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month of sublesional trabecular bone1-3. Increased resorp-
tion is most pronounced in the acute phase of spinal cord
injury and slows after the first year with a cumulative suble-
sional trabecular bone loss as great as 41%4,5. The long bones
and iliac crest are most affected with sparing of the vertebral
bodies6,7. Hyper-resorption with trabecular wasting leads to
structural modification of the affected bones, decreased
mechanical strength, and increased fracture frequency8,9.

Receptor activator of nuclear factor kappa B (RANKL) and
its decoy receptor, osteoprotegerin (OPG), are important reg-
ulators of bone homeostasis. RANKL is produced by
osteoblasts, bone stromal cells, and activated T cells. The bind-
ing of RANKL to its receptor, RANK, is necessary and suffi-
cient to induce osteoclast activation and resorption10,11. OPG is
an osteoprotective molecule produced by osteoblasts and stro-
mal cells that blocks RANKL-stimulated osteoclast activation
by competitively binding to RANK12,13. While in vitro studies
have clearly defined the role of RANKL/RANK/OPG in
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Introduction 

Spinal cord injury (SCI) is associated with a severe form
of osteoporosis that is traditionally attributed to mechanical
unloading of the sublesional limbs. Acutely, bone formation
is decreased in the first two weeks directly following an
injury and then returns to pre-injury levels. Bone resorption
immediately and steadily increases causing an uncoupling of
bone remodeling that can result in a loss of up to 4% per
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Abstract

Objective: Individuals with spinal cord injury (SCI) develop a severe form of osteoporosis below the level of injury that is poorly
understood. We conducted a preliminary investigation to assess whether circulating markers of bone turnover and circulating
RANKL/OPG levels are related to the severity of SCI, aging, or to differences in mobility (i.e., walking or using a wheelchair). Methods:
Sixty-four caucasian men ≥1.6 years since injury selected based on locomotive mode provided blood samples and completed a health
questionnaire at the VA Boston Healthcare System from 10/2003 to 6/2005. Plasma sRANKL, osteoprotegerin (OPG), osteocalcin and
carboxyterminal telopeptide of type I collagen (CTx) levels were determined. Results: Increasing age was significantly associated with
increased OPG and CTx. Injury severity was predictive of OPG levels, and adjusting for age, participants with cervical motor complete
and ASIA C SCI (n=11) had significantly lower mean OPG (46.1 pg/ml) levels than others (63.4 pg/ml). Locomotive mode was not
associated with differences in bone markers. Conclusions: Severe cervical spinal cord injury is associated with decreased circulating
OPG levels placing these patients at risk for accelerated bone loss that appears unrelated to locomotive mode.
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osteoclastogenesis, no clear consensus has emerged regarding
the state of these cytokines in the pathogenesis of human dis-
ease.

Little is known about the clinical relevance of measuring
circulating markers of bone turnover and the RANKL/OPG
system in persons with chronic SCI. Our a priori hypothesis
was that injury severity or mobility mode would be predictive
of OPG/RANKL levels in this population. As part of an epi-
demiological study assessing chronic health outcomes in
chronic SCI14, we conducted a preliminary investigation to
assess whether these circulating markers are related to the
severity of SCI, aging, body mass index (BMI) or to differ-
ences in mobility (i.e., walking or using a wheelchair).

Materials and methods

Subjects

Participants for the current study were selected from a
larger epidemiological study assessing health in chronic
spinal cord injury conducted at the VA Boston Healthcare
System14. As part of the epidemiological study, each person
completed a health questionnaire and answered the ques-
tion, "How do you usually get around (usually means more
than half the time)?" Responses were recorded as motorized
wheelchair, hand propelled wheelchair, walk with aid
(crutch, cane, or similar aid), or walk without assistance. As
part of this study, blood samples were collected from 82

Participants by All Participants
Motor Level and Severity of Injury

Cervical needs Motor Complete Motor CompleteThoracic All ASIA D
and ASIA C and Lumbar and 

