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Abstract.
BACKGROUND CONTEXT: Patients with spina bifida (SB) are at risk for pathological fractures and low bone mineral density
(BMD).
PURPOSE AND METHODS: This article reviews the literature and provides a comprehensive overview of how the character-
istics of SB and its associated comorbidities intersect with bone fragility to identify possible pathophysiological mechanisms of
fractures and low BMD.
RESULTS: Bone fragility occurs early in the life of patients with SB as a result of a disturbance that determines changes in bone
shape, quantity, and quality, as poor mineralization reduces bone stiffness. Bone fragility in SB occurs due to local and systemic
factors and may be considered a state of impaired bone quality of multifactorial aetiology, with complex interacting influences
of neurological, metabolic, and endocrinological origins and the presence of smaller bones. Bone fragility should be evaluated
globally according to skeletal age and Tanner staging. The phases of the evolution of Charcot joints seem to intercept the evolu-
tion of epiphyseal fractures. Charcot arthropathy in SB may be initiated by the occurrence of repetitive trauma and fractures in
epiphyseal and subepiphyseal regions, where there is a deficit of bone mineralization and greater bone mass deficits.
CONCLUSION: Bone fragility in MMC potentially has a multifactorial neuro-endocrinological-metabolic-renal dimension,
with smaller bones, lower bone mass, and mineralization deficits affecting bone strength.
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1. Introduction

Acquiring adequate bone mass during childhood is
a prerequisite for bone health in adulthood. If a thresh-
old of low bone mass is reached, the presence of osteo-
porosis is considered. Implicit in the concept of peak
bone mass is that osteoporosis, an adult disease, has
antecedents in childhood and adolescence; thus, under-
standing the determinants of bone mass acquisition is
an important aspect of its prevention [1–3]. Further-
more, skeletal adaptations that occur during childhood
and adolescence are less reversible than adaptations
that occur in adulthood [4]. Prior studies have demon-
strated an 11–30% frequency of fractures in paediatric
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patients with spina bifida (SB) [5–12], highlighting the
importance of evaluating this topic. This narrative re-
view will outline a comprehensive overview of how
the characteristics of SB and its associated comorbidi-
ties intersect with bone fragility to identify possible
pathophysiological mechanisms of fractures and low
bone mineral density (BMD). As a primary endpoint,
we evaluate factors/disease-specific risk factors associ-
ated with the occurrence of fractures, BMD, and bone
fragility: paraplegia and alterations of sensitivity, im-
mobility/inactivity, dietary intake of calcium and vita-
min D and serum levels of vitamin D, urinary calcium
excretion, secondary hyperparathyroidism, chronic re-
nal failure (CRF), metabolic acidosis and urinary di-
version surgery/augmentation cystoplasty, endocrino-
logical diseases, metabolic syndrome, as well as an-
thropometric measures and mechanostat theory. The
association between the occurrence of fractures and
low levels of BMD is analysed. As a secondary end-
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point, markers of bone metabolism were assessed, as
well as other issues such as using Charcot arthropathy
to determine whether physiopathology intercepts bone
fragility. In addition, we attempt to establish an inte-
grated explanation of the causes and mechanisms in-
volved in bone fragility according to the above-cited
factors to address the evolution of the incidence of frac-
tures until adulthood in patients with SB and to pro-
vide recommendations for the management of bone
fragility.

2. Methods

The search strategy of this review can be divided
into two phases.

In the first phase, we followed a structured method
to establish a PUBMED search in which studies were
identified by focusing on domains concerning the in-
cidence and risk factors of fractures and BMD. Bib-
liographic research was carried out up to 07/04/2018.
We considered the review previously published by
Marreiros et al. [8]. In the domain titled “incidence
and risk of fracture”, we searched using the keywords
myelomeningocele (MMC) or SB and fracture. We in-
cluded only observational studies with more than two
patients and studies recruiting children and/or adults
and excluded studies with heterogeneous disease sam-
ples. To identify an association among BMD and the
occurrence of fractures and the risk factors of low
BMD, we searched using the keywords meningomye-
locele or SB cystica and bone density. Due to the
scarcity of publications on this topic, we did not ex-
clude studies with heterogeneous samples. We ex-
cluded studies that recruited only adults. We included
articles that evaluated BMD and/or bone mineral con-
tent (BMC). For heterogeneous samples, studies were
included only if they included at least six patients with
SB. In both domains, we included additional articles
that were not obtained using this search strategy but
were known by the author to meet the inclusion cri-
teria. The search was restricted to English articles.
Articles were excluded if they were not available in
PUBMED or Portuguese libraries.

In the second phase, we also selected other articles
that evaluated risk factors with a potential impact on
bone health (fractures and BMD) in SB but did not
analyse this correlation. Little research has been con-
ducted on this disease, which has various concurrent
pathologies that may influence one another with po-
tential health impacts on bone, and there is a lack of

research on these comorbidities and their impacts on
bone health in SB. Therefore, in this paper we discuss
articles focused on the adult and pediatric age group in
order to evaluate the relationships between SB (and its
comorbidities) and factors impacting bone health.

3. Results

In the literature review, the search focusing on
fracture: Spina bifida [MeSH] OR Myelomeningocele
[MeSH] AND Fracture [MeSH] yielded 128 articles.
Of these, 21 met the inclusion criteria [6,7,9,10,12–
28]. Although not yielded by the search criteria, two
additional articles on this topic were identified and in-
cluded [5,11]. Thus, 23 articles about fractures and SB
were analysed in detail.

The search focusing on BMD: Meningomyelocele
[Mesh] OR Spina Bifida Cystica [Mesh] AND Bone
Density [Mesh] yielded 17 articles. Of these, 11 ar-
ticles met the inclusion criteria [13–17,29–34]. Al-
though not yielded by the search criteria, five addi-
tional articles on this topic were identified and in-
cluded [35–39]. Thus, 16 articles about BMD and SB
were analysed in detail.

The remaining articles were selected in the second
phase.

4. Discussion

4.1. Risk factors for fractures in SB

Risk factors for the occurrence of fractures in SB
include high levels of neurological involvement [6,7,
9,10,18], patients in wheelchairs [6,7,13,28], the pres-
ence of hypercalciuria [15], the presence of contrac-
tures [18], and high body fat content and body mass
index (BMI) values [15]. An association between sec-
ondary inactivity due to cast immobilization and/or
operative orthopaedic procedures and the occurrence
of fractures was detected [6–12,19,20,40]. The occur-
rence of a spontaneous first fracture increases the risk
of a second fracture [7].

4.2. BMD assessment

Bone densitometry has been the technique of choice
for the evaluation of BMD in studies involving patients
with MMC. However, the available studies have used
either single-energy beam absorptiometry [13,36,37]
or dual-energy beam absorptiometry (DXA) [14,29,31,
33,35] as well as different types of apparatuses, mak-
ing it difficult to compare the results.
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4.2.1. Evaluation of BMD in SB – general concepts
A decrease in BMD is correlated with an increase in

the neurological level of the lesion [17,35,36,41] and
with lower ambulatory ability [14,33,36,41].

Reported mean BMD values for all sites examined
in the lower extremities, lumbar region and forearms
were approximately 1 to 3 standard deviation (SD)
scores below the mean of age- and gender-matched in-
dividuals with typical development (TD) [13–16,33–
35,39,41]. The selected studies had at least one mean
Z-score with an SD between −1 and −3, though other
regions may have also shown values outside this range.

