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Spinal cord injury (SCI), as a primarily neurological disorder that causes muscular atrophy, is well known to
be associated with sub-lesional bone losses. These losses are more pronounced from epiphyseal than from
diaphyseal regions. We hypothesized that this discrepancy may be explained by anatomical variation in
endocortical circumference.
Nine men who had attracted SCI 9 to 32 (mean 21.4) years prior to study inclusion were matched to able
bodied control (Ctrl) people by age, height and weight. Serial scans by peripheral quantitative computed
tomography were obtained from the tibia at steps corresponding to 5%-steps of the tibias length (s05 to s95,
from distal to the proximal end of the tibia).
As expected, SCI people had lower total bone mineral content (vBMC.tot) than able bodied control people
(Pb0.001 at all sites). This group difference (ΔvBMC.tot) was more pronounced at the distal and proximal tibia
than in the shaft (Pb0.001), and it amounted to 51% at s05, to 22% at s40, and to 47% at s95. Both endocortical and
periosteal circumference were better predictors of ΔvBMC.tot (R2=0.98 and R2=0.97, respectively; Pb0.001 in
both cases) than vBMC.tot (R2=0.58, Pb0.001), suggesting that anatomical variation in geometry, rather than in
bone mass can explain differential rates of bone loss after SCI. Moreover, the s04:s38 ratio in vBMC.tot was
found to be 1.00 (95% confidence interval: 0.95–1.05) in the Ctrl group, and 0.63 in the SCI group (Pb0.001, 95%
confidence interval: 0.54–0.68).
These findings offer a rationale to account for the discrepancy between epiphyseal and diaphyseal bone losses
following SCI. The suggestion is that the bone adaptive responses involved are limited in time, and that the
reduced surface:volume ratio constitutes a limit within the available timewindow, in particular in the diaphysis.
Finally, the drastically reduced s04:s38 vBMC.tot ratio observed in the SCI group in this study provides a rationale
to scrutinize this Capozza index also in other studies as a general indicator of immobilisation-induced bone loss.

Crown Copyright © 2010 Published by Elsevier Inc. All rights reserved.

Introduction

Spinal cord injury (SCI) leads to a profoundmuscular atrophy [1] and
to a loss of bone tissue in the paralyzed limbs [2,3]. The consequence of
this is reduced bone strength, and an increased risk of fractures in SCI
patients [4–6], despite the fact that their risk of trauma is reduced. The
rate of bone loss is initially rapid and slows down later on after SCI, to
reach a new steady state after 3–5 years [7,8]. The important question
therefore arises, what mechanisms are involved in the cessation of
bone loss at this time?

Bones respond tomechanical stimuli [9,10]. Themechanostat theory
proposes peak strains as the central variable in a negative feed back
control system [11]. Biomechanical analyses suggest that the largest

forces within our skeleton arise from muscle action [12,13], and it
is therefore understandable that differences in musculature can
account for inter-individual variation in bone strength [14–16]. It seems
therefore reasonable to explain SCI-related bone losses by the absence
of forceful muscle contractions, as a consequence of the neurological
disorder. However, this explanation, at least on its own, cannot account
for the observation that the tibia's epiphyses lose approximately 50%
of the bone mineral content (BMC), whilst only 30% of the diaphyseal
BMC is lost [7].

It has recently been suggested that bone losses from the human
tibia are mainly caused by endocortical resorption in response to ex-
perimental bed rest [17]. In the latter study, the variation of bone losses
within the human tibia could well be explained by anatomical variation
in endocortical surface [17]. This is suggestive of the endocortical
stratum, a zone that has particularly high bone turn-over [18,19], to
constitute an “active zone” for bone adaptive processes. One could
therefore expect that the surface:volume ratio of the endocortical
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stratum will impose a limiting factor for bone adaptation. Accordingly,
bone adaptation would require longer time at sites with lower surface:
volume ratio. Crucially, when time itself is limited, one should expect
that sites with smaller endocortical surface should depict smaller
bone losses than sites with larger endocortical surface.

