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Low bone mineral density and its influencing
factors in spinal muscular atrophy without
disease-modifying treatment: a single-centre
cross-sectional study
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Abstract

Background Children with spinal muscular atrophy (SMA) are at risk of low bone mineral density (BMD) and bone
fragility. This study aims to assess lumbar spine BMD measured by quantitative computed tomography (QCT) and
investigate influencing factors of low BMD in children with SMA without disease-modifying treatment.

Methods Demographic data, laboratory parameters, QCT data, and data on spinal radiographs were collected. A
linear regression model was carried out to explore the correlations between BMD and its related factors.

Results Sixty-six patients with SMA who had complete records between July 2017 and July 2023 were analyzed, with
SMA with a mean age of 5.4 years (range, 2.4-9.7 years), including type 1in 14, type 2 in 37, and type 3 in 15. 28.8% of
patients (19/66) were diagnosed with low BMD (Z-scores < —2), and the mean BMD Z-scores on QCT was —1.5+1.0.1n
our model, BMD Z-scores was associated with age (3=-0.153, p=0.001). SMA phenotype and serum bone metabolism
markers, such as serum phosphorus (P), alkaline phosphatase (ALP) and 25-Hydroxyvitamin D (25-OH-D) levels did
not independently predict low BMD. ROC analysis showed that the age > 6.3 years predicts a Z-scores < -2.0 with a
sensitivity of 68.4% and a specificity of 68.1%.

Conclusions Low BMD were highly prevalent in children with SMA without disease-modifying treatment in our
centre. Regular monitoring of BMD is necessary for all types of SMA children, especially those aged > 6.3 years.
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Introduction

Spinal muscular atrophy (SMA) is an inherited genetic
disorder affecting the motor neurons, leading to mus-
cle weakness and wasting. It is caused by homozygous
absence by deletion or gene conversion events (90%),
hybrid genes (5%), or subtle disease-causing variants
(<5%) of the survival motor neuron 1 (SMN1) gene [1, 2].
SMA ranges from severe types with early onset to milder
forms that may not be apparent until adulthood.

Children with any kind of motor disabilities are sus-
ceptible to developing pathologically low bone mass
and fragility fractures [3]. Skeletal system abnormalities
are crucial factors in limiting the quality of life of chil-
dren with SMA. Consequently, there has been a growing
emphasis on assessing bone health status as an essential
component of SMA management in recent years. Recent
SMA guidelines recommend that SMA patients should
be followed up with annual routine whole spine X-ray
for scoliosis detection and dual-energy X-ray absorpti-
ometry (DXA) scan monitoring of bone mineral den-
sity (BMD) [4]. However, DXA is a two-dimensional
imaging technique that may not accurately reflect the
three-dimensional structure and true volumetric bone
density of the skeleton, especially when measuring the
long bones and hip bones of children or patients with
short stature, it may underestimate bone density [5]. Age-
matched, height, bone age, or bone size are often used to
adjust BMD Z-scores obtained by DXA to get closer to
the actual BMD [6-9]. In addition, DXA tends to overes-
timate BMD in patients with spinal rotation or scoliosis
due to the overprojection effect, resulting in inaccurate
BMD measurements [10—12]. However, progressive sco-
liosis due to deteriorating axial muscle strength is one
of the most important complications occurring in virtu-
ally all children with SMA type 2 and a significant num-
ber with type 3 [13]. In contrast, quantitative computed
tomography (QCT) can measure the true volumetric
BMD at the lumbar trabecular bone without any limita-
tions due to its direct measurement. As the parameter
is three-dimensional, volumetric BMD can reflect actual
bone mineral content in growing subjects or smaller indi-
viduals. Previous studies have confirmed the application
value of QCT in evaluating BMD in pediatric patients
[14-16], but no cases have been reported in SMA.

The published literature has documented bone den-
sity data, fracture incidence, and treatment options for
children with SMA in various regions, including the
UK, USA, Italy, and China [17-21]. In SMA patients,
bone health is negatively affected by factors such as an
intrinsic bone defect, the lack of weight-bearing activ-
ity, and muscle weakness. To our knowledge, only one
study investigated the BMD based on DXA and explored
the influencing factors in children with SMA types 2 and
3, and showed that phenotype and serum parathyroid
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hormone (PTH) level might be the influencing factors
of BMD [21]. Thus, the degree and extent of poor bone
health among Chinese patients with SMA are not fully
understood or discussed.

