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Vitamin D and spinal cord injury: should we care?

J Lamarche1 and G Mailhot2,3

Study design: Narrative review.
Objectives: This review provides an overview of the etiological factors and consequences of vitamin D insufficiency in relation to spinal
cord injury (SCI) as well as important considerations for vitamin D supplementation.
Setting: Montreal, Canada.
Methods: Literature search.
Results: Vitamin D insufficiency is common in SCI individuals owing to the presence of many contributing factors including limited
sun exposure and intake, use of medication and endocrine perturbations. Although there are several biological plausible mechanisms
by which vitamin D may act upon musculoskeletal and cardiometabolic health, the impact of vitamin D insufficiency on such systems
remains ill defined in SCI. In the absence of guidelines for the management of vitamin D insufficiency in this high-risk population and
in an attempt to provide clinical guidance, considerations for vitamin D supplementation such as the type of vitamin D, dosing regimens
and toxicity are discussed and tentative recommendations suggested with particular reference to issues faced by SCI patients.
Conclusion: Although high rates of vitamin D insufficiency are encountered in SCI individuals, its consequences and the amount of
vitamin D required to prevent insufficiency are still unknown, indicating a need for more intervention studies with well-defined outcome
measures. Routine screening and monitoring of vitamin D as well as treatment of suboptimal status should be instituted in both acute
and chronic setting. The close interactions between vitamin D and related bone minerals should be kept in mind when supplementing
SCI individuals, and practices should be individualized with clinical conditions.
Spinal Cord (2016) 54, 1060–1075; doi:10.1038/sc.2016.131; published online 20 September 2016

INTRODUCTION
Well known for its regulation of calcium and phosphate homeostasis
as well as its skeletal effects, vitamin D has gained increasing attention
in recent years for its actions that go beyond bone health.
Indeed, observational studies demonstrating positive associations
between 25-hydroxyvitamin D (25OHD) levels (the major circulating
vitamin D metabolite) and several clinical outcomes, including
immune responses, lung and muscle function, cardiovascular
health and chronic diseases such as obesity and diabetes, have received
much recognition.1

Practitioners working with spinal cord-injured individuals are
confronted with early-onset osteoporosis and a rate of fractures
exceeding those found in postmenopausal women.2 Furthermore,
individuals with spinal cord injury (SCI) experience neuro-
inflammation, impaired lung function, muscle dysfunction and
accelerated cardiometabolic disease, all of which may benefit from
the optimization of vitamin D nutrition. However, despite our
increasing knowledge of the extra-skeletal roles of vitamin D, this
vitamin has been scarcely studied in SCI in relation to other outcomes.
The purpose of this narrative review is to provide an overview

of vitamin D in relation to SCI with a special focus on the
musculoskeletal system and cardiometabolic health as well as on
critical considerations for vitamin D supplementation. A better
knowledge of the importance of this vitamin for SCI individuals

may lead to improvements in nutritional management, inform the
development of clinical practice guidelines and emphasize the need for
more research in this area.

VITAMIN D METABOLISM
Vitamin D is a generic term that comprises the animal-derived
cholecalciferol (vitamin D3) and the plant-derived ergocalciferol
(vitamin D2). Both forms can be found in foods and supplements,
whereas only cholecalciferol can be synthesized in the skin upon
exposure to ultraviolet-B (UVB) radiation. Fatty fish, including
salmon, mackerel and sardines, and fish oils exhibit the highest
natural amount of vitamin D3. Other significant sources of vitamin D3

comprise fortified milk, some brands of yogurt made with fortified
milk, egg yolks and liver. Vitamin D2 is produced in UVB-irradiated
fungi and yeast, although its occurrence in foods is even more limited
than vitamin D3. Commercially irradiated mushrooms and breads
made with irradiated yeast provide only small amounts of vitamin D2.
Plant-based non-dairy beverages (for example, soy, rice and almonds)
are usually fortified with either vitamin D2 or vitamin D3.

3–5

Vitamin D from cutaneous synthesis or dietary/supplemental intake
is transported in the circulation and binds to the D-binding protein
(DBP). It can be taken up by the adipose tissue for storage, although
very limited data exist on the exact amount of vitamin D stored in
fat and on the rate of exchange between adipose tissue and the
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bloodstream. Vitamin D is considered a prohormone as it undergoes
two successive hydroxylation steps before gaining biological activity.
The first step occurs in the liver and consists of the hydroxylation at
the carbon 25-position to yield the intermediate 25OHD. 25OHD is
considered a measure of total exposure (sun, food and supplements)
and constitutes the metabolite universally accepted to clinically assess
vitamin D status. The second hydroxylation, which takes place in
the kidneys and in extra-renal tissues, involves the carbon 1 of 25OHD
and generates the bioactive form 1,25-dihydroxyvitamin D
(1,25(OH)2D), which interacts with its ubiquitous nuclear receptor
(vitamin D receptor; VDR) to modulate the transcription of a wide set
of genes. Depending on its site of synthesis, 1,25(OH)2D exerts
endocrine and auto- or paracrine effects. Endocrine actions of
vitamin D are attributed to the renal 1,25(OH)2D and are classically
involved in calcium and phosphate homeostasis whereby 1,25(OH)2D
stimulates both intestinal absorption of calcium and phosphate. In
contrast, the auto/paracrine vitamin D system relies on the extra-renal
production of 1,25(OH)2D.

6 1-α hydroxylase (CYP27B1), the
enzyme that converts the major circulating compound 25OHD to
1,25(OH)2D, is expressed in a number of cells and tissues including,
among others, monocytes, keratinocytes, osteoblasts, enterocytes,
prostate and mammary tissue. Thus, the extra-skeletal effects of
vitamin D are strongly dependent on the level of circulating 25OHD.
As opposed to 25OHD and despite being the biologically active

form, 1,25(OH)2D exhibits a very short half-life (that is, 4–15 h) and is
thus not considered a good marker of vitamin D status. Furthermore,
despite circulating 25OHD indicative of insufficiency, 1,25(OH)2D
levels may remain normal or even elevated as a result of the fall in
serum ionized calcium that triggers a rise in serum parathyroid
hormone (PTH), which in turn increases the renal 1-α hydroxylase
activity.

VITAMIN D STATUS OF SCI INDIVIDUALS
The first report on impaired vitamin D status in SCI individuals
occurred in the early 1990 s.7 Since then, studies, exclusively
cross-sectional in nature, have documented varying degrees of
vitamin D insufficiency in individuals with SCI using different cutoffs
of insufficiency. Although studies included individuals with paraplegia
and tetraplegia as well as traumatic and non-traumatic individuals, the
distribution of AIS impairment scales among participants was rarely
mentioned. In addition, most of the participants were in the chronic
rather than the acute phase and the length of time post injury varied
considerably among studies. Furthermore, middle-aged and older men
were studied more than younger people and women. Very few studies
included anthropometric measurements, and only one has evaluated
dietary intakes of vitamin D, calcium and phosphorus.8

Using a cutoff level of 25OHD of 40 nmol l− 1, Bauman et al.9

observed that 32% of veterans with chronic SCI exhibited vitamin D
deficiency. Javidan et al.8 found that 53% of Iranian individuals
with chronic SCI were vitamin D deficient, which is defined as a
25OHD level below 32.5 nmol l− 1. More recently, using a higher
threshold for insufficiency (75–80 nmol l− 1), several authors reported
prevalence ranging from 39 to 93% in either acute or chronic SCI
individuals.10–13 Black ethnicity, winter season, younger age,
chronicity, degree of incompleteness and paraplegia were all found
to be associated with 25OHD levels.10 As these studies are of cross-
sectional design, they do not allow distinguishing between newly
occurring, recent or long-standing suboptimal vitamin D status.
Results of studies comparing 25OHD levels of chronic SCI individuals
with that of a control group made up of able-bodied individuals were
inconsistent, with some showing no difference between groups13,14

and others reporting reduced 25OHD levels in individuals with
chronic SCI.9 Although mean 25OHD levels did not always differ
from those of controls, SCI individuals continually exhibited a higher
prevalence of vitamin D deficiency or insufficiency.13

Intervention studies on vitamin D and SCI are scarce and were all
conducted by the same group.15–17 These studies were characterized by
small sample size (ithat is, 7–40) as well as considerable differences in
age range (that is, 25–68 years old), study duration (that is, 14 days to
12 months) and length post injury (that is, 1–48 years). Supplemental
vitamin D3 varied from 800 to 2 000 IU daily in combination with
the equivalent of calcium carbonate ranging from 800 to 3250 mg
daily, and supplements were given as fixed dose irrespective of baseline
vitamin D status.
Daily administration of 800 IU failed to completely reverse vitamin

D insufficiency, defined in this study as serum 25OHD levels less
than 40 nmol l− 1. Before the initiation of supplementation, 82% of
subjects had insufficient 25OHD levels, whereas 15–20% of
individuals still exhibited vitamin D insufficiency after 12 months
of supplementation.15 On the other hand, a 3-month regimen of
2000 IU per day of D3 resulted in 25OHD levels above 75 nmol l− 1 in
all subjects but one.16 In the absence of more evidence, these studies
suggest at least that 2 000 IU is better than 800 IU of D3 in achieving a
state of vitamin D sufficiency in SCI individuals.

