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Abstract

Spinal cord injury (SCI) causes rapid, severe osteoporosis with increased fracture
risk. The pathogenesis of osteoporosis after SCI is a complex process and is
usually attributed to “disuse” or “immobilization.” However, the exact patho-
physiology of osteoporosis after SCI is still not clear. In SCI, bone remodeling
becomes uncoupled with an initial decrease in bone formation and steadily
increasing bone resorption. Osteoporosis after SCI can be evaluated by measuring
BMD using DEXA, pQCT, and MRI; and estimating biochemical markers of
bone turnover. Bone cell activity can be evaluated indirectly with techniques,
such as specific serum and urine biochemical markers of bone turnover. An
improved understanding of the natural history and risk factors for chronic bone
loss following SCI is essential to designing therapies to reduce the rate of bone
loss, define fracture risk, and ultimately prevent osteoporotic fractures and their
associated morbidity. In conclusion, we are of the opinion that prospective
randomized controlled trials should be conducted to evaluate, standardize, and
find bone-specific biochemical marker of bone turnover, for the better under-
standing of the pathophysiology of osteoporosis in SCI.
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List of Abbreviations

ALP Alkaline phosphatase

B-ALP  Bone-specific alkaline phosphatase
BMC Bone mineral content

BMD Bone mineral density

BMI Body mass index

CGRP Calcitonin gene-related polypeptide
Cre Creatinine

CTx C-Telopeptide cross-link of type I collagen
DEXA Dual energy X-ray absorptiometry
DPD Deoxypyridinoline

HYPRO Hydroxyproline

IL-6 Interleukin-6

LHRH LH-releasing hormone

NDY Neuropeptide Y

NTx N-Telopeptide cross-link of type I collagen
oC Osteocalcin

OPG Osteoprotegerin

PICP Procollagen type I C-terminal peptide

PINP Procollagen type I N-terminal peptide

pQCT Peripheral quantitative computed tomography
PTH Parathyroid hormone
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PYD Pyridinoline
RANKL NF-B ligand

SCI Spinal cord injury
TSH Thyroid-stimulating hormone
VIP Vasoactive intestinal polypeptide

Key Facts of Spinal Cord Injury

* The term “spinal cord injury” (SCI) refers to damage to the spinal cord resulting
from trauma or from disease or degeneration.

» Every year, around the world, between 250,000 and 500,000 people suffer a SCI.

» There is no reliable estimate of global prevalence, but estimated annual global
incidence is 40—80 cases per million population.

» The majority of spinal cord injuries are due to preventable causes such as road
traffic crashes, falls, or violence.

» People with a spinal cord injury are two to five times more likely to die
prematurely than people without a spinal cord injury, with worse survival rates
in low- and middle-income countries.

* Spinal cord injury is associated with lower rates of school enrollment and
economic participation, and it carries substantial individual and societal costs.

» Spinal cord injury is associated with a risk of developing secondary conditions
that can be debilitating and even life-threatening — e.g., deep vein thrombosis,
urinary tract infections, muscle spasms, osteoporosis, pressure ulcers, chronic
pain, and respiratory complications.

Definition of Words and Terms

Bone mineral density (BMD) It is a measure of bone density, reflecting the
strength of bones as represented by calcium
content.

Bone turnover markers Markers of bone turnover are biochemical prod-
ucts measured usually in blood or urine that reflect
the metabolic activity of bone but which them-
selves have no function in controlling skeletal
metabolism.

Osteopenia Mild thinning of the bone mass and represents a
low bone mass. Osteopenia results when forma-
tion of new bone (osteoid synthesis) is not suffi-
cient to offset normal bone loss (osteoid lysis).

Osteoporosis Thinning of the bones, with reduction in bone
mass, due to depletion of calcium and bone
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protein. Osteoporosis predisposes a person to

fractures.

Paraplegia When the paralysis affects all or part of the trunk,
legs, and pelvic organs.

Spinal cord The spinal cord encased by vertebral column

functions primarily in the transmission of neural
signals between the brain and the rest of the body.
It gives rise to 31 pairs of nerves.

Spinal cord injury Damage to any part of the spinal cord or nerves in
the spinal canal — often causes permanent changes
in strength, sensation, and other body functions
below the site of the injury.

Tetraplegia Also known as quadriplegia, this means your
arms, hands, trunk, legs, and pelvic organs are
all affected by your spinal cord injury.