ASIA C

N=11 N=20 N=33 N=64

mean (sd) [range]

Years since injury 28.1 (8.9) 20.5 (10.4) 19.3 (14.2) 21.2 (12.6)
[12.5-41.0] [4.0-50.4] [1.6-59.8] [1.6-59.8]

Age (yr) 52.8 (9.3) 52.2 (14.8) 59.1 (15.3) 55.9 (14.5)
[35.9-63.1] [26.7-84.8] [24.8-87.8] [24.8-87.8]

BMI (kg/m2) 25.5 (3.6) 27.3 (4.3) 28.2 (5.7) 27.5 (5.0)
[19.0-30.1] [19.6-35.2] [18.6-41.3] [18.6-41.3]

Mobility n (%)

Motorized Wheelchair 4 (36.4%) 4 (20%) 4 (12.1%) 12 (18.8%)

Manual Wheelchair 6 (54.6%) 15 (75%) 2 (6.1%) 23 (35.9%)

Assistive Device 1 (9.1%) 1 (5%) 15 (45.5%) 17 (26.6%)

Independent Walker 0 (0%) 0 (0%) 12 (36.4%) 12 (18.8%)

Smoking 

Current 1 (9.1%) 2 (10%) 7 (21.2%) 10 (15.6%)

Former 7 (63.6%) 6 (30%) 17 (51.5%) 30 (46.9%)

Never 3 (27.3%) 12 (60%) 9 (27.3%) 24 (37.5%)

Heart Disease 3 (27.3%) 2 (10%) 6 (18.2%) 11 (17.2%)

Hypertension 1 (9.1%) 6 (30%) 11 (33.3%) 18 (28.1%)

Diabetes 0 (0.0%) 3 (15%) 6 (18.2%) 9 (14.1%)

Markers of Bone Turnover median [25% - 75%ile]

Osteocalcin (ng/ml) 22.67 21.11 21.62 21.54
[17.87-33.90] [15.32-25.17] [18.79-27.85] [17.82-28.63]

C-telopeptide (ng/ml) 0.24 0.20 0.19 0.20
[0.10-0.28] [0.14-0.37] [0.16-0.30] [0.15-0.31]

sRANKL (pg/ml) 0.16 0.09 0.07 0.08
[0.08-0.27] [0.03-0.29] [0.04-0.16] [0.04-0.20]

OPG (pg/ml) 49.00 58.64 69.50 58.39
[35.46-53.80] [48.20-70.30] [44.32-93.78] [43.93-79.60]

Table 1. Participant characteristics.
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white male participants between 10/2003 to 6/2005 who were
2 years or more years post SCI, were in their usual state of
health, and who were not using cholesterol-lowering med-
ications, including statins. For this preliminary investigation,
we selected 64 of these 82 persons based on mobility mode.
From this 82, all persons using a motorized wheelchair
(n=12), an assistive device (n=17), and who walked inde-
pendently were included (n=12). A random sample of the
remaining persons who usually used a manual wheelchair
(n=23) was selected. All subjects gave informed consent and
the study was approved by the VA Boston Healthcare
System, Harvard Medical School, and Brigham and
Women's Hospital institutional review boards. 

Motor score

Motor level and completeness of injury was assessed by
physical exam. Level of injury was classified according to
strength preservation in key muscle groups in the upper and
lower extremity and reported regionally as cervical, thoracic,
or lumbar. Injury completeness was reported according to
guidelines suggested by the American Spinal Injury
Association (ASIA)15. Participants were assigned as motor
complete (equivalent to ASIA motor score of A or B, i.e., no
motor function below the neurological level of injury), C
(motor incomplete, motor function preserved below the
neurological level and more than half the key muscles below
the neurological level are not strong enough to overcome
gravity), or D (motor incomplete, preservation of motor
function below the neurological level and more than half the
key muscles below the neurological level are strong enough
to overcome gravity). SCI level and severity of injury was

considered in 3 groups that included cervical motor com-
plete and ASIA C; thoracic and lumbar motor complete or
ASIA C, and ASIA D. By using participants in each of these
3 impairment groups, we can examine the effect of spinal
cord injury in a "dose response" manner ranging from pro-
found neurological impairment to minimal-no neurological
impairment.

