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There are approximately six million people living with spinal cord 
injury (SCI)-related paralysis in the United States – nearly one in every 
50 people. Though advances in acute care resulted in greatly reduced 
co-morbidities in the initial few years following a spinal cord injury, 
there has been much less progress preventing medical complications 
associated with SCI in the long-term. Therefore, understanding the 
long-term consequences of SCI is critical to develop evidence-based 
rehabilitation programs that would provide optimal treatment for the 
reversal of co-morbidities.

Individuals with SCI are at increased risk for developing an array 
of inactivity-related health problems during the chronic stages of 
injury. Among several consequences of SCI is bone loss (osteoporosis) 
following injury, which is both rapid in onset and severe in nature. In 
motor complete SCI, the long bones of the lower extremity adapt to 
minimal mechanical strain by atrophying. Bone loss occurs rapidly in 
the acute phase of the injury and slows two to three years after injury 
[1]. While the nature and magnitude of the effects of SCI on bone vary 
by skeletal site, sex, and age [2], all individuals with motor complete SCI 
develop osteoporosis below the level of the injury [1,3,4]. Perhaps as a 
result, individuals with complete SCI are twice as likely to experience 
fractures compared to healthy controls [5], and as many as 40% of 
the individuals with chronic SCI experience fractures [5-8], with the 
most common occurrence at the metaphyses of the proximal tibia and 
distal femur [9]. Fractures are discovered after minimal trauma and are 
most commonly treated with prolonged bed-rest and bracing in many 
cases. However, the combination of the injury and extended bracing 
results in prolonged immobility, worsening disability, and serious 
medical complications, such as pressure ulcer formation, increased 
pain and spasticity, and lower extremity amputation. Thus, it is critical 
to develop rehabilitation programs that may effectively reverse the 
sequelae of prolonged lower extremity disuse and minimize the medical 
complications due to osteoporosis secondary to lower extremity 
paralysis. Unfortunately, however, physical therapy does not appear to 
have proven efficacy [10], and there are no studies that conclusively 
showed an effective pharmacologic intervention for prevention and 
treatment of osteoporosis in chronic SCI [11]. Part of the culprit may 
be that only a small number of individuals with SCI volunteer for 

long-term studies, and adequately matching individuals by the level, 
completes, and duration of lesion, as well as age is not always possible 
[7,11]. Thus long-term longitudinal randomized investigations on 
osteoporosis in individuals with SCI have been difficult. Nevertheless, 
the lack of effective rehabilitative strategies underlines the importance 
of an integrated understanding of the factors, both neural and local, 
that are involved. The purpose of this mini-review is to delineate our 
current understanding of SCI-related osteoporosis and to highlight 
recent literature towards its prevention and treatment.

Neural Denervation, Limb Unloading, and Mechanisms 
of Bone Loss Following SCI

Trabecular and cortical bone as well as the bone marrow are 
innervated by sympathetic neural fibers [12-15], and functional 
noradrenaline and various neuropeptide receptors have been identified 
on bone cells [16,17]. Thus, sympathetic innervation appears to play 
an important role in bone function. In fact, experimental sympathetic 
denervation in animal models results in reduced bone deposition and 
mineralization and increased bone resorption [18,19], suggesting a 
potential direct impact of denervation on bone function. In addition 
to its direct impact, sympathetic denervation may also have an 
indirect impact on bone metabolism via vascular dysregulation. For 
example, interruption of sympathetic signaling causes the opening 
of bone intravenous shunts, leading to venous and capillary vascular 
stasis [20,21]. Among the consequences of vascular stasis is osteoclast 
formation due to local hyper-pressure, which may accelerate bone 
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resorption [22]. Therefore, vascular dysfunction below the level of 
injury may promote and/or facilitate the development of osteoporosis. 

In addition to nervous denervation and subsequent vascular 
alterations, the rapid loss of bone due to any type of prolonged 
immobilization is also related to limb unloading and consequent 
alterations in calciotropic hormones and local messenger systems 
[23]. The general consensus is that SCI-related bone loss occurs 
in 2 phases: 1) a rapid, acute phase characterized by increased bone 
resorption that plateaus somewhere between 18-24 months post-injury 
and 2) a chronic phase, characterized by inhibition of bone formation 
with ongoing bone loss that is more gradual in nature [24-27]. Early 
studies of circulating levels of bone turnover markers in SCI subjects 
reported that bone formation is suppressed immediately following 
SCI [28]. Other reports using animal models of hind limb unloading 
have described immediate osteocyte and osteoblast apoptosis [29], 
and an increased osteoclastic bone resorption with reduced bone 
formation [30]. Thus, mechanical unloading following SCI leads to a 
rapid increase in bone resorption by osteoclasts and suppresses bone 
formation by osteoblasts, ultimately leading to bone loss.

The discovery of the role of Wnt signaling pathways in bone 
homeostasis has radically transformed our understanding of the 
cellular and molecular mechanisms responsible for the adaptation of 
bone to unloading [31,32]. While Wnt signaling pathways include a 
large family of growth factors that participate in various developmental 
events, these pathways are also implicated in adult homeostatic 
mechanisms [24,33]. For example, dysfunction of Wnt pathways have 
been implicated in a variety of degenerative diseases and abnormalities, 
including those associated with impaired bone homeostasis [34]. 
Indeed, several studies in rodents have defined the central role of 
Wnt signaling antagonists in the pathogenesis of disuse osteoporosis. 
Osteocytes, the cells responsible for mechano-transduction in bone, 
represent the first cellular response to unloading [35], and release 
sclerostin, a potent Wnt signaling antagonist [36-38]. Several studies 
have shown that sclerostin levels are inversely proportional to bone 
mass and that production of sclerostin by osteocytes is dramatically 
reduced by mechanical loading [1,37,39]. Thus, mechanical unloading 
results in up-regulation of sclerostin, which leads to reduced Wnt/β-
catenin signaling in osteoblasts and to inhibition of bone formation and 
growth. Moreover, sclerostin causes up-regulation of RANKL (a key 
factor that promotes osteoclast differentiation), and down-regulation 
of osteoprotegerin (a key inhibitor of osteoclast differentiation) 
expression by osteocytes, which leads to increased osteoclast activity 
and ultimately to bone resorption [40,41]. Thus, in addition to its anti-
anabolic role, sclerostin also appears to have catabolic effects. 