4.3. Low BMD (local vs. systemic factors and
pattern)

4.3.1. Local pattern (below the neurological level of
injury)

Several studies have used DXA to measure BMD
in the lower extremities of children with SB [42]. Re-
search using DXA scans has documented that chil-
dren with SB are predisposed to a lower BMD in the
distal femoral region than their typically developing
peers [16,41] as well as a lower BMD in the femoral
neck [14,17,29,32]; this predisposition is especially
pronounced in children who are non-ambulatory [16,
41]. There are local factors involved due to the deficit
of muscular strength caused by neurological injury that
compromise BMD and increase the risk of occurrence
of complications such as extremity fractures below the
neurological level of injury [15]. Since Frost’s intro-
duction of the concept of the “mechanostat”, it has
been accepted that bone mass and architecture are reg-
ulated in response to the local strains engendered by
functional loading [43,44].

4.3.2. Systemic patterns
Several authors have reported BMD in the distal

radius, a site with a lower frequency of SB frac-
tures [13,36]. Quan et al. [13] assessed BMD in the
distal radius in patients with MMC with an average
age of 11.1 ± 3.6 years, and they identified values
lower than 1–2 SD scores from the general population.
In this context, the authors suggested the presence of
systemic consequences related to inactivity. This sys-
temic effect, rather than a direct and localized effect, is
also suggested by the nearly identical Z-scores of BMC
and BMD across all three ambulatory categories [13].
The lack of differences between mobile and immobile
MMC patients in terms of BMD measurements is con-
sistent with the findings from the Kafadar et al. [17]

study. Curiously, another study found a lower BMC
for arms in infants with MMC than in infants with
TD [34]. However, Quan et al. [13] did not evaluate
upper limb muscle tone for spasticity, which is not un-
common in MMC [45] and may have implications for
BMD in the distal radius. In this context, this phe-
nomenon should instead be interpreted as a local neu-
rological factor or at least a mixed local and systemic
factor. Furthermore, as shown below, there are several
systemic factors in addition to inactivity due to sec-
ondary health impairments in MMC that may interfere
with bone health, which arise and accumulate during
growth in SB.

4.4. Factors that interfere with bone mass

The regulatory influences that determine bone mass
can be divided into several categories: 1) genetic;
2) local, referring to stress and strain as a result of
mechanical loads; 3) neuroendocrine/humoural; and
4) neural [46,47]. Recognizing the presence of other
comorbidities/conditions with a possible impact on
bone health in patients with MMC, we considered
the following additional factors: diet, environment,
chronic kidney disease (CKD), acidosis due to urinary
diversion/augmentation cystoplasty, and other factors.

4.4.1. Endocrine factors
4.4.1.1. Hormonal factors

Hydrocephalus and associated central nervous sys-
tem anomalies are present in 80 to 90% of patients
and are assessed as risk factors for endocrine disor-
ders in MMC as a result of hypothalamic-pituitary
dysfunction. In particular, growth hormone (GH) de-
ficiency has been documented in SB [48,49]. Cer-
tain studies have found that adults with childhood-
onset GH deficiency (GHD) also have a lower BMD
than healthy controls [50]. In other studies, premature
adrenarche and central precocious puberty were iden-
tified in SB [51–56]. Thus, there are factors that occur
in this pathology that may contribute to an apparently
high BMD for chronological age (CA), such as the oc-
currence of precocious puberty [16], but show no dif-
ference if adjusted for bone age (BA) [28].

It is well recognized that bone loss accelerates in hy-
pogonadal states [57]. The presence of hypogonadism
has been detected in patients with MMC [28]. How-
ever, this condition may not have a considerable as-
sociation with SB; in fact, Decter et al. [58] demon-
strated that men with SB have normally distributed
serum testosterone levels despite the possibility of a
hypothalamic-pituitary-gonadal axis abnormality sec-
ondary to congenital hydrocephalus.
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4.4.1.2. Obesity and metabolic syndrome
In an observational cross-sectional study that in-

cluded children with MMC and healthy children, DXA
measurements of the percentage of fat in the trunk,
arms, legs, and whole body were performed. Children
with MMC had higher than normal total body fat and
leg fat in comparison to healthy children, but only
children with higher-level lesions exhibited increased
trunk fat [59]. In a cross-sectional study, Shepherd et
al. [60] evaluated body composition and measures of
obesity in 59 subjects with MMC aged 0.3–29 years
via anthropometry, measures of body cell mass (BCM),
and intra- and extracellular water (ICW and ECW). Af-
ter 3–4 years of age, children with MMC demonstrated
low levels of total body potassium (TBK), BCM, and
total body water; anomalous water distribution (in-
creased ECW and decreased ICW); and elevated per-
centages of body fat for those of their age and weight.
These findings were more pronounced in females and
in those with high-level lesions. It appears that during
infancy and early childhood, children with MMC have
a body composition similar to that of TD children, but
after the age of four years BCM and lean mass fail
to grow normally and the relative deficit in lean tis-
sue becomes compensated for by increased adipose tis-
sue [60].

Mita et al. [61] showed that the percentage of body
fat in patients with SB younger than five years of age
was similar to that in age-matched normal children;
however, 58% of patients older than six years had an
increased percentage of body fat.

In a retrospective cross-sectional study including
30 patients with MMC aged 6–17 years, the inci-
dence of fractures was correlated significantly with
BMI and body fat content. Since fractures had no as-
sociation with activity, locomotion, clinical picture, or
level/anatomical location of the lesion, the authors hy-
pothesized that increased fat deposition and excessive
body mass may contribute to the pathomechanism of
bone fragility in children with MMC [15]. Since chil-
dren with higher-level lesions have increased trunk fat,
these findings may be suggestive of a greater risk of
developing obesity-related diseases [59]. A prospec-
tive cross-sectional study of 28 children with MMC
and 58 controls without physical disability, aged six to
13 years, revealed a higher percentage of total body
and trunk fat in the children with MMC (particularly
those with higher-level lesions) than in the controls
even though the two groups had similar BMI values.
In addition to obesity, the evaluation of metabolic syn-
drome components showed that children with MMC

tended to have higher triglycerides and lower high-
density lipoproteins (HDL) than controls; 15% of the
MMC group was classified as having metabolic syn-
drome. Considering that lumbar involvement was as-
sociated with abnormalities in the lipid profile, bone
metabolism markers, and metabolic syndrome mark-
ers, whereas youths with sacral levels had values sim-
ilar to those of healthy controls, the degree of these
abnormalities may be associated with neurosegmen-
tal level [62]. In a cross-sectional investigation, Pol-
lock et al. [3] compared bone mass among overweight
adolescents aged 14–18 years with and without car-
diometabolic risk factors (CMRs). BMC was reduced
by 5.4% in adolescents that had at least one compo-
nent of CMR compared with that in those without any
risk factors and by 6.3% when two or more CMRs
were present. When examining groups of overweight
adolescents together, Pollock et al. [3] found that the
visceral fat area was inversely associated with whole-
body BMC, but there was no association between the
total body fat mass or subcutaneous fat area and whole-
body BMC. Thus, the adiposity phenotype, which is
evaluated based on visceral versus subcutaneous fat,
appears to affect the relationship between adiposity
and bone mass [3,63].