Therefore, this study aimed to examine BMD values
measured by QCT and further identify the factors that
contribute to low BMD in SMA patients at our centre.

Materials and methods

Study participants

We conducted a review of patients with confirmed diag-
noses of SMA at the West China Second Hospital of
Sichuan University between July 2017 and July 2023. The
diagnosis of SMA is clinically and genetically confirmed
for all patients, ranging from newborn to 18 years old.
If patients had enrolled in a therapeutic clinical trial or
started using new drugs (e.g. nusinersen) they were cen-
sored on the day of enrollment or the first day of therapy.
In additions, patients with rickets should be excluded.
Thus, our analyses were based on data from patients
without disease-modifying treatment.

The study involving human subjects was approved by
the Ethics Committee of the West China Second Uni-
versity Hospital, Sichuan University (20200021gc). The
informed consent of all patients was obtained, and all
patients agreed to participate in the study.

Data collection

Data extracted from the electronic medical records
included demographic data (age, age of onset, age of
diagnosis, sex, height and weight), disease characteristics,
ambulation status, laboratory parameters, previous frac-
tures, scoliosis and BMD values. Age- and sex-specific
weight and height percentiles were calculated based on
the growth charts for Chinese children and adolescents.
Short stature and underweight were defined as a height
and weight below the 3rd percentile of the reference,
respectively. The results of laboratory tests including
serum calcium, phosphorus, alkaline phosphatase (ALP),
serum level of Vitamin D, and PTH were collected. The
SMA classification system was used to define SMA phe-
notypes based on age at symptom onset and maximal
motor milestones, with modifications previously pub-
lished to distinguish SMA la—1c, SMA 2a—2b, and SMA
3a—3b [4, 22].

Lumbar BMD measured by QCT

A Neusoft 128-slice helical CT (NeuViz128, China) was
used to acquire the CT imaging of the lumbar spine.
Asynchronous BMD calibration in combination with the
QCT Pro analysis software (version 4.2.3; Model 3 QA
phantom; Mindways Software, Inc.) was used to extract
the trabecular volumetric BMD (mg/cm?®) at the lumbar
spine (L1-L4) (Fig. 1). The QCT software manufacturer
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Fig. 1 A 7-year-old girl with SMA type 2. (A) Routine plain radiography of the spine shows a thoracolumbar scoliosis. (B) The measurements of L1, L2, and
L3 vertebral trabecular volumetric bone mineral density (BMD) are shown. The BMD of L1, L2, and L3 are 124.19 mg/cm3, 123.86 mg/cm3, and 95.23 mg/
cm?, respectively; the average lumbar volumetric BMD is 109.31 mg/cm3, and the Z score is -2.02
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(Mindways Software) provided the reference values for
vertebral BMD Z-scores based on age and gender [23].
According to the recommendations of the International
Society for Clinical Densitometry for children, a Z score
lower than 2.0 is defined as a low BMD [24]. In this study,
the time interval between QCT examination and the
measurements or assessments of other variables is less
than two weeks.

Statistical methods

Data distribution was assessed with a Kolmogorov-
Smirnov test. To describe quantitative data with a nor-
mal or symmetrical distribution, the meanzstandard
deviation values were utilized; and the median (P25, P75)
was used to describe data with a non-normal distribu-
tion. Two group comparison variances between normal
and non-normal distributions were analyzed using the
Student’s t-test and Mann-Whitney U-test. Single-fac-
tor analysis of variance (ANOVA) was performed for
multiple group comparisons. The qualitative variables

Table 1 Demographics and BMD data of patients with SMA
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according to the number of samples were performed by
chi-square test or Fisher’s exact test. Pearson and Spear-
man correlations were used to assess the correlation
between BMD Z-scores and different variables. A mul-
tiple linear regression model was carried out to assess
the factors predictive of low BMD Z-scores. Finally, a
Receiver Operator Characteristic (ROC) curve analysis
was computed to find optimal cut-off points for age to
predict a low BMD (Z-scores < -2.0). Statistical signifi-
cance was defined as p<0.05, two-sided. The SPSS soft-
ware (version 23.0, IBM Corp., Armonk, NY, USA) was
used to process the data.