Recent work has also shown a positive relation between circulating 
sclerostin levels and bone density in chronic (>5 years) immobility in 
humans. Considering the mechanism of sclerostin-induced bone loss 
in acute SCI, this relation in the chronic phase seems paradoxical at 
first. However, though sclerostin levels may initially increase after SCI 
in response to mechanical unloading, in the long-term, circulating 
sclerostin may serve as a biomarker of osteoporosis severity and not 
a mediator of ongoing bone loss. Indeed, recent research supports this 
duality. On one hand, sclerostin levels are greatest in subjects with 
short-term SCI and decrease significantly over the first 5 years post-
injury [42]. On the other hand, in subjects with long-term (>5 years 
post-injury) SCI, sclerostin levels are positively associated with lower 
extremity bone density and bone mineral content [42]. 

Pharmacologic Strategies Toward Treatment of 
Osteoporosis Following SCI

Currently there are no clinical guidelines for the prevention or 
reversal of SCI-related osteoporosis. Traditionally, bisphosphonates 
have been considered as the most appropriate therapy to prevent 
bone loss following SCI. Bisphosphonates strongly inhibit bone 
resorption. Various reports indicate that they provide an effective 
preventive treatment strategy when initiated within 12 months of the 
injury [43-46], and early bisphosphonate administration increase ash 
weight, maximal torque capacity, maximal angle capacity and rigidity 
of the bone atrophied by immobilization [47]. However, the efficacy 
of bisphosphonate treatment appears to be limited to only within 
the acute phase (< 1 year) of injury [48]. This may be related to the 
fact that though bisphosphonates reduce bone resorption, they have 
limited effect on bone formation [49]. This is explained by the fact 
that bisphosphonates reduce coupled bone remodeling because they 
suppress osteoclastic bone resorption, which is required in order for 
osteoblastic bone formation to proceed. 

The role of sclerostin in the adaptation of bone to unloading during 
the acute phase of SCI suggests that sclerostin may provide an alternative 
therapeutic target during the acute phase of injury as a prevention 
strategy to prevent initial, rapid osteoporosis. The higher sclerostin 
levels in acute SCI and lower levels in chronic SCI strongly suggest that 
the time frame for limiting bone resorption is limited. Thus, there may 
be an optimal time frame - the “therapeutic window” - for targeting 
sclerostin and preventing bone loss following SCI [6]. Unfortunately, 
however, there is no longitudinal information that defines the kinetics 
of bone loss and its relation to circulating sclerostin in the acute phase 
of SCI (i.e., within the first year), when acute mechanical unloading 
and most bone loss occurs. 

The ongoing discussion suggests that although bone loss in 
individuals with SCI may be partially prevented via pharmacologic 
interventions, notably during the acute post-injury phase, current 
pharmacologic treatments do not appear to be capable of reversing bone 
demineralization. Thus, currently there is no effective pharmacologic 
intervention for prevention and treatment of disuse osteoporosis due 
to SCI, especially after the first year of injury. Perhaps as a consequence, 
a recent, emerging theme in the literature is the utility of novel, non-
pharmacologic paradigms that are specifically designed for individuals 
with SCI to prevent and reverse the bone loss due to prolonged 
immobility. 

Physical Exercise and Effective Reversal of Osteoporosis 
Following SCI

Bone is a dynamic organ that modulates the rate of new bone 
formation in response to varying levels of physical exercise and 
mechanical strain, and there is already ample evidence that physical 
exercise in those with SCI is broadly beneficial to health [50,51], 
improves quality of life [52], and impacts outcome after SCI [53]. 
Therefore, it would not come as a surprise that physical exercise can 
reduce, prevent, and even reverse SCI-related osteoporosis. There is 
evidence of improved circulation in bone vasculature during muscular 
work. For example, recent work has shown that resting femoral bone 
blood flow almost doubles in response to isometric exercise, although 
the increase in blood flow plateaus with increasing exercise intensities 
[54]. The blood flow response to muscular work appears to be mediated 
by a metabolically induced stimulus, rather than neural mechanisms 
[55]. Thus, physical exercise may promote bone blood flow, alleviate 
the bone vascular dysfunction due to neural denervation, and facilitate 
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bone metabolism and growth in SCI. Furthermore, mechanical loading 
of the bone during exercise may reverse the alterations in local Wnt 
signaling cascade that occur due to immobilization and unloading, 
contributing to disuse osteoporosis. Therefore, it is conceivable that 
re-introduction of mechanical loading via physical exercise may also 
reverse atrophy and bone loss in individuals with SCI. 

However, though a majority of SCI patients regard physical activity 
as important, more than half do not have access to appropriate exercise 
[56]. For the general population, physical exercise is an inexpensive, 
safe, and effective approach for avoiding health problems. However, 
a typical individual with SCI experiences many barriers to exercise 
due to their immobility, such as the inability to use a large portion 
of their muscle mass, and inability to locate appropriate facilities 
and affordable equipment. Fortunately, exercise programs based 
on functional electrical stimulation (FES) have been developed to 
overcome these barriers. FES-exercise uses electrical stimulation of the 
paralyzed muscles to cause muscle contractions. Loading the bones 
through muscular contractions initiated by FES has yielded positive 
results. For example, in both acute and chronic SCI, up-right standing 
via force feedback-controlled electrical stimulation of paralyzed 
quadriceps appears to provide sufficient loading to the paralyzed 
lower limbs closer to load levels with known osteogenic potential [57]. 
Moreover, recent adaptation of cycling and rowing exercises for FES 
provides a new and exciting opportunity to provide mechanical strain 
to the paralyzed lower limbs sufficient to stimulate bone formation in 
individuals with SCI. 