Recognizing the relevance of the higher percentage
of total body and trunk fat in MMC in children with
higher-level lesions [59,62], it is expected that some
observations identified in the general population with
obesity but without neural tube defects could occur in
MMC with implications for bone mass. Overall, the
aforementioned findings suggested the presence of in-
herent factors in SB that emerge and change with age,
such as an adiposity phenotype, which could affect
bone health.

4.4.2. Nervous system
Individuals with MMC often exhibit motor and sen-

sory neurological deficits below the level of the le-
sion [64]. A well-recognized effect of neurologic dis-
ease is the loss of bone in the regions affected by pare-
sis or paralysis [46]. In addition to the consequences
of motoneuron injury in SB with regard to bone health,
other potential causes of low bone mass in SB in-
clude the loss of sympathetic and sensory innervation
of bone [28]. Furthermore, the link between leptin sig-
nalling in the hypothalamus and the sympathetic reg-
ulation of bone turnover is recognized [65]. However,
the impact of hypothalamic dysregulation due to com-
plex CNS anomalies in MMC [66] can interfere with
the pattern of leptin secretion in MMC.
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4.4.3. Chronic kidney disease
Congenital and acquired CKD may lead to a dis-

ordered regulation of mineral metabolism with subse-
quent alterations of bone remodelling and growth [67].
The term renal osteodystrophy (ROD) refers to a large
spectrum of abnormalities of skeletal homeostasis re-
lated to CRF [67], including osteitis fibrosa, osteoma-
lacia, mixed lesions, adynamic bone disease, and os-
teoporosis [68].

In a five-year retrospective observational study of
medical data from 54 children with MMC, renal
parenchyma damage progression in renal scintigraphy
was noted in 12 children (22.2%), and the deterioration
of estimated glomerular filtration rate (eGFR) values
was noted in 11 (30.4%) patients, of whom six (11.1%)
children qualified for higher CKD stages after follow-
up [69]. Additionally, the data obtained by Norman et
al. [70] from children aged two to 18 years with re-
nal disease showed the occurrence of ROD early in the
course of CRF with glomerular filtration rate (GFR)
values of 45 to 50 mL/minute/1.73 m2 or less. There-
fore, it is possible to anticipate and extrapolate the
likely weight of ROD in bone fragility in MMC. Unfor-
tunately, studies evaluating the role of kidney disease
in low BMD in MMC are lacking.

4.4.4. Intestinal urinary diversion/augmentation
cystoplasty – acidosis and impact on BMD

Children with MMC are at risk for acidosis from
various sources, including nutritional aspects con-
tributing to metabolic changes that may be related to
dysphagia (associated with Arnold-Chiari malforma-
tion), chronic wound healing and/or chronic infection,
pulmonary insufficiency due to restrictive lung disease
(associated with severe scoliosis or kyphosis), and/or
GFR of less than 30% [71,72].

Previous studies have supported the premise that
intestinal urinary diversion/enterocystoplasty may ad-
versely affect bone mineralization [29,73,74]. Koch et
al. [29] evaluated 93 patients with MMC, 30 of whom
underwent urinary diversion (ileal or colonic), while 63
were treated with intermittent catheterization. In this
study, bone demineralization was detected in DXA in
patients treated with urinary diversion, but there was no
significant difference from controls treated with inter-
mittent catheterization. There was a higher incidence
of intermittent metabolic acidosis among patients with
urinary diversion than among those who used urinary
catheterization [29].

Haas et al. [41] used a cross-sectional observational
study to assess the BMD of the lateral distal femur

of children with congenital spinal dysfunction. Forty-
four children aged six to 18 years with congenital
spinal dysfunction (35 with MMC) were enrolled in
the study. The authors did not identify a correlation be-
tween augmentation cystoplasty and BMD of the distal
femur [41].

Adams et al. [71] retrospectively evaluated a cohort
of paediatric patients with MMC and bladder augmen-
tation enteroplasty. The analysis included 71 children
with a history of ileal or colonic enteroplasty. No statis-
tically significant differences were found between the
preoperative and postoperative laboratory values, in-
cluding pH, HCO3 and PCO2, for each of the 71 sub-
jects. None of the children had metabolic acidosis after
the augmentation procedure [71].

In an observational study, Mingin et al. [30] eval-
uated 22 patients with MMC and 11 with bladder
exstrophy to examine changes in calcium metabolism,
height, bone chemistry, and BMD. Children with
MMC who were and were not augmented were com-
pared to individuals of the same sex, age, ambulatory
status, and similar level of the lesion as well as to
those without MMC. In the augmented MMC group,
there were 13 patients: seven patients with a mean age
of 13 years underwent ileal augmentation and six pa-
tients with a mean age of 13 years had gastric aug-
mentation. A significant difference was detected in
serum bicarbonate and chloride levels between ileal
and non-augmented MMC patients. The bicarbonate
levels were significantly lower in six out of seven pa-
tients in the ileal augmented SB group. This finding
combined with a lower pH and elevated chloride is sig-
nificant for metabolic acidosis. There were no other
significant differences in percentiles for height, labora-
tory studies, or BMD measurements among the groups
(SB control, SB gastric, SB ileal, and normal) [30].

Boylu et al. [32] evaluated BMD after ileal aug-
mentation cystoplasty in eight patients with neuro-
genic bladder with MMC and seven patients with
non-neurogenic bladder with a mean age of 10.2 ±
4.1 years. The mean BMD at L1–L4 was 55.7% in
the neurogenic group and 83.8% in the non-neurogenic
group, and the mean BMD at the femoral neck was
72% in the neurogenic group and 86.2% in the non-
neurogenic group. In both cases, the difference was sta-
tistically significant between the two groups, although
their pH values and bicarbonate levels were similar.
Mild to moderate acidosis was detected in the sample.
According to the authors, the data suggest that acido-
sis is not the dominant factor for the decrease in BMD
and that the lower BMD with MMC depends more on
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the underlying neurologic pathology and its locomotor
consequences than on the enterocystoplasty itself [32].

The study reported by Taskinen et al. [38] investi-
gated 54 consecutive patients with bladder augmenta-
tion, of whom 42 belonged to the neurogenic group
(including 33 patients with MMC), and 12 belonged
to the non-neurogenic group and presented with blad-
der exstrophy. The median age of the patients was 12.6
(5.8–32.5) years at the time of augmentation. Forty-
five patients (83%) had ileocystoplasty, six had ileo-
coecal cystoplasty, and three had sigmacystoplasty. Six
(11%) patients had acidosis, but it is not clear whether
they had a diagnosis of MMC. Of the 54 patients,
34 (63%) had a reduced areal BMD, 20 (37%) had
mild osteopaenia, and 14 (26%) had severe osteopae-
nia. Low areal BMDs were more common in the neu-
rogenic than in the non-neurogenic group [38].

The results of these studies are not directly compa-
rable because the studies used different designs and
methodologies and had non-overlapping objectives.
Thus, the results of the presented studies do not allow
the establishment of a definitive causal link between
metabolic acidosis after urinary diversion or bladder
augmentation and a decrease in BMD in SB.