ETIOLOGY OF SUBOPTIMAL VITAMIN D STATUS
Insufficient sun exposure and limited intake
The most inexpensive way of getting vitamin D remains short casual,
yet unprotected, sun exposure. Upon exposure to UVB radiation, the
precursor 7-dehydrocholesterol, present in the cell membrane of both
skin keratinocytes and fibroblasts, is converted to previtamin D3,
which is subsequently metabolized to vitamin D3. Vitamin D3 is then
carried to the bloodstream and is bound to DBP. Because of
thermoregulatory disorders, high sensitivity to heat and/or protection
against sunburn, SCI individuals are instructed to avoid or reduce sun
exposure, which greatly limits their capacity of getting vitamin D
through this source. Of note, sunscreen with a sun protection factor
greater than eight significantly reduces the capacity of skin to
synthesize vitamin D.18 In addition, SCI individuals are more likely
to be institutionalized or homebound, which may reduce sun
exposure. However, Smith et al.19 have failed to find a relationship
between 25OHD levels and mobility status in a group composed
of individuals of varying disabilities. To date, no data exist on the
level of sun exposure in SCI individuals. The lack of standardized
and validated questionnaires clearly constitutes an obstacle to
adequately address the level of sun exposure and its relationship with
vitamin D levels.
Oral intake thus represents the other alternative to get enough

vitamin D. In a Canadian study, vitamin D intake of chronic SCI
individuals fell below the recommendations, with mean intakes of 120
and 61 IU in men and women, respectively.20 At baseline, 22% of
participants reported taking a supplement of vitamin D. Intake of
vitamin D through dairy products is also low among individuals with
SCI. Tomey et al.21 reported in community-dwelling men
with paraplegia that only 16% of them met the guidelines for dairy
servings. Oleson et al.10 have reported that many individuals with
SCI deliberately restrict or receive unsuitable advice to eliminate milk
consumption and other products rich in calcium and vitamin D
in order to minimize the risk of developing kidney stones. Low
calcium intake, especially when coupled with suboptimal vitamin D
status, exerts a strong impact on bone metabolism. If 25OHD levels
are low, one would expect intestinal calcium absorption to be reduced,
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a state that might be further depressed if calcium intake is
inadequate. Impairment in calcium absorption results in secondary
hyperparathyroidism, which enhances bone turnover through its
stimulating effect on the bone-resorbing cell osteoclasts. Thus, vitamin
D as well as calcium intakes should be closely monitored in
SCI individuals.
Finally, although nutrient absorption has been reported as normal

in individuals with SCI, it should be kept in mind that these
individuals may experience intestinal motility disorders that might
impair vitamin D absorption. However, to date, no study has
specifically investigated this aspect in this population of individuals.

Use of medication
The use of certain medications, especially those metabolized by the
P450 cytochrome CYP3A4, may lead to decreased 25OHD levels.22

Besides being a major hepatic and intestinal drug-metabolizing
enzyme, CYP3A4 is also involved in metabolic clearance of 25OHD,
particularly under conditions of induced CYP3A4 expression. Some
CYP3A4-inducing drugs may therefore interfere with vitamin D
metabolism, resulting in reduced levels of serum 25OHD. Given that
SCI individuals may use many CYP3A4-inducing drugs that have been
linked to reduced levels of 25OHD, such as the anticonvulsants
carbamazepine and phenytoin, and the antibiotic rifampin, the use
of such medications should be considered a potential contributing
factor to vitamin D insufficiency in SCI.23–30 Thus far, the association
between anticonvulsant use and vitamin D status has been explored
in SCI individuals in only one study, and the authors have reported
no difference in 25OHD levels between users and non-users of
anticonvulsants.13 However, the low number of users vs non-users
precludes any firm conclusion.

Alcohol use
Alcohol abuse at the time of injury and post injury has been reported
as common in SCI individuals.31,32 Low levels of 25OHD have been
reported in chronic alcoholics,33 but seem to be related to poor
nutrition and reduced sun exposure rather than impairment in liver
activity, a key organ for vitamin D metabolism.34 Nevertheless, SCI
individuals with heavy alcohol use should deserve special attention
with respect to their vitamin D status.

Kidney disease
The kidney is a central organ for vitamin D metabolism as it is the
principal site for the conversion of 25OHD to the active form 1,25
(OH)2D. Chronic kidney disease (CKD) is characterized by the
progressive loss of renal capacity to synthesize 1,25(OH)2D, which
results in secondary hyperparathyroidism, skeletal abnormalities
and excessive serum calcium and phosphate predisposing to
ectopic calcification.35 Furthermore, an 80% incidence of vitamin D
insufficiency (25OHD levels o50 nmol l− 1) has been reported in
CKD individuals.36 This observation is intriguing as it is in the liver,
rather than in the kidney, that the synthesis of 25OHD takes place.
More importantly, vitamin D insufficiency represents a risk factor
higher than 1,25(OH)2D deficiency for the progression of renal
damage to end-stage renal disease and death.37

SCI individuals are more likely to develop CKD because they exhibit
additional risk factors including a higher prevalence of chronic urinary
infections, neurogenic bladder dysfunction and nephrolithiasis. CKD
prevalence was found to be 35.2% in a large cohort of American
veterans with SCI.38 Given this high prevalence, its impact on a wide
range of biological functions including the synthesis of the bioactive
form of vitamin D and the consequences of vitamin D insufficiency on

the prognosis of renal disease, more attention should be paid to the
vitamin D status of SCI individuals, especially those with CKD.

Obesity
Obese individuals display reduced concentrations of 25OHD and a
high prevalence of vitamin D insufficiency. The reasons why obese
individuals are prone to vitamin D insufficiency are still unclear. It has
been hypothesized that obese people exhibit an enhanced clearance of
vitamin D secondary to the increased uptake and storage in the fat
compartments.39 Using a dose–response design, Gallagher et al.40

compared the response of thin, overweight and obese postmenopausal
women to increasing doses of vitamin D3. Serum 25OHD
levels at baseline and after 12 months of supplementation were
found to be lower in the overweight and obese women. However,
the dose–response curves were parallel between the BMI categories,
suggesting that the difference in serum 25OHD levels may have been
due to a volume dilution effect rather than the trapping of vitamin D
in excess body fat.
It has been reported that obesity is more prevalent among

individuals with disabilities than in the general population.41

Prevalence rates of overweight and obesity range from 40 to 66% in
SCI individuals, but remain similar to those of the able-bodied
population.21,42,43 However, individuals with SCI have a greater
percentage of body fat than does the able-bodied population.44

Whether this gain of adipose tissue contributes to alter vitamin D
pharmacokinetics and body distribution, which, in turn, may
potentially influence the vitamin D status, is unknown.

Endocrine perturbations related to SCI
SCI individuals also experience perturbations of the calcium–

phosphate–parathormone axis that take place soon after the injury
and may impact the vitamin D system. These perturbations originate
from the increased bone resorption that occurs shortly after the injury
as a result of the immobilization and neurological impairment.
In acute SCI, PTH suppression is correlated with neurological

impairment,45 with greater suppression being observed in individuals
with AIS A impairment. PTH levels drop abruptly as a result of
the high bone resorption that increases calcium release in the
bloodstream.15,46,47 Small variations in serum calcium are detected
by the calcium-sensing receptor located on the parathyroid glands.
Decrease in serum calcium leads to the stimulation of this
receptor and the release of PTH, whereas elevated blood calcium
levels exert the opposite effect and inhibit its secretion. Given that
PTH stimulates the renal conversion of 25OHD to its bioactive form,
1,25(OH)2D levels are reduced when serum calcium levels are
elevated.45,48 However, hypoparathyroidism appears transient as
PTH levels were found to return to normal after 6 months of
follow-up.46 Excessive bone resorption also induces an efflux of
phosphorus from bone tissue. Increased serum phosphorus exerts a
negative impact on the activity of the 1-α hydroxylase, further
decreasing the production of 1,25(OH)2D.
In contrast, circulating PTH and 1,25(OH)2D tend to increase

during the chronic SCI phase. (13),49 However, some authors have
also reported sustained PTH suppression in individuals with long-
standing SCI.14

CONSEQUENCES OF IMPAIRED VITAMIN D STATUS FOR SCI
INDIVIDUALS
Musculoskeletal health
Bone. Whether vitamin D acts directly on the bone or
indirectly, through the stimulation of calcium and phosphate intestinal
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absorption, which results in their adequate provision to bone, remains
an unresolved issue. Although studies conducted with Vdr and/or
Cyp27b1 knockout mice have provided insights showing that the
major effect of vitamin D lies in its ability to regulate calcium and
phosphate homeostasis, in vitro studies have supported a direct bone
effect of the metabolite 1,25(OH)2D. 1,25(OH)2D, through its
interaction with the VDR, can stimulate the differentiation of
osteoblasts and osteoclasts. Moreover, the osteoblast possesses the
enzymatic machinery to produce the bioactive form of vitamin D
locally from the circulating 25OHD, which in turn modulates
osteoblast differentiation and secretion of various proteins including
type I collagen, osteocalcin and the osteoclast differentiation factor,
RANKL. Low serum 25OHD may therefore have an impact on these
cells by reducing the amount of endogenously produced 1,25(OH)2D.
Priemel et al.50 performed a postmortem histomorphometric analysis
of 675 iliac crest biopsies from German adults who had no evidence of
bone disease. They found that 20% of the studied population exhibited
some mineralization defects. Surprisingly, they failed to find
such defects in individuals with 25OHD levels above 75 nmol l− 1.
Furthermore, Busse et al.51 have reported impaired bone quality in
vitamin D-deficient otherwise healthy subjects. In this study, they
showed, quite elegantly, that vitamin D deficiency is associated with
aging of bone tissue and compromised structural integrity.
Osteoporosis is a condition, characterized by bone micro-