Recent research has shown that FES-cycling initiated during the 
very early stages of spinal cord injury (1 – 2 months post-injury) may 
attenuate the bone loss [58], though at least one study show that this 
may not be the case [59]. However, the attenuation of bone loss fades 
quickly, within 6 months once cycling exercise is discontinued [58,60]. 
Though the reasons for these discrepant results are unknown, one 
culprit may be the limited mechanical efficiency of cycling exercise. 
In all individuals, able-bodied or not, exercise must meet certain 
intensity and volume criteria to induce significant health benefits. 
For example, passive weight bearing of paralyzed lower extremities 
appears to be ineffective, and the intensity, frequency, and duration of 
stress to the bones appear to be important determinants of improved 
bone parameters [9]. Yet, the mechanical efficiency of FES-cycling 
is estimated as ~8% [61], less than a third of that for cycling in able-
bodied individuals. One issue may be that cycling exercise does not 
achieve high levels of aerobic work and a plateau in training effect is 
quickly reached [62]. Therefore, though promising, this modality of 
FES-exercise may not be sufficient to promote enough bone blood flow 
and mechanical strain to reliably prevent and reverse SCI-mediated 
bone loss beyond the very early stages of injury. 

In contrast to typical FES cycling exercise, it appears that 
significant benefits can be achieved via high volume FES cycling 
training. For example, in patients with chronic SCI, high-volume (five 
60-min training sessions a week for 12 months) FES cycling training 
can partially reverse the loss of bone mineral density [63]. Moreover, 
though the benefits achieved through 1 year of high volume FES 
cycling training may be lost if the training discontinues, the benefits 
appear to be maintained when reduced intensity exercise is continued 
after the initial training [64]. Recently, in an attempt to overcome the 
limitations of typical FES-cycling, rowing has been adapted for FES 
exercise to provide a better exercise modality for individuals with SCI. 
FES-rowing uses electrical stimulation of the paralyzed quadriceps 
and hamstrings to actively engage both the arms and the legs in the 
full rowing cycle. Though it is currently unknown if FES-rowing can 

prevent osteoporosis during acute phase of SCI, a recent pilot study 
from our laboratory with three individuals with chronic SCI has shown 
that the cyclical mechanical loading of the lower extremities during 
FES-rowing can promote new bone formation (up to 50%), improve 
bone strength, and may revert osteoporosis during the chronic stage of 
SCI [65]. Further studies are required to assess the utility of FES-rowing 
on effective reversal of SCI-mediated osteoporosis. Nevertheless, FES-
rowing appears to provide sufficient exercise intensity and mechanical 
strain to the paralyzed lower limbs to stimulate new bone formation. In 
addition to the improvement in musculoskeletal health, the advantages 
of FES-rowing exercise include an improvement in cardiovascular 
health more than most options currently available [66], the use of a 
relatively inexpensive ergometer, and integration into existing rowing 
programs and communities because of its similarity to rowing by the 
general population. According to participants, FES-rowing is intuitive 
and easy to learn, and a more engaging and natural exercise, similar to 
what would be used by able-bodied individuals. Moreover, FES exercise 
has been shown to be safe for participants [67], and FES-rowing 
paradigm has been used in our laboratory for exercise by more than 100 
individuals with SCI over the past 5 years without any adverse events. 
Therefore, FES-rowing is offers many new and exciting physiological, 
economic, and social opportunities for the SCI population. 

Conclusions and Future Directions for Rehabilitative 
Strategies

Chronic SCI and consequent osteoporosis have a huge impact 
on the individual, society and the economy, and thus there is need 
for scientific advances to improve the effectiveness of rehabilitative 
approaches. In rehabilitation medicine, the shortage of evidence-
based practice has been a major barrier to advancing care and 
promoting the timely identification, application, and assessment of 
advances in science and technology with the potential to improve 
rehabilitation outcomes in chronic SCI. For example, sclerostin may 
provide an alternative therapeutic target during the acute phase of 
injury as a prevention strategy to prevent initial, rapid osteoporosis, 
and to improve rehabilitation outcomes in chronic stages. However, 
future work should define the kinetics of bone loss and its relation 
to circulating sclerostin when acute mechanical unloading and most 
bone loss occur. In addition, recent advances in application of a new 
technology (functional electrical stimulation) provide an exciting new 
avenue to improve functional mobility, to foster behavioral adaptation 
to functional losses, and to further facilitate development of improved 
assistive technologies for individuals with chronic SCI. Future work 
should address both the physiologic and clinical impact of FES 
exercise and develop exercise programs that can provide loading to 
the paralyzed lower limbs sufficient not only to prevent osteoporosis 
but also to promote osteogenesis to ensure effective reversal of SCI-
mediated osteoporosis.

Acknowledgements

Supported by NIAMS 1R01AR059270, Department of Defense 
W81XWH-10-1-1043, and the Department of Education, NIDRR H133N110010.

References

1.	 Garland DE, Stewart CA, Adkins RH, Hu SS, Rosen C, et al. (1992) 
Osteoporosis after spinal cord injury. J Orthop Res 10: 371-378.

2.	 Garland DE, Adkins RH, Stewart CA (2008) Five-year longitudinal bone 
evaluations in individuals with chronic complete spinal cord injury. J Spinal 
Cord Med 31: 543-550.

