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Abstract
Introduction The present case study compared bone densi-
ty, bone geometry and muscle cross-sectional area (CSA) in
a male who sustained spinal-cord injury (SCI) at birth (from
here called SCI-B) with two matched controls without SCI,
and also with four individuals with SCI of similar level and
injury completeness but sustained at age 15 or greater.
Methods All subjects with SCI were at least 3 years post-
injury and had experienced motor incomplete lesions at the
cervical level. Computed tomography was used to measure
volumetric bone density, indices of bone strength [CSA and
maximum, minimum and polar area moments of inertia
(Imax, Imin, Ipol)] and muscle CSA at the tibia (66% of tibia
length, measured proximally from the distal end).
Results Lower leg muscle CSA of SCI-B was 63±6% of
values in non-SCI controls, and 72±12% of values in other
males with SCI. In SCI-B, bone CSA was roughly half
(52±4%) that of non-SCI controls and 73±16% of bone CSA
values in other males with SCI. The magnitudes of the area
moment of inertia variables (Imax, Imin, and Ipol) in SCI-B

were ~25% of control values. Further, the moment of inertia
variables in SCI-B were 27–54% of values obtained in
other males with SCI, indicating that experiencing SCI in
the early stages of life has a remarkable impact on bone
shape. Interestingly, tibia bone density did not appear to be
affected; the average difference in bone density between
SCI-B and non-SCI controls was −1.2±0.7%. The bone
densities of other males with SCI were 4–19% lower than
in SCI-B.
Conclusions Muscle atrophy and bone loss are commonly
reported consequences of SCI. This case reveals that
important changes in bone geometry occur after SCI, and
that mechanical loading during growth plays a vital role in
the development of bone size and shape.
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Introduction

After a spinal cord injury (SCI), there is a dramatic decline in
areal bone mineral density (BMD) and muscle mass of the
hip and knee region [1]. Recent research has demonstrated
that the bone cross-sectional area also decreases after SCI,
and that the distribution of bone around axes of bending
and torsion can be altered [2]. The majority of research
examining skeletal changes after SCI has been conducted in
adults. It has been demonstrated that hip BMD values
measured using dual-energy absorptiometry in children
with SCI were 56–65% of normal values [3]. However,
little is known about the impact of immobilization
throughout growth on long-bone geometry.

During growth, as body mass increases and children
become more active the loads on the skeleton increase. The
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skeleton responds by increasing the diameter of long bones
via periosteal apposition [4]. By distributing bone further
away from the bending or torsional axes in response to
increased loading, the bone’s ability to resist bending and
torsional loads increases. Studies of the effects of physical
activity in growing bones demonstrate that increased
mechanical loading during growth can positively affect
bone shape [5, 6]. The impact of a relative reduction in
loading during growth on bone geometry is unknown.
Childhood SCI is a unique experiment of nature to explore
whether the absence of loading influences bone shape. The
purpose of this study was to describe the impact of reduced
loading throughout growth on bone and muscle by
comparing the muscle area, volumetric bone mineral
density and indices of bone structural strength of a male
who sustained SCI at birth with two matched controls
without SCI and four males with SCI of similar level and
completeness, but who sustained SCI in young adulthood
after the most rapid period of skeletal growth.

Methods

Participants

All participants were recruited with the approval of the
Research Ethics Board of Hamilton Health Sciences. The
characteristics of the study participants are listed in Table 1.
According to the American Spinal Injury Association, an
injury classified as ASIA C means that the injury was
incomplete, and that the individual has some motor
function below the neurological injury level, including the
lowest sacral segment [7]. All of the individuals with SCI
studied, including SCI-B, had an ASIA C classification.

In order to determine the impact of reduced loading
throughout growth on bone and muscle, the bone geometry,
bone density and muscle cross-sectional area of a male who
had experienced an incomplete SCI at birth (from here on
called SCI-B) were compared with two males without SCI.
The non-SCI controls (CON1 and CON2) were matched as

follows: same age ±3 years, same height ±12 cm, and same
weight ±11 kg. To further delineate how the impact of SCI
in childhood on bone and muscle differs from the impact of
SCI in young adulthood, the male who sustained SCI at
birth was compared to four males with SCI (SCI-1, SCI-2,
SCI-3, SCI-4, or collectively, young adult SCI males,
SCI-YA). The SCI-YA all had motor incomplete cervical
lesions at a level similar to SCI-B. An attempt was made to
recruit SCI individuals of comparable height and/or weight
to SCI-B.