Results

Demographic data and clinical characteristics

In this study, 66 patients with a confirmed diagnosis of
SMA were included. Table 1 shows the characteris-
tics of the sample by SMA subtype. In all, 14 SMA type
(la=2,1b=2,1c=11), 37 SMA type 2 (2a=24, 2b=14)
and 15 SMA type 3 (3a=8, 3b=5). The sex distribution

Overall SMA 1 SMA 2 SMA 3 P

Number 66 14 37 15
Male(%) 35(53.0) 5(35.7) 22(59.5) 8(53.3) 0317
Age (years) 54(249.7) 2.0(0.6,4.9) 5.7(249.2) 11.6(7.3,14.9) <0.05
Age of onset (years) 1.0(0.6,1.5) 04(0.2,0.5) 1.0(0.7,1.2) 3.0(1.53.1) <0.01
Age of diagnosis (years) 23(1.1,64) 0.5(0.3,1.3) 2.3(1.3,6.7) 6.0(3.1,13.0) <0.01
Short stature 17(25.8) 2(14.3) 12(324) 3(20.0) 0335
Underweight 23(34.8) 6(42.8) 14(37.8) 3(20.0) 0.346
SMN2 copies

1 1 1 0 0

2 10 5 3 2

3 28 4 17 7

4 4 1 0 3

NR 23 3 17 3
lumbar spine BMD (mg/cm?) 131.4+£295 141.2+23.1 127.8+29.8 1314+295 0.207
/-scores -1.5+1.0 -1.1+0.8 -16+1.0 -15+1.2 0.197

<—1.5(%) 30(45.5) 4(28.6) 21(56.7) 6(40.0) 0.164

<—2(%) 19(28.8) 1(7.1) 13(35.1) 5(33.3) 0.084
Ca (mmol/L) 24+0.1 25+0.1 24+0.1 22+0.1 0.842
P (mmol/L) 17403 1.8+0.2 17403 1.8+04 0.308
ALP(U/L) 166.7+45.5 159.6+45.2 171.0+419 1624+55.6 0.710
Elevated serum Ca 1(1.5) 1(7.1) 0 0
Low serum P 8(12.1) 1(7.7) 6(17.6) 1(7.1)
Low ALP 17(25.8) 4(33.3) 10(29.4) 3(21.4)
25-0OH-D(ng/mL) 17.4(12.6,25.5) 204(17.1,27.4) 19.0(11.5,28.5) 12.8(9.8,20.5) 0.042

20-30 ng/mL 14(21.2) 5(35.7) 7(18.9) 2(13.3)

<20 ng/mL 4060.6) 7(50.0) 21(56.8) 12(80.0)
Scoliosis(%) 30(45.5) 5(35.7) 18(48.6) 7(46.7) 0.221
Dislocation of the hip(%) 25(37.9) 7(50.0) 15(40.5) 3(20.0) 0.706
Non-ambulant(%) 47(71.2) 14(100) 29(78.4) 4(26.7) 0.000
Long bone fractures(%) 3(4.5) 0 3(8.1) 0

BMD=bone mineral density, SMA=spinal muscular atrophy, QCT=quantitative computed tomography, SMN2=survival motor neuron gene 2, NR=not reported,

ALP=alkaline phosphatase, 25-OH-D=25-Hydroxyvitamin D
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was similar across SMA subtypes. Age of onset, age of
diagnosis and age differed significantly by SMA subtype,
youngest in SMA1 and oldest in SMA3 groups, consis-
tent with the onset of symptoms leading to SMA diagno-
sis. The short stature and underweight represented about
25.8% and 34.8%, respectively. Similarly, up to 45.5%
(30/66) and 37.9% (25/66) of patients presented scolio-
sis and dislocation of the hip, respectively. None of the
66 children had vertebral fractures. Three patients (4.5%)
had histories of long bone fractures.

The serum phosphate was slightly above the normal
range in 2 children (3.0%) and slightly below the normal
range in 8 children (12.1%). The serum Ca was slightly
above the normal range in only one child (1.5%), and the
ALP levels were in the normal range in the 49 children
(74.2%). There was no significant difference in levels of
serum Ca, P and ALP between the three SMA subtypes
(p>0.05). We did not tabulate data about PTH because
this data was too incomplete. Among the 66 children,
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81.8%(54/66) had 25-OH-D within the lower range of
normal value (£30 ng/mL); 40 patients (60.6%) had vita-
min D deficiency (£20 ng/mL), and 14 children (21.2%)
had insufficiency (range, 20-30 ng/mL).