architectural disruption, that increases bone fragility and the
propensity for fracture. Bone loss is rapid during the first 4–6 months
up to one year post SCI, with a 40% reduction in sublesional BMD
reported by two years post injury.52 As opposed to other types of
osteoporosis, which may affect all skeletal sites, SCI osteoporosis
primarily affects sublesional areas that are weight bearing or rich in
trabecular bone, such as the distal femur and the proximal tibia.
Fractures occur twice as much in SCI than in non-SCI individuals and
are more prevalent in the lower extremities.53 A significant proportion
of individuals may experience spontaneous fracture, in the absence of
trauma, at some point post injury (median time: 8.5 years).49 These
fractures, mainly at the pelvis and lower extremities, add a significant
burden to the quality of life of SCI individuals as they reduce mobility
and independence, and increase the length of hospitalization.54 Higher
rates of fractures are reported in SCI women, individuals with
complete injury and individuals with paraplegia, the latter being more
physically active and less dependent on assistance than individuals
with tetraplegia, though with increased risk for falls. Given that SCI
individuals experience an accelerated bone loss in the months
following injury that is markedly greater than other types of disuse
osteoporosis (for example, microgravity, bed rest), it is believed that
immobilization has only a minor role in the pathogenesis of
SCI-induced osteoporosis. Other factors related to neurological
impairment, endocrine disorders and chronic inflammation, causing
a decrease in skeletal anabolic factors (for example, testosterone,
growth hormone, estrogens) and an increase in catabolic factors
(for example, inflammatory cytokines), may also contribute to or
aggravate the acute bone loss in SCI.55

Although osteoporosis is considered a multifactorial condition,
vitamin D insufficiency is believed to act as a contributing factor.
This occurs primarily through deregulation of calcium homeostasis
with resulting secondary hyperparathyroidism and increasing bone
resorption. Vitamin D and calcium supplementation has therefore
been extensively studied in relation to BMD and fracture risk in
populations other than SCI. Recent evidence from a meta-analysis
of 4082 participants has reported no effect of vitamin D alone on
BMD at any of the five anatomical sites investigated except for a slight

effect at the femoral neck.56 The included interventions differed only
in their vitamin D content; co-interventions (that is, calcium) were the
same in all groups, which distinguishes the effect of calcium from that
of vitamin D. Calcium supplementation suppresses bone remodeling,
which exerts a beneficial effect on BMD. The effect of a calcium
and vitamin D intervention on BMD may thus be a calcium effect.
Alternatively, these results can also be interpreted as evidence that
vitamin D requires concomitant calcium supplementation to positively
affect the BMD.
The anti-fracture efficacy of vitamin D has been primarily

documented in postmenopausal women and older individuals, as
these segments of the population are more at risk for fracture.
Bischoff-Ferrari et al.57 studied the efficacy of oral vitamin D
supplementation in preventing non-vertebral and hip fractures among
individuals aged 65 years and older. In their meta-analysis, which
included 12 double-blinded randomized controlled trials (RCTs; total
of 42 279 individuals) for non-vertebral fractures and 8 RCTs for hip
fractures (total of 40,886), they found a significant risk reduction for
non-vertebral (RR= 0.86, 95% CI, 0.77–0.96) but not for hip
(RR= 0.91, 95% CI, 0.78–1.05) fractures. To resolve the high
heterogeneity among trials, they analyzed trials administering up to
400 IU from those given larger amounts (700–1000IU per day)
separately. A significant anti-fracture efficacy of vitamin D was seen
only in the high-dose trials with a 20% reduction in the risk for
non-vertebral fractures (RR= 0.80, 95% CI, 0.72–0.89) and a 18%
decrease in the risk for hip fractures (RR= 0.82, 95% CI, 0.69–0.97).
From these findings, we can conclude that doses less than 400 IU have
no effect on fracture rates and doses greater than 700 IU may be more
beneficial in older individuals. This conclusion was later confirmed in
another meta-analysis whereby the authors showed a reduction in the
risk for both non-vertebral and hip fractures with the highest daily
intake of vitamin D (median of 800 IU, range from 792 to 2000 IU).58

The effect of larger doses of vitamin D on fracture risk is currently
unknown. One limitation of these meta-analyses is that they included
trials that had studied vitamin D alone or in combination with
calcium, thereby making it impossible to distinguish the anti-fracture
effect of vitamin D alone. A recent Cochrane review has compared the
effect of vitamin D alone vs no treatment/placebo to that of vitamin D
and calcium vs no treatment/placebo on fracture risk in postmeno-
pausal women and older men.59 Vitamin D taken alone did not reduce
the risk for fractures as compared with no therapy or placebo. In
contrast, the combination of calcium and vitamin D was more effective
than no treatment or placebo as it slightly reduced the likelihood of
hip (RR= 0.84, 95% CI, 0.74–0.96), non-vertebral (RR= 0.86, 95% CI,
0.78–0.96) and any new fractures (RR= 0.95, 95% CI, 0.90–0.99). The
risk for vertebral fracture was not significantly reduced by vitamin D
plus calcium (RR= 0.89, 95% CI, 0.74–1.09).
In terms of fracture healing, only two studies have investigated the

effect of calcium and vitamin D supplementation on this outcome.
Doetsch et al.60 took serial BMD measurements of the shoulder over a
12-week period in osteopenic or osteoporotic postmenopausal women
with a proximal humerus fracture who were randomly assigned to
receive daily 800 IU of vitamin D3 and 1 g of calcium or placebo.
Although both groups gained BMD during the healing process, the
supplemented women experienced a higher increase than the placebo
group. Yet, it remains difficult to ascribe this result to calcium, vitamin
D or their combination. Serum calcium levels significantly increased in
the supplemented women, which may lead to a higher calcium
concentration in the bone microenvironment and facilitate fracture
callus formation. Thirty-seven percent of the studied population had
25OHD levels below 30 nmol l− 1 at baseline; yet, the authors did not
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report the vitamin D status distribution among the two groups at the
start and end of the study. Therefore, we cannot conclude that
the positive effect of the supplementation on callus formation results
from the correction of the vitamin D insufficiency. In another study,
Kolb et al.61 used peripheral quantitative computed tomography
(pQCT) scanning to assess the fracture callus area of 94
postmenopausal with a distal radius fracture over a period of six
weeks. All women received 880 IU of vitamin D3 and 1 g calcium per
day for this period. Their results highlighted that individuals with
higher calcium levels prior to initiation of supplementation displayed
higher fracture callus area after six weeks. In addition, women with
initial vitamin D insufficiency did not differ in terms of fracture callus
area at six weeks, indicating regular callus formation once calcium and
vitamin D were substituted. From these findings, the authors
concluded that normal calcium homeostasis is required for callus
formation, emphasizing the importance of timely calcium and vitamin
D supplementation.
Thus far, the impact of calcium and vitamin D supplementation on

bone health, fracture risk and fracture healing has not been specifically
studied in SCI individuals except for one placebo-controlled study,
which has reported the effect of daily administration of the vitamin D
analog, 1-α -hydroxyvitamin D2, for 2 years on the BMD of the leg,
spine and pelvis.62 Forty adults with long-lasting SCI (mean duration
of 12± 10 years) were enrolled in this study, whereby the placebo and
experimental group received 1.3 g d− 1 of calcium and 800 IU d− 1 of
vitamin D. Although no difference was detected at the lumbar spine
and pelvis, the use of the analog resulted in a 2% gain in leg BMD by
12 months, which was maintained until the end of the study period.
Interestingly, supplemental calcium and vitamin D intakes in the
placebo group did not significantly affect BMD at any site despite a
comparable increase in 25OHD levels in both groups. In the absence
of baseline rates of bone loss prior to study initiation, the lack of BMD
change in placebo users did not suggest treatment failure. In fact, bone
loss may have been worse without calcium and vitamin D.
In a small group of acute SCI individuals, Chen et al.63 used

0.5 μg d− 1 of 1,25(OH)2D3 (that is, calcitriol) and 1 250 mg of
calcium carbonate twice a day to treat bone hyper-resorption.
After three days, they introduced intravenous pamidronate once
daily for a total of 3 days (three doses of 30 mg). The combined
calcitriol–calcium–pamidronate decreased bone resorption and
calciuria and increased PTH and 1,25(OH)2D levels. However, study
limitations included the very small number of subjects (that is, 21), the
short study duration (that is, 2 weeks) and the occurrence of
hypocalcemia in 44% of subjects after pamidronate administration.63

Clearly, more studies are needed to determine whether calcium
and vitamin D, alone or in combination with anti-osteoporosis agents
and/or mechanical therapy, can prevent bone loss and fractures in SCI
individuals.

Muscle. Vitamin D deficiency is associated with muscle weakness,
myalgia and gait impairments, thereby suggesting that this vitamin
has a prominent role in muscle health.64,65 Skeletal muscle is a
physiological target of vitamin D actions as muscle cells not only
express the VDR but are also endowed with 1-α hydroxylase, thus
conferring them the ability to locally metabolize 25OHD to
1,25(OH)2D. It is noteworthy that the presence of VDR and 1-α
hydroxylase in skeletal muscle has been shown in rodents and using
the C2C12 myoblast cell line,66,67 but remains controversial in
humans. Some authors have detected the VDR in human skeletal
muscle tissue,68 whereas others have not,69,70 and the presence of 1-α
hydroxylase has yet to be demonstrated. Interestingly, children with

inherited 1-α hydroxylase deficiency have poor muscle tone and
muscle weakness, features that are reversible with physiologic doses of
1,25(OH)2D3.