Based on this theoretical framework, we hypothesized that the
reduction in diaphyseal bone mass, as observed in people after
spinal cord injury, is in a direct relationship to endocortical
circumference. We have therefore studied the human tibia in SCI
participants and able bodied control people by serial tomographic
scans, a technique that has recently been described [20]. The idea
was to test the aforementioned hypothesis by comparing endocor-
tical circumference and the SCI-related bone deficit in the various
sections obtained.

Materials and methods

Study participants

Ten male participants with paraplegia due to spinal cord injury
were recruited through the wheelchair basketball, tennis and hand
cycling National Governing Sporting Bodies for paraplegic people.
Data from one participant had to be excluded because of a leg
positioning error, leaving nine SCI participants, the data of which are
presented here. All participants undertook daily living tasks indepen-
dently, and were using a hand-rim wheelchair for all their daily
movement requirements. This was determined from a self-recorded
weekly activity log. All participants were considered to be trained,
having competed regularly in wheelchair sporting activities at a
National level. The participant disability descriptive characteristics are
shown in Table 2. Eight participants reported permanent loss of both
sensory and motor function which was considered as a complete
lesion. One participant had an incomplete lesion, which implied
preservation of sensory or motor function below the level of injury,
including the lowest sacral segments. Able bodied control participants
(Ctrl) werematched by body height, weight and age to the SCI people.
Ctrl participants were recruited amongmembers of staff of the Alsager
campus of theManchester Metropolitan University. They were devoid
of any known musculoskeletal disorder or major disease, and all of
them participated regularly in recreational physical activity, such as
running, cycling, swimming football, basketball and volley ball.

Scanning procedures

Bone scans were taken with a XCT 2000 (Stratec, Pforzheim,
Germany). The image resolution was set to 0.5 mm edge length
(software option “Voxel Size”). The tibia length (L.Tib) was identified
as the distance between the medial malleolus and the medial knee

joint cleft (Table 1). Sequential scans were then taken in steps of 5% of
the tibia length, starting from distal (s05) to the proximal (s95) part of
the tibia. Distal and proximal tibia joint surfaces were identified by
appropriate scout viewing procedures as described before [15,16].
Because our XCT model did not allow for measurements of the entire
lower leg, ten sequential scans were taken starting from the distal
tibia joint surface, and ten sequential scans were taken from the
proximal tibia plateau. Hence, the 10th scan from the proximal end
and the 10th scan from the distal end of the tibia ought to be in the
same place, namely at 50% of the tibia's length (s50). Identity of both
s50 scans was ascertained by applying a mark on the skin at the actual
measurement site (using the laser beam of the XCT) after the 10th
scan of the first set of images, and by verifying its position during the
second set of images. Moreover, analysis of the duplicate s50 scans
from both sets of images yielded no difference between values (0.41 N

PN0.92) for total bone area (Ar.Bo), total BMC (vBMC.tot), cortical
BMC (vBMC.Ct), and periosteal and endocortical circumferences (PsC
and EcC, respectively). Furthermore, variation between s50 values
from the proximal and distal sets of images was rather small, with
variation coefficients (CV) ranging between 1.9% and 5.5%, altogether
suggesting good positioning of the two s50 scans. Accordingly, we
have used the average of the two s50 measurements for further
analysis.

Image analysis

pQCT images were analysed with the integrated XCT software in its
version 6.00, using the “automated analysis” tool. Given the very thin
cortices in the epiphyses of SCI people, a comparatively low detection
threshold had to be applied. Therefore, regions of interest (ROIs) were
placed tightly around each bone. ROIs were then minimized using the
“m” option, and then slightly enlarged using the “+” option within the
integrated XCT software. This resulted in a very tight fitting of the ROIs
around the bone, and thus minimized contamination of the results by
soft tissue contributions. Different peeling thresholds were tested, and
it was found that a threshold of 120 mg/cm3 could adequately separate
bone and soft tissue in all scans used for analysis. Accordingly, this
threshold was then used to assess total bone area Ar.Bo and vBMC.tot.
It should be understood that a threshold as low as 120 mg/cm3 will
lead to a small overestimation of Ar.Bo (about 5% in this case [21]),
which depends on the periosteal circumference and pixel edge length.
On the other hand, it was essential in this study to analyse all sectional
images with one same threshold, and, more importantly, a low threshold
will lead to an accurate assessment of vBMC. Accordingly, the main
focus of this analysis is upon vBMC values.