Assessment of lumbar spine BMD

QCT scans showed that the trabecular BMD of the
lumbar spine was low. The mean volumetric BMD was
131.4+29.5 mg/cm?®, and the mean BMD Z-scores was
—-1.5+1.0 (range —3.68 to 0.7). 28.8% (19/66) children
were diagnosed with low BMD (Z-scores<—2), and 47.0%
(31/66) of children had BMD with Z-scores<-1.5. For
SMA type 1 children, 7.1% (1/14) of them were diagnosed
with low BMD. For SMA type 2 and 3, 35.1% (13/37) and
33.3% (5/15) were diagnosed with low BMD, respectively.
Table 2 provides the details of the associations between
BMD Z-scores and presenting clinical factors.

Table 2 Comparison of normal and low BMD by Z-scores in patients with SMA

Normal BMD Low BMD P
(n=47) (n=19)

Male(%) 23(48.9) 12(63.2) 0.295
Age (years) 5.1(1.7,7.5) 9.3(3.8,11.6) 0.050

0-5 (years) 23(48.9) 6(31.6) 0272

5-10(years) 15(31.9) 6(31.6)

> 10(years) 9(19.1) 7(36.8)
Age of diagnosis (years) 2.1(0.7,5.2) 26(1.2,82) 0.257
Age of onset (years) 1.0(0.5,1.5) 1.2(0.7,1.6) 0.065
Short stature 14(29.8) 3(15.8) 0.386
Underweight 18(38.3) 5(26.3) 0355
SMN2 copies, n 0.576

1 1 1

2 8 2

3 19 9

4 2 2
ND 17 6
Ca (mmol/L) 25+0.1 24+0.1 0.065
P (mmol/L) 1.7+03 18403 0469
ALP(U/L) 161.9+43.1 1789+504 0.194
25-OH-D(ng/mL) 18.0(14.5,26.7) 16.0(11.1,22.9) 0411

>30ng/mL 9(19.1) 3(15.8) 0.944

20-30 ng/mL 10(21.3) 4(21.1)

<20 ng/mL 28(59.6) 12(63.2)
Scoliosis(%) 19(40.4) 11(57.9) 0.197
Dislocation of the hip(%) 17(36.2) 8(42.1) 0.653
Non-ambulant(%) 35(74.5) 12(63.2) 0.358
Long bone fractures(%) 1(5.3) 2(4.3) 0.861
SMA phenotype 0.084

1 13(27.7) 1(5.3)

2 24(51.1) 13(68.4)

3 10(21.3) 5(26.3)

BMD=bone mineral density, SMA=spinal muscular atrophy, QCT=quantitative computed tomography, SMN2=survival motor neuron gene 2, NR=not reported,

ALP=alkaline phosphatase, 25-OH-D=25-Hydroxyvitamin D
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Table 3 Multivariate analysis to find out the predictors of low BMD (Z-scores<-2) in patients with SMA
Predictors Unstandardized 95% Cl for t P
coefficients (B) Lower Upper Lower Upper

(Constant) 0.716 -1.608 3.039 0618 0.539
SMA Phenotype

SMA 1 0

SMA 2 0.071 -0.623 0.764 0.205 0.839

SMA 3 0.715 -0.239 1.669 1.503 0.309
25-OH-D(hg/mL)

>30 ng/mL 0

20-30 ng/mL -0.048 -0.9052 0.809 -0.113 0911

<20 ng/mL 0.371 -0481 1.220 0.872 0.387
Age (years) -0.153 -0.234 -0.073 -3.812 0.001
P (mmol/L) -0.581 -1473 0310 -1.308 0.196
ALP(U/L) -0.002 -0.007 0.004 -0.576 0.567

R-value for model=0.540; F=3.06; P=0.009 (analysis of variance)

BMD=Dbone mineral density, SMA=spinal muscular atrophy, 25-OH-D=25-Hydroxyvitamin D, ALP=alkaline phosphatase, Cl=confidence interval

1=
®
® ®

-3 d

-4

SMA 1
SMA 2
SMA 3

o 'Age

Fig. 2 The scatter plot showed a negative significant correlation between age and BMD Z-scores (r=-0.443, p=0.001)

Influencing factors of BMD Z-Scores

Age, SMA phenotype and serum bone metabolism
markers (P, ALP, 25-OH-D) were evaluated with a linear
regression model (Table 3). It was found that age had a
significant association with the BMD Z-scores in patients
with SMA (B=-0.153, p=0.001). The variance inflation
factor was assessed for multicollinearity and found to be
insignificant (<5). A significant negative correlation was
found between age and BMD Z-scores as shown in the
scatter plot in Fig. 2 (r=-0.443,p=0.001).