71,72 Proposed mechanisms include both genomic and
non-genomic effects.73 Genomic actions lead to the modulation of
muscle gene expression involved in myoblast proliferation and
differentiation. For instance, 1,25(OH)2D was shown to exhibit anti-
proliferative effects by suppressing the expression of two myogenic
regulatory factors, myogenin and Myf5, in C2C12 cells, a model
frequently used to study skeletal muscle differentiation.66 In the same
model, 1,25(OH)2D also downregulated the expression of myostatin, a
negative regulator of skeletal muscle growth. In support of this are the
observations made in the Vdr knockout mice, which display muscle
fiber atrophy and impaired motor coordination, independent of
changes in calcium and phosphate homeostasis69,74–76 A strong
induction in the expression of Vdr and CYP27B1 was also observed
following local muscle injury, thereby suggesting that vitamin D is
involved in muscle regeneration and repair.76 Vitamin D can elicit
rapid cellular responses in muscle that are not mediated by
transcriptional mechanisms. These non-genomic effects include
calcium influx into the muscle cells, relevant to muscle contraction.
The increase in intracellular calcium also enhances glucose transporter
4 (GLUT4) translocation to the cell membrane, thus providing energy
substrates for muscle function.65,77

Many studies have examined the relationship between vitamin D
and measures of physical performance and physical function. Vitamin
D has been extensively studied in relation to muscle strength, but less
with respect to muscle mass and power.78 Overall, observational
studies were more likely to report positive associations between
25OHD levels and muscle strength or physical performance than
intervention studies.77 In a systematic review performed on healthy
adults (that is, 18–65 years), Redzic el al.79 reported a positive
association between 25OHD levels and muscle strength.
This association appears stronger in older individuals and in more
vulnerable populations, such as the institutionalized or hospitalized,
with deficient (o25 nmol l− 1) or insufficient (o50 nmol l− 1) vitamin
D status. By contrast, the association was no longer observed when
baseline vitamin D status was higher (465–75 nmol l− 1) and in
younger people.80 In addition, individuals who presented a change in
circulating 25OHD450 nmol l− 1 from baseline following vitamin D
supplementation were more likely to benefit from the effect of vitamin
D on muscle strength.78 Vitamin D supplementation did not affect
muscle mass and power, although the number of studies on these
outcomes remains limited.81–83 Collectively, the supporting evidence
for a beneficial effect of vitamin D on muscle function remains weak
owing to the multiplicity of measures using various methods and the
lack of unequivocal improvements in outcomes following vitamin D
supplementation.
Following SCI, immobilization and endocrine disturbances, such as

reduced IGF-1 and testosterone levels, markedly decrease muscle
mass.84 In addition, physiological changes to muscle fibers are
reported 4 to 7 months after injury with a shift in the predominance
of slow type I fibers to fast type II fibers with time post injury.85

Interestingly, a previous study suggested a potential selective effect of
vitamin D supplementation (that is, 4000 IU per day) on type II fibers
with an overall gain in fiber size in older women.86 Thus far, very few
studies have been conducted on SCI, muscle and vitamin D. In rats, in
which peripheral or central nerve injury was performed to mimic SCI,
administration of high doses of vitamin D3 (500 IU kg− 1 d− 1) a few
hours post insult resulted in significant improvements in locomotion
and spasticity.87,88 Of note, rats receiving vitamin D3 shortly after the
injury showed better outcomes compared with lesioned rats, which
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were given vitamin D3 seven days post injury. Although extrapolations
of these findings to the clinical setting may be tempting, interventional
studies aimed at investigating the effects of vitamin D supplementation
on functional recovery should be undertaken. In a cohort of 100
chronic SCI individuals, Barbonetti et al.89 were the first to report an
independent positive association between 25OHD levels and overall
physical function outcomes. They found that lower 25OHD levels
were associated with lower functional independence degree in activities
of daily living (ADL) and poorer engagement in leisure time physical
activity (LTPA). To preserve neurological function and minimize the
damages following traumatic SCI, Aminmansour et al.90 randomly
assigned SCI individuals within 8 h of injury to placebo or oral vitamin
D3 (5 μg kg− 1) and intramuscular progesterone (0.5 mg kg− 1) twice
daily for up to 5 days. Neurologic function was assessed using the
motor and sensory ASIA scores 6 days and 3 and 6 months after the
injury. Although motor and sensory scores significantly improved after
6 months in both groups, the scores were higher in the vitamin
D-progesterone group than in the placebo group, particularly in those
who received the treatment within 4 h of injury. Nevertheless, given
the absence of a group receiving progesterone and vitamin D3 alone,
one cannot conclude, based on these findings, that vitamin D
promotes neurological and functional recovery in SCI.

Cardiometabolic health
Cardiometabolic health and vitamin D has recently emerged as a new
area of investigation. Cardiometabolic risk factors include
hypertension, obesity, dyslipidemia, glucose intolerance and diabetes.
This section will briefly outline potential vitamin D mechanisms of
action as well as associations between vitamin D and cardiometabolic
risks factors, cardiovascular disease (CVD) and metabolic syndrome
(MeS) with special reference to SCI.

Vitamin D and hypertension. The effect of vitamin D on blood
pressure was suggested to be related to its suppressive actions
on the renin–angiotensin–aldosterone system,91 inhibition of
hyperparathyroidism, direct actions on the vessel wall and protection
from oxidative stress.92 Vdr-deficient mice have increased blood
pressure, which is mediated by renin and plasma angiotensin II
elevation. Interestingly, these alterations appear independent from
changes in serum calcium and PTH and are reversed by 1,25(OH)2D
supplementation, which is thought to act through a VDR-dependent
mechanism by lowering renin activity.93 Vitamin D deficiency is often
accompanied by secondary hyperthyroidism as a result of low
serum levels of ionized calcium. PTH exerts direct effects on the
cardiovascular system by acting on vascular smooth muscle cells and
increasing arterial stiffness.94 Endothelial and vascular smooth muscle
cells express both VDR and 1-α hydroxylase, which make them a
target for vitamin D actions. In endothelial cells, 1,25(OH)2D has
vasoprotective properties that increase the activity of the endothelial
nitric oxide synthase, decrease the expression of endothelial adhesion
molecules and have anti-inflammatory actions. In vascular smooth
muscle cells, 1,25(OH)2D exerts vasodilatory effects and mediates
proliferation, differentiation and migration of these cells, thereby
having antiatherosclerotic effects. Although biological plausibility
appears strong, clinical studies have failed to provide compelling
evidence on the effectiveness of vitamin D as an antihypertensive
compound.
Clinical studies on vitamin D and blood pressure were conducted in

diverse populations (that is, different ages, with or without prior
hypertension and with or without underlying health conditions such
as diabetes and kidney or cardiovascular disease). Most large sample

size cross-sectional studies have found an inverse association between
vitamin D status and blood pressure.94,95 However, these findings have
not been firmly confirmed by RCTs. A recent meta-analysis of RCTs
has reported that vitamin D supplementation had no effect on blood
pressure.96 However, a reduction (≈1.3 mmHg) of the diastolic blood
pressure was reported on subgroups with pre-existing cardiometabolic
disease,97 although others have not observed such association.96 Other
recent RCTs also failed to show the antihypertensive effect of vitamin
D supplementation.98,99

Blood pressure is correlated to the level of injury in SCI individuals
whereby cervical and high thoracic injuries are associated with
autonomic involvement with unstable blood pressure and coexisting
episodes of orthostatic hypotension and autonomic dysreflexia.100 In
the chronic phase, individuals with tetraplegia are more prone to
hypotension, whereas paraplegic individuals are more likely to have
hypertension.43,101 Whether vitamin D supplementation is effective in
lowering blood pressure in paraplegia or whether it will be detrimental
to individuals with tetraplegia, or in cases of autonomic dysreflexia,
has not yet been studied.