Biochemical analyses

Plasma samples were drawn into an EDTA tube, immediate-
ly stored in an insulated container with a cooler pack, and
shipped overnight to the VA Boston/Massachusetts Veterans
Epidemiology Research and Information Center core blood lab-
oratory. The samples were centrifuged for 15 minutes at 2600
rpm (1459 x g) at 4oC and stored at -80oC until batch analysis.
The analyses were conducted by the Clinical & Epidemiologic
Research Laboratory, Department of Laboratory Medicine at

Co-efficient (‚+/- SE) e‚ p

Years post SCI (yrs) 0.007 (0.005) 1.007 pg/yr 0.14
BMI (kg/m2) 0.005 (0.012) 1.005 pg/kg/m2 0.68

Mean ln OPG (+/- SE) e(In OPG) pg/ml p

Mobility 0.29

Motorized Wheelchair 4.01 (0.14) 55.06

Manual Wheelchair 4.00 (0.10) 54.48

Assistive Device 4.27 (0.11) 71.78

Independent Walker 4.11 (0.14) 61.01

Level/Completeness 0.01

Cervical motor complete and ASIA C 3.78 (0.14) 43.68

All Others 4.16 (0.06) 64.20

Smoking 0.36

Current 4.21 (0.15) 67.66

Former 4.14 (0.09) 62.71

Never 3.99 (0.10) 54.00

There are slight differences in exponentiated values due to rounding.

Table 2. Univariate predictors of ln OPG.

Mean ln OPG e(OPG) p
(+/- SE) pg/ml

Level/Completeness 0.02

Cervical motor 3.83 (0.12) 46.11
complete and /ASIA C

All Others 4.15 (0.05) 63.37

There are slight differences in exponentiated values due to rounding.

Table 3. OPG levels adjusted for age.
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Children’s Hospital in Boston. Circulating levels of osteocalcin
and CTx were quantified by electrochemiluminescence
immunoassay with a detection limit of 0.50 ng/mL for osteocal-
cin and 0.07 ng/mL for CTx. Circulating osteoprotegerin and
sRANKL were quantified by ELISA assay (Alpco Diagnostics –
Windham, NH) with a detection limit of 0.14 pmol/L (OPG)
and 1.56 pg/ml (sRANKL).

Variable definition

Persons completed a health questionnaire based on the
American Thoracic Society adult respiratory questionnaire16.
Smokers were defined as smoking 20 or more packs of ciga-
rettes or using 12 ounces of tobacco or more in a lifetime, or
smoking one or more cigarettes per day for at least one year.
Current smokers reported cigarette use within one month of
testing. Hypertension and diabetes were defined if diagnosed
by a doctor, heart disease was defined as receiving treatment
for "heart trouble" in the 10 years prior to blood draw. As part
of the study protocol, subject length was measured in 60 per-
sons, was available by self-report in 2, and from SCI clinic
notes in 2. In 57 persons weight was measured, was available
by self-report in 3, and was obtained from SCI clinic notes in
4 participants. Length and weight were used to calculate body
mass index (BMI). For 3 persons whose health question-

naires were completed at a time other than the blood draw
date, SCI clinic progress notes were reviewed to confirm pre-
viously reported questionnaire responses. 

Statistical analysis

Generalized linear models (PROC GLM in SAS version
8.2) were used to assess cross-sectional determinants of
OPG, CTx, sRANKL, and osteocalcin. Residual plots were
examined for goodness of fit. Since the distributions of OPG,
CTx, and sRANKL were skewed, natural log-transformation
was used to normalize the distribution of the outcome and
stabilize the variance.