3.	 Dauty M, Perrouin Verbe B, Maugars Y, Dubois C, Mathe JF (2000) 
Supralesional and sublesional bone mineral density in spinal cord-injured 
patients. Bone 27: 305-309.

http://www.ncbi.nlm.nih.gov/pubmed/1569500
http://www.ncbi.nlm.nih.gov/pubmed/1569500
http://www.ncbi.nlm.nih.gov/pubmed/19086712
http://www.ncbi.nlm.nih.gov/pubmed/19086712
http://www.ncbi.nlm.nih.gov/pubmed/19086712
http://www.ncbi.nlm.nih.gov/pubmed/10913927
http://www.ncbi.nlm.nih.gov/pubmed/10913927
http://www.ncbi.nlm.nih.gov/pubmed/10913927


Citation: Tan CO, Battaglino RA, Morse LR (2013) Spinal Cord Injury and Osteoporosis: Causes, Mechanisms, and Rehabilitation Strategies. Int J 
Phys Med Rehabil 1: 127. doi:10.4172/2329-9096.1000127

Page 4 of 5

Volume 1 • Issue 4 • 1000127Int J Phys Med Rehabil
ISSN: 2329-9096 JPMR, an open access journal

4.	 Frey-Rindova P, de Bruin ED, Stüssi E, Dambacher MA, Dietz V (2000) Bone 
mineral density in upper and lower extremities during 12 months after spinal 
cord injury measured by peripheral quantitative computed tomography. Spinal 
Cord 38: 26-32.

5.	 Vestergaard P, Krogh K, Rejnmark L, Mosekilde L (1998) Fracture rates and 
risk factors for fractures in patients with spinal cord injury. Spinal Cord 36: 790-
796.

6.	 Battaglino RA, Sudhakar S, Lazzari AA, Garshick E, Zafonte R, et al. (2012) 
Circulating sclerostin is elevated in short-term and reduced in long-term SCI. 
Bone 51: 600-605.

7.	 Giangregorio L, McCartney N (2006) Bone loss and muscle atrophy in spinal 
cord injury: epidemiology, fracture prediction, and rehabilitation strategies. J 
Spinal Cord Med 29: 489-500.

8.	 McKinley WO, Jackson AB, Cardenas DD, DeVivo MJ (1999) Long-term 
medical complications after traumatic spinal cord injury: a regional model 
systems analysis. Arch Phys Med Rehabil 80: 1402-1410.

9.	 Dolbow DR, Gorgey AS, Daniels JA, Adler RA, Moore JR, et al. (2011) The 
effects of spinal cord injury and exercise on bone mass: a literature review. 
NeuroRehabilitation 29: 261-269.

10.	Charmetant C, Phaner V, Condemine A, Calmels P (2010) Diagnosis and 
treatment of osteoporosis in spinal cord injury patients: A literature review. Ann 
Phys Rehabil Med 53: 655-668.

11.	Biering-Sørensen F, Hansen B, Lee BS (2009) Non-pharmacological treatment 
and prevention of bone loss after spinal cord injury: a systematic review. Spinal 
Cord 47: 508-518.

12.	Bjurholm A, Kreicbergs A, Terenius L, Goldstein M, Schultzberg M (1988) 
Neuropeptide Y-, tyrosine hydroxylase- and vasoactive intestinal polypeptide-
immunoreactive nerves in bone and surrounding tissues. J Auton Nerv Syst 
25: 119-125.

13.	Duncan CP, Shim SS (1977) J. Edouard Samson Address: the autonomic 
nerve supply of bone. An experimental study of the intraosseous adrenergic 
nervi vasorum in the rabbit. J Bone Joint Surg Br 59: 323-330.

14.	Hill EL, Elde R (1991) Distribution of CGRP-, VIP-, D beta H-, SP-, and NPY-
immunoreactive nerves in the periosteum of the rat. Cell Tissue Res 264: 469-
480.

15.	Hohmann EL, Elde RP, Rysavy JA, Einzig S, Gebhard RL (1986) Innervation of 
periosteum and bone by sympathetic vasoactive intestinal peptide-containing 
nerve fibers. Science 232: 868-871.

16.	Bliziotes MM, Eshleman AJ, Zhang XW, Wiren KM (2001) Neurotransmitter 
action in osteoblasts: expression of a functional system for serotonin receptor 
activation and reuptake. Bone 29: 477-486.

17.	Lundberg P, Lie A, Bjurholm A, Lehenkari PP, Horton MA, et al. (2000) 
Vasoactive intestinal peptide regulates osteoclast activity via specific binding 
sites on both osteoclasts and osteoblasts. Bone 27: 803-810.

18.	Hill EL, Turner R, Elde R (1991) Effects of neonatal sympathectomy and 
capsaicin treatment on bone remodeling in rats. Neuroscience 44: 747-755.

19.	Sandhu HS, Herskovits MS, Singh IJ (1987) Effect of surgical sympathectomy 
on bone remodeling at rat incisor and molar root sockets. Anat Rec 219: 32-38.

20.	Chantraine A, Nusgens B, Lapiere CM (1986) Bone remodeling during the 
development of osteoporosis in paraplegia. Calcif Tissue Int 38: 323-327.

21.	Minaire P, Edouard C, Arlot M, Meunier PJ (1984) Marrow changes in 
paraplegic patients. Calcif Tissue Int 36: 338-340.

22.	Chantraine A, van Ouwenaller C, Hachen HJ, Schinas P (1979) Intra-medullary 
pressure and intra-osseous phlebography in paraplegia. Paraplegia 17: 391-
399.

23.	Alexandre C, Vico L (2011) Pathophysiology of bone loss in disuse osteoporosis. 
Joint Bone Spine 78: 572-576.

24.	Gordon MD, Nusse R (2006) Wnt signaling: multiple pathways, multiple 
receptors, and multiple transcription factors. J Biol Chem 281: 22429-22433.

25.	Morse LR, Giangregorio L, Battaglino RA, Holland R, Craven BC, et al. (2009) 
VA-based survey of osteoporosis management in spinal cord injury. PM R 1: 
240-244.