Vitamin D and dyslipidemia. Suggested mechanisms linking vitamin
D and lipids are either direct or indirect through regulation of calcium
and PTH homeostasis. Studies on Vdr knockout mice provide
interesting leads regarding direct actions of vitamin D on lipid
metabolism. These mice display reduced plasma levels of triglycerides
(TG) and cholesterol consequent to increased energy expenditure and
lipolysis.102 By regulating calcium intestinal absorption, vitamin D
indirectly affects lipid absorption. In the intestine, calcium, fatty acids
and bile acids form insoluble soaps that are excreted in the stool.103

One would then expect that high levels of vitamin D would enhance
calcium absorption and result in less calcium in the intestinal lumen
and more fat absorbed. Nevertheless, the effect of calcium on fat
absorption appears relatively modest and may be too small to affect
serum lipids. Finally, through the maintenance of serum calcium and
the ensuing suppression of PTH secretion, vitamin D may indirectly
regulate lipolysis as PTH was shown to inhibit this process
in vitro.104,105

The majority of observational studies found associations between
25OHD levels and a favorable serum lipid profile, particularly
HDL-cholesterol and TG levels, whereas the results were less
consistent for LDL- and total cholesterol.106,107 Maki et al.107

concluded that each 2.5 nmol l− 1 increase in 25OHD level resulted
in an elevation of 0.42 mg dL− 1 of HDL and suggested that an inverse
dose-dependent relationship existed between 25OHD and TG levels.
The health benefits of high 25OHD concentration reported in
observational studies were, however, not reproduced in RCTs.
Following vitamin D supplementation, no clear improvement in the
serum lipid profile was observed, with reports of higher, unchanged or
lower concentration of lipid fractions.106,108–110 Such discrepancies
could not be ascribed to doses administered, duration of supplemen-
tation, or to features of the population study, and most likely arose
from a lack of appropriate statistical power. Future adequately
powered studies are therefore warranted to firmly establish the positive
impact of vitamin D on serum lipids.
SCI individuals exhibit a unique atherogenic lipid profile

characterized by reduced HDL- and total cholesterol levels, which
result in an elevated total to HDL cholesterol ratio.111,112 In the
general population, the ratio of total to HDL-cholesterol is the
strongest predictor of ischemic heart disease mortality, being twice
as informative as total cholesterol alone.113 Interestingly, 25OHD
levels were found to be negatively associated with this ratio.114,115
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Changes in lipid profile are highly associated with the degree of
neurological impairment; patients with lower motor score and greater
neurological level of injury display the lowest values of HDL- and total
cholesterol.116 These changes can be attributed to several factors.
Physical activity is generally known to increase HDL-cholesterol;
reduced physical activity due to limited mobility may therefore
contribute to the low HDL-cholesterol. A dysfunctional autonomic
nervous system, which increases the risk for obesity by reducing the
resting metabolic rate, may also negatively affect serum lipids. Finally,
post-injury dietary intakes, with potential risk for under- or
overnutrition, may lead to the development of an atherogenic lipid
profile. It is currently unknown whether vitamin D supplementation
would improve the blood lipid profile of SCI individuals.

Vitamin D and glucose metabolism: glucose intolerance or diabetes.
Nearly four decades ago, Norman et al.117 demonstrated that
pancreases isolated from rats made vitamin D deficient by nutritional
means exhibited reduced insulin secretion, which was normalized by
vitamin D repletion. Interestingly, normalization of serum calcium
concentration with dietary calcium did not restore the blunted insulin
secretion of these D-deficient rats, which is in contrast with another
report.118 Intracellular calcium is important for insulin exocytosis and
it is suggested that vitamin D, by maintaining normal extracellular
calcium, ensures that sufficient calcium is available to fill intracellular
pools required for optimal insulin release. Later on, it was shown that
pancreas islets, including beta cells, express VDR and 1-α
hydroxylase.119 Accordingly, Vdr-mutant mice displayed increased
blood glucose and depressed insulin levels in response to a
glucose challenge, in spite of normal β-cell mass and unaltered
size and number of pancreatic islets.120 The presence of 1-α
hydroxylase suggests an autocrine or paracrine action of circulating
25OHD on beta cells.
There is some evidence that vitamin D modulates insulin action

through its ability to reduce PTH levels. It is postulated that increased
PTH is associated with reduced insulin sensitivity. The secondary
hyperparathyroidism that often accompanies vitamin D deficiency
may therefore explain some of the effects of an impaired vitamin D
status on insulin secretion and sensitivity.121 Another mechanism
by which vitamin D may affect insulin action is through the
transcriptional regulation of the insulin receptor, whose promoter
contains a vitamin D response element consensus sequence. In vitro
studies have shown that a pharmacological dose of 1,25(OH)2D3

upregulated the mRNA and protein expression of the insulin receptor,
which translated into a greater insulin-induced glucose transport.122

Among other mechanisms, vitamin D may modulate insulin sensitivity
through its effect on skeletal muscle cells by mechanisms not
yet defined. Indeed, it has been demonstrated that 1,25(OH)2D3

dose-dependently improved free fatty acid-induced insulin resistance
in C2C12 myoblasts.123 Altogether, these studies support both direct
and indirect biological roles for vitamin D in insulin secretion and
sensitivity.
Cross-sectional studies on large populations found consistent

inverse associations between serum 25OHD and diabetes risk. In the
Third National Health and Nutrition Examination Survey (NHANES),
a cohort representative of the U.S. adult population, Scragg et al.124

reported an inverse association between serum 25OHD and diabetes
risk among non-Hispanic Caucasians and Mexican Americans, but not
in non-Hispanic African Americans. Non-Hispanic Caucasians with
levels ⩾ 81.0 nmol l− 1 exhibited a 75 and 72% risk reduction of
diabetes as defined by fasting and 2 h-glucose, respectively.

Similar associations were observed in large population-based studies
worldwide.125–127

Prospective observational studies also reported an inverse
association between 25OHD levels and incident diabetes in
populations without prior diabetes or glucose intolerance. In their
meta-analysis, including 21 prospective studies and a total of 76,220
participants, Song et al.128 found a 38% risk reduction in developing
type 2 diabetes in the highest category of 25OHD levels (RR= 0.62;
95% CI, 0.54-0.70). Similarly, Afzal et al.129 meta-analyzed 14
prospective studies (72,440 participants) and found that individuals
in the lowest quartile of 25OHD concentration had a 50% increased
risk of developing type 2 diabetes (OR= 1.50; 95% CI, 1.33–1.70)
compared with the top quartile. In the largest meta-analysis thus far,
which covered 18 studies involving 210,107 participants with
nearly 16,000 incident metabolic cases, Khan et al130 found a risk
ratio of 0.81 (95% CI, 0.71-0.92) for the top third vs the bottom
third of baseline 25OHD levels. Tsur et al.131 further added to this
association by showing that low serum 25OHD concentration (that is,
⩽ 25 nmol l− 1) was associated with an increased risk for progressive
glucose intolerance and diabetes compared with serum 25OHD
⩾ 75 nmol l− 1. However, observational studies have limitations,
including the presence of residual and unmeasured confounding, the
limited ability to infer causality and the risk for potential reverse
causation, meaning that reduced 25OHD levels may be a consequence,
rather than a cause, of an underlying subclinical glucose intolerance.
Despite biological plausibility and consistent evidence from

observational studies, results from vitamin D supplementation
trials have been disappointing. Although some studies have shown
improvements in glucose metabolism, insulin secretion and insulin
sensitivity in populations with various degrees of glucose tolerance,
132–136studies targeting vulnerable groups such as vitamin D-deficient
adults with diabetes or at high risk of developing diabetes have failed
to find improvements in such outcomes.137,138 These negative results
may be attributed to too short a duration of the treatment, too small a
dose or inclusion of vitamin D-sufficient subjects. To overcome
such limitations, Davidson et al.137 randomized vitamin D-deficient
adults – mostly Latinos and African Americans- with impaired glucose
tolerance to weekly placebo or vitamin D3 with doses based on weight
and baseline vitamin D status. The mean weekly dose of vitamin D3

was 88865 IU and the goal of such supplementation was to
achieve 25OHD levels between 163 and 225 nmol l− 1. After one year
of supplementation and the achievement of a mean 25OHD level of
175 nmol l− 1, no difference was seen between the placebo and the
supplemented group for any of the outcomes related to insulin
secretion and sensitivity. Although this study reports negative findings,
Pilz et al.139 rightly pointed out that at least it provides crucial data
regarding the safety of taking high doses of vitamin D for 1 year and of
maintaining a high level of 25OHD in a population that should most
likely benefit from such supplementation.
It has been consistently demonstrated that individuals with SCI

display hyperinsulinemia and insulin resistance. Contributing factors
involve body composition changes, intramuscular fat accumulation,
which interferes with glucose metabolism, lower physical activity and
hormonal changes.140,141 In addition, post-lesion changes in muscle
metabolism, such as reduced GLUT4 expression and alterations
in muscle fiber composition, can also negatively impact insulin
sensitivity. The relationship between vitamin D status and glucose
metabolism as well as the impact of its supplementation has never
been studied within SCI individuals.
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d. Obesity. Obesity is consistently associated with lower 25OHD
levels and poor vitamin D status. Using a bi-directional Mendelian
randomization analysis, Vimaleswaran et al.142 concluded that higher
BMI led to lower 25OHD levels, but not the other way around,
thereby providing evidence of a one-directional, causal relationship
between these two outcomes. On the other hand, the presence of VDR
and 1-α hydroxylase in the adipocytes strongly suggests that vitamin D
also exerts direct actions on fat cells. However, in vitro findings are
inconsistent between cell models and species. In 3T3-L1 cells, a mouse
preadipocyte cell line, 1,25(OH)2D3, exerts anti-adipogenic effects by
inhibiting their differentiation 143 whereas in primary mouse
adipocytes and human preadipocytes it promotes adipogenesis.144

Alternatively, the increased PTH levels that normally accompany
decreased concentration of 25OHD may have a role in lipogenesis
through the increase of intra-adipocyte calcium levels, which in turn
may enhance the expression of the lipogenic enzyme fatty acid
synthase.145

Despite the consistent inverse association reported between 25OHD
levels and BMI, interventional studies assessing the impact of
supplemental vitamin D on BMI or body fat changes have been
conflicting. It should be pointed out that BMI cannot distinguish
between lean and fat mass, and therefore BMI variations may not
accurately reflect changes in fat mass or specific adipose tissue
compartments. In a meta-analysis, Mora et al.146 combined nine
RCTs including 1651 obese adults to assess the effects of supplemental
vitamin D on BMI changes. The selected studies varied in terms of
baseline assessment of 25OHD levels as well as supplementation
regimens (that is, with or without calcium), trial durations (that is,
6–196 weeks) and dosage (that is, 200–1110 IU). Only five studies
reported beneficial effects of vitamin D supplementation, whereas four
studies had no impact, which led the authors to conclude that vitamin
D supplementation did not significantly affect BMI change. More
recently, in a meta-analysis including 26 RCTs and 42 430 adults,
Chandler et al.147 found no evidence of an impact of vitamin D
supplementation on weight, BMI and fat mass. Overall, current
evidence does not support a beneficial effect of vitamin D
supplementation on weight or fat loss, and studies using more
accurate measures of body composition, such as DXA, are warranted.
Obesity is a major concern for SCI individuals. A large proportion

of patients experience weight gain after their lesion. Reduced physical
activity, lower resting energy expenditure due to changes in body
composition and hormonal changes are all contributing factors.
To date, no prospective or controlled trial studies have specifically
investigated the association between vitamin D status and body
composition of SCI individuals.