Cortical vBMC (vBMC.Ct) was computed with a threshold of
650 mg/cm3, using the “peel mode 1” option in the XCT software. The

Table 1
List of pQCT variables and their acronyms.

Ar.Bo Bone cross sectional area

Ar.Ct Cortical cross sectional area
Ar.Epi Epiphyseal cross sectional area
Ar.MB Combined muscle and bone cross sectional area
Ar.tot Limb's total cross sectional area
cBMC Cumulative BMC for entire tibia (in grams)
EcC Endocortical circumference
L.Tib Tibia length
MI.p Polar moment of inertia
PsC Periosteal circumference
vBMC Volumetric bone mineral content
vBMC.tot Total vBMC
vBMD Volumetric bone mineral density
vBMD.Ct Cortical vBMD

Acronyms are in accordance with the recommendations for high-resolution pQCT by
ASBMR (http://nomenclature.bb.asbmr.org).

Table 2
Survey of the SCI participants.

Participant Current
age

Age at
SCI

Duration of SCI
(years)

Lesion
level

Complete/
incomplete

1 39 19 20 T7-T8 Complete
2 45 35 10 T6 Complete
3 33 20 13 T8-T10 Complete
4 40 18 22 T7 Complete
5 41 25 16 L1 Incompletea

6 32 23 9 T5 Complete
7 49 17 32 T5 Complete
8 43 19 24 T5/6 Complete
9 31 17 14 T12 Complete

All SCI participants were motor complete, but SCI participant 5 had some sensory
function left. All SCI participants were wheel chair bound.

a Indicates flaccid paralysis.
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threshold of 650 mg/cm3 was chosen for this computational step
because it has been demonstrated to be accurate for the detection of
cortical bone [22], and because we have already applied it success-
fully in the past [23]. Trabecular vBMC (vBMC.tb) was subsequently
computed as vBMC.tot–vBMC.Ct. The polar moment of inertia (MI.p)
was identified as the variable IP_CRT_A from the resulting XCT loop-
database. The axial moments of inertia yielded results that were very
similar to MI.p and are therefore not reported here. PsC and EcC were
identified as PERI_C and ENDO_C, respectively, from the loop-database.
It should benoted that these variables arise froma so-called ring-model,
i.e. it is assumed that the bone tissue is cylindrically distributed around
a central axis. These variables therefore are more reflective of the
average distance of the bone envelopes from the central axis, rather
thananaccuratemeasurementof the anatomical surface size of the tibia.
Cortical vBMD (vBMD.Ct) was adjusted for the partial volume effect as
previously described [21]. This procedure fails when cortical thickness
is less than twice the image resolution, and cortical bone data (EcC,
vBMD.Crt, MI.p) were analyzed for sites between s15 and s85 only to
prevent such failure.

Statistical analyses and further computations

Anthropometric data were compared between groups with
Student's t-test. For statistical analysis of pQCT data, linear mixed
effect (LME) models were generated for each variable with site and
group as fixed effects and participant ID as random effect. Variances
were allowed to differ between participants and site, and LMEmodels
were optimized according to Akaike's information criterion (see p.353
and p.652 in [24]). Significant effects were followed up by a-priori
contrasts, comparing the group difference for each site to the s05 site,
and to the s15 site for cortical bone variables. The s05 site was chosen
to represent the epiphysis so that effects by SCI that would affect the
diaphysis differentially can be picked up by site×group interaction
effects in the LME models. The s15 site was chosen as the cortical site
where vBMC.tot is smallest, in line with the view that it is strained
almost purely in compression [20]. Therefore, s15 is an ideal site of
reference to monitor differential effects of SCI upon bending stiffness
and compressive strength.