4.4.5. Calcium and vitamin D deficiencies -
environmental and dietary factors

Children with SB may have unique predisposing
factors to vitamin D deficiency, such as immobility
and consequent decreased sun exposure, dietary lim-
itations, and CKD [35,40,62,69,75–78]. Dietary and
metabolic factors include the intake of vitamin-D-rich
foods and the association between obesity and 25-
OHD levels, respectively [62,79,80]. To our knowl-
edge, only three studies have applied a food frequency
questionnaire to determine calcium intake [14,17,37]
Theoretically, the absorption of fat-soluble vitamins,
including vitamin D, may be impaired after ileocysto-
plasty. However, in the study by Taskinen et al. [38],
approximately 42% of patients had moderate to severe
vitamin D deficiency. The prevalence of vitamin D de-
ficiency did not differ from that in the general popula-
tion [38,81,82].

4.4.6. Other factors from an anthropometric
perspective: Can smaller bones explain bone
fragility?

Wald et al. [83] evaluated 189 singleton infants with
SB cystica and showed that the mean birth weight
was statistically significantly lower than the mean
birth weight of 3,816 singleton infants without neu-

ral tube defects. Most, if not all, of this difference
in birth weight was due to the low weight for gesta-
tional age of the SB infants [83]. In an observational,
cross-sectional, controlled study with 114 patients with
shunted hydrocephalus (17 patients with SB) and 73
healthy subjects, aged five to 20 years, Lopponen et
al. [84] described the growth pattern of hydrocephalic
children. Patients with SB were already shorter than
control subjects at birth. However, in a retrospec-
tive study with 109 patients with MMC aged 3.2–
21.0 years, Trollmann et al. [53] showed that length at
birth generally ranged within expected values for the
age group, independent of the level of the lesion [53].
An inspection of the means of leg lengths and shank
circumferences suggested that infants born with MMC
and age-matched infants with TD showed very sim-
ilar values at one month. In contrast, at 12 months,
infants born with MMC exhibited shorter leg lengths
and smaller shank circumferences than those with
TD [85]. Studies have documented that children with
MMC have a short stature [17,30,33,37,53,54,86–88],
particularly those with high lesion neurological lev-
els [87,89], with significantly lower values for height
in immobilized than in mobilized patients [17,33] com-
pared with the values for controls [17,62,90], and they
tended to weigh less than other children of the same
age [54,59,86]. However, the comparison of weight
with height suggested that children with MMC were
relatively obese [54,86].

Recognizing that patients with MMC are shorter,
a hypothesis can be posed regarding whether smaller
bones can contribute to bone fragility.

4.5. Implications for bone age

The study of Lopponen et al. [84] cited above
found a retarded linear growth in prepuberty in hy-
drocephalic children and an earlier adolescent growth
spurt, leading to a decreased final height and increasing
obesity during adolescence. All these characteristics
were even more pronounced in hydrocephalic children
with SB compared to the other patients with hydro-
cephalus [84]. The reduced GH secretion during prepu-
berty is likely to contribute to slow growth at that stage,
while reduced GH secretion in puberty may result in
a suboptimal adolescent growth spurt concomitantly
with the acceleration of pubertal maturation, leading to
the early fusion of the epiphyses [49,91]. The relative
BA was retarded in prepubertal shunted hydrocephalic
patients, and it was accelerated in pubertal patients
compared with that in the control subjects [84]. In a
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retrospective study of 109 patients with MMC aged 3.2
to 21 years, in addition to the advanced development of
secondary sex characteristics (central precocious pu-
berty in five girls), a marked acceleration of BA de-
veloped upon reaching puberty [53]. Greene et al. [54]
documented a retarded BA in MMC patients prior to
the age of nine years and an acceleration between the
ages of nine and 10 years [53,54]. In the study reported
by Elias et al. [52], four of five among 32 girls younger
than 10 years of age with MMC and precocious pu-
berty had an advanced BA by 1.8 to 2.5 years. In the
case series by Rotenstein et al. [88], all seven prepu-
bertal patients with neural tube defects, aged 5.4 to
13.1 years, had delays in BA.

4.6. Metabolic bone markers

In the study by Van Speybroeck et al. [62], 93%
of MMC participants were 25-hydroxy vitamin D
[25(OH)D] insufficient or deficient and showed a trend
towards higher levels of phosphate, while the control
group without MMC had a rate of 78%. Okurowska-
Zawada et al. [35] and Baum et al. [75] detected val-
ues of 25(OH)D insufficiency and deficiency at 97%
and 75% in SB, respectively [35,75]. The higher fat
mass in the MMC group than in the controls in the Van
Speybroeck et al. [62] study and the inverse relation-
ship of 25(OH)D levels in Caucasian children to total
adiposity, metabolic syndrome, and hypertension [80]
may help explain this difference. Martinelli et al. [39]
documented significantly lower serum 25(OH)D in pa-
tients with SB than in the healthy population, and
the patients also presented with hypophosphatemia.
Okurowska-Zawada et al. [35] detected the presence
of a negative correlation between the serum concentra-
tion of 25(OH)D, BMI and osteoporosis and a signifi-
cant positive correlation between 25(OH)D and phos-
phorus. Although Martinelli et al. [39] emphasized the
need for vitamin D supplementation in all patients with
SB, Kafadar et al. [17] showed no differences between
MMC patients and age- and gender-matched healthy
children in terms of calcium intake, vitamin D prophy-
laxis, sun exposure, or in serum 25(OH)D levels [17].

Quan et al. [13] found higher levels of urinary cal-
cium excretion in the non-ambulatory MMC patients
than that of ambulatory MMC patients. Okurowska-
Zawada et al. [15] reported a significant correlation be-
tween the incidence of fractures in children with MMC
and an increase in 24-hour urinary calcium excretion
levels in the presence of normal renal function [15].
However, Kafadar et al. [17] did not detect differ-

ences between patients with MMC and controls or be-
tween the different levels of injury with respect to uri-
nary Ca2+ and the urinary Ca2+/creatinine ratio. These
findings were corroborated by Apkon et al. [14], who
detected values of the urinary ratio of Ca2+/creatinine
within normal ranges in MMC patients. Thus, Kafadar
et al. [17] stressed that BMD reduction among MMC
patients cannot be explained by urinary calcium loss.

Taskinen et al. [38] reported a significant nega-
tive correlation between the serum 25(OH)D level and
parathormone (PTH) plasma concentrations, which
was consistent with the known effects of vitamin D de-
ficiency on bone loss. However, Okurowska-Zawada et
al. [35] did not find a correlation between the serum
levels of 25(OH)D and PTH. Additionally, Van Spey-
broeck et al. [62] showed that children with MMC had
lower PTH levels than controls, despite lower calcium,
25(OH)D, and alkaline phosphatase (AP) levels. Ac-
cording to Van Speybroeck et al. [62], the obtained
data suggests an alteration in the sensing mechanism
or response of the parathyroid gland to normal phys-
iological stimuli in patients with MMC. As AP lev-
els are generally elevated in vitamin D deficiency, the
meaning of the lower levels of AP in the MMC group
than compared to the controls is not known. Van Spey-
broeck et al. [62] hypothesized that because they did
not measure 1,25 OH vitamin D (1,25(OH)2D) levels,
they could not rule out the possibility that a compen-
satory increase in this active form of vitamin D pre-
vented the elevation of PTH and AP. Low AP in the
setting of clinical and radiographic rickets suggests hy-
pophosphatasia [4]. Persistently subnormal serum AP
activity relative to a normal range adjusted for age and
sex must evoke a hypophosphatasia diagnosis [92]. In
the study by Van Speybroeck et al. [62], the results
are presented as medians (interquartile ranges) com-
pared with healthy controls, and reference values are
unknown according to age group and sex. However, in
an observational controlled study with 32 children with
MMC and 30 healthy children, above-normal values
were found for PTH in two patients and for AP in eight
patients with MMC, but reference intervals were not
provided [37]. If these apparent antagonisms are con-
firmed, it is worth considering the possibility of several
subgroups of patients.

