortical/subcortical bone and values lower 
than this threshold were defined as trabecular bone. Cor-
tical/subcortical voxels were excluded from further ana-
lysis. A 3  3 voxel filter then proofed the remaining 
image to detect pockets of high-density values. Voxels 
that had substantially higher BMD than the neighboring 
voxels were reassigned as subcortical bone and were 
excluded from further analysis. Trabecular BMD was 
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obtained from the resulting image. Because the cortical 
shell is very thin at these anatomic sites (and is therefore 
subject to the partial-volume effect [34]), we report only 
trabecular BMD.

To analyze the “cortical” site (tibia diaphysis), an 
investigator defined a region of interest that incorporated 
a small amount of soft tissue outside of the periosteal 
margin. A threshold algorithm removed voxels below 
280 mg/cm3, corresponding to muscle and fat. In the 
remaining area, densities higher than 710 mg/cm3 were 
defined as cortical bone and values lower than this 
threshold were defined as subcortical/trabecular bone. 
Subcortical and trabecular voxels were excluded from 
further analysis. Previous studies demonstrated that corti-
cal BMD does not decline after SCI [20]. Instead, endo-
cortical absorption gradually leads to thinning of the 
cortical wall, adversely affecting bone strength [29]. 
Thus, at the 66 percent tibia site, we report the area of the 
cortical wall in millimeters squared.

Data Processing
Mean  standard deviation (SD) BMD or CSA values 

were computed for each scanned site at each time bin. To 
examine the different rates of bone loss among the sam-
pled sites, we obtained the difference in BMD or CSA 
between the non-SCI value and the bin 1 SCI value. This 
difference, expressed as a percentage of the non-SCI 
value, was divided by the mean time post-SCI for the 
scans contained in bin 1 (0.32 yr). This yielded a rate of 
BMD or CSA loss expressed in terms of percentage of 
non-SCI BMD or CSA lost per year of SCI. We contin-
ued by obtaining difference values among successive 
bins and computing similar rates of decline. For partici-
pants with long-duration SCI, we were interested in 
determining whether BMD and CSA remained steady in 
bin 5 (>4 yr) or declines continued at a low rate. We 
divided the nine individuals with bin 5 data into subco-
horts based on time post-SCI. Five individuals with SCI 
duration <10 yr (mean 6.05 yr) were assigned to bin “5a,” 
and four individuals with SCI >10 yr (mean 22.44 yr) 
were assigned to bin “5b.”

Statistical Analysis
To examine BMD and CSA adaptations across time 

post-SCI, we analyzed data for each scan site by using a 
one-way analysis of variance (ANOVA) followed by 
pairwise multiple comparisons (Tukey). To compare the 
rate of decline across time post-SCI, we examined percent

decline from the non-SCI value across time. For each 
time bin, we used a one-way repeated measures ANOVA 
and pairwise multiple comparisons (Tukey) to test for 
differences in rate of bone loss between scan sites but 
within time bins. Significance was set to  < 0.05.

RESULTS

Figure 1 shows

Figure 1.
Representative peripheral quantitative computed tomography 

images for participant without spinal cord injury (SCI) and par-

ticipant with SCI (3.67 yr).

 representative examples of pQCT 
images for SCI and non-SCI participants at all scan sites. 
For the non-SCI group, mean  SD BMD for the fibula, 
distal tibia, proximal tibia, and distal femur was 255.4 
35.5, 272.1  28.3, 175.2  30.1, and 211.1  18.7 mg/cm3, 
respectively. CSA at the tibia diaphysis was 430.8 
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53.5 mm2. BMD and CSA values for the SCI cohort 
across the five time bins appear in Figure 2. 

Figure 2.
Mean ± standard deviation trabecular bone mineral density 

(BMD) or cortical cross-sectional area (CSA) for each sampled 

site across time. * = Significantly different from bin 5, ** = signif-

icantly different from bins 4 and 5, and # = significantly different 

from bins 3–5. All p < 0.05. SCI = spinal cord injury.

In this fig-
ure, non-SCI data appear as “bin 0.” SCI BMD and CSA 
dropped significantly below the non-SCI value by bin 3 
(>1–2 yr) for all sites except the fibula, which differed 
from non-SCI BMD from bin 4 onward (p < 0.001). 
Although several individuals showed a reduction in 
BMD and CSA in the first year, it did not reach signifi-
cance for the average cohort (all p > 0.09).

For all trabecular sites, BMD declined gradually until 
bin 4 (>2–4 yr post-SCI: p < 0.001). The tibia diaphysis, 
the cortical site, demonstrated a notably different pattern 
of decline; no significant differences emerged among 
bins 1–4 (p > 0.17). Instead, CSA for bin 5 was signifi-
cantly lower than all preceding post-SCI times (p < 0.001).