In order to test our primary hypothesis, namely that anatomical
variation in circumference can account for the magnitude of SCI-
related bone deficits, we generated a new variable, ΔvBMC.tot, for
each site as the difference between the mean values. We then
performed correlation analysis between ΔvBMC.tot and the EcC. We
decided to use EcC values from the Ctrl group for this (rather than EcC
values from the SCI group or the group difference) because our
hypothesis relates circumference at the onset of SCI. The expectation
was that sites with greater circumference, and thus with larger
endocortical transition zone, would also depict a greater deficit.
Moreover, and since results obtained in this study are compatible with
the view that there may also be periosteal bone losses, the same
analysis has also been performed for PsC.

Statistical analyses were carried out in the R statistical environ-
ment (version 2.9.2, www.r-project.org). Data are presented as means
and their standard errors, if not indicated otherwise. A level of 0.05
for α was chosen for statistical significance.

Finally, BMC (in mg/mm) was integrated over the 19 different
slices, whilst accounting for the inter-slice distance, to yield the tibia's
cumulative BMC (cBMC, in grams). This was done for total BMC, as
well as for the cortical and the trabecular portion. Moreover, in order
to validate the suggestion that the vBMC.tot ratio between s38 and
s04 can be used as a clinical indicator of tibial bone losses [20], s38-
values have been computed by linear interpolation between s35 and
s40, and by linear extrapolation from s10 and s05 values. This was
done for each individual, and 95 %-confidence intervals (95%-CI) have
been computed per group for the s04:s38 ratio as well as for the s05:
s40 ratio, with the latter being obtained for each single individual.

Results

Study cohort

SCI participants had their lesions between the levels of L1 and T5
(Table 2). The SCI had occurred at an average age of 21.4 years (range
17–35 years). This was on average 17.8 years prior to study inclusion
(range 9–32 years). The anthropometric data of both groups at the
time of study are given in Table 3. No group difference was found in
these data (PN0.26).

Qualitative bone findings

Typical examples of pQCT images are displayed in Fig. 1. It was
quite obvious when viewing those images that trabecular bone losses
hadoccurred at epiphyseal sites, and that the cortical shellwas generally
thinner in SCI people than in Ctrl (Fig. 1A). However, it seemed that the
bone mineral density of compact bone was not largely reduced in SCI
people. Rather, three out of the nine SCI people depicted intra-cortical
portions of trabecular bone,with a layer of compact bone that couldwell
correspond to the endocortical layer at the time of the SCI (Fig 1B).
Where such intra-cortical trabecular portions appeared, there theywere
observed over several sequential tibia levels, namely from s50 to s65 in
SCIparticipant2, froms35 to s60 inSCI participant 6, and froms20 to s75
in SCI participant 7. Moreover, it was apparent that diaphyseal sites
depicted greater portions of trabecular bone in SCI participants as
compared to their able bodied control persons.

pQCT results

A complete set of pQCT data was obtained from each participant
included in this analysis. Significant group effects, site effects, and
group×site interaction were found for vBMC .tot (Pb0.001 in all
instances). In keeping with previous research [20], vBMC.tot was com-
parable between s05, s30 and s35 (nomain effect for site), but different
between s05 and all other sites (P-values between b0.001 and 0.03, see
Fig. 2). Significant interaction effects between group and site revealed a
virtually constant difference for all sites between s10 and s75 (Pb0.001
for all sites), and increasingly larger differences between s75 and s95
(Pb0.001). The s05:s40 ratio in vBMC.tot was 0.94 (95%-CI: 0.89–0.99)
in Ctrl and 0.61 (Pb0.001, 95%-CI: 0.54–0.68) in SCI, and the s04:s38
ratio was 1.00 (95%-CI: 0.95–1.05) in Ctrl and 0.63 (Pb0.001, 95%-CI:
0.55–0.71) in SCI. Importantly, there was not any overlap of values
between groups for these ratios.