Introduction

Spinal cord injury (SCI) leads to sudden disruption of flow of information from the
central nervous system. It has wide-ranging psychological and pathological effects
those including an increase in bone resorption (Biering-Sorensen et al. 1988; Roberts
et al. 1998; Maimoun et al. 2005; Singh et al. 2014a), hormonal alterations (Shetty
et al. 1993; Bauman et al. 1994; Maimoun et al. 2005), and modification of body
composition (Wilmet et al. 1995; Maimoun et al. 2005; Singh et al. 2014b). It is well
known that SCI is accompanied by less bone mass caused by accelerated bone
remodeling, with bone resorption exceeding bone formation. This situation causes a
net bone loss and ultimately leads to osteoporosis (de Bruin et al. 2005). Osteopo-
rosis in SCI occurs predominantly in the pelvis and the lower extremities (Garland
et al. 1992; Demirel et al. 1998; Lazo et al. 2001; Maimoun et al. 2002; Zehnder
et al. 2004). The neuronal lesion and subsequent immobilization create a unique
form of early and severe bone loss in SCI persons (Chantraine et al. 1986; Garland
et al. 1992; Leslie and Nance 1993; Hill et al. 1993; Uebelhart et al. 1995), charac-
terized by a specific pattern of bone loss below the level of lesion (Finsen et al. 1992;
Garland et al. 1994; Biering-Sorensen et al. 1988). Development of severe osteopo-
rosis in the paralyzed part of the body is accompanied by the loss of biomechanical
strength. In addition, the biosynthesis of structurally modified matrix is unable to
sustain normal mechanical stress. Therefore, the risk of fracture is dramatically
increased (Szollar et al. 1998; Dauty et al. 2000). Typically up to 33% of the bone
mass is lost within first 6 months of injury, stabilizing to approximately 66% of the
bone mass by 12-16 months post injury, which is considered to be close to the
fracture threshold of the bone (Garland et al. 1992; Garland and Adkins 2001). The
time course of bone loss may depend on the bone compartment; at sites within a high
proportion of trabecular bone, bone loss followed a log curve leveling off from 1 to
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3 years post injury, whereas at the tibial diaphysis, a cortical bone site, bone mass
appeared to decrease progressively beyond 10 years post injury (Zehnder
et al. 2004). During the first month post injury, demineralization occurs exclusively
in the sublesional areas and predominantly in weight-bearing skeletal sites such as
the distal femur and proximal tibia which are trabecular-rich site (Chantraine
et al. 1986; Garland et al. 1992; Biering-Sorensen et al. 1998; Maimoun
et al. 2005), while the diaphyseal area of the femur and the tibia, which are
cortical-rich sites, are relatively spared (Dauty et al. 2000). Tibial trabecular bone
losses within 2 years of SCI ranged from 0.4% to 80%, and cortical changes ranged
from 1.7% increase to 32.7% decrease (de Bruin et al. 2005).This clear dissociation
of the bone mineral density (BMD) loss between the trabecular and cortical com-
partments has been confirmed using the pQCT techniques (Frey-Rindova et al. 2000;
Eser et al. 2004).

Various prospective longitudinal and cross-sectional studies using dual energy
X-ray absorptiometry (DEXA) and peripheral quantitative computed tomography
(pQCT) have described the magnitude of bone lost in the lower limbs (Table 1) and
upper limbs (Table 2) following SCI.

Paradoxically, at the lumbar spine, which is mainly constituted of trabecular bone,
no reduction in BMD usually occurs. This phenomenon is named dissociated hip and
spine demineralization (Leslie and Nance 1993; Bauman et al. 1999). In the lumbar
spine, the trabecular bone demineralization remains relatively low compared to the
cortical bone demineralization of long bones (Dauty et al. 2000). Various studies
have reported a normal (Chantraine et al., 1986; Biering-Sorensen et al., 1988) or
even higher than normal (Garland et al., 1992; Kunkel et al., 1993; Ogilvie et al.,
1993; Sloan et al., 1994; Singh et al., 2014a) BMD in the lumbar spine. Table 3
shows BMD of lumbar spine in SCI patients reported in various studies.

The decrease in bone mineral content (BMC) and BMD is associated with a
deterioration in bone microarchitecture (Minaire et al. 1974; Modlesky et al. 2004),
geometric structure, and strength (Modlesky et al. 2005; Rittweger et al. 2010), as
well as an altered degree of mineralization and collagen matrix composition
(Chantraine et al. 1986). Minaire et al. (1974) showed a 33% decrease in iliac
crest trabecular bone volume in a cross-sectional case control study at 25 weeks
post injury. Modlesky et al. (2004) reported that men with long-term (more than
2 years post injury) complete SCI (» = 10) had markedly deteriorated trabecular
bone microarchitecture in the knee, which might contribute to the increase in fracture
incidence. Slade et al. (2005) investigated the trabecular bone microarchitecture of
the knee in cross-sectional study of 20 pre- and postmenopausal women with
complete SCI at more than 2 years post injury and found that postmenopausal
women with SCI had 34% greater trabecular spacing in the tibia than the 40-year-
old premenopausal women with SCI. Modlesky et al. (2005) reported that the
medullary cavity had 53% more volume and was 21-25% wider in the SCI group
(p < 0.05) compared to the men without SCI. In contrast, the cortical wall in the SCI
group had a 24% lower volume and was 27-47% thinner (p < 0.05). Calculated
cross-sectional moment of inertia, section modulus, and polar moment of inertia
were lower in the SCI group. Rittweger et al. (2010) suggested that the anatomical
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variation in the geometry, rather than in the bone mass, can explain differential
(endocortical vs. periosteal) rate of bone of loss after SCI. Chantraine et al. (1986)
reported a large increase in the proportion of little calcified bone in the cortical as
well as in the cancellous bone. They also reported a decreased number in hydroxy-
proline (HYPRO) residue in the newly synthesized organic matrix from paraplegia
bone resulting either from an alteration of the prolyl hydroxylation or from the
presence of an excess of non-collagen polypeptide.