Vitamin D and cardiovascular disease. Although the association
between vitamin D and single cardiometabolic risk factors appears
plausible, it may not translate into increased cardiovascular events
(for example, stroke, angina pectoris and myocardial infarction) and
mortality. It is thus important to consider those aspects in relation to
vitamin D as well.
Wang et al.148 carried out a meta-analysis on a pool of 19

prospective, yet highly heterogenous, studies including 6123 CVD
cases and 65,994 participants. They reported an inverse association
between total CVD risk and 25OHD concentration with a pooled RR
of 1.52 (95% CI, 1.3–1.77) when comparing individuals with the
lowest 25OHD levels with those with the greatest. Associations of
similar magnitude were found with CVD mortality (RR 1.42; 95% CI,
1.19–1.71), coronary heart disease (RR 1.38; 95% CI, 1.21–1.57) and
stroke (RR 1.64; 95% CI, 1.27–2.10). Using a dose–response approach,

they also reported a linear increase in CVD risk with decreasing
25OHD levels over the range of 20–60 nmol l− 1, whereas there was no
significant effect on CVD risk with 25OHD concentration above
60 nmol l− 1. More recently, in an analysis of the results from the
ESTHER study, a large German population-based cohort study
including older adults, Perna et al.149 studied the association between
25OHD levels and CVD by distinguishing between fatal and non-fatal
events. They reported a 27% increased risk for total CVD in
individuals with vitamin D deficiency (o30 nmol l− 1) compared with
those with levels ⩾ 50 nmol l− 1, with a much stronger risk increase for
fatal than for non-fatal CVD events. The authors suggested two
explanations for such findings: that low 25OHD levels affected the
course, not the occurrence of CVD events, or, alternatively, that
the association between low serum 25OHD and mortality may have
been driven by residual confounding. It has been postulated that the
relationship between vitamin D status and cardiovascular health is
obscured by the fact that 25OHD levels may be a marker of baseline
health as less healthy individuals tend to spend less time outside, be
exposed to less UV-B radiation and thus present with lower
serum 25OHD.150 The strong confounding effect of baseline health
may therefore account for the positive associations found in
epidemiological studies.
Although findings of observational studies support the conduct of

RCTs with cardiovascular outcomes as the primary end point,
evidence from clinical trials remains limited. Thus far, most studies
have explored the impact of calcium and vitamin D supplementation
on bone health and risk for fracture as primary outcomes, while
looking at cardiovascular events as secondary end points. The largest
trial to date, the Women’s Health Initiative (WHI), randomized a large
cohort of healthy postmenopausal women to receive 400 IU vitamin D
plus 1 g calcium carbonate or matching placebo.151 After seven years
of follow-up, the authors concluded that the combined calcium and
vitamin D supplementation did not affect the risk for any of the
cardiovascular end points studied, including myocardial infarction,
stroke and coronary heart disease mortality. Wang et al.152

subsequently meta-analyzed 8 RCTs to assess whether calcium and
vitamin D supplements reduce the risk for cardiovascular events in
adults. Vitamin D supplementation trials did not significantly reduce
the risk for CVD, with risk ratios of 0.90 (95% CI, 0.77-1.05) and 1.04
(95% CI, 0.92-1.18) for vitamin D supplements vs placebo and
combined calcium and vitamin D vs double placebo, respectively. In a
more recent meta-analysis, Ford et al.153 found that vitamin D
supplementation had no significant effect on the risk for myocardial
infarction, stroke or cardiac failure. Limitations to vitamin D
supplementation trials often include the use of a too low dose to
produce clinically relevant effects, the use of concomitant calcium
supplementation and the lack of consideration of baseline concentra-
tion of 25OHD. In fact, vitamin D supplementation of individuals
with lower 25OHD levels is more likely to produce a measurable
benefit. If basal vitamin D status of enrolled participants varies from
individual to individual it may lead to different individual responses to
supplementation, thus resulting in a null effect. Several large RCTs (for
example, the Vitamin D Assessment Trial (ViDA), the Vitamin D and
Omega-3 Trial (VITAL) and the Finnish Vitamin D Trial), sufficiently
powered to detect a potential effect of higher doses of vitamin D
supplementation on cardiovascular events as primary outcomes, are
currently ongoing, and results are expected in the coming years.
Although these trials were intended to overcome the limitations
related to previous RCTs (that is, too low a dose, the lack of baseline
measurement of 25OHD levels and cardiovascular end points as
secondary outcomes), they did not set vitamin D deficiency as

Vitamin D and spinal cord injury
J Lamarche and G Mailhot

1067

Spinal Cord



an inclusion criterion and some of them allowed nonprotocol
supplements of calcium and vitamin D.
CVD is now the leading cause of death in individuals with SCI who

survived their injury. The odd ratios for CVD and stroke are estimated
to be 2.72 (95% CI, 1.94-3.82) and 3.72, (95% CI, 2.22-6.23),
respectively, in SCI vs able-bodied individuals.154–156 As SCI
individuals develop cardiovascular risk factors at an earlier stage
compared with non-SCI individuals, and live longer, any intervention
reducing the burden of CVD, even with moderate results, could be
clinically attractive. Thus far, the relationship between vitamin D
status and cardiovascular health among spinal cord-injured individuals
has not been investigated, nor have studies been conducted to assess
the impact of vitamin D supplementation on cardiovascular outcomes
in this population.

Vitamin D and metabolic syndrome. MeS is a particular
combination of phenotypes, primarily related to glucose metabolism
(for example, insulin sensitivity, fasting glucose and glucose tolerance),
lipid profile (for example, TG and HDL levels), blood pressure and
visceral adiposity, which confers an increased risk for CVD and
diabetes.
In one of the first meta-analyses looking at the association between

25OHD levels and cardiometabolic health, Parker et al.157 reviewed 28
studies including 99 745 participants, among which 8 had MeS as the
main outcome. They found that high 25OHD levels were associated
with a 51% reduction in the prevalence of MeS (OR: 0.49; 95% CI,
0.38–0.64). A recent dose–response meta-analysis aimed at examining
the association between 25OHD levels and the risk for MeS among
adults from the general population reported a 13% decrease in risk
(RR: 0.87; 95% CI, 0.83-0.92) per 25 nmol l− 1 increment in blood
25OHD. This protective effect was seen in cross-sectional but not in
longitudinal studies, whereby the risk ratio was equal to 1.0 (95% CI,
0.98–1.02), a result that may arise from the fact that only two
longitudinal studies were included in the analyses.130,158 The issue of
causality therefore remains an important knowledge gap with regard
to MeS and vitamin D as no large RCT of vitamin D supplementation
has been carried out with MeS incidence as the primary outcome.
In non-SCI individuals, prevalence of MeS varies depending on the

definition used to define MeS.159–161 Whereas some SCI authors have
used the WHO162 or the American Heart Association definition,163

others have used the definition of th National Cholesterol Education
Program-Adult Treatment Panel (NCEP-ATP).164–166 To reflect the
changes in body composition seen in SCI individuals, authors have
either modified (for example, cutoff BMI of 22,101 population-specific
abdominal circumference166) or introduced (visceral body fat166)
criteria to the existing non-SCI MeS definitions. For instance, some
authors have argued that a waist circumference cutoff of 94 cm should
be used instead of the 102 cm used in non-SCI individuals.167 It
remains therefore difficult to accurately compare the prevalence of
MeS between SCI and the able-bodied population given the
differences in the criteria used to identify individuals with MeS.
Furthermore, risk factors may vary according to the level of injury.101

However, most authors agree that SCI individuals exhibit higher MeS
prevalence, estimated to be 22.6%, compared with the general
population156,164,165,168,169 Factor analysis reveals that risk clustering
in SCI individuals may differ compared with that in the able-bodied
population.101,162 Indeed, Liang et al.163 comparing SCI men with
age- and race-matched able-bodied controls found no difference in
MeS prevalence, which led them to suggest that distinct risk factor
patterns, rather than MeS per se, contribute to the increased rate of
CVD and diabetes seen in SCI individuals.

CONSIDERATIONS FOR VITAMIN D SUPPLEMENTATION
There are currently two ways to improve vitamin D status: increase
sun or UVB exposure with its inherent risks or encourage intakes of
vitamin D. Given the low number of foods containing large amounts
of vitamin D and the sun avoidance that is recommended for most
SCI individuals, supplementation may remain the sole route to ensure
enough vitamin D intake to maintain circulating 25OHD D in the
optimal range. However, a few considerations should be taken into
account prior to prescribing vitamin D supplements. The reader is
referred to a recent review for a detailed description of the
demographic and environmental factors that may impact the
individual response to vitamin D supplementation.170 Some of them
are briefly reviewed here with a special reference to SCI individuals
when appropriate.