Both vBMC.Ct and vBMC.tb yielded main effects for site and group
(Pb0.001 in all instances) and also significant interaction effects
(Pb0.001). Interaction effects were significant between all sites from
s10 to s90 for vBMC.Ct (0.0001bPb0.039) and between all sites from
s15 to s90 for vBMC.tb (0.0001bPb0.002, see Fig. 2).Moreover, vBMC.tb
wasgreater in SCI than inCtrl at sites s30, s35 and s40 (0.018bPb0.041),
and non-significantly elevated at sites s45 and s50 (P=0.065 in both
cases).

There were also significant main and interaction effects for PsC
(Pb0.001 in both instances, see Fig. 3). Post hoc analysis yielded that
group×site interaction was significant for all sites between s20 and
s75 (0.0013bPb0.0127).

Table 3
Anthropometric variables.

N Age [years] Height [cm] Mass [kg] L.Tib [cm]

SCI 9 39.2 (6.2) 178.8 (4.3) 76.9 (9.0) 38.5 (1.9)
Ctrl 9 39.6 (7.8) 177.2 (2.6) 77.9 (9.0) 37.6 (1.2)
P-value 0.92 0.36 0.82 0.26

No group difference was found in age, height, body mass or tibia length (L.Tib).
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Main effects by site and group were discovered for EcC and vBMD.
Ct (Pb0.001 in all instances), but no significant interaction effect was
found (P=0.23 and P=0.61, respectively). Likewise, there were sig-
nificant main effects by site and group upon MI.p (Pb0.001), but no
site×group interaction (P=0.054).

The relationships between groupdifference in vBMC.tot (ΔvBMC.tot,
dependant variable) and PsC and EcC (independent variable) have

been analysed in Fig. 4. Correlation analysis yielded excellent fit of
the linear regressionmodels, with R2 values for EcC and PsC of 0.98 and
0.97, respectively (Pb0.001). Including both PsC and EcC in the model
led to a fit that was marginally better than for PsC alone (P=0.03), but
no improvement was achieved over EcC alone (P=0.1). Correlation
analysis between EcC and PsC yielded an R2 value of 0.97, indicating
statistical colinearity. When plotting ΔvBMC.tot versus the vBMC.tot
values from the Ctrl group, a significantly inferior fit was obtained
(R2=0.58, Pb0.001), suggesting that anatomical variation in EcC and
PsC is a better predictor of SCI-related bone deficit than anatomical
variation in bone mass.

Discussion

Past studies had suggested that reduction in tibial bone mineral
content after spinal cord injury is more pronounced in the epiphyses
than in the diaphyses. This finding has been corroborated here, and
more pronounced epiphyseal vs. diaphyseal deficits have been
demonstrated as a general feature (Fig. 2). The s04:s38 ratio, which
was 1.00 in the Ctrl group and 0.63 in the SCI group, highlights the
general finding to propose this Capozza-index as an indicator of
immobilization-related bone loss in the tibia. In addition, the present
study also demonstrates that vBMC reduction, at least in absolute
terms, is more pronounced in the proximal tibia than in the distal
tibia, that periosteal circumference is clearly reduced in SCI people,
whilst reductions in cortical vBMD are very moderate. Most
importantly, SCI-related bone deficits seem to be well explicable by
anatomical variation in periosteal and endocortical circumference.
The latter finding has a couple of important implications.

Firstly, fractures are occurring quite commonly in the distal and
proximal tibia, but are less frequent in the shaft [5]. It is obvious that
this pattern can well be explained on the basis of our findings, namely
predominant bone deficits at either end of the tibia. It had previously
been thought that SCI-related bone losses would be largest in the
most distal parts of the leg [25]. This is clearly not the case within the
tibia, where deficits from the proximal epiphysis seem to be larger
from its proximal than from its distal part (Fig. 3 and Table 4).