Pathophysiology of Bone Turnover After SCI

The exact pathophysiology of osteoporosis after SCI is still not clear. The patho-
genesis of osteoporosis after SCI is generally considered disuse. Mechanical loading
is known to be a crucial stimulus for bone formation and resorption, thereby
controlling bone mass, structure, and strength. The skeleton possess an inherent
biological control system that directs bone formation in response to high mechanical
stresses (or strains), thus strengthening skeleton in highly stress regions. This
system, sometimes called the “Mechanostat,” involves the resident cells within
bone tissue that detect and respond to mechanical loads (Jiang et al. 2006a).
According to Frost’s Mechanostat Theory, bone adapts their structure that bone
strength ensures strains caused by physiological loads remain within narrow win-
dow. In particular, bone strength and mass normally adapt to the largest voluntary
loads on bones, whereby under physiological conditions, the largest loads are
produced by muscle forces (Frost 1987, 1997, 2003). At the other end of the
spectrum, immobilization due to paralyses leads to the absence of voluntary muscle
contractions and hence to the absence of muscle loads. Under this condition bone
“disuse-mode” is turned on, causing a distinct bone loss (Frost 1998). The findings
of Frotzler et al. (2008) study support this theory. After complete SCI, bone mass and
strength are lost within first years post injury until the concerned skeletal parts have
adapted to the new level of mechanical loading (Rittweger et al. 2006). In SCI
subject with strong muscle spasms, bone strength at the femur has been found to be
greater than in subjects with weak or no muscle spasm (Eser et al. 2004).

Disuse may play an important role in the pathogenesis of the osteoporosis, but the
factors that are independent of mechanical loading of the skeleton also appear to be
important (Jiang et al. 2006a). Possible nonmechanical factors may include poor
nutritional status (Bauman et al. 1995, 2005), lesion-induced blood circulation
abnormalities at the sublesional levels that affects bone cell differentiation
(Chantraine et al. 1979), alteration in gonadal functions (Morley et al. 1979; Naftchi
et al. 1980; Nance et al. 1985), hypercortisolism (either therapeutic or stress related)
(Bugaresti et al. 1992), and other endocrine disorders (Bauman et al. 1994). Recent
work suggests that bone remodeling is regulated by nerve-derived signals, such as
vasoactive intestinal polypeptide (VIP), calcitonin gene-related polypeptide
(CGRP), neuropeptide Y (NPY), and substance P, as well as classical
neuromediators such as noradrenaline, serotonin, and glutamate (Elefteriou 2005).
It has also been reported that there is a marked modification in the osteoprotegerin/
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Fig. 1 A schema outlining the pathways implied in the pathogenesis of osteoporosis after SCI
(Figure is from Jiang et al. (2006a), Copyright (2006), with permission from “Wiley”)

RANKL system in recent SCI patients (Maimoun et al. 2005). Jiang et al. (2006a)
outlined the pathways in the pathogenesis of osteoporosis after SCI (Fig. 1). The
mechanism that underlies osteoporosis after SCI remains poorly elucidated and
controversial (Jiang et al. 2006a).

Biochemical Markers of Bone Turnover in SCI

Bone cell activity can be evaluated indirectly with techniques, such as specific serum
and urine biochemical markers of bone turnover. Biochemical markers reflect the
process involved in bone turnover (Jiang et al. 2006b). Bone resorption markers
reflect osteoclast activity and are the products of the protein matrix degradation of
type I collagen, but noncollagenous proteins such as the enzyme of osteoclast origin
tartrate-resistant acid phosphatase 5b (TRACP) and helical peptide 620-623 have
also been investigated as resorption markers. At first hydroxyproline, pyridinoline
(PYD), and deoxypyridinoline (DPD) adjusted to creatinine (Cre) were used; but
they were relatively nonspecific and have been largely replaced by new markers such
as N- and C-telopeptide cross-link of type I collagen (NTx and CTx) (Maimoun
et al. 2011; Vasikaran et al. 2011). SCI is found to promote human osteoclast
formation ex vivo (Demulder et al. 1998). The key molecule of osteoclast
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development is the receptor activator of the NF-kB ligand (RANKL) (Lacey
et al. 1998). There is evidence that bone-resorbing cytokines, such as interleukin
(IL)-6, may be a potential candidate for mediating the bone loss following SCI
(Demulder et al. 1998). Recent studies suggest that sclerostin is a key mediator of
SCl-induced bone loss. Sclerostin, encoded by the sost gene, is produced primarily
by osteocytes and is a potent inhibitor of bone formation and growth (Balemans
et al. 2001; Stachling-Hampton et al. 2002). Mechanical unloading causes
upregulation of sclerostin, leading to reduced Wnt/p-catenin signaling in osteoblasts.
While the anti-anabolic role of sclerostin has been well characterized, recent evi-
dence indicates that sclerostin also has catabolic activity. In fact, sclerostin causes
upregulation of RANKL and downregulation of OPG expression by osteocytes,
increasing osteoclast differentiation and activity, ultimately leading to bone resorp-
tion (Wijenayaka et al. 2011).

“The bone formation markers” reflect osteoblast activity and are the products of
collagen synthesis (procollagen type I N-terminal peptide or C-terminal peptide
[PINP & PICP], osteoblastic enzyme, i.e., bone-alkaline phosphatase [B-ALP], or
matrix protein (osteocalcin [OC]) (Maimoun et al. 2011; Vasikaran et al. 2011). Type
I collagen is an important component of bone matrix, and osteoblasts secrete its
precursor procollagen molecule during bone formation. The extension peptides at
each end of the procollagen molecule, PINP and PICP, are cleaved by enzymes
during bone matrix formation and released into the circulation. Osteocalcin, one of
the most abundant noncollagenous proteins in bone matrix, is also produced by
osteoblasts during bone formation, and some proportion finds its way into the
extracellular compartment where it can be measured. It is excreted by the kidneys
and its fragments may also be measured in urine. Newly formed osteoid undergoes
maturation followed by mineralization, and during this phase, alkaline phosphatase
(ALP) is secreted by osteoblasts into the extracellular fluid and can be measured in
serum. However, only about half of the ALP activity in blood of healthy adults
derives from the bone, the other half being predominately of hepatic origin. Assays
are available that detect more specifically the B-ALP (Vasikaran et al. 2011). After
SCI, there is an increased turnover of bone tissue. In the meantime, bone formation
and bone resorption remain uncoupling, thus leading to bone loss (Jiang
et al. 2006a).