Results

Participant characteristics

The average age at time of blood draw was 56 (±15) years
with an average of 21(±13) years since injury. After selection,
one subject was found to be 1.6 years post-SCI and 1 was black.
Other participant characteristics are presented in Table 1 based
on motor level and neurologic completeness of injury (cervical
motor complete or ASIA C; thoracic and lumbar motor com-
plete or ASIA C SCI, and all others with ASIA D SCI). 

Figure 1. Relationship between age and bone markers. Plots of the relationship between osteoprotegerin (p<0.001, r=0.56), c-telopeptide
(p=0.03, r=0.28), sRANKL (p=0.11, r=-0.20), and osteocalcin (p=0.10, r=0.21) with age. Osteoprotegerin, c-telopeptide, and sRANKL
are plotted using natural log-transformed data.
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Predictors of bone markers

Mobility mode, age, injury duration, BMI, smoking histo-
ry, SCI level and severity, and history of heart disease, hyper-
tension, and diabetes were examined as predictors of circu-
lating levels of osteocalcin and CTx (markers of bone
turnover) sRANKL and OPG. Mobility was not a predictor
of sRANKL, OPG, osteocalcin, and CTx (p=0.23 to 0.45, and
shown in Table 2 for OPG). Likewise, BMI, years since
injury, and smoking history (current, former, never) were not
significant predictors (p=0.14 to 0.91). The concentrations of
CTx (p=0.03) and OPG (p<.001) increased significantly with
increasing age (Figure 1). Plots (Figure 1) suggested a similar
relationship with osteocalcin and an inverse relationship
between age and sRANKL, but these were not significant
(p=0.10 and 0.11, respectively). OPG was significantly lower
in persons with cervical complete motor or ASIA C SCI com-
pared to all others (Table 2), but differences in other bone
markers based on SCI level were not significant (p=0.12 to
0.66). In a model adjusting for age (‚=0.017±0.003 (SE),
p<0.001), OPG remained significantly lower in cervical com-
plete motor or ASIA C SCI (Table 3).

Hypertension, heart disease, and diabetes

OPG levels were higher in participants with a history of
hypertension, diabetes, or heart disease (Table 4), and osteo-
calcin (p=0.03) and CTx (p=0.02) were higher in partici-
pants with a history of hypertension. Hypertension, heart dis-
ease, and diabetes were each included in separate regression
models with age and SCI level and assessed as predictors of
OPG. Although OPG levels were still greater in persons with
hypertension, heart disease, or diabetes, the differences were
not statistically significant (Table 4). In similar multivariate
models, osteocalcin (p=0.05) and CTx (p=0.08) were also
greater in persons with hypertension (data not shown). We

also assessed whether OPG values increased more rapidly
with increasing age in persons with cervical A/C SCI by exam-
ining the interaction between age and SCI level and found it
to be insignificant (p=0.66). This suggests that OPG levels
increase with advancing age in quadriplegic patients as it does
in patients with all other levels of injury.

Discussion

Osteoporosis is a common sequela of spinal cord injury
resulting in increased fractures, worsening functional
impairment, and increased health care costs. The pathogen-
esis of SCI-related bone loss is currently poorly understood
and treatment options remain limited in this population. As
major modulators of bone homeostasis, alterations in the
RANKL/OPG system may be involved in SCI-related bone
loss and have not been previously described in chronic SCI.
In this study, we examine the effects of mobility mode, age,
BMI, and SCI level and severity of injury on the
RANKL/OPG system and on circulating markers of bone
turnover (CTx and osteocalcin) in the chronic phase of SCI.
We found a significant relationship between increased age
and greater levels of OPG and CTx. The finding that increas-
ing age was significantly related to greater levels of circulat-
ing OPG and CTx are in agreement with reports in the able-
bodied17-19 and increased OPG with age is considered to rep-
resent a physiologic response to counter bone loss that nor-
mally accompanies aging.