It is understood that the endocortical layer constitutes an active
transition zone for bone adaptive processes [17,19,23]. One could
speculate, based upon the group difference in PsC in this study, that
there is also immobilization-related resorption on the periosteal
envelope. As an alternative explanation for the smaller periosteal
circumference in SCI we need to consider age-related periosteal
apposition, known to occur in the femoral neck [26] and the tibia [27].
The latter study reports an increase by 0.6% per decade. This figure
appears to be small in relation to the 5.8% group difference at s40 in
this study, which for the 21.4 years of time since SCI would equate in
to a group difference of 2.7% per decade. Accordingly, the smaller
periosteal circumference in the SCI participants' tibia may not entirely
be caused by blunted periosteal expansion alone, but periosteal
resorption could potentially also occur following SCI. If such
periosteal resorption does occur, then our data suggest that it
would be different from endocortical bone resorption in that periosteal
resorption maintains a distinguished envelope. The suspected endo-
cortical resorption, by contrast, followed an entirely different pattern,
whereby someof thebonemayhavebeen left behind(transformationof
formerly compact into trabecularbone tissue), orwhere trabecular bone
was generated similar to ectopic bone formation (see Fig. 1B). At least
this explanation could account for the increases in vBMC.tb in the SCI
group (Fig. 3) in the presence of an overall deficit in vBMC.tot in that
group.

It has been argued that the long bones' ends are mainly loaded in
compression, whereas the shaft is experiencing considerable bending
and torsional strains [20]. Quite possibly, SCI imposes differential
reductions upon compressive versus torsional and bending loads. This
could potentially explain the relative sparing of diaphyseal BMC [16]

Fig. 1. (A) Survey of typical pQCT images in an able bodied control person (Participant
Ctrl 04, upper row) and two participants with spinal cord injury (SCI 10 and SCI 9 in the
middle and lower row, respectively). For the epiphyseal scan at site s05 (meaning at 5%
of the tibia's length from its distal end) it is apparent that SCI participants have
thinner cortices and also reduced trabecular bonemineral density. Cortical thinning can
likewise be observed at diaphyseal sites in the SCI participants, as displayed here for s45
(i.e. at 45% of the tibia's length). In addition, the images demonstrate the presence of
trabecular bone where would normally expect compact bone. This was consistently
observed in the frontal aspect of the tibia, and occasionally also in the dorsal aspect of
the tibial cortex (e.g. here in SCI 7). (B) Greater magnification of the tibias from SCI
participants at s45 in Fig. 1.A: The endocortical surface seems to be consistently eroded
in SCI 10. By contrast, the image of SCI 9 suggests that the endocortical surface has
prevailed, and that intra-cortical bone resorption may have predominated.
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(explanation A) [16]. However, the mottled cortical bone pattern
(Fig. 2B), which was found in 3 out of 9 SCI participants, and which is
not observed in able bodied people (personal experience by the
authors in more than 1000 people tested) constitutes strong evidence
against explanation A. This is because the endocortical remnant is
comparatively inefficient to provide bending and torsional strength,
implying impaired adaptation to bending and torsion. However,
bending and torsion were held responsible by explanation A for
diaphyseal sparing of bone, leading to a contradictio in re, which
disproves model A as an explanation. Rather, endocortical bone

resorption appears to be hampered by some unknown mechanisms
in these SCI participants, and this seems to be the reason for the
remnant layer.

It is important to consider the effect of time at this point. Of note,
epiphyseal bone losses tend to level off more than twice as fast than
diaphyseal losses [7]. Evidence suggests that bone adaptive processes
cease after a certain period of time, e.g. by the phenomenon of cellular
accommodation [28]. Moreover, osteocytic cell death, which is likely
to occur in an environment with little or no mechanical strain at
all [29], could lead to the loss of adaptive capability altogether in