Increased bone resorption after SCI has been demonstrated clinically. After SCI,
notable increase in bone resorption markers have been reported to occur as early as
2 weeks, reaching peak value 2—4 months after injury onset (Bergmann et al. 1977,
Uebelhart et al. 1994; Roberts et al. 1998; Maimoun et al. 2002). However, bone
formation markers remain normal or elevated (Roberts et al. 1998; Maimoun
et al. 2002). Table 4 shows biochemical markers of bone turnover reported in various
studies. The currently used bone markers reflect only whole-body net changes. They
thus cannot determine the specific bone site affected by the intense bone deminer-
alization or discriminate changes in a specific skeletal envelope, that is, trabecular
versus cortical (Maimoun et al. 2011).
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Factors Affecting the Bone Turnover After SCI

Various factors may have a potential impact on bone remodeling after SCI. These
include duration of injury, level of injury, physical activity, body composition,
health-related complications such as diabetes mellitus, and lifestyle changes.

Duration of Injury

A positive correlation exists between the time following injury and degree of bone
loss. Bone resorption decreases with post injury duration (Roberts et al. 1998;
Zehnder et al. 2004; Maimoun et al. 2005; Reiter et al. 2007). However, some
studies have found a negative linear relationship between markers like hydroxypro-
line/creatinine (Pietschmann et al. 1992) or bone alkaline phosphatase (Jones and
Legge 2009). Sabour et al. (2014) and Bagis et al. (2002) found that post injury
duration did not have any effect on CTx levels. Bone mineral content at the femoral
shaft reaches a new steady-state at a mean 6.8 years post injury, and BMD cortical is
reduced during the first 25 years when increased intracortical remodeling is present
and recovers to normal values thereafter (Frotzler et al. 2008).

Level of Injury

SCI patients are classified into two large categories, i.e., paraplegia and quadriplegia.
No significant difference in BMD is usually found between paraplegic and quadri-
plegic individuals (Tsuzuku et al. 1999; Demirel et al. 1998; Singh et al. 2014a). No
difference in the bone resorption markers are usually observed between the two
groups (Pietschmann et al. 1992; Roberts et al. 1998; Maimoun et al. 2006; Morse
et al. 2008).

According to Maimoun et al. (2011), it is surprising that a clear bone remodeling
profile cannot be identified according to the level of injury (paraplegia and quadri-
plegia) because, although the neurological level of injury does not determine the
degree of bone loss, it does have an impact on the extent of alteration (Garland
etal. 1992; Dauty et al. 2000). As has been noted, bone markers give a global but not
site-specific evaluation of bone turnover. The lack of difference between the two
groups may reflect the heterogenecity of these populations; and functionally, some
patients with paraplegia and quadriplegia might not be so different, thus showing
bone turnover that is quite similar (Roberts et al. 1998).

Age

In trabecular bone compartment, thinning and loss of trabeculae lead to reduced
BMD with age (Inceoglu et al. 2005). This was also found in people with SCI
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(Kiratli et al. 2000). Frotzler et al. (2008) reported no significant age-related changes
after completion of initial bone loss and reaching of bone steady-state in the SCI
population. Age-related bone adaptation may be absent when bone structure already
adapted to minimal mechanical loading due to aging. They also reported no perios-
teal diameter at the tibial or femoral shaft to increase, indicating that there is no
generalized age-related periosteal expansion in people with chronic SCI.

Age has no significance on CTx levels (Bagis et al. 2002; Savour et al. 2014).
Morse et al. (2008) showed that CTx is increased by age in chronic SCI that cannot
be justified with reduction of BMD loss through time. The impact of age on patients
with SCI can be debated, probably injury causes a greater alteration in bone loss than
age (Maimoun et al. 2011).

Complete Versus Incomplete SCI

Motor-complete (ASIA A and B) patients have significantly lower BMD than motor-
incomplete (ASIA C and D) patients (Demirel et al. 1998; de Bruin et al. 2005; Singh
et al. 2014). Individuals with incomplete SCI tended to lose less bone than individ-
uals with complete SCI. The degree of mobility may be important; a cross-sectional
study demonstrated that BMD in SCI patients were positively correlated with their
mobility with a mobility index ranging from complete paralyses to unlimited
ambulation (Saltzstein et al. 1992). However, Kaya et al. (2006) could not find
significant difference in BMD values between these two groups.