SCI-related bone loss is most pronounced in the acute
phase and relatively little is known about bone metabolism
in chronic SCI (i.e., beyond the first 12-24 months after
injury). While the pathophysiology is poorly understood,
many consider disuse to be the primary factor leading to
SCI-related bone loss. An association between immobility
and bone turnover has been described in the able-bodied
elderly. Chen et al. assessed the effect of mobility mode on

Unadjusted Adjusted for Age and 
Level/Completeness

Mean ln OPG e(OPG) p Mean ln OPG e(OPG) p
(+/- SE) pg/ml (+/- SE) pg/ml

Comorbidity

Hypertension 4.35 (0.11) 77.5 <0.01 4.10 (0.11) 60.58 0.20
No Hypertension 3.99 (0.07) 54.3 3.96 (0.07) 52.37

Heart Disease 4.37 (0.14) 78.6 0.04 4.14 (0.12) 62.70 0.16
No Heart Disease 4.04 (0.06) 56.7 3.95 (0.07) 51.81

Diabetes 4.50 (0.15) 90.4 <0.01 4.18 (0.15) 65.30 0.16
No Diabetes 4.03 (0.06) 56.1 3.97 (0.06) 53.00

There are slight differences in exponentiated values due to rounding.

Table 4. OPG levels for participants with and without hypertension, heart disease, and diabetes, adjusted and unadjusted for SCI level/com-
pleteness and age.
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circulating markers of bone turnover in a population of frail
elderly nursing home residents. Serum levels of another
marker of bone formation, aminoterminal propeptide of
type I collagen (PINP), increased with increasing hypomo-
bility and were greatest in wheelchair users20. Accordingly,
we hypothesized that usual ambulatory mode, a surrogate
for the degree of weight-bearing, would also influence these
modulators of bone homeostasis and turnover in patients
with chronic SCI. Participants who walk without an assistive
device weight-bear normally through the affected limbs
while those who use a motorized wheelchair bear minimal
weight. However, we found little effect of mobility mode on
markers of bone turnover or RANKL/OPG levels.

We also examined the effect of the severity of neurological
injury, determined by spinal level and ASIA classification, on
bone mediators. Alteration of the RANKL/OPG system has
been described in other clinical conditions where pathologi-
cal bone loss is common irrespective of mobility level, includ-
ing inflammatory bowel disease and chronic liver disease21,22.
After adjusting for age, participants with motor complete
cervical or ASIA C had significantly lower levels of circulat-
ing OPG than others with less severe injuries. Although our
data were limited by sample size, there was no evidence that
the effect of age on OPG level in quadriplegia was greater
than in others with SCI. Lower OPG levels may promote
bone resorption leading to lower bone mass, and suggests
that patients with quadriplegia may be prone to more severe
bone loss than others with SCI. This suggests that on a chron-
ic basis, injury level/severity in SCI contributes more to bone
loss than degree of immobility. This is consistent with find-
ings reported by Dauty et al. who found that extent of neuro-
logical impairment, not lack of mechanical loading, was the
primary factor contributing to loss of sublesional BMC in 31
men with chronic (more than 1 year post-injury) SCI7.
Similarly, Wilmet et al. reported that spinal cord injured
patients who regained near normal mobility after injury still
had substantial sublesional reduction in BMC at one year
post-injury5. There is mounting evidence that the nervous sys-
tem is a major regulator of bone homeostasis23-30. Spinal cord
injury, therefore, may result in abnormal neuromodulation of
bone metabolism leading to SCI-related bone loss. Taken
together, these observations suggest that disrupted neuro-
osteogenic signaling likely contributes to the severity of SCI-
related bone loss and this disruption persists into the chronic
phase of injury. Suppression of OPG may result from abnor-
mal neuronal-bone interactions. There is also a growing body
of data showing that the perturbation of fluid-flow dynamics
associated with prolonged recumbence, in the absence of
SCI, can have dramatic effects on bone mineral density in dif-
ferent regions of the skeleton31,32. How OPG levels in SCI
might relate to this observation, and how these dramatic
changes in fluid-flow dynamics might interact with disrupted
neuro-osteogenic signaling to produce changes in regional
bone mineral density, are avenues for further research.