The cytokine-like hormone leptin, which is secreted
by fat cells, is an important candidate molecule for
linking changes in body composition with bone for-
mation and bone resorption [65]. Van Speybroeck et
al. [62] showed that abnormalities in leptin in patients
with MMC compared with controls were greatest in
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the highest neurosegmental group; thus, the midlum-
bar and above group had more trunk fat and signifi-
cantly higher values for leptin than did controls [62].
In a controlled cross-sectional study to examine spon-
taneous leptin secretion in patients with MMC and
GHD, serum leptin levels were studied in 10 prepuber-
tal MMC patients with GHD (CA 6.21 ± 0.52 years),
and the distribution of the motor level of the lesion was
> L2 in three, L3–L4 in three, and 6 L2 in four pa-
tients; 10 patients had idiopathic GHD (IGHD), and
12 children had normal variant short stature (NVSS).
The BMI values of all patients were in the normal
range of the age- and gender-related reference data.
Nocturnal leptin secretion of MMC patients was sig-
nificantly different from that of children with IGHD
and NVSS. GH-deficient MMC patients showed sig-
nificantly lower mean leptin SD values than did pa-
tients with IGHD and NVSS. Mean leptin concentra-
tions did not correlate with BMI in MMC patients.
In the early evening, the leptin ratio was significantly
lower in MMC patients with GHD than in patients with
IGHD and NVSS. The mean leptin ratios in both con-
trol groups decreased in the early morning, with a noc-
turnal peak between 00.00 and 02.00 a.m., whereas the
mean serum leptin ratios in the MMC group did not
significantly decline in the early morning hours. Thus,
early morning leptin ratios in the MMC group were
higher than those in the control group. Since all the
groups were matched for BMI values, the authors sug-
gest that the pattern of leptin secretion in MMC pa-
tients may reflect hypothalamic dysregulation due to
complex CNS anomalies [66]. The two studies are not
directly comparable. In the Trollmann study, in ad-
dition to including only GH-deficient MMC patients,
nocturnal blood samples were collected every 20 min
(from 08.00 p.m. to 06.00 a.m.) and GH and leptin con-
centrations were measured [66]. In contrast, in the Van
Speybroeck et al. [62] study, leptin was only measured
once after fasting (> eight hours). Furthermore, the CA
of patients in the Trollmann et al. [66] study was 6.21
± 0.52 years, which is close to the age when adipos-
ity hypothetically begins to emerge in MMC [60,61],
in contrast to the Van Speybroeck et al. [62] study with
a mean age of 10.0 ± 2.1 years, when adiposity is al-
ready established [60,61].

In an observational cross-sectional study of 33 pa-
tients aged four to 17 years, nine (27.3%) were obese,
while seven had a thoracolumbar level and seven
had a midlumbar level of neurological involvement.
Okurowska-Zawada et al. [35] showed that almost all
patients had osteocalcin above-normal limits. As we

will describe below, some markers such as osteocal-
cin are cleared by the kidneys; thus, as the presence
of renal injury in patients with SB in the Okurowska-
Zawada et al. [35] study is not described, the observed
values may be overestimated [35,93].

In the study by Kafadar et al. [17], significant
changes were detected in the urinary excretion of de-
oxypyridinoline in patients with sacral and thoracic-
level MMC compared with that in healthy controls.
In contrast, no changes were identified in the param-
eters of bone formation (osteocalcin, AP and vitamin
D) [17]. Quan et al. [13] detected higher urinary pyridi-
noline levels in patients with MMC with gait impair-
ment. These data suggest that BMD reduction in MMC
patients is associated with accelerated bone resorption
and consequently with factors related to osteoporosis
rather than factors related to bone formation [17].

The difficulty associated with evaluating bone meta-
bolism markers in different studies in paediatric MMC
patients arises from the complexity of the different
study designs and samples with distinct age ranges.
Furthermore, bone turnover markers are largely a re-
flection of linear growth and not bone turnover per
se [94]. In BMD research in SB, studies have eval-
uated 25(OH)D [35,39,62,75], 1,25(OH)2D [13,31],
or both [29,30]. Additionally, normal reference inter-
val values for 25(OH)D are not the same in all stud-
ies [35,38]. Okurowska-Zawada et al. [35] and Mazur
et al. [79] examined the same reference categories with
the same values (sufficient, insufficient and deficient),
but Okurowska-Zawada et al. [35] added another refer-
ence range category (frankly deficient range) by subdi-
viding the deficient range [35,79]. In other studies, the
values are presented as the mean ± SD without cate-
gory assignment by defining reference intervals [17];
they are unknown and appear as correlations [29]; or
they include both the mean ± SD without category
assignment by defining reference intervals and group
correlations [30,39].

Considering the frequency of renal injury in SB,
that bone turnover markers and reference ranges in pa-
tients with CKD do not exist and that some markers are
cleared by the kidney (osteocalcin, procollagen type I
amino propeptide monomer, and collagen type 1 cross-
linked C-telopeptide), their application in ROD diag-
nostics is challenging [93]. In addition, data in adult
patients with spinal cord injury demonstrate that serum
creatinine is often significantly decreased as a result
of disuse muscle atrophy, which commonly accom-
panies muscle denervation [95,96]. Studies of MMC
use serum creatinine to measure renal function, which
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may underestimate the presence of renal failure due
to the deficit in lean tissue [60,69,78], and the con-
sequent effects on the clearance of the parameters of
bone metabolism may not be evaluated in light of lower
renal function.

4.7. Aetiopathogenesis of fractures in MMC

4.7.1. Site of fracture
Ralis et al. [97] studied 17 dissected tibiae from in-

fants with SB who died with paralysis and foot defor-
mities (at ages between 32 foetal weeks and 10 post-
natal weeks) and in 14 tibiae from non-SB controls
(12th foetal week to 13th postnatal week) to evalu-
ate changes in the cross-sectional shape, size, bone
and amount of unmineralized osteoid tissue. In ad-
dition, 12 tibiae from young experimental rats with
myotomy of the foot dorsiflexors and foot plantiflex-
ors were studied to determine the role of experimen-
tal muscle imbalance in the dynamic remodelling of
the developing long bones. The study detected an at-
rophic cortex, with a decrease in both the number of
the Haversian system and remodelling cavities as well
as an increase in the quantity of bone osteoid in the
SB patients. Delayed mineralization of the newly laid
bone matrix would lead to the softening of the new
bone matrix and osteoid-rich subepiphyseal and meta-
physeal regions. Since fractures in SB may occur in
these regions, the discovery of paralytic rickets may
help explain their cause due to diminished mechanical
bone properties, and its occurrence early in life may
point to an underdiagnosed type of hereditary rick-
ets. In an observational case series, Edvardsen [98]
demonstrated that the growth plates and epiphyses of
the lower extremities of children with MMC could be
severely traumatized during daily walking activities as
well as by passive joint movements. Roberts et al. [99]
suggested that repetitive microtrauma in non-sensitive
limbs could produce micromovements in the zone of
transformation of the cartilage, compromise the calci-
fication process, and lead to the widening of the prox-
imal non-calcified portion of the physis [99]. Failure
to use orthoses for walking in patients requiring these
aids constitutes a risk factor with regard to epiphysiol-
ysis [100,101]. Kumar et al. [21] reported that epiphy-
seal fractures occur most often in patients in a low lum-
bar ambulatory group, but they can occur at any level
of motor paraplegia [21,101]. James showed that due to
the fragility of the bone, the insertions of the gastrocne-
mius and of the hamstrings around the knee may cause
the displacement of the epiphyses when these mus-

cles are spastic and the knee joint is repeatedly forced
straight, as occurs during the application of splints [5].