Physical Activity

Physical activity in able-bodied individual is known to induce changes in bone
remodeling (Maimoun and Sultan 2011), and most persons with SCI present a
sedentary lifestyle (Noreau and Shephard 1995). Various studies vary in exercise
modality, training duration and/or intensity, and participant level and duration of
injury reveal no change (Giangregorio et al. 2005), increased (Belanger et al. 2000)
or diminished BMD (Clark et al. 2007), at various sites in response to exercise
training. Completion of 6 months of activity-based therapy was unable to ameliorate
bone loss of the total body and hip, but reduce the expected magnitude of bone loss
seen after SCI. Spine BMD was increased, and markers of bone formation and
resorption were unchanged with training (Astorino et al. 2013). Jones and Legge
(2009) compared two groups of male patients with SCI: an active group and a
sedentary group. No difference was found for the bone resorption markers between
these two groups (p > 0.05). Deoxypyridinoline concentration in active group
(16.8 nmol/mmol creatinine &+ 10.3) was higher in sedentary group (11.8 nmol/
mmol creatinine £5.4). Bone alkaline phosphatase (bone formation marker) activity
in sedentary SCI men was significantly higher than those of active group (sedentary,
28.0 4+ 6.4 U/L; active, 14.0 £ 3.6 U/L, p < 0.01). Roberts et al. (1998) found no
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relationship between the levels of physical activity and bone markers; and Morse
et al. (2008) reported no correlation between osteocalcin and CTx concentration and
ambulation mode in patients with duration of injury more than 2 years. In a cross-
sectional study (Chain et al. 2012), no difference in urinary CTx was revealed
between sedentary and active men with chronic SCI.

Other Factors

Individual with SCI not only lose motor and/or sensory, they experience dramatic
muscle and bone changes (Giangregorio and McCartney 2006; Singh et al. 2014a). It
also induces health-related complications (Bauman et al. 1994) and lifestyle changes
(Noreau and Shephard 1995). Morse et al. (2008) studied 82 male patients with
duration of injury more than 2 years and found no relationship between OC and CTx
values and factors like body mass index (BMI), smoking history, history of heart
disease, high blood pressure, and diabetes. Roberts et al. (1998) confirmed that
weight and nutrition do not affect biochemical bone markers.

Effects of Hormones on Bone Turnover After SCI

Bone remodeling is a process of bone renewal accomplished by two opposing
activities of bone cells: bone resorption by osteoclast and bone formation by
osteoblasts. Systemic hormones such as parathyroid, vitamin D, sex steroids, thyroid
hormones, and leptin may also be involved in bone loss following SCI (Jiang
et al. 2006a). Table 5 shows biochemical parameters of bone turnover reported in
various studies in SCI population and Table 6 various methods of assaying these
parameters.

Calcium and Phosphate Homeostasis

Hypercalciuria associated with abnormally high ionized calcium (iCa) level with or
without abnormal elevated total calcium was reported in patients during the acute
SCI phase (Bergmann et al. 1977; Naftchi et al. 1980; Uebelhart et al. 1994;
Mechanick et al. 1997; Roberts et al. 1998; Maimoun et al. 2002). The increased
osteoclastic bone resorption is mainly responsible for hypercalciuria following SCI.
In addition, reduced renal function has been observed in acute SCI patients (May-
nard and Imai 1977), and the increased urinary elimination of calcium that occurs in
response to SCI may be related to diminished renal tubular reabsorption. Urinary
calcium excretion, serum phosphorous, and ionized calcium were significantly
higher in acute SCI patients (Bergmann et al. 1977; Roberts et al. 1998; Maimoun
et al. 2002). Serum concentration of ionized calcium in long-standing SCI popula-
tion was normal (Vaziri et al. 1994). This indicates a new balance of bone formation,
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Table 5 Showing biochemical parameters of bone turnover reported in various studies in SCI

population
Parameters
Serum
Tonized
Studies Total calcium calcium Phosphorus | Proteins Albumin PTH
Bagis 9.21 + 1.14 + 4.06 £ 41.72 +
et al. 2002 0.66 mg/dL 0.07 mmol/L | 0.39 mg/dL 7.55 pmol/L
Paraplegia 8.60 + 1.16 + 427 £ 37.6 +
Tetraplegia 0.58 mg/dL 0.08 mmol/L | 0.26 mg/dL 8.25 pmol/L
Hummel 1.24 + 44 £
etal. 2012 0.04 mmol/L 2.4 pmol/L
Kaya 9.60 + 438 £ 223 +
et al. 2006 0.56 mg/dL 0.70 mg/dL 1.27 pmol/L
Maimoun 242 + 127 + 1.45 + 5.14 +
et al. 2002 0.09 mmol/L 0.05 mmol/L | 0.24 mmol/L 1.2 pmol/L
Maimoun 16 weeks 16 weeks 16 weeks
et al. 2005 90.3 (90.7 &+ 3.4) 42 (40.1 £59) 5(51+1.2)
mg/L g/L pg/mL
71 weeks 71 weeks 71 weeks
82.8(83 £3.1) 49 (49 £ 5)g/L | 15(16.6 + 3.2)
mg/L pg/mL
Paker 8.87 + 4.20 £
et al. 2007 0.57 mg/dL 0.90 mg/dL
Pietschmann 61.5 +
et al. 1992 33.0 pmol/L
Sabour 322 +
etal. 2014 6.90 pg/mL
Male 227 +
Female 1.05 pg/mL
Singh 8.8 + 38 + 6.24 +
et al. 2014 1.2 mg/dL 1.2 mg/dL 0.6 mg/dL
Initial 83 + 42 £ 6.4 +
1 year 0.8 mg/dL 0.8 mg/dL 1.0 mg/dL
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Urine
125(0H) | 24-h 24-h Calcium/
CT T3 T4 TSH D3 calcium phosphorus | creatinine
288.2 + 03 £0.1
139.5 mg/ 0.2 £ 0.001
dL
2595 +
119.3 mg/
dL
86.6 £
37.8 nmol/L
7.84 £ 247 £ 12+ 145 £ 238.81 + 0.3 £0.18
3.15mg/dL | 0.61 pg/mL | 0.23 ng/mL | 1.04 unIU/mL 153.6 mg/
dL
13.57 + 1.81 £ 0.76 £+ 0.37
7.8 pg/mL 1.23 mmol.
mmol/Cr
16 weeks 16 weeks
11 (13.5 + 0.72
7.8) pg/mL (0.76 £ 0.37)
71 weeks 71 weeks
24 (22.8 + 0.21
6.6) pg/mL (0.23 £ 0.1)
483 +
14.8 pg/mL
10.62 +
9.84 pg/mL
9.64 £
26.03 pg/mL
109.5 + 1.06 +
24.5 mg/day | 0.16 mg/day
120.7 + 1.08 +
39.0 mg/day | 0.03 mg/day
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Table 6 Showing various methods of assessment of various parameters of bone turnover