26.	Morse LR, Battaglino RA, Stolzmann KL, Hallett LD, Waddimba A, et al. (2009) 
Osteoporotic fractures and hospitalization risk in chronic spinal cord injury. 
Osteoporos Int 20: 385-392.

27.	Yang W, Yan HX, Chen L, Liu Q, He YQ, et al. (2008) Wnt/beta-catenin 
signaling contributes to activation of normal and tumorigenic liver progenitor 
cells. Cancer Res 68: 4287-4295.

28.	Tatsumi S, Ishii K, Amizuka N, Li M, Kobayashi T, et al. (2007) Targeted ablation 
of osteocytes induces osteoporosis with defective mechanotransduction. Cell 
Metab 5: 464-475.

29.	Balemans W, Ebeling M, Patel N, Van Hul E, Olson P, et al. (2001) Increased 
bone density in sclerosteosis is due to the deficiency of a novel secreted protein 
(SOST). Hum Mol Genet 10: 537-543.

30.	Li X, Ominsky MS, Niu QT, Sun N, Daugherty B, et al. (2008) Targeted deletion 
of the sclerostin gene in mice results in increased bone formation and bone 
strength. J Bone Miner Res 23: 860-869.

31.	Staehling-Hampton K, Proll S, Paeper BW, Zhao L, Charmley P, et al. (2002) 
A 52-kb deletion in the SOST-MEOX1 intergenic region on 17q12-q21 is 
associated with van Buchem disease in the Dutch population. Am J Med Genet 
110: 144-152.

32.	Wijenayaka AR, Kogawa M, Lim HP, Bonewald LF, Findlay DM, et al. (2011) 
Sclerostin stimulates osteocyte support of osteoclast activity by a RANKL-
dependent pathway. PLoS One 6: e25900.

33.	Logan CY, Nusse R (2004) The Wnt signaling pathway in development and 
disease. Annu Rev Cell Dev Biol 20: 781-810.

34.	Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A, et al. (2002) High bone density 
due to a mutation in LDL-receptor-related protein 5. N Engl J Med 346: 1513-
1521.

35.	Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, et al. (2011) Matrix-
embedded cells control osteoclast formation. Nat Med 17: 1235-1241.

36.	Lin C, Jiang X, Dai Z, Guo X, Weng T, et al. (2009) Sclerostin mediates bone 
response to mechanical unloading through antagonizing Wnt/beta-catenin 
signaling. J Bone Miner Res 24: 1651-1661.

37.	Robling AG, Bellido T, Turner CH (2006) Mechanical stimulation in vivo reduces 
osteocyte expression of sclerostin. J Musculoskelet Neuronal Interact 6: 354.

38.	Robling AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR, et al. (2008) 
Mechanical stimulation of bone in vivo reduces osteocyte expression of Sost/
sclerostin. J Biol Chem 283: 5866-5875.

39.	Uebelhart D, Hartmann D, Vuagnat H, Castanier M, Hachen HJ, et al. (1994) 
Early modifications of biochemical markers of bone metabolism in spinal cord 
injury patients. A preliminary study. Scand J Rehabil Med 26: 197-202.

40.	Morse LR, Sudhakar S, Danilack V, Tun C, Lazzari A, et al. (2012) Association 
between sclerostin and bone density in chronic spinal cord injury. J Bone Miner 
Res 27: 352-359.

41.	Morse L, Teng YD, Pham L, Newton K, Yu D, et al. (2008) Spinal cord injury 
causes rapid osteoclastic resorption and growth plate abnormalities in growing 
rats (SCI-induced bone loss in growing rats). Osteoporos Int 19: 645-652.

42.	Drake MT, Srinivasan B, Mödder UI, Peterson JM, McCready LK, et al. (2010) 
Effects of parathyroid hormone treatment on circulating sclerostin levels in 
postmenopausal women. J Clin Endocrinol Metab 95: 5056-5062.

43.	Chappard D, Minaire P, Privat C, Berard E, Mendoza-Sarmiento J, et al. (1995) 
Effects of tiludronate on bone loss in paraplegic patients. J Bone Miner Res 
10: 112-118.

44.	Gilchrist NL, Frampton CM, Acland RH, Nicholls MG, March RL, et al. (2007) 
Alendronate prevents bone loss in patients with acute spinal cord injury: a 
randomized, double-blind, placebo-controlled study. J Clin Endocrinol Metab 
92: 1385-1390.

45.	Pearson EG, Nance PW, Leslie WD, Ludwig S (1997) Cyclical etidronate: its 
effect on bone density in patients with acute spinal cord injury. Arch Phys Med 
Rehabil 78: 269-272.

46.	Bauman WA, Wecht JM, Kirshblum S, Spungen AM, Morrison N, et al. (2005) 
Effect of pamidronate administration on bone in patients with acute spinal cord 
injury. J Rehabil Res Dev 42: 305-313.

47.	Lepola V, Jalovaara P, Väänänen K (1994) The influence of clodronate on the 
torsional strength of the growing rat tibia in immobilization osteoporosis. Bone 
15: 367-371.

48.	Shapiro J, Smith B, Beck T, Ballard P, Dapthary M, et al. (2007) Treatment with 
zoledronic acid ameliorates negative geometric changes in the proximal femur 
following acute spinal cord injury. Calcif Tissue Int 80: 316-322.