Figure 3 

Figure 3.
Mean ± standard deviation trabecular bone mineral density 

(BMD) or cortical cross-sectional area (CSA), normalized to non-

spinal cord injury (SCI) values. * = Significantly different from dis-

tal tibia site, # = significantly different from proximal tibia and dis-

tal femur sites, and ^ = significantly different from distal femur 

site. All p < 0.05. Gray = trabecular site, hatched = cortical site.

depicts SCI BMD and CSA values normal-
ized to non-SCI values, arranged to compare differences 
among the sampled sites over time. No differences 
among sites in normalized BMD or CSA appeared in the 
first two time bins (<1 yr) (p > 0.18). In bin 3 (1–2 yr), 
normalized values for the fibula and the tibia diaphysis 
were greater than for the distal tibia (p < 0.01). These sites
continued to differ from the distal tibia in bins 4 and 5 (p <
0.02). In bins 4 and 5, the tibia diaphysis differed signifi-
cantly from the proximal tibia and the distal femur (p < 
0.01). At the final time bin (>4 yr post-SCI), normalized 
BMD was lowest for the distal femur, just 44.13 percent 
of the non-SCI BMD value. BMD was also very low for 
the distal tibia, at 48.67 percent of the non-SCI value. 
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Figure 4.
Rate of bone loss as function of time after spinal cord injury 

(SCI). (a) Bone mineral density (BMD) loss for trabecular sites. 

(b) Cortical bone cross-sectional area (CSA) loss for tibia 

diaphysis. Data for time bin 5 were subdivided into bins 5a and 

5b to explore whether bone loss reached steady state (0% loss 

per year) in participants with very long duration SCI (>10 yr).

Even the site with the least bone loss, the tibia diaphysis, 
retained just 65.6 percent of the non-SCI value.

Figure 4(a) and 4(b) depicts the descriptive normal-
ized rates of BMD and CSA decline for participants 
across time (note that bin 5 was partitioned into two sub-
bins for this analysis). For the proximal tibia, tibia dia-
phyis, and distal femur, the rate of bone loss was highest 
in the first year postinjury and then declined to less than 
12 percent loss per year thereafter. The distal tibia dem-

onstrated a notably different pattern of decline than the 
other sampled sites, peaking instead between 1 and 2 yr 
post-SCI (bin 3). BMD and CSA difference values 
between sub-bins 5a and 5b were small, yielding a final 
rate of decline of <1 percent per year for all sites.

DISCUSSION

The purpose of this study was to measure BMD and 
CSA loss at several previously unexamined lower-limb 
sites in people with SCI. Specifically, there are no reports 
of BMD or CSA of the fibula, femur (12%), and tibia 
(86%) sites in this population. We investigated whether 
the rate of BMD and CSA loss differed as a function of 
time post-SCI and whether or not BMD and CSA reached 
a steady state value. Based on previous studies, we 
expected that the severity of bone loss would differ 
among the sampled sites. We anticipate that this informa-
tion may be of particular interest to rehabilitation special-
ists who routinely need to stress the limbs of clients at 
various times after SCI.

Timing of Bone Mineral Density and Cross-Sectional 
Area Loss

Bone-sparing interventions that mechanically load 
the limbs [15,25–26] capitalize on the fact that immedi-
ately after SCI, bone strength for paralyzed clients should 
be similar to standard non-SCI values. As time post-SCI 
progresses and bone loss ensues, bones may become less 
able to withstand high loads, raising additional safety 
concerns for mechanical loading interventions. The tim-
ing of bone loss is a critical piece of information for the 
design and execution of such interventions. The only pre-
vious study of acute post-SCI bone loss indicated that 
distal tibia BMD declined by 5 percent in 6 mo (p > 0.05) 
and by 15 percent within 12 mo (p < 0.05) [19]. Distal 
tibia BMD decline in the present study was comparable 
(5% in 6 mo, 11% in 12 mo; Figure 3). Similar early 
BMD losses appeared at the proximal tibia and distal 
femur, and all three sites differed significantly from non-
SCI BMD values by bin 3 (>1–2 yr) (Figure 2). 
Although these findings suggest that in the first year 
post-SCI BMD did not differ significantly from non-SCI 
values, mechanical loading interventions that reintroduce 
physiologic forms of load at these skeletal sites may
possess a reasonable degree of safety. However, there 
were insufficient subjects to clearly test statistically for a 
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longitudinal effect within the first year, even when time 
was used as a covariate. Importantly, single-subject lon-
gitudinal data supports that large changes occur over the 
first 6 mo after injury. Given the multifactorial contribu-
tions to osteoporosis, extensive interparticipant variation 
within the first year is not surprising. Beyond 1 yr, bone 
losses at these sites reach significance and safety factors 
are now even more important when developing a thera-
peutic dose of stress as part of an exercise prescription.