Fig. 2. Differences in bone mineral content (vBMC) and in cortical BMD between SCI participants and able-bodied control participants (means and SEM). Upper diagram: total vBMC
(vBMC.tot) yielded a significant main effect for group (Pb0.001) and for site (Pb0.001), as well as group×site interactions (Pb0.001). Asterisks denote a-priori contrasts for a
site×group interaction with ⁎⁎⁎Pb0.001. In themiddle diagram, the group differences in total BMC (ΔvBMC.tot), cortical BMC (ΔvBMC.Ct) and trabecular BMC (ΔBMC.tb) have been
computed from the matched pairs, after significant group effects and group×site interactions had been found for these variables (Pb0.001 in all instances). Interaction effects for
(a) vBMC.tb and (b) vBMC.Ct have been displayed with ⁎Pb0.05, ⁎⁎Pb0.01 ⁎⁎⁎Pb0.001. SCI participants had greater vBMC.tb at three sites with +Pb0.05. The lower diagram shows
cortical bone mineral density, for which significant group and site differences were found (Pb0.001 in both instances), but no group×site interaction. Despite the significant group
difference, it is evident from this Figure that reductions in cortical vBMD have only a minor contribution to the overall bone deficit in SCI people (please note broken y-axis in the
lower panel). Error bars denote the standard error of the mean (SEM) for each group in the upper and lower diagram, and the SEM of the difference between matched pairs in the
middle diagram.
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the bones of SCI patients. Indeed, muscle contractions induced by
functional electrical stimulation in patients more than 10 years post
SCI seems to elicit no [30] or only very small benefits in bone mass
[31].

Combining the above observations and ideas allows the following
explanation to account for the striking dissociation between epiph-
yseal and diaphyseal bone losses in SCI patients: We suppose that
(i) the signals for bone resorption become less effective with time,
that (ii) the time permitted for adaptation is insufficient, in particular
in the diaphyses, where (iii) the reduced surface:volume ratio
restricts bone losses.

On amore practical level, we have utilized our data in order to give
a survey of the amount and origin of SCI-related reductions in bone

Fig. 3. Differences in diaphyseal design. Upper diagram: periosteal (PsC) and endocortical (EcC) circumferences yielded a significant main effect for group (Pb0.001) and for site
(Pb0.001), as well as group×site interactions (Pb0.001). Asterisks denote a-priori contrasts, for site×group interaction for PsC with ⁎Pb0.05, ⁎⁎Pb0.01. The group differences in PsC
and EcC (ΔPsC and ΔEcC, respectively) have been displayed in the lower diagram to allow an assessment of their magnitude. These variables have been computed as the difference
between the matched pairs from the Ctrl group and from the SCI group. The distance between both curves illustrates the group difference in cortical thickness. Error bars denote the
SEM for each group in the upper diagram, and the SEM of the difference between matched pairs in the lower diagram.

Fig. 4. Comparing group differences in vBMC.tot and periosteal and endocortical
circumferences (PsC and EcC, respectively). Group differences in vBMC.totwere computed
for each site (s05 to s95) as the difference between the matched pairs from the SCI group
and from the Ctrl group. As independent variables, PsC and EcC values from the Ctrl group
were used. Results suggest that overall bone deficits in SCI participants can well be
explained by anatomical variation in periosteal and endocortical envelope size.

Table 4
Quantification of SCI-related deficit in vBMC.

Ctrl SCI Difference

Entire tibia
s5–s95

cBMC.tot [g] 190.4 (16.9) 132.2 (21.6) −58.2 (30.8)
cBMC.Ct [g] 139.6 (14.6) 94.0 (19.1) −45.6 (26.8)
cBMC.tb [g] 50.8 (6.7) 38.1 (4.8) −12.7 (10.6)
Volume [cm3] 349.3 (51.3) 342.5 (45.5) −6.8 (81.9)

Proximal and distal
s5–s15 and s85–s95

cBMC.tot [g] 63.7 (6.6) 36.4 (6) −27.4(8.5)
cBMC.Ct [g] 26.5 (5.0) 12.8(4.0) −13.6 (6.2)
cBMC.tb [g] 37.7 (5.0) 23.5 (3.8) −13.7 (7.5)
Volume [cm3] 177.0 (30.1) 183.3 (25.8) 6.3 (47.8)