Outcome measures

A CTI Scanner (GE, Milwaukee, WI, USA) was used to
perform computed tomography (CT) scans. The slice used
for analysis was taken at the point of maximum lower limb
muscle cross-sectional area (CSA), defined to be 66% of
the tibia length, starting from the distal end and measuring
proximally. A scout scan of the lower limbs was taken prior
to determine the length of the tibia. The system parameters
used were as follows: slice thickness 5 mm, pixel matrix
512×512, and exposure factors of 120 kV, 200 mA,
standard reconstruction algorithm. CT scans were analyzed
using a validated software program (BonAlyse 1.3,
BonAlyse Oy, Jyvaskyla, Finland) according to the
manufacturer’s instructions. Thresholds of −270 to −101
Hounsfield units (HU) were used to identify fat, and
thresholds of −101 to 270 HU were used to identify
muscle. BonAlyse was used to calculate muscle CSA
(mm2), bone CSA (mm2) and volumetric bone mineral
density (vBMD, mg/cm3) at the 66% tibia site. Thresholds
for outer and inner borders of bone were 280 and 70 mg/cm3,
respectively. Maximum (Imax) and minimum (Imin) cross-
sectional moments of inertia and polar cross-sectional moment
of inertia (Ipol) were also calculated at the tibia. We have
determined that muscle and bone variables obtained from CT
scans using our scanner can be measured with reproducibility,
as assessed via the root mean squared coefficient of variation
[8] of less than 2% for area and density variables and less than
2.6% for moment of inertia variables.

Table 1 Participant characteristics

Participant Age (years) Height (cm) Weight (kg) Years post-injury Level of lesion, ASIA class

Non-SCI controls
Control 1 27 179 100 – –
Control 2 27 190 84.1 – –
Male who had SCI at birth 24 191 94.7 24 C5, ASIA C

Other males with SCI
SCI-1 22 175 96.6 3.5 C5, ASIA C
SCI-2 28 183 63.0 3.3 C4, ASIA C
SCI-3 24 185 80.4 9 C5/6, ASIA C
SCI-4 33 193 86.2 10 C4/5/6, ASIA C
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Design and analyses

The data are presented as a case study to demonstrate the
bone geometry, bone density and muscle cross-sectional
area of an individual who sustained SCI at birth. Descrip-
tive data are presented as means and standard deviations.
The matched non-SCI controls were recruited to provide
comparison data, since there were no available reference
data. The additional individuals with SCI were recruited to
delineate the impact of SCI before/during growth compared
to the impact of SCI during young adulthood. Data from the
left and right legs are averaged.

Results

Impact of SCI at birth on muscle area

Muscle CSA in SCI-B was reduced compared to both non-
SCI controls and the SCI-YA (Table 2). Calf muscle CSA
in SCI-B was 68 and 58% of values in CON1 and CON2,
and 60–87% of values in SCI-YA. Calf muscle CSA was
less in all of the SCI-YA compared to CON1, but only two
of four SCI-YA had lower muscle CSA compared to CON2
(Table 2).

Impact of SCI at birth on volumetric bone density and bone
structure

Bone CSA and moments of inertia (maximum, minimum
and polar) in all individuals with SCI were much less than
those in non-SCI controls. However, the most dramatic
differences were noted between SCI-B and controls, where
bone CSA and polar moment of inertia values were ~50 and
~25% of control values, respectively. In addition, bone
CSA and moment of inertia variables in SCI-B were much
smaller than those of the SCI-YA. Bone CSA in SCI-B was
60–67% of values in SCI-1, SCI-2 and SCI-3, and 96% of

SCI-4’s bone CSA. Polar moment of inertia in SCI-B was
30–50% of values in SCI-YA. Interestingly, vBMD in SCI-B
was not dramatically different from controls, and was higher
than values in the SCI-YA. vBMD values in the SCI-YA
were 5–17% less than vBMD values in non-SCI controls.

Discussion

The absence of mechanical loading during growth had a
remarkable impact on the development of bone size and
shape. The impact of reduced loading during growth was
most evident in the moment of inertia variables; Imax, Imin

and Ipol were substantially lower in SCI-B than in males
without SCI and males with similar SCI. Interestingly,
vBMD in SCI-B was comparable to controls without SCI,
and was slightly greater than other individuals with SCI,
suggesting that the absence of mechanical loading did not
impede the development of bone as a material, or bone
tissue quality, at least at cortical sites. It is possible that
SCI-B was genetically predisposed to have small bone size;
however his height (191 cm) is not consistent with this
hypothesis.