Because we observed that age contributes significantly
to low BMD, We determined the cut-off value of this fac-
tor to suggest a diagnostic value and to estimate the risk
of low BMD. The ROC age curve identified a cut-off point
of >6.3 years of age; this age predicts a Z-scores < -2.0
with a sensitivity of 68.4% and a specificity of 68.1%.

Discussion

In patients with SMA, obtaining accurate measurements
of BMD by DXA is usually difficult. Severe spinal rota-
tion, scoliosis, and other musculoskeletal changes are
the most frequent causes of this difficulty. Lee et al. [10]
proved that DXA tends to underestimate lumbar osteo-
porosis in patients with Duchenne muscular dystrophy
who also have scoliosis when comparing DXA results
with QCT results. In addition, QCT offers more accu-
rate measurements than DXA, which can be affected by
spinal deformities or other musculoskeletal changes [14].
Children with SMA have a high prevalence of scoliosis,
with an incidence of 60-90% and an initial presentation
in early childhood [13]. Nevertheless, QCT software can
directly correct scoliosis curves and measure trabecular
bones with accuracy. Therefore, this study is important
because it is the first one to examine the factors that con-
tribute to low BMD in patients with SMA using QCT
data.
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In this study, we found that low BMD was prevalent
in children with SMA in mainland China. Up to 28.8%
(19/66) of patients had lumbar spine BMD Z-scores <
-2 obtained by QCT and 47.0% (31/66) of patients had
Z-scores < -1.5. In 2012, Poruket al. [25] found that the
mean values of lumbar spine BMD were much lower than
those of healthy controls of similar age in 47 patients with
SMA type 1. Wasserman et al. [19] reported a reduction
in BMD measured with DXA (height adjusted Z-scores
< -2) in 85% (53/62) of children with SMA type 1-3 in
USA, which was greater than that we observed in our
study. This might be related to the older age of patients
included in their study. Additionally, in Baranello et al.
[20], 15.6% (5/32) of the patients with SMA type 2-3
were diagnosed with low BMD based on DXA, while in
Peng et al. [21], the percentage was 67.5% (27/40). Arti-
facts caused by scoliosis, which is common in children
with SMA, could also contribute to the false positive
results in measured BMD. This highlights the complex-
ity of DXA interpretation and the limitations of BMD
assessment by DXA in this particular group of children. It
is necessary to explore other novel imaging modalities as
part of bone health assessment. Nevertheless, the prev-
alence of low BMD in patients with SMA is quite high,
requiring immediate clinical attention.

Our findings suggest that age might be a useful indi-
cator for assessing the risk of low BMD of the lumbar
spine in patients with SMA (f=-0.153, p=0.001). Even
young subjects affected by SMA should be considered
at risk of low BMD. It is not unexpected that age is the
factor associated with low BMD, as SMA children may
not be able to increase bone mass through exercise and
physical activity compared to healthy children, leading
to a progressive bone mass deficient state. A previous
cross-sectional study involving twelve SMA patients also
found that young children had BMD Z-scores within the
normal range, while teenagers had lower Z-scores [18].
Their analysis revealed that age had a more significant
effect on BMD than disease severity or ambulatory sta-
tus. Wassermann et al. [19] observed that lumbar BMD
Z-scores significantly decreased with age, irrespective of
SMA subtype. An ROC age curve analysis was further
conducted in our study. The finding may be applicable
for guiding bone care in patients with SMA at age>6.3
years, which is an indicator of low BMD. We believe that
BMD should be assessed as early as the diagnosis of SMA
is completed, or beyond this age cut-off value, and moni-
tored at regular intervals according to the latest Interna-
tional Management Consensus [4].

Vitamin D plays a crucial role in maintaining the health
of the skeletal system. It mediates the mineralization
of newly synthesized osteoid tissue within bone. In our
study, we observed that vitamin D deficiency and insuf-
ficiency were found in 81.8% of SMA patients, consistent
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with the findings of the study in other countries [26].
Notably, vitamin D can promote intestinal Ca and P
absorption and maintain a balance in calcium metabo-
lism. Vitamin D deficiency stimulated PTH secretion
and PTH increased bone resorption to maintain calcium
homeostasis. In our study, we observed that the levels of
serum Ca, P and ALP were mostly within normal ranges
in children of SMA. This phenomenon is also consistent
with previous studies [17, 21, 27]. Therefore, based on
our statistical model, prediction of BMD Z-scores was
not possible with the serum P (B=-0.581,p=0.196) or
ALP (p=-0.002,p=0.567) level. We do not recommend
routine serum Ca, P or ALP screening in SMA children
with low BMD to increase disease burden. In addition,
we did not observe any contribution of vitamin D insuf-
ficiency and deficiency (vs. normal) to BMD Z-scores
loss. We observed that there were statistically significant
differences in 25-OH-D between the three SMA pheno-
types. The level of 25-OH-D tended to decrease with the
change of SMA subtypes from 1 to 3. Patients with SMA
3 had significantly lower 25-OH-D than those with SMA
1 (p=0.04). A previous study has shown that for SMA
patients, increased vitamin D and calcium consumption
were associated with an increase in BMD [26]. Therefore,
providing children with SMA with sufficient daily cal-
cium and vitamin D intake is crucial, even if they don't
show an increase in PTH levels or bone markers.