In the latest time bins examined, steady state trabecu-
lar BMD appeared after 4 yr post-SCI; no trabecular site 
demonstrated a difference between bins 4 and 5 (Figure 2).
One previous study of monozygotic twins suggested that 
BMD continues to decline throughout the life span post-
SCI [22]. That study employed DEXA, which cannot dif-
ferentiate between cortical and trabecular bone loss. In 
the present study, we observed that tibia diaphysis corti-
cal CSA differed significantly between bins 4 and 5, sup-
porting that a steady state had not occurred. Moreover, 
we determined that cortical CSA continued to decline 
even in the individuals with the longest duration of injury 
(sub-bins 5a and 5b, p = 0.002). In contrast, no late tra-
becular BMD declines appeared in this time frame (p > 
0.05). Thus, the lack of a steady state in the aforemen-
tioned DEXA study may indicate that their BMD values 
were influenced by the continued decline of cortical bone 
superimposed over steady trabecular BMD in the DEXA 
image. Several more recent pQCT studies support that 
trabecular BMD does indeed reach a steady state between 
4 to 7 yr post-SCI, depending on the anatomic site [13–
14]. These studies have not scrutinized cortical CSA at 
the tibia 66 percent site. However, 21 individuals with 
chronic SCI (>7.6 yr) followed longitudinally over 30 mo 
showed no significant cortical CSA decline at 38 percent 
of tibia length, another diaphyseal site [14]. Our observa-
tion of prolonged CSA decline may indicate differences 
in bone loss between these two regions of the tibia dia-
phyis or may arise from the cross-sectional, not longitu-
dinal, nature of our comparison. We believe it remains 
likely that tibia diaphyseal CSA does indeed reach a 
steady state value in chronic SCI. Additional longitudinal 
studies are required to address this question.

Rate of Bone Mineral Density and Cross-Sectional 
Area Loss

Because pQCT assessment of bone loss is not stan-
dard care for patients with SCI, clinicians have little basis 
by which to estimate skeletal integrity in their clients. 

The ability to predict BMD based on time post-SCI 
would be a first step toward this goal. (BMD predictions 
must necessarily be placed into clinical context by epide-
miology studies that correlate BMD to actual fracture 
risk.) Two previous cross-sectional studies offered expo-
nential decay equations that used time post-SCI to esti-
mate BMD at the tibia and femur distal epiphyses 
[13,35]. Our results suggest that fluctuations in the rate of 
BMD decline at the distal tibia may undermine the pre-
dictive power of a simple linear decay equation for this 
site. Figure 4 shows that the rate of BMD loss was higher 
between bins 2 and 3 (mean time 1.54 yr) than at other 
times post-SCI. Presumably, this elevated rate may be a 
spurious artifact due to the partially cross-sectional 
nature of the data set. To investigate this possibility, we 
separately examined rate of BMD decline for the five 
participants who contributed data longitudinally to each 
of bins 1–3 (Table). Among this longitudinal subset, rate 
of BMD loss of the distal tibia was higher between bins 2 
and 3 (26.3%) than for the preceding time intervals 
(19.7%, 18.4%), consistent with what was observed in 
the mixed cross-sectional and longitudinal cohort. Thus, 
the acceleration of BMD loss at the distal tibia in the sec-
ond year post-SCI warrants further investigation, particu-
larly with longitudinal data.

Relative Bone Loss Among Skeletal Sites
This study examined relative bone loss in several 

previously unexamined sites that are pertinent to rehabili-
tation. Previous reports examined a more distal femur site 
(4% of femur length, the femoral condyles) and noted 
severe decline in trabecular BMD. We opted to sample 
the 12 percent site instead because the supracondylar 
region has been strongly implicated as an at-risk site for 
fracture [11,36]. In our participants with SCI >4 yr, just 
44 percent of non-SCI BMD remained at the distal femur. 
Another study of a slightly more proximal femur site 
(15% of length) found less bone loss (34% loss of BMD) 
[37]. However, in previous reports, the sample size was 
limited (n = 6), two individuals had incomplete SCI, and 
at least one individual had not yet reached the elapsed 
time predicted for the femur to reach steady state (4–7 yr) 
[13–14]. We believe that the steady state value demon-
strated by our cohort illustrates the magnitude of supra-
condylar BMD loss associated with SCI. Figure 1
underscores how extensive the loss of trabecular lattice 
can be at this site in chronic SCI. Rehabilitation specialists
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should be aware of the high risk for fracture at supracon-
dylar sites and educate their clients accordingly.