Shaft only
s20–s80

cBMC.tot [g] 126.7 (11.4) 95.8 (16.2) −30.9 (23.0)
cBMC.Ct [g] 113.1 (11.2) 81.2 (15.8) −31.9 (22.4)
cBMC.tb [g] 13.6 (2.4) 14.6 (1.9) 1.0 (3.9)
Volume [cm3] 172.3 (23.0) 159.2 (22.6) −13.1 (38.5)

Survey of the bonemass and volume accumulated over the entire tibia, over the shaft and
over the tibia's endings. Computation of these values incorporated the inter-slice distance
and thus gives an estimate of the SCI-related deficits over the entire tibia. Furthermore,
total bone mass (vBMC.tot) has been separated into cortical (vBMC.Ct) and trabecular
(vBMC.tb) portions.
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mass. As can be seen from the lower panel of Fig. 2, the group dif-
ference in cortical vBMD was very small, amounting to less than 3%.
This implies that by far the greatest part of the SCI-related bone deficit
in the shaft is due to a deficit in tissue volume rather than to a
reduction in tissue vBMD. As demonstrated in Table 4, approximately
half of the SCI-related bone deficit predominates from the shaft, and
the other half originates from the endings. Within the shaft, the
average cortical bone mineral density in the SCI group was 1.17 g/
cm3, and the group deficit in total volume amounted to 13.1 cm3

(Table 4). This deficit in volume arises from a “missing” space on the
outside of the bone, and multiplication of the latter two values yields
an estimated deficit of approximately 15.3 g that is “missing” on the
periosteal envelope in the SCI group—which accounts for about half of
the BMC deficit within the shaft (30.9 g, Table 4).

Within the tibia endings, approximately half of the bone deficit
originates from the trabecular, and half from the cortical portion. It is
probably prudent to assume that, as observed in the compact bone
compartment of the shaft, there will be no large group differences in
vBMD at the material level. If so, then this would imply that most of
the bone deficit in the tibia's endings will be due to a reduction
in the amount of bone tissue. A recent DXA-based study of former
adolescent athletes suggests that trabecular bone sites tend to be
more prone to bone losses than sites that are mainly composed of
compact bone [32]. However, this study and several other CT-based
studies clearly demonstrate that any losses from trabecular site
predominate from the cortical portion [33,34], most likely from its
endocortical aspect [17,23]. Future studies will have to demonstrate
whether the s04:s38 BMC ratio (Capozza index) can be used as a
diagnostic tool to monitor transients of bone loss.

The main limitation of this study is its cross-sectional design. This
would be particularly problematic if SCI people were still in the
process of losing bone. However, SCI had occurred 9 years or even
more prior to study inclusion, and it is therefore to be expected that a
new steady state had been reached. Eser et al. [7] have reported steady
state values for SCI-related BMC-reductions to be −58% and by −25%
at the tibial s04 and the s38 sites, respectively. Results of this study
indicate group differences by 51%, by 22% and by 47% for the s05, the
s40 and the s95 sites, respectively. Whilst our figures are somewhat
smaller than the aforementioned, we feel that they still suggest steady
state conditions in our cohort, and also generalizability of our results.
As a second concern that is generally associated with cross-sectional
studies we have to consider selection bias. Whilst it would be cynical
to discuss such effects in relation to SCI people, we would argue
that any selection bias was effectively reduced by careful selection of
control participants. Finally, this study focuses on the tibia and
neglects the fibula. However, there are currently no good models
available for the force transmission between tibia and fibula. Moreover,
it is hard to see how the fibula could have affected the most important
finding of this, namely the close relationship between SC-related bone
deficit and circumference.

In conclusion, this study has demonstrated that differential SCI-
related bone deficits at the various anatomical sites of the human tibia
are unlikely to be due to anatomical variation in bone mass, but rather
are accounted for by variation in periosteal and endocortical circum-
ference. It is possible that both endocortical and periosteal bone
resorption occur in response to SCI, and that temporal limitation and a
reduced surface:volume ratio lead to comparative preservation of
diaphyseal bone. Future studies should try to assess these processes in a
longitudinal approach, in order to further expand our understanding of
bone biology in disuse.
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