The only other study assessing the RANKL/OPG system
in SCI was conducted by Maimoun et al. They assessed cir-

culating RANKL and OPG levels of 7 male patients with
acute spinal cord injury over the first year compared to 12
neurologically intact men. They reported higher OPG and
lower RANKL levels in the injured participants than in the
able-bodied, but no relationship with time since injury33. In
our study in chronic SCI, we also found no relationship
between circulating markers and time since injury.

The metabolic role of OPG has been incompletely elucidat-
ed, but appears to extend beyond that directly related to bone
homeostasis. Although its role in neurologic diseases is
unknown, OPG is expressed in the spinal cord and cere-
brospinal fluid in persons with various inflammatory and non-
inflammatory neurologic diseases and increases in the cere-
brospinal fluid with age34. Greater levels of OPG have been
associated with atherosclerosis in epidemiological studies35,
and high bone turnover in the elderly has been associated with
all causes of mortality, and in particular, cardiovascular mor-
tality36,37. In OPG-deficient mice, arterial calcification occurs38.
Several recent epidemiologic studies have also suggested a
relationship between the development of coronary artery dis-
ease and osteoporosis. An inverse relationship between
metacarpal cortical thickness and incidence of coronary artery
disease was found in female participants of the Framingham
Study39. Similarly, greater metacarpal cortical bone loss was
associated with greater progression of abdominal aortic calcifi-
cation in females, but not in males40. Taken together, these
studies suggest a relationship between bone homeostasis and
systemic diseases. In a study of mortality in persons in our
accompanying epidemiological study in chronic SCI, the most
common cause of death was due to cardiovascular diseases,
and a history of heart disease was significantly related to over-
all mortality14. Given the prevalence of osteoporosis in the
population, we explored the relationship between history of
heart disease, hypertension, and diabetes and markers of bone
metabolism. Heart disease history, hypertension, or diabetes
was associated with greater OPG levels, and hypertension his-
tory was associated with osteocalcin and CTx, although these
differences were no longer significant after adjusting for age
and SCI level. This observation warrants further exploration
with larger numbers of participants.

One potential explanation for the results reported in this
study might be an underlying vitamin D deficiency. We did not
assay vitamin D levels in this study and this represents a limi-
tation and an area for further investigation. However, we do
believe it is unlikely that individuals with motor complete
spinal cord injury are more prone to vitamin D deficiency than
those with other injury levels in our community-based cohort.

These findings suggest that bone resorption increases with
age in patients with spinal cord injury and that SCI level and
severity of injury is predictive of bone turnover, not degree
of immobility. Circulating OPG levels increase with age (as
in the able-bodied) and decrease with severe cervical spinal
cord injury. Chronic suppression of systemic OPG may con-
tribute to the severity of osteoporosis in patients with cervi-
cal spinal cord injury, although the mechanism whereby this
may occur is speculative.
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Conclusions

While bone loss is most rapid in the first 2 years following
spinal cord injury, the mean time to first fracture is nine
years post-injury1,4. Therefore, an improved understanding
of the ongoing bone loss in the chronic phase of spinal cord
injury is of great clinical relevance. Seventy-six percent of
patients will sustain a traumatic fracture at some point fol-
lowing their injury3; however, there is currently no standard
of care for prevention or treatment of osteoporosis. Our
work suggests that OPG is a potential biomarker of osteo-
porosis in these patients. These findings also raise the possi-
bility that bone loss following neurological injury may be
prevented by replacement with recombinant OPG.
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