In support of the hypothesis of bone fragility in
the epiphysis, Horenstein et al. [42] evaluated bone
mass throughout the length of the tibia via computed
tomography in a sample of 257 children aged 6–17
years (n = 80 ambulatory SB (AmbSB), n = 10 non-
ambulatory SB (Non-AmbSB), n = 167 TD). The re-
sults revealed a significantly lower normalized bone
mass in the Non-AmbSB group than in the control TD
and AmbSB groups for both epiphyses and diaphyses,
with the greatest bone mass deficits located in the epi-
physes [42], which may explain the relevant prevalence
of fractures in this location in the paediatric popula-
tion with SB [10] and may also indicate a potential in-
creased fracture risk in all skeletal regions of the tibia
(both epiphyses and diaphysis) in the non-ambulatory
paediatric SB population [42]. With regard to the paral-
ysed body areas in children with SB, large-scale osteo-
porosis with thinning of the cortex and rarefied spon-
giosa has been reported [10,22,97].

4.7.2. Prenatal and postnatal factors associated with
bone fragility

In a retrospective study that included 80 newborns
with SB where six sustained fractures during the
neonatal period, all of the six patients with fractures
had both contractures and a neurological level equal
to or higher than L3. Boytim et al. [18] found that
neonates with these two characteristics had a 17%
chance of sustaining a neonatal fracture. The fractures
occurred predominantly in the lower limbs and par-
ticularly in the femur. The cause of fractures in the
six patients was related to birth injury in one patient,
believed to be related to vigorous physical therapy in
two patients, and undetermined in three patients [18].
These results suggest that at higher levels of neuro-
logic involvement, some important factors influencing
bone fragility are already present in early life, thus
increasing the risk of fragility fractures in the lower
limbs. Lee et al. [34] studied the development of BMC
in infants with MMC who did or did not receive up-
right supported stepping practice (USSP) and in in-
fants with TD. The authors tested 36 infants: 14 with
TD, 13 with MMC, and nine with MMC who received
USSP, all aged one to 18 months. At birth, the whole-
body BMC was similar, but differences emerged with
age; values for infants with MMC were slightly lower
than those for infants with TD. The BMC for legs and
arms was lower for infants with MMC than for infants
with TD. Between the MMC groups, the group that re-
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ceived USSP showed increases in the BMC with age.
Infants with MMC who did not receive USSP showed
no change in the leg or arm BMC. These results indi-
cate the presence of early compromise of bone accrual
in patients with MMC; thus, the lower BMC mean val-
ues start in infancy [34] and extend with advancing age
until they peak at 19 years of age [13], establishing
a potential for cascading effects including osteopae-
nia, osteoporosis, and fractures. The uterine environ-
ment creates buoyancy and environmentally induced
motions that may trigger motility [34], which may ex-
plain the findings of Ralis et al. [97], who found that
the mean values of changes in total square area, corti-
cal thickness, number of Haversian systems, and bone
remodelling cavities in the controls (TD infants) con-
tinually increased with age, while those from infants
with SB decreased after birth. Postnatally, gravity in-
creases the demands of energy and neural control in
order to create movement [34]. As such, it is possible
that there are factors that compete with and contribute
to the aetiopathogenesis of fractures in the MMC and
bone fragility in the neonatal period, which express
themselves as the presence of increased osteoid and
mineralization deficits (referred to as paralytic rickets
by Ralis et al. [97]) and a decrease in cortical thickness
and circumference [97], with the commitment of bone
mass accrual post-birth with low BMC [34].

4.7.3. Role of endocrinological factors in radial bone
growth and bone mineral accrual

In dictating radial bone growth through a periosteal
formation modelling deficit, hormonal factors may
compete for this outcome in SB. Oestrogen acts to in-
hibit periosteal modelling such that at puberty, the ex-
tent of formation modelling is decreased in girls rela-
tive to boys, but it also prevents remodelling from re-
moving bone from the endocortical surface and widen-
ing the marrow cavity. In contrast, the absence of oe-
strogen promotes bone resorption on the endocortical
surface. Boys exhibit a spike in GH and insulin-like
growth factor-1 (IGF-1) during puberty, which, along
with increasing levels of testosterone, stimulates pe-
riosteal growth. These gender-specific hormonal dif-
ferences result in men having larger bone diameters
when peak bone mass is attained [4]. Beyond hypogo-
nadism, which is more common in males [28], individ-
uals with SB may exhibit decreased anabolic GH/IGF-
1 activity [49]. The loss of anabolic GH/IGF-1 action
in SB may disturb the capacity to increase the pool
of calcium in order to mineralize bone through cal-
cium absorption from the intestines, which is partic-

ularly crucial during the most rapid BMC increase in
the two years before and after the time of peak height
velocity [4].

4.7.4. Suggestion for an integrated model of bone
fragility factors

The broad spectrum of neuromotor deficits and dis-
tribution of comorbidities may in part justify the di-
versity of fracture aetiopathogenesis in this popula-
tion. The aetiology of bone fragility in MMC can be
identified based on postnatal and later factors associ-
ated with bone fragility, local and systemic factors of
mixed aetiology due to the formation deficit, defective
bone mineralization, and increased bone loss. There-
fore, three different pathophysiological conditions may
be lumped together in MMC and act synergistically
to decrease radiological (areal) BMD: decreased for-
mation deficit/bone size, osteomalacia/rickets, and os-
teopaenia [102].

A short stature and diminished bone circumference
suggest longitudinal and radial growth commitment,
respectively, during growth and development in child-
hood and adolescence in SB [17,30,37,53,54,60,62,
86–88,90,97,103]. Horenstein et al. [42] demonstrated
that the mean normalized bone volume in the Non-
AmbSB group was significantly lower than that in the
AmbSB and TD groups in the proximal epiphysis, dis-
tal epiphysis, and diaphysis. The occurrence of smaller
and thinner bones suggests that a peak bone mass is not
achieved.