Clinical threshold for vitamin D sufficiency
Although the cutoff value for absolute vitamin D deficiency (25OHD
levels o25 nmol l− 1) appears consensual among the scientific
community, definitions for vitamin D insufficiency and adequacy still
represent a matter of debate. This lack of consensus represents a
barrier to determine who should be screened and when, who would
benefit from supplementation, when to initiate supplementation as
well as the dosage and the dosing strategy. A number of clinical
guidelines and position statements as well as dietary recommendations
have been reported to define the optimal vitamin D status and how to
reach and maintain vitamin D sufficiency.171,172 However, the lack of
consensus between two important key players, namely the Institute
of Medicine (IOM) and the Endocrine Society, has led to considerable
confusion among practitioners.172 It should be underscored that the
two reports are intended for different populations: the general
population for the IOM and individuals at risk for deficiency for the
Endocrine Society. Nevertheless, the Endocrine Society produced a list
of indications for vitamin D screening from which SCI is absent. The
IOM recognizes that 25OHD levels greater than 50 nmol l− 1 are
indicative of vitamin D sufficiency, as those are associated with PTH
normalization, reduced risk for osteomalacia and optimal bone and
muscle function. In order to maximize the non-skeletal effects of
vitamin D, the Endocrine Society claims that vitamin D sufficiency is
achieved with 25OHD levels greater than 75 nmol l− 1 and that
vitamin D deficiency is defined by levels below 50 nmol l− 1.
Observational studies have shown that serum 25OHD greater than
75 nmol l− 1 is associated with a decreased risk of many disorders
including certain types of cancer and autoimmune and cardiovascular
diseases. However, RCTs have not consistently confirmed these
associations.173

The latest recommendations from the European Society for clinical
and economic aspects of osteoporosis and osteoarthritis are more
nuanced.171 They state that there is a risk for adverse outcomes at
25OHD levels below 50 nmol l− 1, whereas above that level there is no
clear consensus for additional beneficial effects. Decision to
supplement should be made on an individual basis taking into
account factors such as age, severity of disease, kidney function,
BMI and baseline 25OHD values. Targeting 25OHD levels greater than
75 nmol l− 1 may be beneficial to individuals at higher risk for fracture,
but will require higher dosage and a more regular monitoring of
25OHD level.

Individual variability
The level of 25OHD achieved after vitamin D supplementation varies
widely among individuals, which complicates the process of selecting
the right dose of vitamin D to reach a target 25OHD level. Subject
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characteristics including BMI and the baseline level of 25OHD, which
are inversely correlated with change in 25OHD, may contribute to this
variability. In addition, genetic variants may influence not only
25OHD baseline levels but also the increment in response to a given
dose of vitamin D.152,174,175 A genome-wide association study that
included more than 30 000 Caucasians revealed that four genes
contribute to the interindividual variability in 25OHD levels.152 These
genes encode for proteins involved in vitamin D metabolism:
dehydrocholesterol reductase, responsible for the availability of the
vitamin D3 precursor 7-dehydrocholesterol in the skin; DBP, the
main serum carrier of vitamin D; and CYP2R1 and CYP24A1, two
cytochromes involved in the conversion of vitamin D into 25OHD
and the degradation of 25OHD and 1,25(OH)2D, respectively.6

Interestingly, in a recent Danish study, the authors reported that
common genetic variants of the same genes, namely CYP2R1 and GC,
which encode the DBP, influence 25OHD response to UVB
artificial radiation and intake of vitamin D3-enriched foods.176

Although these results are promising, it remains currently unknown
whether these variants should be taken into consideration when
prescribing vitamin D supplements. Nevertheless, taken together,
these studies have strong implications for public health, as some
individuals may need personalized vitamin D recommendations based
on their genetic makeup.

D2 vs D3

Given that vitamin D3 and D2 differ only by the structure of their side
chains, it is theoretically assumed that the body uses them in an
identical manner. Although both forms are processed similarly, there
has been much debate as to whether vitamin D3 or D2 are equivalent
in their ability to raise 25OHD level.177–179 A recent meta-analysis
revealed that D3, either given in large intermittent bolus or daily small
doses, is more proficient in raising 25OHD than is D2.

180 These
findings are explained by the fact that D3 and D2 exhibit important
differences at the level of their metabolism. D3 is the preferred
substrate for the hepatic 25-hydroxylase, which converts D3 and D2 to
their respective 25OHD, and display higher affinity for the DBP. These
biological qualities may allow D3 to be efficacious for a longer time
and at greater concentration than D2.

Dosing regimens
The half-life of 25OHD is approximately 21 days, which makes it
suitable for intermittent dosing regimens. Although the attainment of
similar 25OHD levels is demonstrated upon the administration of the
same cumulative dose of vitamin D3 either daily (1500 IU), weekly (10
500 IU) or monthly (45 000 IU), the pharmacokinetics was shown to
differ between the three regimens.181 Monthly bolus of vitamin D3, as
opposed to a daily or weekly regimen, induced a significant elevation
of 25OHD within the first 24 h.181 Furthermore, fluctuation of
25OHD levels, characterized by the attainment of a peak within the
first week followed by a slow decline thereafter, is more likely to occur
with a monthly regimen.182 The biological impact of such fluctuations
is unclear and warrants further exploration. On the other hand,
patients prefer less frequent dosing as it is more convenient and data
showed consistently better compliance with intermittent bolus.
Therefore, the choice of dosing should be made upon the criteria of
optimal adherence to long-term supplementation. To achieve better
compliance, high doses of vitamin D3, either injected intramuscularly
or administered orally once a year, have been studied. These dosing
regimens display the advantages of preventing the decline of 25OHD
normally observed during winter and being a practical intervention in
a clinical setting. However, 500 000 IU of vitamin D3 given to a

community-dwelling of older women once a year for 3 to 5 years
resulted in 15% more falls and 26% more fractures in the vitamin D
group than in the placebo group.183 The increased likelihood of falls,
and to a lesser extent fractures, was exacerbated in the 3-month
period following the annual dose. Similarly, Smith et al.184 reported an
increased risk for non-vertebral fractures in older women, but not in
men, following the annual intramuscular injection of 300 000 IU of
vitamin D2 for three years. The incidence of falls was, however, not
influenced by treatment in this study. On the basis of the current
knowledge, there is no evidence that justifies the use of annual
high doses of vitamin D and it has been recently suggested to
restrict intermittent higher doses of vitamin D to intervals not greater
than 2–4 months.185

Vitamin D toxicity
The current IOM recommendation for upper level of vitamin D is 4
000 IU per day (100 μg per day) for healthy individuals older than 9
years, although the IOM has stated that up to 10 000IU per day was
safe. The use of very high doses of vitamin D concerns clinicians
because of a fear of hypervitaminosis D, which may result in
hypercalcemia and hypercalciuria. In a recent review of randomized
trials of various regimens of vitamin D supplementation, with doses
ranging from 600 IU to 10 000 IU per day, there were few reported
cases of hypercalcemia and hypercalciuria, and their incidence did not
differ from that observed in the placebo group.185 There is now
evidence from RCTs that supplemental vitamin D may have toxicities
other than simply hypercalcemia/hypercalciuria. Indeed, vitamin D
exhibits a U-shape or reverse J-shape curve for risk. The risk for
rickets and osteomalacia declines with increasing vitamin D intake or
25OHD levels. However, as these levels continue to increase, adverse
effects are more likely to occur, such as the increased risk for falls and
fractures with high doses of vitamin D given intermittently.183,184 Less
convincingly, 25OHD levels greater than 100 nmol l− 1 have also been
associated with a doubling of the risk for pancreatic cancer.186,187

Apart from risks of toxicity, there are potential contraindications to
vitamin D supplementation in SCI individuals, and these include
hypercalciuria, hypercalcemia and hyperphosphatemia. Because
vitamin D promotes intestinal absorption of calcium, the intake of
large amounts of vitamin D may lead to hypercalcemia. In the general
population, hypercalcemia results when levels of 25OHD are
constantly exceeding 350–500 nmol l− 1.188 Soon after injury and as
a result of the rapid bone resorption, acute SCI people exhibit calcium
levels that are in the high–normal range or are elevated in spite of
vitamin D deficiency.189 These high levels of serum calcium lead to a
marked increased renal excretion of calcium. Nevertheless, given that
PTH is suppressed and intestinal absorption of calcium is minimal in
acute SCI, introducing vitamin D/or calcium supplementation at this
stage will not exacerbate hypercalciuria. No adverse effect was reported
in chronic SCI studies15,16 upon the use of 2000 UI of vitamin D and
1300 mg of elementary calcium (3 250 mg as calcium carbonate).
However, careful assessment and monitoring are required as some
drugs, concomitantly used by SCI individuals, can potentiate hyper-
calcemia and hypercalciuria. For example, the combination of vitamin
D and calcium supplements and thiazide diuretics can induce
hypercalcemia in this population using intermittent catheterization
to manage the urinary output.22