http://www.ncbi.nlm.nih.gov/pubmed/10762194
http://www.ncbi.nlm.nih.gov/pubmed/10762194
http://www.ncbi.nlm.nih.gov/pubmed/10762194
http://www.ncbi.nlm.nih.gov/pubmed/10762194
http://www.ncbi.nlm.nih.gov/pubmed/9848488
http://www.ncbi.nlm.nih.gov/pubmed/9848488
http://www.ncbi.nlm.nih.gov/pubmed/9848488
http://www.ncbi.nlm.nih.gov/pubmed/22575440
http://www.ncbi.nlm.nih.gov/pubmed/22575440
http://www.ncbi.nlm.nih.gov/pubmed/22575440
http://www.ncbi.nlm.nih.gov/pubmed/17274487
http://www.ncbi.nlm.nih.gov/pubmed/17274487
http://www.ncbi.nlm.nih.gov/pubmed/17274487
http://www.ncbi.nlm.nih.gov/pubmed/10569434
http://www.ncbi.nlm.nih.gov/pubmed/10569434
http://www.ncbi.nlm.nih.gov/pubmed/10569434
http://www.ncbi.nlm.nih.gov/pubmed/22142760
http://www.ncbi.nlm.nih.gov/pubmed/22142760
http://www.ncbi.nlm.nih.gov/pubmed/22142760
http://www.ncbi.nlm.nih.gov/pubmed/21094110
http://www.ncbi.nlm.nih.gov/pubmed/21094110
http://www.ncbi.nlm.nih.gov/pubmed/21094110
http://www.ncbi.nlm.nih.gov/pubmed/19172152
http://www.ncbi.nlm.nih.gov/pubmed/19172152
http://www.ncbi.nlm.nih.gov/pubmed/19172152
http://www.ncbi.nlm.nih.gov/pubmed/2906951
http://www.ncbi.nlm.nih.gov/pubmed/2906951
http://www.ncbi.nlm.nih.gov/pubmed/2906951
http://www.ncbi.nlm.nih.gov/pubmed/2906951
http://www.ncbi.nlm.nih.gov/pubmed/19482
http://www.ncbi.nlm.nih.gov/pubmed/19482
http://www.ncbi.nlm.nih.gov/pubmed/19482
http://www.ncbi.nlm.nih.gov/pubmed/1714353
http://www.ncbi.nlm.nih.gov/pubmed/1714353
http://www.ncbi.nlm.nih.gov/pubmed/1714353
http://www.ncbi.nlm.nih.gov/pubmed/3518059
http://www.ncbi.nlm.nih.gov/pubmed/3518059
http://www.ncbi.nlm.nih.gov/pubmed/3518059
http://www.ncbi.nlm.nih.gov/pubmed/11704501
http://www.ncbi.nlm.nih.gov/pubmed/11704501
http://www.ncbi.nlm.nih.gov/pubmed/11704501
http://www.ncbi.nlm.nih.gov/pubmed/11113391
http://www.ncbi.nlm.nih.gov/pubmed/11113391
http://www.ncbi.nlm.nih.gov/pubmed/11113391
http://www.ncbi.nlm.nih.gov/pubmed/1721689
http://www.ncbi.nlm.nih.gov/pubmed/1721689
http://www.ncbi.nlm.nih.gov/pubmed/3688459
http://www.ncbi.nlm.nih.gov/pubmed/3688459
http://www.ncbi.nlm.nih.gov/pubmed/3089553
http://www.ncbi.nlm.nih.gov/pubmed/3089553
http://www.ncbi.nlm.nih.gov/pubmed/6432298
http://www.ncbi.nlm.nih.gov/pubmed/6432298
http://www.ncbi.nlm.nih.gov/pubmed/534112
http://www.ncbi.nlm.nih.gov/pubmed/534112
http://www.ncbi.nlm.nih.gov/pubmed/534112
http://www.ncbi.nlm.nih.gov/pubmed/21664854
http://www.ncbi.nlm.nih.gov/pubmed/21664854
http://www.ncbi.nlm.nih.gov/pubmed/16793760
http://www.ncbi.nlm.nih.gov/pubmed/16793760
http://www.ncbi.nlm.nih.gov/pubmed/19627901
http://www.ncbi.nlm.nih.gov/pubmed/19627901
http://www.ncbi.nlm.nih.gov/pubmed/19627901
http://www.ncbi.nlm.nih.gov/pubmed/18581033
http://www.ncbi.nlm.nih.gov/pubmed/18581033
http://www.ncbi.nlm.nih.gov/pubmed/18581033
http://www.ncbi.nlm.nih.gov/pubmed/18519688
http://www.ncbi.nlm.nih.gov/pubmed/18519688
http://www.ncbi.nlm.nih.gov/pubmed/18519688
http://www.ncbi.nlm.nih.gov/pubmed/17550781
http://www.ncbi.nlm.nih.gov/pubmed/17550781
http://www.ncbi.nlm.nih.gov/pubmed/17550781
http://www.ncbi.nlm.nih.gov/pubmed/11181578
http://www.ncbi.nlm.nih.gov/pubmed/11181578
http://www.ncbi.nlm.nih.gov/pubmed/11181578
http://www.ncbi.nlm.nih.gov/pubmed/18269310
http://www.ncbi.nlm.nih.gov/pubmed/18269310
http://www.ncbi.nlm.nih.gov/pubmed/18269310
http://www.ncbi.nlm.nih.gov/pubmed/12116252
http://www.ncbi.nlm.nih.gov/pubmed/12116252
http://www.ncbi.nlm.nih.gov/pubmed/12116252
http://www.ncbi.nlm.nih.gov/pubmed/12116252
http://www.ncbi.nlm.nih.gov/pubmed/21991382
http://www.ncbi.nlm.nih.gov/pubmed/21991382
http://www.ncbi.nlm.nih.gov/pubmed/21991382
http://www.ncbi.nlm.nih.gov/pubmed/15473860
http://www.ncbi.nlm.nih.gov/pubmed/15473860
http://www.ncbi.nlm.nih.gov/pubmed/12015390
http://www.ncbi.nlm.nih.gov/pubmed/12015390
http://www.ncbi.nlm.nih.gov/pubmed/12015390
http://www.ncbi.nlm.nih.gov/pubmed/21909103
http://www.ncbi.nlm.nih.gov/pubmed/21909103
http://www.ncbi.nlm.nih.gov/pubmed/19419300
http://www.ncbi.nlm.nih.gov/pubmed/19419300
http://www.ncbi.nlm.nih.gov/pubmed/19419300
http://www.ncbi.nlm.nih.gov/pubmed/17185821
http://www.ncbi.nlm.nih.gov/pubmed/17185821
http://www.ncbi.nlm.nih.gov/pubmed/18089564
http://www.ncbi.nlm.nih.gov/pubmed/18089564
http://www.ncbi.nlm.nih.gov/pubmed/18089564
http://www.ncbi.nlm.nih.gov/pubmed/7878394
http://www.ncbi.nlm.nih.gov/pubmed/7878394
http://www.ncbi.nlm.nih.gov/pubmed/7878394
http://www.ncbi.nlm.nih.gov/pubmed/22006831
http://www.ncbi.nlm.nih.gov/pubmed/22006831
http://www.ncbi.nlm.nih.gov/pubmed/22006831
http://www.ncbi.nlm.nih.gov/pubmed/17987335
http://www.ncbi.nlm.nih.gov/pubmed/17987335
http://www.ncbi.nlm.nih.gov/pubmed/17987335
http://www.ncbi.nlm.nih.gov/pubmed/20631014
http://www.ncbi.nlm.nih.gov/pubmed/20631014
http://www.ncbi.nlm.nih.gov/pubmed/20631014
http://www.ncbi.nlm.nih.gov/pubmed/7747617
http://www.ncbi.nlm.nih.gov/pubmed/7747617
http://www.ncbi.nlm.nih.gov/pubmed/7747617
http://www.ncbi.nlm.nih.gov/pubmed/17227802
http://www.ncbi.nlm.nih.gov/pubmed/17227802
http://www.ncbi.nlm.nih.gov/pubmed/17227802
http://www.ncbi.nlm.nih.gov/pubmed/17227802
http://www.ncbi.nlm.nih.gov/pubmed/9084348
http://www.ncbi.nlm.nih.gov/pubmed/9084348
http://www.ncbi.nlm.nih.gov/pubmed/9084348
http://www.ncbi.nlm.nih.gov/pubmed/16187243
http://www.ncbi.nlm.nih.gov/pubmed/16187243
http://www.ncbi.nlm.nih.gov/pubmed/16187243
http://www.ncbi.nlm.nih.gov/pubmed/8068460
http://www.ncbi.nlm.nih.gov/pubmed/8068460
http://www.ncbi.nlm.nih.gov/pubmed/8068460
http://www.ncbi.nlm.nih.gov/pubmed/17417700
http://www.ncbi.nlm.nih.gov/pubmed/17417700
http://www.ncbi.nlm.nih.gov/pubmed/17417700