Parameter

Serum

Calcium (Ca)

Phosphorous (P)

Ionized calcium (iCa)
Alkaline phosphatase (ALP)

Bone specific alkaline
phosphatase (B-ALP)

Osteocalcin (OC)

Parathyroid hormone (PTH)

C-telopeptide cross-link of type
I collagen (CTx)

Procollagen type I N-terminal
peptide (PINP)

1,25(0OH), vitamin Ds

RANKL: NF-kB ligand
Osteoprotegerin (OPG)
Urine

Calcium (Ca)

Creatinine (Cre)
Hydroxyproline (HYPRO)
Deoxypyridinoline (DPD)

C-telopeptide cross-link of type
I collagen (CTx)

Method of assay

Colorimetric technique
Colorimetric technique
Ion-specific electrode
Spectrophotometry

Human immunoradiometeric assay (IRMA) using two
monoclonal antibodies; Scandinavian method and
polyacrylamide gel electrophoresis for isoenzymes;
competitive immunosorbent assay

Radioimmunoassay (RIA); human immunoradiometeric assay
(IRMA)

Human immunoradiometeric assay (IRMA) using two
different polyclonal antibodies; solid-phase, two-site
chemiluminescentimmunometeric assay; radioimmunoassay
(RIA)

Enzyme-linked immunosorbent assay (ELISA);
radioimmunoassay (RIA); electrochemiluminescence

Enzyme-linked immunosorbent assay (ELISA)

Radioimmunoassay (RIA) using polyclonal 1,25 vitamin D
antibody; column chromatography; chemiluminescence
immunoassay

Enzyme-linked immunosorbent assay (ELISA)
Enzyme-linked immunosorbent assay (ELISA)

Colorimetric technique

Colorimetric technique; modified Jaffe method
Spectrophotometry

Immunoassay; high-performance liquid chromatography
Radioimmunoassay (RIA); electrochemiluminescence

and resorption may be reestablished in long-standing SCI patients (Jiang
et al. 2006b). Absorption of calcium from gastrointestinal tract has been found to
decrease in acute phase following SCI (Zhou et al. 1993). Risk factors for hypercal-
cemia include children and adolescent, recently paralyzed, male gender, complete
neurological injury, high cervical cord injuries, dehydration, and prolonged immo-
bilization (Maynard 1986).

Soon after initial SCI, increased phosphorus values were reported (Bergmann
et al. 1977; Naftchi et al. 1980; Roberts et al. 1998; Maimoun et al. 2002; Zehnder
et al. 2004; Kaya et al. 2006). The increase could be explained by the loss of
phosphorus from bone and muscle tissues (Dauty et al. 2000) and result from relative
hypoparathyroidism. Secondarily, it can directly inhibit the 1,25(OH), vitamin D3
synthesis (Mechanick et al. 1997).
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Parathyroid Hormone (PTH)

In the acute phase of SCI, secretion of parathyroid hormone drops quickly (Claus-
Walker et al. 1977; Chantraine et al. 1979; Pietschmann et al. 1992; Roberts et al. 1998;
Maimoun et al. 2002, 2005). After acute SCI, the PTH-vitamin D axis is suppressed
with depressed PTH and 1,25(0OH), vitamin D3 (Stewart et al. 1982). The initial
suppression seems to be transitory because it tended to level off after 6 months
(Pietschmann et al. 1992; Roberts et al. 1998; Maimoun et al. 2005); but value did
not return to normal 71 weeks post injury (Maimoun et al. 2005). Hypercalcemia
after injury may lead to PTH-vitamin D axis suppression in acute phase of SCI.
PTH suppression in SCI patients is associated with the degree of neurological
impairment. Mechanick et al. (1997) investigated serum PTH and 1,25(OH),
vitamin Dj levels in SCI patients that were tested at a mean of 76.5 days post
injury in a cross-sectional retrospective study and found that patients with com-
plete SCI, when compared to those with incomplete injury, had a greater suppres-
sion of PTH-vitamin D axis. Dysfunction of this axis soon after SCI is unlikely to
be involved in the pathogenesis of bone loss after the injury (Jiang et al. 2006b).

Long-standing SCI is associated with a significant depression of 1,25(OH),
vitamin D3 and PTH concentration (Vaziri et al. 1994). Persistent inhibition of
PTH in individuals with chronic SCI seems to indicate that low-grade net bone
resorption continued for many years. This may be caused by persistent reduction in
the mechanical stresses, the direct action of 1,25(OH), vitamin D5 at high concen-
tration on parathyroid tissue and changes in cytokine regulation (Jiang et al. 2006b).
Approximately one-third of chronic SCI patients showed secondary hyperparathy-
roidism with vitamin D deficiency (Bauman et al. 1995).