Vitamin D–statin interaction
A few medications are classically known to affect vitamin D
metabolism. However, possible interactions between statins and
vitamin D have been recently uncovered. Statins are a proven class
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of lipid-lowering drugs that reduce the risk for CVD. However, statin
compliance is problematic given the occurrence of myalgia, the most
frequently reported adverse effect. Vitamin D deficiency displays
similar myalgic symptoms, suggesting a possible interaction between
statins and vitamin D. Normalization of 25OHD levels in vitamin
D-insufficient patients has resulted in the resolution of statin-induced
myalgia.190 Earlier findings suggested that there might be an
interaction between 25OHD levels and statin effectiveness as well.
Indeed, vitamin D-deficient patients (o30 nmol l− 1) who had
experienced acute myocardial infarctions did not respond to low or
high doses of atorvastatin in terms of TG, LDL and total cholesterol at
12 months compared with patients with insufficient (30–50 nmol l− 1)
or normal (450 nmol l− 1) vitamin D status.191 The authors
concluded that 25OHD levels above 30 nmol l− 1 are required for
atorvastatin to reduce lipid levels. Furthermore, the only study
reporting the effects of supplemental vitamin D in a small sample of
atorvastatin-treated patients has shown that the combination of
vitamin D and atorvastatin for 6 weeks resulted in a clinically relevant
decrease in serum concentration of LDL despite lower levels of
atorvastatin and its active metabolites.192 These findings suggest that
vitamin D may enhance the effect of atorvastatin therapy, and one
mechanism has been postulated to account for this interaction.193

Vitamin D is a known inducer of intestinal and liver CYP3A4, the
cytochrome involved in first-pass metabolism of atorvastatin, which
generates active metabolites responsible for its pharmacological
activity. Enhanced CYP3A4 metabolism of atorvastatin should there-
fore result in fast drug metabolism, an increase in the lipid-lowering
effect and reduced bioavailability for muscle toxicity.

Inflammation
It can be misleading to reliably assess vitamin D status based on a
single 25OHD measurement given that certain factors, such as
systemic inflammation, may negatively impact circulating 25OHD.
Indeed, it was shown that circulating 25OHD experienced a marked
(that is, 40%), rapid (that is, within 6–12 h post-op) and lasting
(that is, up to 3 months) decline in osteoarthritic patients who
underwent primary knee arthroplasty.194,195 Interestingly, this decrease
was accompanied by a significant elevation of CRP levels in the first
five postoperative days, which returned to normal by three months.
One potential explanation for such a large decrease in 25OHD
concentration is the increased urinary loss of DBP and its bound
25OHD as a result of the actin release from injured cells that binds to
DBP and accelerates its clearance. Alternatively, 25OHD turnover may
be enhanced as a consequence of its active uptake by inflammatory
cells, particularly macrophages.194,195 Therefore, low levels of 25OHD
could be a marker of the severity of the inflammatory process
rather than a true reflection of the vitamin D status. Soon after
injury, SCI individuals display acute inflammation as a result of
trauma, which later becomes chronic. Although the impact of
chronic inflammation on vitamin D status has never been reported,
interpretation of 25OHD levels in a SCI context should take into
consideration the patient’s inflammatory status.

Heterotopic ossification
Heterotopic ossification (HO) is a pathological process characterized
by the formation of bone in extra-skeletal soft tissues. It is a relatively
common complication in the acute phase of SCI where the incidence
ranges from 10 to 50%.196,197 HO generally occurs secondarily to
trauma whereby the injured tissues release factors that stimulate the
commitment of local and circulating progenitor cells into osteoblasts,
an event that precedes ectopic bone formation and deposition.

In addition to the release of osteoinducive factors, other mechanisms
contribute to the establishment of a permissive local micro-
environment that promotes HO. These contributing factors include
autonomic dysregulation, inflammatory responses, tissue hypoxia, and
endocrine perturbations leading to electrolyte imbalances.196,198

Oleson et al.199 reported 12 cases of HO among a cohort of 96
patients with acute or chronic complete SCI. Interestingly, 9 out of
these 12 patients had hyperparathyroidism and serum 25OHD levels
below 50 nmol l− 1, which led the authors to conclude that HO
appeared to correlate with elevated PTH, but neither directly with
25OHD or calcium levels, which, in the latter case, remained within
the reference range. Vitamin D3 supplementation (1000 IU twice
daily) given with or without etidronate for 1 year resulted in the
normalization of PTH values in all subjects but one, with no
additional HO progression. The authors postulated that keeping
serum 25OHD levels above 80 nmol l− 1 would allow a better control
of the permissive environment that underlies the development of HO.
The same group documented the case of a 31-year-old patient with
HO and nearly deficient vitamin D status (that is, 25.5 nmol l− 1) who
was prescribed a weekly supplement of 50 000 UI vitamin D2 with
etidronate (20 mg kg− 1).200 Twelve weeks later, 25OHD levels had
increased to 73.3 nmol l− 1, and flexion range of motion and rotation
had improved with no worsening of HO at imaging.

RECOMMENDATIONS FOR SCI INDIVIDUALS
At present, there are no specific recommendations for SCI individuals.
In light of the evidence reviewed here and based on the guidelines
released by the Endocrine Society as well as our clinical experience, we
formulated tentative recommendations that may improve current
practice and inform future research endeavors. Although we
formulated these recommendations following an extensive review of
the literature, the selection criteria for the studies included in this
review remain subjective and are not based on a systematic review of
the evidence, which may lead to interpretation bias. Therefore, these
recommendations should not be considered definitive, but are
intended to give clinicians tools for better management of vitamin
D status of SCI individuals and to serve as a starting point for
systematic model analyses.

Screening of vitamin D status and clinical thresholds
We recommend that SCI individuals be considered as candidates for
routine vitamin D screening and that their vitamin D status be
assessed shortly after admission to a rehabilitation center, although
evidence is currently insufficient to propose an ideal time frame post
injury. Endocrine Society cutoffs should be used for defining 25OHD
deficiency (o25 nmol l− 1) and insufficiency (25–75 nmol l− 1),
although the cutoff for sufficiency remains to be defined. Even though
no safe upper level of 25OHD has been defined in this population,
caution is warranted, as potential detrimental effects have been
associated with high levels of 25OHD.

Assessment of vitamin D and PTH status
Serum 25OHD remains the most reliable marker of vitamin D status,
whereas measurement of 1,25(OH)2D levels should be considered in
case of persistent hypercalciuria, hypercalcemia and/or nephrolithiasis.
Circulating PTH should be checked if hypercalcemia persists.

Assessment of calcium and phosphorus status
Before initiation of vitamin D supplementation, total calcium as well
as phosphorus should be assessed. If albumin and total calcium levels
are within the normal range, assessment of ionized calcium is not
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indicated. Serum calcium levels should be closely monitored once
vitamin D supplementation has begun.

Vitamin D and calcium supplementation
Daily or weekly regimen of vitamin D should be preferred. In the
absence of strong evidence, it is premature to recommend specific
doses of vitamin D for SCI individuals. Our recommendations are
therefore based on those suggested by the Endocrine Society. A dose of
50 000 IU wk− 1 or 6 000IU d− 1 for 8 weeks is suggested to correct
vitamin D deficiency and raise 25OHD levels above 75 nmol l− 1. Once
achieved, a maintenance therapy of 1 500-2 000IU d− 1 is
recommended. Adjustments may be required to achieve and/or
maintain circulating 25OHD above 75 nmol l− 1. The clinicians must
be aware of factors that may impact the 25OHD response to oral
vitamin D and monitor 25OHD levels on a regular basis to determine
the efficiency of the supplementation and adjust the dosage
accordingly. For instance, individuals with growing skeletons
(for example, children and adolescents) and young men deserve
particular attention as hypercalcemia and hypercalciuria are more
commonly seen in these subgroups of individuals.201,202

Vitamin D supplementation could be postponed in case of high
inflammation markers and normal–high serum calcium. Given that
osteoporosis is highly prevalent in the SCI individuals and because
vitamin D alone is less effective than in combination with calcium,
correction of vitamin D insufficiency in the presence of adequate
calcium intakes is recommended, as stated by the Endocrine Society.
Assessment of dietary calcium intakes should be made prior to the
initiation of calcium supplementation. When intakes are high
(41500 mg), calcium supplementation may be unnecessary or
supplement dose adjusted accordingly. If calcium supplementation is
required, calcium citrate remains the preferred calcium formulation as
it is absorbed irrespective of the presence of stomach food and acid
content. If not available, then calcium carbonate should be taken with
foods. Calcium absorption is quite efficient in doses ⩽ 500 mg;
therefore, doses should be split throughout the day rather than being
ingested at once.

CONCLUSION
Although high rates of vitamin D deficiency and insufficiency are
encountered in SCI individuals, its consequences are not well defined.
As weight-bearing activity is limited in SCI, emphasis should be made
on the monitoring of nutritional factors that impact musculoskeletal
and metabolic health. Routine screening and monitoring of vitamin D
as well as treatment of suboptimal status should be instituted in both
the acute and the chronic setting. The close interactions between
vitamin D and related bone minerals should be kept in mind when
supplementing SCI individuals, and practices should be individualized
with clinical conditions.
In conclusion, we believe important knowledge gaps need to be

addressed in future research dealing with vitamin D and SCI. The
amount of vitamin D required to achieve and maintain a steady and
adequate level of 25OHD in these individuals is unknown. As they
often display disorders of mineral metabolism and risk for HO, the
safety of vitamin D should be carefully evaluated. Whether keeping
25OHD levels above a certain threshold would translate into
long-lasting skeletal and extra-skeletal benefits warrants further
investigation, with musculoskeletal and metabolic health as well as
functional outcomes considered high priorities. Finally, the
musculoskeletal impact on the combination of vitamin D and calcium
with mechanical therapy should be investigated in these patients.
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