Citation: Tan CO, Battaglino RA, Morse LR (2013) Spinal Cord Injury and Osteoporosis: Causes, Mechanisms, and Rehabilitation Strategies. Int J 
Phys Med Rehabil 1: 127. doi:10.4172/2329-9096.1000127

Page 5 of 5

Volume 1 • Issue 4 • 1000127Int J Phys Med Rehabil
ISSN: 2329-9096 JPMR, an open access journal

49.	Bryson JE, Gourlay ML (2009) Bisphosphonate use in acute and chronic spinal 
cord injury: a systematic review. J Spinal Cord Med 32: 215-225.

50.	Jacobs PL, Nash MS (2001) Modes, benefits, and risks of voluntary an 
delectrically induced exercise in persons with spinal cord injury. J Spinal Cord 
Med 24: 10-18.

51.	Baldi JC, Jackson RD, Moraille R, Mysiw WJ (1998) Muscle atrophy is 
prevented in patients with acute spinal cord injury using functional electrical 
stimulation. Spinal Cord 36: 463-469.

52.	Ditor DS, Latimer AE, Ginis KA, Arbour KP, McCartney N, et al. (2003) 
Maintenance of exercise participation in individuals with spinal cord injury: 
effects on quality of life, stress and pain. Spinal Cord 41: 446-450.

53.	Valenstein ES (1975) Brain stimulation and behavior control. Nebr Symp Motiv 
22: 251-292.

54.	Heinonen I, Kemppainen J, Kaskinoro K, Langberg H, Knuuti J, et al. (2012) 
Bone blood flow and metabolism in humans: Effect of muscular exercise and 
other physiological perturbations. J Bone Miner Res .

55.	Tøndevold E, Bülow J (1983) Bone blood flow in conscious dogs at rest and 
during exercise. Acta Orthop Scand 54: 53-57.

56.	Anderson KD (2004) Targeting recovery: priorities of the spinal cord-injured 
population. J Neurotrauma 21: 1371-1383.

57.	Dudley-Javoroski S, Littmann AE, Chang SH, McHenry CL, Shields RK (2011) 
Enhancing muscle force and femur compressive loads via feedback-controlled 
stimulation of paralyzed quadriceps in humans. Arch Phys Med Rehabil 92: 
242-249.

58.	Lai CH, Chang WH, Chan WP, Peng CW, Shen LK, et al. (2010) Effects of 
functional electrical stimulation cycling exercise on bone mineral density loss in 
the early stages of spinal cord injury. J Rehabil Med 42: 150-154.

59.	Eser P, de Bruin ED, Telley I, Lechner HE, Knecht H, et al. (2003) Effect of 
electrical stimulation-induced cycling on bone mineral density in spinal cord-
injured patients. Eur J Clin Invest 33: 412-419.

60.	Chen SC, Lai CH, Chan WP, Huang MH, Tsai HW, et al. (2005) Increases in 
bone mineral density after functional electrical stimulation cycling exercises in 
spinal cord injured patients. Disabil Rehabil 27: 1337-1341.

61.	Hunt KJ, Saunders BA, Perret C, Berry H, Allan DB, et al. (2007) Energetics of 
paraplegic cycling: a new theoretical framework and efficiency characterisation 
for untrained subjects. Eur J Appl Physiol 101: 277-285.