Vitamin D

Patients with SCI have been reported to have higher prevalence of vitamin D
deficiency than able-bodied population (Stewart et al. 1982; Vaziri et al. 1994,
Bauman et al. 1995; Maimoun et al. 2002, 2005, 2006; Mechanick et al. 2006). In
acute SCI, 1,25(0OH), vitamin D5 levels were suppressed compared with controls by
66% (Maimoun et al. 2002).

Findings on vitamin D metabolites in chronic SCI patients are less consistent
(Jiang et al. 2006a). Vitamin D deficiency was reported in persons with chronic SCI
(Vaziri et al. 1994); but in fact, it seems that only 1,25(OH), vitamin D3 was
specifically altered. Afterward, despite plasma 25-hydroxy vitamin D (25[OH]D)
values that tend to decrease with duration of injury, these values remained within
reference range, indicating the presence of normal vitamin D store (Stewart
et al. 1982; Mechanick et al. 1997; Roberts et al. 1998). Other studies demonstrated
that a proportion of subjects with 25(OH)D defect was significantly greater
in individuals with chronic SCI (32%) than in able-bodied population (16%)
and that 25(OH)D levels were negatively correlated with PTH levels
(Bauman et al. 1995). In fact, it is likely that 25(OH)D deficiency occurs more
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often in severe cases, such as patients with quadriplegia hospitalized for pressure
ulcers over a long period of time (Zhou et al. 1993). Conversely, for 1,25(0OH),
vitamin D3, concentrations are generally reduced (Stewart et al. 1982; Vaziri
et al. 1994; Maimoun et al. 2002, 2005, 2006).

Reduced calcium and vitamin D intake would be expected to lower the serum
calcium concentrations and stimulate the release of PTH, resulting in increased bone
resorption and accentuation of osteopenia. In a randomized, placebo-controlled trial of
40 chronic SCI patients, a vitamin D analogue [1-alpha D(2)] was demonstrated to
increase leg BMD 24 months after treatment, and urinary N-telopeptide, a marker of
bone resorption, was significantly reduced during treatment 1-alpha D(2), but not in
the placebo group (Bauman et al. 2005). Bauman et al. (1995) supplemented individ-
uals with chronic SCI with 800 IU 1,25(OH), vitamin D5 per day over a 12-month
period and found a doubling of vitamin D levels and one-third decrease in PTH levels.

Calcitonin

The calcitonin concentration in SCI patient was higher. This may represent a
compensatory response to ongoing calcium reflex from the skeleton of the paralyzed
structure. Regardless of its mechanism, an elevated endogenous calcitonin may help
to mitigate the rate of resorption (Vaziri et al. 1994). Pietschmann et al. (1992)
reported that level of injury had no impact on calcium concentration.

Growth Hormone

Insulin resistance may be a contributing factor leading to osteoporosis following SCI.
In addition, growth factors and their second messengers, such as IGF-I, have been
reported to be depressed in patients with chronic SCI (Jiang et al. 2006a). Shetty
et al. (1993) reported that the average plasma IGF-I level in patients with tetraplegia
was depressed when compared with ambulatory controls. However, Maimoun
et al. (2006) did not demonstrate a role of growth factor in accelerated bone resorption
following SCI.

Gonadal Hormones

The inhibitory effect of SCI on the synthesis and secretion of sex steroids contributes
to pathogenesis of SCl-induced osteoporosis (Jiang et al. 2006a). The literature
provides the conflicting data: there are subsets of SCI men with relative and absolute
androgen deficiency (Naftchi et al. 1980; Nance et al. 1985; Maimoun et al. 2005).
Maimoun et al. (2006) reported that total testosterone and free androgen index were
significantly lower in SCI patients than able-bodied controls. No significant change
in serum gonadotropin concentration was observed in SCI men by Wang
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et al. (1992) and Tsitouras et al. (1995), while in another cross-sectional study, it was
demonstrated that there was high prevalence of low serum gonadotropins and a
delayed appearance of gonadotropin peak response tKo LH-releasing hormone
(LHRH) in SCI men (Naderi and Safarinejad 2003). These studies suggest that
SCI may suppress the hypothalamic-pituitary-testis axis at different levels, including
the hypothalamus, the anterior pituitary gland, and the gonads. The endocrine
abnormalities may be the mechanism contributing to the development after SCI
(Jiang et al. 2006a).

Serum estrogen levels in SCI women are also significantly lower than in controls
(Rosenquist 1950). An enhanced gonadotropin response to LHRH has been reported
in a group of SCI women, indicating a hypothalamic disorder within the
hypothalamus-pituitary-ovary axis (Huang et al. 1996). These studies suggest that
there is a high prevalence of hypothalamus-pituitary-ovary axis disorders in SCI
women, and these disorders may be involved in the pathogenesis of osteoporosis
after SCI (Jiang et al. 2006a).

Leptin

SCI results in progressive loss of percentage of total lean body mass and increase in
percentage of fat mass (Wilmet et al. 1995; Kaya et al. 2006; Singh et al. 2014).
Plasma leptin concentration is markedly elevated in SCI patients compared with
able-bodied controls (Huang et al. 2000; Hjeltnes et al. 2005; Wang et al. 2005;
Maimoum et al. 2004). The increased plasma concentration of leptin in SCI patients
and the accompanying augmented circadian variation might distort the normal
turnover of bone tissue in SCI patients, leading to osteoporosis (Hjeltnes et al. 2005).