The results are consistent with research demonstrating
that mechanical loading during growth has a positive
influence on bone geometry. In a recently published study
of from the Gothenburg Osteoporosis and Obesity Deter-
minants study, the amount of physical activity reported was
significantly associated with cortical bone size and trabec-
ular vBMD, but not with cortical vBMD [9]. Significant
side-to-side differences in bone shape have been demon-
strated in upper limbs of tennis players, such that bone area,
marrow cavity area and cortical wall thickness were greater
in the playing arm compared to the non-playing arm, but
there were no significant side-to-side differences in vBMD
[10]. Similarly, it has been demonstrated that the structural
adaptation in bone to tennis and squash playing is
manifested as an increase in cortical area, with no

Table 2 Muscle cross-sectional area (CSA), volumetric bone density (vBMD) and indices of bone strength in SCI-B as a percentage of values in
controls with and without SCI

Muscle CSA (mm2) Bone CSA (mm2) vBMD (g/cm3) Imax (mm4) Imin (mm4) Ipol (mm4)

CON-1 8,044 538 829 54,932 26,594 81,527
CON-2 6,874 486 827 51,466 23,040 74,506
SCI-B 4,638 266 818 12,395 7,017 19,412
SCI-B/CON-1 58% 49% 99% 23% 26% 24%
SCI-B/CON-2 68% 55% 99% 24% 31% 26%
SCI-1 7,684 450 747 45,674 19,107 64,780
SCI-2 6,014 400 784 36,015 18,596 54,612
SCI-3 5,332 409 757 39,395 14,331 53,726
SCI-4 7,538 278 689 25,183 12,899 38,082
Average SCI-YA 6,642 384 744 36,567 16,233 52,800
SCI-B/SCI-YA 70% 69% 110% 34% 43% 37%
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difference in marrow area, suggesting that differences are
due to increased periosteal apposition [11]. The observed
increases were significantly greater in individuals who
started playing at a younger age, suggesting that the
timing of the initiation of increased loading is important
for bone adaptation [11]. A study of males with complete
SCI demonstrated that although cortical thickness is
reduced at the tibial shaft, cortical bone density decreased
slightly during the first 5 years post-SCI, but remained
near normal reference values [12]. The current study adds
to the growing body of literature supporting the hypoth-
esis that participation in physical activity during growth
has a positive impact on cortical bone size, but does not
have an impact on the density of the bone at cortical
sites.

Muscle CSA in SCI-B was also reduced compared to
controls with and without SCI. After SCI there is a rapid
and dramatic loss of muscle mass below the level of the
lesion. A study of individuals who were only 6 weeks post-
SCI demonstrated that average muscle CSAs were 18–46%
lower than in control subjects [13]. Prospective study of
these patients up to 24 weeks post-SCI revealed further
declines in average gastrocnemius and soleus muscle CSAs
of 24 and 12%, respectively [14]. Because participants in
the current study had motor incomplete SCI, the extent of
muscle atrophy was not as severe as is usually evident in
individuals with complete SCI. In fact, muscle CSA in two
of the five individuals with SCI was comparable to
controls, perhaps due to residual motor activity and/or the
level of spasticity.

Certain limitations should be acknowledged. The cross-
sectional nature of this case study precludes any assumptions
of causation. The prevalence of SCI in the general
population is low, and SCI at birth is even less common, so
it would be difficult to recruit a large number of similar cases
or matched SCI controls. Future studies of individuals who
suffer SCI or other conditions associated with immobility at
various stages of childhood may corroborate the current
findings. Further, future studies should incorporate measure-
ments of trabecular bone structure and trabecular vBMD to
determine whether the absence of mechanical loading limits
bone development in these variables also.

In summary, the current case study demonstrates that the
absence of mechanical loading during growth due to SCI
early in life has a striking impact on bone size at the tibia
shaft, and may also limit growth in muscle size. The
absence of a deficit in total volumetric bone density was an
interesting finding and supports the theory that mechanical
loading during growth has a positive impact on bone
growth in size, but may not increase bone density. This case
reveals that important changes in bone geometry occur after

SCI, and that mechanical loading during growth plays a
vital role in the development of bone size and shape.
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