62.	Berry HR, Perret C, Saunders BA, Kakebeeke TH, Donaldson Nde N, et al. 
(2008) Cardiorespiratory and power adaptations to stimulated cycle training in 
paraplegia. Med Sci Sports Exerc 40: 1573-1580.

63.	Frotzler A, Coupaud S, Perret C, Kakebeeke TH, Hunt KJ, et al. (2008) High-
volume FES-cycling partially reverses bone loss in people with chronic spinal 
cord injury. Bone 43: 169-176.

64.	Frotzler A, Coupaud S, Perret C, Kakebeeke TH, Hunt KJ, et al. (2009) Effect of 
detraining on bone and muscle tissue in subjects with chronic spinal cord injury 
after a period of electrically-stimulated cycling: a small cohort study. J Rehabil 
Med 41: 282-285.

65.	Morse LR, Gupta R, Battaglino RA, Tan CO, Taylor JA (2012) FES-rowing 
improves bone micro architecture and strength in the paralyzed lower extremity. 
51st Annual Scientific Meeting of the International Spinal Cord Society.

66.	Taylor JA, Picard G, Widrick JJ (2011) Aerobic capacity with hybrid FES rowing 
in spinal cord injury: comparison with arms-only exercise and preliminary 
findings with regular training. PM R 3: 817-824.

67.	Hettinga DM, Andrews BJ (2008) Oxygen consumption during functional 
electrical stimulation-assisted exercise in persons with spinal cord injury: 
implications for fitness and health. Sports Med 38: 825-838.

Citation: Tan CO, Battaglino RA, Morse LR (2013) Spinal Cord Injury and 
Osteoporosis: Causes, Mechanisms, and Rehabilitation Strategies. Int J Phys 
Med Rehabil 1: 127. doi:10.4172/2329-9096.1000127

http://www.ncbi.nlm.nih.gov/pubmed/19810623
http://www.ncbi.nlm.nih.gov/pubmed/19810623
http://www.ncbi.nlm.nih.gov/pubmed/11587428
http://www.ncbi.nlm.nih.gov/pubmed/11587428
http://www.ncbi.nlm.nih.gov/pubmed/11587428
http://www.ncbi.nlm.nih.gov/pubmed/9670381
http://www.ncbi.nlm.nih.gov/pubmed/9670381
http://www.ncbi.nlm.nih.gov/pubmed/9670381
http://www.ncbi.nlm.nih.gov/pubmed/12883542
http://www.ncbi.nlm.nih.gov/pubmed/12883542
http://www.ncbi.nlm.nih.gov/pubmed/12883542
http://www.ncbi.nlm.nih.gov/pubmed/1107868
http://www.ncbi.nlm.nih.gov/pubmed/1107868
http://www.ncbi.nlm.nih.gov/pubmed/23280932
http://www.ncbi.nlm.nih.gov/pubmed/23280932
http://www.ncbi.nlm.nih.gov/pubmed/23280932
http://www.ncbi.nlm.nih.gov/pubmed/6829282
http://www.ncbi.nlm.nih.gov/pubmed/6829282
http://www.ncbi.nlm.nih.gov/pubmed/15672628
http://www.ncbi.nlm.nih.gov/pubmed/15672628
http://www.ncbi.nlm.nih.gov/pubmed/21272720
http://www.ncbi.nlm.nih.gov/pubmed/21272720
http://www.ncbi.nlm.nih.gov/pubmed/21272720
http://www.ncbi.nlm.nih.gov/pubmed/21272720
http://www.ncbi.nlm.nih.gov/pubmed/20140411
http://www.ncbi.nlm.nih.gov/pubmed/20140411
http://www.ncbi.nlm.nih.gov/pubmed/20140411
http://www.ncbi.nlm.nih.gov/pubmed/12713456
http://www.ncbi.nlm.nih.gov/pubmed/12713456
http://www.ncbi.nlm.nih.gov/pubmed/12713456
http://www.ncbi.nlm.nih.gov/pubmed/16321917
http://www.ncbi.nlm.nih.gov/pubmed/16321917
http://www.ncbi.nlm.nih.gov/pubmed/16321917
http://www.ncbi.nlm.nih.gov/pubmed/17558516
http://www.ncbi.nlm.nih.gov/pubmed/17558516
http://www.ncbi.nlm.nih.gov/pubmed/17558516
http://www.ncbi.nlm.nih.gov/pubmed/18685535
http://www.ncbi.nlm.nih.gov/pubmed/18685535
http://www.ncbi.nlm.nih.gov/pubmed/18685535
http://www.ncbi.nlm.nih.gov/pubmed/18440891
http://www.ncbi.nlm.nih.gov/pubmed/18440891
http://www.ncbi.nlm.nih.gov/pubmed/18440891
http://www.ncbi.nlm.nih.gov/pubmed/19247550
http://www.ncbi.nlm.nih.gov/pubmed/19247550
http://www.ncbi.nlm.nih.gov/pubmed/19247550
http://www.ncbi.nlm.nih.gov/pubmed/19247550
http://www.ncbi.nlm.nih.gov/pubmed/21944299
http://www.ncbi.nlm.nih.gov/pubmed/21944299
http://www.ncbi.nlm.nih.gov/pubmed/21944299
http://www.ncbi.nlm.nih.gov/pubmed/18803435
http://www.ncbi.nlm.nih.gov/pubmed/18803435
http://www.ncbi.nlm.nih.gov/pubmed/18803435

	Title
	Corresponding author
	Abstract
	Keywords
	Neural Denervation, Limb Unloading, Aand Mechanisms of Bone Loss Following SCI 
	Pharmacologic Strategies Toward Treatment of Osteoporosis Following SCI 
	Physical Exercise and Effective Reversal of Osteoporosis Following SCI 
	Conclusions and Future Directions for Rehabilitative Strategies 
	Acknowledgements
	References