Thyroid Hormone

Serum T3 and T4 levels remain depressed in acute SCI patients (Bugaresti
et al. 1992; Claus-Walker et al. 1977). After acute stress, there may also be
associated changes in thyroid hormone binding that could lower serum thyroid
hormone levels (Bermudez et al. 1975). Similarly, in chronic SCI patients, serum
T3 and T4 were also reduced compared to controls (Cheville and Kirshblum 1995).
Patients with tetraplegia had lower serum T3 levels than did those with paraplegia
(Wang et al. 1992). These data suggest a thyroid disorder within the hypothalamic-
pituitary-thyroid axis (Jiang et al. 2006a).

In the literature, many studies reported normal concentration of TSH in chronic
SCI patients (Prakash 1983; Huang et al. 1996). Zeitzer et al. (2000) investigated the
24 h average and circadian amplitude of TSH rhythm in the chronic SCI patients and
found that they were within the low end of normal range. These data suggest that a
small decline in TSH amplitude in chronic SCI patients may be a contributing factor
in the pathogenesis of osteoporosis (Jiang et al. 2006b).
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Glucocorticoids

Hypercortisolism found in acute SCI patients may be therapeutic or stress related
(Bugaresti et al. 1992). Therefore, glucocorticoids may contribute to bone loss
following SCI. However, findings on the effect of chronic SCI on serum cortisol
level are less consistent. The current balance of evidence does not support the idea
that the changes in serum cortisol level may be a contributing factor in the patho-
genesis of osteoporosis in chronic SCI patients (Jiang et al. 2006a).

Potential Application of Bone Turnover Markers to Prognosis,
Other Disease, or Conditions

Osteoporosis is a major health problem worldwide, especially in postmenopausal
women. The clinical consequences of osteoporosis reside in the fracture risk.
Technological developments for the measurement of bone mineral density (BMD)
have led to diagnostic criteria that are widely applied (Vasikaran et al. 2011).The
World Health Organization diagnostic criterion for osteoporosis is a BMD measure-
ment equal to or more than 2.5 standard deviations (SD) below the young female
(age 20-29 years) reference mean (T-score < —2.5 SD) (Kanis et al. 2008). There
has been interest in the clinical potential of bone turnover markers, both as tools to
assess fracture risk and for monitoring treatment, to thereby aid intervention strate-
gies (Szulc and Delmas 2008; Vasikaran 2008; Bergmann et al. 2009).

Estrogen deficiency, associated with menopause, results in a generalized increase
in bone remodeling and an imbalance between bone formation and resorption
(Darby and Meunier 1981; Jilka 2003). Bone turnover marker levels are also
influenced by factors that are not easily modified. In postmenopausal and elderly
women, the major uncontrollable factors are diseases and associated bed rest and
immobility, medications, nutritional status, and recent fractures (Szulc and Delmas
2008).Increased bone turnover marker levels, especially bone resorption, are found
in the institutionalized elderly and in patients with chronic diseases associated with
prolonged bed rest and limited mobility such as dementia, Alzheimer’s disease,
stroke, hemiplegia, and Parkinson’s disease(Szulc and Delmas 2008).

High levels of bone turnover markers may predict fracture risk independently
from bone mineral density in postmenopausal women. They have been used for this
purpose in clinical practice for many years, but there is still a need for stronger
evidence on which to base practice. Bone turnover markers hold promise in fracture
risk prediction and for monitoring treatment (Vasikaran et al. 2011). We need more
bone turnover markers reflecting the action of enzymes involved in the catabolism of
bone matrix, e.g., cathepsin K, metalloproteinases. They would be useful to assess
enzymatic mechanisms of bone matrix degradation and the efficacy of drugs acting
on certain metabolic pathways, e.g., cathepsin K inhibitors (Szulc and Delmas
2008).
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Summary Points

» This chapter focuses on the bone turnover after spinal cord injury.

» Osteoporosis is one of the most frequent complications following SCI, resulting
from uncoupling of bone remodeling in favor of bone resorption.

» This imbalance takes place right after the initial injury and persists for many
years.

* Development of severe osteoporosis in the paralyzed part of the body is accom-
panied by the loss of biomechanical strength, and the biosynthesis of structurally
modified matrix unable to sustain normal mechanical stress. Therefore, the risk of
fracture is dramatically increased.

* The exact pathophysiology of osteoporosis after SCI is still not clear. The
pathogenesis of osteoporosis after SCI is generally considered disuse. Mechanical
loading is known to be a crucial stimulus for bone formation and resorption,
thereby controlling bone mass, structure, and strength.

» The factors that are independent of mechanical loading of the skeleton also appear
to be important.

* Recent works suggest that bone remodeling is regulated by nerve-derived signals,
sclerostin, and that there is a marked modification in the osteoprotegerin/RANKL
system in recent SCI patients.

* Biochemical bone markers of bone turnover are shown to reflect dynamic skeletal
status and may help to identify increased bone loss and fracture risk.

* An improved understanding of the natural history and risk factors for chronic
bone loss following SCI is essential to designing therapies to reduce the rate of
bone loss, define fracture risk, and ultimately prevent osteoporotic fractures and
their associated morbidity.

* We are of the opinion that prospective randomized controlled trials should be
conducted to evaluate, standardize, and find bone-specific biochemical marker of
bone turnover in SCI.
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