No previous studies have examined the longitudinal 
decline of BMD at the proximal tibia, another chief site 
of post-SCI fracture [11]. One previous cross-sectional 
report suggested that 47 percent of non-SCI BMD may 
remain at this site post-SCI [37]. Our data indicate that 
while overall BMD loss is less severe than at the distal 
femur (Figure 3), just 54 percent of non-SCI BMD may 
remain when this site reaches steady state.

Steady state BMD was similarly low at the distal 
tibia (49% of non-SCI BMD), yet another common site 
for post-SCI fracture [11]. BMD at this location had been 
reported to be even lower by a previous cross-sectional 
study (36.9% of non-SCI BMD) [13]. While we believe 
this lower value is attributable to differences in analysis 
parameters (peel method) between our study and theirs 
[38], our findings are in general agreement.

Before 1 yr post-SCI, no significant differences 
emerged among the sampled sites in BMD or CSA loss 
within a fixed time bin (Figure 3). After this time, fibula 
BMD and tibia diaphysis CSA generally showed less 
severe declines than the three other sites. A recent report 
offers a possible explanation for the relative preservation 
of bone in these locations [20]. Osteoclast and osteoblast 
activity occur primarily at the surfaces of existing bone 
structures [39–40]. In bone epiphyses, every trabecular 
rod and plate is a potential site for bone remodeling. In 
bone diaphyses, only the endocortical surface provides 
surface area for bone remodeling. If bone loss after SCI 
is time limited, then the low surface area present for bone 
remodeling limits the total amount of bone that can be 
lost in diaphyseal regions [20]. Lesser bone loss in dia-
physes than in epiphyses is a consistent feature in previ-
ous reports [13,20,29].

The pattern of bone loss at the distal fibula, a site 
with abundant trabecular bone (Figure 1), is interesting 
to consider. No previous studies have examined BMD of 
the fibula despite the fact that tibia/fibula fractures rou-
tinely occur after SCI [11,36]. In the present study, an 
SCI versus non-SCI difference appeared later for the fib-
ula (bin 4) than for the adjacent distal tibia (bin 3) (Fig-
ure 2). Likewise, overall BMD loss in the fibula was 
significantly lower than for the distal tibia (p < 0.001) 
(Figure 3). Prior to SCI, the fibula experiences minimal 
weight bearing, serving chiefly as a muscle attachment 
site [33]. After SCI, perhaps the fibula loses only one 
source of routine load, while the adjacent distal tibia 

loses two sources (body weight and muscle forces). On 
the other hand, perhaps BMD of the distal tibia is more 
adversely affected by marrow cavity venous stasis [41] or is
differently regulated by neural factors [42], such as leptin 
signaling [43], sympathetic nerve activity [44], or neuro-
peptide expression [45]. Differential BMD loss in adjacent
fibula and tibia segments may provide a useful model for 
future investigations of neuroskeletal interactions.

CONCLUSIONS

In the first year post-SCI, between 15 and 35 percent 
of BMD is lost in three of the sites at greatest risk for 
fracture: the distal femur, proximal tibia, and distal tibia. 
Bone loss at the distal tibia appears to accelerate between 
1 and 2 yr post-SCI, compounding the difficulty of pre-
dicting BMD based on time postinjury. BMD at these 
sites eventually reaches a steady state sometime after 4 yr 
post-SCI. At bone epiphyses, steady state BMD is only 
~50 percent of non-SCI values. At the tibia diaphysis, 
bone loss through endocortical resorption is slower but 
may persist longer, eventually reaching 65 percent of the 
non-SCI CSA value. A limitation of this study was the 
number of subjects that had data points across all the time 
bins examined. Future studies designed to predict abso-
lute change in BMS across time will require a more 
extensive data set.

Rehabilitation interventions often reintroduce 
mechanical loads to the limbs (or may incidentally load 
the limbs during the course of other activities). Careful 
consideration needs to be given to the ability of the skele-
tal system of paralyzed limbs to withstand these loads. 
Shear forces across the axis of osteoporotic bones should 
be minimized because of the risk of fracture [46–47]. 
Mechanical loading interventions that begin early after 
SCI [15,26], when BMD is nearly normal, may offer 
greater safety and may be more efficacious than interven-
tions applied after chronic SCI [16].
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