In addition to the mineralization deficit within the
context of paralytic rickets and reduced bone mass [34,
97] with a deficit in radial growth confirming that the
modelling problems occur early in life in SB, as sug-
gested by Ralis et al. [97], the cross-sectional shape of
the tibia midshaft cortex may also change in response
to altered mechanical forces. Over time, the growth
process remains compromised, conditioning the short
bones, and systemic factors will concomitantly arise
(infancy, childhood and adolescence); some are al-
ready present but may increase in severity with age and
potentially interfere with bone health. Some studies
such as those by Quan et al. [13] and Kafadar et al. [17]
underscore a state of accelerated bone resorption ac-
cording to bone metabolic markers in samples with a
mean age of 11.1 ± 3.6 and 8.5 ± 3.9 years, respec-
tively. As systemic factors, we hypothetically consider
changes in body composition/obesity and metabolic
syndrome, endocrinological diseases, renal osteodys-
trophy, nutritional deficits, metabolic acidosis of mul-
tifactorial aetiology, inactivity, and delayed growth
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Fig. 1. Aetiopathogenesis and evolution of fractures across age in SB.

of multifactorial cause. Local factors include delayed
growth with smaller bones, bone fragility due to the
neurological level of injury and muscle atrophy, pro-
gression of neurologic damage resulting from tethering
of the cord, brainstem dysfunction, and syringomyelia.

It should be emphasized that classification in lo-
cal and systemic factors is not indisputable. In fact,
the bone response to a mechanical stimulus is thresh-
old driven and is called a mechanostat, with set points
termed by Frost as the minimum effective strains [4,
44]. Set points are likely determined by many factors
in the hormonal and metabolic environment, and they
should not be viewed as fixed at a particular strain
level or strain rate [4,44]. We acknowledge the limita-
tions of these exposures and emphasize that a causal
link between bone fragility and all of the factors de-
scribed above has not yet been conclusively established
in MMC and may arise from inference caused by stud-
ies in individuals without SB (Fig. 1).

4.7.5. Weight of local and systemic factors in fracture
aetiopathogenesis from a clinical perspective

For clinicians, the central quandary remains that
despite the existence of systemic factors associated

with a low BMD, involving both the appendicular
and axial skeleton, fractures occur predominantly to-
pographically in the paretic zone [7,13,16,36,41]. Con-
trary to the possible infrequency of vertebral involve-
ment [7,8,23], studies have shown a low BMD in the
lumbar spine [15,17,32,35,39]. It is possible that most
studies did not evaluate spine X-rays for the detection
of asymptomatic vertebral fractures, which may be an
under-recognized problem in this population.

4.8. Other fracture features in SB

Children with SB cystica are particularly liable to
sustain fractures, which usually heal with substan-
tial callus formation [5,12,27]. Extensive subperiosteal
haemorrhage is seen in many cases of fracture asso-
ciated with spinal cord lesions and may be facilitated
by the flaccidity of the denervated muscles [22]. Addi-
tionally, a lack of pain sensation may delay the immo-
bilization of the affected limb. Continued motion may
lead to periosteal stripping by haemorrhage with ex-
tension of the callus far up the shaft. A lack of weight-
bearing activity leads to the failure of remodelling and
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a resultant flared or widened metaphysis. Healed frac-
tures may show cystic expansion with honeycombing,
coarse or irregular trabeculation, and a thinning of the
cortex [22,24,104].

4.9. Factors that may contribute to Charcot joints

Charcot arthropathy was described in association
with SB, and all cases described in a case series of
16 patients with SB involved the lower limbs [105],
which suggests the importance of neurological lesions
in its aetiology. The phases of the evolution of Char-
cot joints seem to overlap with the evolution of epi-
physeal fractures: acute fragmentation, widening of
the physeal line, and finally excessive callus formation
and destruction [22,25,106,107]. Stress on the lower
limbs due to gait (given a deficit of bone mineraliza-
tion and bone mass in the epiphyseal regions [42,97]),
decreased muscle mass [60], increased intramuscular
fat [59], strength deficit, and progressive ligament las-
situde may contribute to the increased likelihood of
these fractures. Additionally, the growing cartilage of
the physis is liable to undergo blood supply loss un-
der conditions of trauma to the joint surroundings. Fur-
thermore, the loss of sensation in patients with MMC
is a physiological handicap that permits damage to
the joint surroundings in the absence of pain protec-
tion [98,100]. Thus, the reason for the susceptibility
to damage of the epiphyseal and subepiphyseal re-
gions is a combination of anatomical and physiolog-
ical factors: mineralization deficits, greater deficits in
the bone mass of the epiphyses, lower blood supply to
the growth plate, and a loss of pain sensation and the
subsequent susceptibility to trauma [16,42,97,98,100].
Consequently, MMC may represent a model combin-
ing elements of the neurotraumatic theory [100,105,
108], the neurovascular theory [105,108], the mineral-
ization deficit and low bone mass during the origin of
epiphyseal and subepiphyseal fractures, and the ensu-
ing origin of Charcot arthropathy.

4.10. Explanatory hypotheses for why the prevalence
of fractures in MMC seems to decrease in late
adolescence and in adulthood

Trinh et al. [28] detected a progressive decrease in
the incidence of fractures in SB from infancy to adult-
hood in a retrospective cohort study of 146 individuals
with SB aged two years or older, and they found frac-
ture rates in children (ages 2–10), adolescents (ages
11–18), and adults (age > 18) of 10.9/1000, 5.4/1000,

and 2.9/1000 patient years, respectively. In a cohort
of 221 child, adolescent, and adult patients with SB
aged 2–58 years, the annual incidence of fractures per
clinic year among children, adolescents, and adults was
23/1000, 29/1000, and 18/1000, respectively [23]. The
age interval in both adolescent groups was broad (11–
18) and did not permit the identification of an eventual
age of occurrence of a hypothetical decrease in fracture
incidence across adolescence.

4.10.1. The cerebral palsy model may suggest
potential mechanisms for the decreased
incidence of fractures observed in MMC

Extrapolating observations from a population that
can serve as a model, while recognizing its specificity
and the need for caution, Binkley et al. [109] used pe-
ripheral quantitative computed tomography to deter-
mine bone measurement in patients with cerebral palsy
(CP) and two age-adjusted and sex-adjusted controls
randomly selected from a database of healthy children
aged 2.6 to 20.8 years. The authors observed that chil-
dren with CP showed a decrease in periosteal circum-
ference and appeared to have a higher cortical volu-
metric BMD (vBMD) than did control individuals with
higher cortical thicknesses [109]. Cortical porosity is
increased during periods of high modelling and remod-
elling, which can be expected with bone-loading ac-
tivities during growth [109,110]. Since patients with
CP may not be able to participate in bone-loading ac-
tivity, modelling-remodelling is likely to be decreased,
leading to a reduction in periosteal circumference and
increased vBMD (decreased cortical porosity) [109].
Whether these phenomena occur in MMC remains un-
certain. Williams et al. [111] reported the cessation
of ambulation in children with MMC and high-level
paralysis between six and nine years of age, which
may simultaneously lead to decreased bone-loading
activity and decreased participation in situations with
a higher risk of fracture injuries. Longitudinal growth
occurs faster than mineral accrual during puberty, mak-
ing the skeleton virtually osteopenic [4], and prema-
ture closure of the physis may occur as a result of epi-
physeal injuries in patients with MMC [10,25]. Thus,
we can postulate that the abrupt termination of lin-
ear growth may favour the improvement of cortical
BMD and decrease the lag period due to the imbal-
ance between bone size and mineral accumulation in
conjunction with or independent from the hypotheti-
cal modelling-remodelling commitment, and both pro-
cesses may decrease the fracture rate in late adoles-
cence and early adulthood. Furthermore, Parfitt de-
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scribed that a temporary skeletal debt is incurred by re-
moving calcium from cortical bone to supply some of
the calcium needed for the rapidly growing metaphy-
ses of the long bones prior to epiphyseal fusion [110].
Another hypothesis may be that the increase in the
size and change in geometry of bone with ageing to-
gether with the completion of bone modelling [28]
contributed to an improvement of bone strength and
improved adaptation of muscles and bones in adult-
hood due to the lower habitual loading forces, thereby
reducing the risk of fracture [112].

During ageing, bone is preferentially lost from the
endocortical surface, with limited periosteal apposi-
tion of no more than a few millimetres. Thus, if pe-
riosteal apposition is affected during the critical grow-
ing years, as may occur in MMC, bone strength will
be reduced in the ageing skeleton, considering the oc-
currence of accelerated loss on the endocortical sur-
face [4,113]. Impairment in the final bone size may
occur upon completion of growth. The average lifes-
pan of patients with MMC may increase with current
and future improvements in health care. These find-
ings may be indicative of future fracture risk at an ad-
vanced age in MMC and allow the prediction of the an-
ticipated second incidence peak of typical osteoporotic
fractures [28] (Fig. 1).

4.11. Management of bone fragility in MMC – pitfalls
and misconceptions

Quan et al. [13] found that the BMD Z-score of
the patients with bone fractures was significantly lower
than that of the remaining patients. However, not all
studies have identified a relationship between low
BMD and a history of fractures in MMC [14,15,36,41].
In addition to the small sample sizes and convenience
sampling, the retrospective nature of the information
concerning fractures [13–16,29,35,36,41,114], and the
retrospective [16,29,38,41] and cross-sectional design
of most BMD studies in MMC [13–15,29,30,32,33,
35–39,41], according to Apkon et al. [14], may be due
to the average age of the children (nine years and eight
months). If an older population had been studied, a re-
lationship might have existed, since results suggest that
older children with a history of fractures have lower
Z-scores for the femoral neck than do older children
with no history of fractures [14]. In fact, Rosenstein et
al. [36] demonstrated an effect of age on BMD in the
lower extremities according to the neurological level of
injury, identifying a greater tibia and metatarsal BMD
in those with more distal neurological levels, with pro-

portionally greater differences as patients aged. In the
present study, the mean age was similar to that in the
study by Apkon et al. [14], which may have prevented
the detection of a relationship between BMD and the
fracture event [36]. Furthermore, the use of fracture
as the end point in bone density studies requires very
large numbers of subjects [16,114].

4.12. Prevention of fractures

4.12.1. Non-pharmacological measures- nutritional
and mobility programmes

Due to the complex aetiology of obesity and its in-
creased prevalence in individuals with SB, it is critical
to initiate prevention efforts early with a multifactorial
approach for this at-risk population [60,115].

Even a limited amount of walking appears to be ben-
eficial for building bone mass and volume in this pop-
ulation, particularly in the epiphyses (trabecular bone
sites) [42,116]. Lee et al. [34] demonstrated that daily
USSP can improve the BMC in as early as during the
first year of life. Mazur et al. [26] compared two groups
of patients with high-level SB: 36 patients who had
participated in a walking programme and 36 patients
that had been prescribed a wheelchair early in life. The
patients who walked early had fewer fractures [26].
Still, gait training should be accompanied by orthotic
support due to the intrinsic fragility at the epiphy-
ses and subepiphyseal regions [42,97]. These measures
may also prevent the early closure of the physis and
enhance bone growth. However, the use of splints may
increase the risk of injuries in the clinical setting of
knee tonus imbalances and contractures [5,10]. In this
context, the role of orthoses should be individualized
and not applied to all patients.

4.12.2. Calcium and vitamin D and pharmacological
treatment

Recognizing the importance of calcium and vitamin
D in bone health, the fact that the American Academy
of Pediatrics does not recommend a reliance on sun
exposure for vitamin D synthesis in the skin [39,79,
117], as well as the prevalence of the insufficiency
or deficiency of vitamin D in observational studies of
SB [35,39,62,75,79] and the fact that adequate nutri-
tion may have the greatest impact during periods of
rapid bone turnover, such as during bone growth, the
need for prophylactic measures to address nutrient in-
adequacies (vitamin D or calcium deficiency) early in
life may potentiate the achievement of peak height and
bone mass [4] and prevent these fragility fractures.
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Given the risk of increased calcium intake in MMC
and considering the possibility of exacerbating chronic
constipation in children with neurogenic gut, as well
as the risks of hypercalciuria and renal calculi in chil-
dren with recurrent urinary tract infections and mobil-
ity impairment [8,13,15,79,118], advice on the intake
of foods rich in calcium and calcium supplementation
should be based on individualized assessment.

However, supplementing deficient nutrients may
be an overly simplistic approach to addressing bone
fragility, as the influence of hormonal changes occur-
ring during a particular life stage may overwhelm any
effects of nutrition on bone [4]. Physical examinations
of growth and pubertal and evaluations of hormone
levels that influence bone growth and mineral accrual
should be performed [48,51,53,55,119–121].

Trinh et al. [28] recommend that SB patients who
have undergone urological intervention with intestinal
segments undergo urinary calcium excretion studies.
The presence of hypercalciuria should alert the clini-
cian to the risk of osteomalacia and metabolic acidosis.
A trial of bicarbonate therapy may be useful in these
situations [28].

Recognizing the role of kidney disease in this
pathology, it is critical to identify paediatric patients at
risk for kidney disease and to optimize follow-up for
prevention [78]. In established disease, it seems pos-
sible that in the current era, the decision to treat and
to monitor the treatment response in a CKD patient
managed with vitamin D analogues or anti-resorptive
or osteoanabolic agents may not be completely possi-
ble without a bone biopsy [93]. However, PTH should
not be considered since it has a black box warning
against its use in children and adolescents because it
has caused osteosarcoma in a significant proportion of
young rats [122,123].

5. Conclusion

Bone fragility in MMC potentially has a multifac-
torial neuro-endocrinological-metabolic-renal dimen-
sion, with smaller bones, lower bone mass, and min-
eralization deficits affecting bone strength. These data
emphasize the multiple and complex uncertainties re-
garding our understanding of the pathophysiology of
bone fragility in paediatric patients with MMC. It is
possible that the pathophysiology of bone fragility is
different according to age and varies among patients,
since the presence and severity of each factor with im-
plications for bone fragility may vary. This patient-

to-patient variation poses complex questions concern-
ing the clinical management of bone fragility in SB,
thereby suggesting the need for individualized assess-
ment.

Future research investigating MMC and bone health
should focus on identifying the factors that exacerbate
the risk of bone fragility and how those factors inter-
act with the specific skeletal envelopes/bone surfaces,
the types and mechanisms of fracture involved during
a long life, and the evaluation of the aetiology of low
BMD (decreased bone size, low bone mineralization,
and osteopaenia) and its impact on bone fragility. It is
important to clearly separate these three entities, as the
strategies for their prevention and treatment are differ-
ent [102], and it is important to consider these entities
in establishing guidelines for the prevention and treat-
ment of bone fragility in MMC.
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