The association of SMA phenotype with BMD outcome
is controversial [19, 21, 28]. A recent study of Chinese
children with SMA showed that BMD Z-scores tended to
increase with the change of SMA subtypes from 2a-3b.
In our study, we observed that children with SMA type
2 had lower lumbar BMD Z-scores than those with SMA
type 3, but no significant difference. In addition, we found
that the proportion and the mean of BMD Z-scores in the
study of Peng et al. were significantly lower compared
to our study. This may be consistent with the known
effect that DXA underestimates volumetric bone density
in those with small bone size [29]. Our study may shed
light on the complexity of BMD in SMA patients, which
may be influenced by multiple factors other than disease
severity alone. In addition, the lifestyle and daily activi-
ties of SMA patients may not differ significantly between
different types, which could reduce the impact of SMA
type on BMD measurements. To explain how bone and
muscle interact in children with neuromuscular diseases,
a model for muscle-bone interactions has been intro-
duced [30]. The absence of SMN protein also has a sig-
nificant effect on BMD. In mouse models, SMN protein
indirectly activates osteoclasts by interacting with cell
signaling molecules such as osteoclast stimulating factor
1 (OSTF1) and plays an important role in bone develop-
ment and bone resorption activity [31, 32]. Therefore, the
high incidence of low BMD in SMA patients may be one
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of the primary symptoms of the disease itself, and may
not simply be attributed to muscle weakness and lack of
exercise [33]. Moreover, our study may suggest a nonlin-
ear or threshold effect in the relationship between BMD
Z-scores and SMA type, where the impact of SMA type
on BMD may not be significant before certain age groups
or stages of the disease. Therefore, we recommend that
future studies should consider larger and more diverse
samples, as well as more comprehensive assessments of
potential confounding factors.

The strength of this study is that the lumbar spine
BMD obtained by QCT is more accurate than the DXA
method. Our study has several limitations. Firstly, some
of our analyses may have been underpowered because of
the small number of participants. Secondly, at our cen-
tre, patients with spinal muscular atrophy (SMA) are
generally recommended to undergo annual QCT tests to
monitor changes in BMD. Although the radiation dose of
QCT is higher than the DXA, the effective dose of a single
QCT examination is only approximately 1.5 mSv, and the
radiation dose is at a low level and safe for SMA patients.
Thirdly, this study is based on existing medical records or
databases, and historical measurement data for PTH may
not be available. Patients’ dietary history and calcium
intake, as well as detailed vitamin D treatment, were also
not available, which could also affect their bone health.
Future prospective studies should include a larger multi-
center population and a more comprehensive collection
of the data for evaluation. However, because this rare dis-
ease of bone health publications is limited, this is still a
valuable complement to existing literature.

Conclusion

In conclusion, low BMD was common among children
with SMA who did not receive disease-modifying treat-
ment in our centre. Regular BMD monitoring is nec-
essary for all types of SMA children, especially those
aged>6.3 years. So that early diagnosis and appropriate
intervention can be planned to prevent the complications
related to low BMD.

Abbreviations

SMA Spinal Muscular Atrophy

DXA Dual-energy X-ray Absorptiometry
BMD Bone Mineral Density

QCT Quantitative Computed Tomography
SMN Survival Motor Neuron Gene

ALP Alkaline Phosphatase

25-OH-D  25-Hydroxyvitamin D

Acknowledgements
Not applicable.

Author contributions

CL had full access to all the data in the study and took responsibility for the
integrity of the data and the accuracy of the data analysis. Study design and
concept: CL and HQ. Acquisition, analysis, or data interpretation: CL, DY, LL, XM,

Page 8 of 9

and XC. Drafting of the manuscript: CL. Statistical analysis: CL and DY. Study
supervision: GN and HQ. The authors read and approved the final manuscript.

Funding
Not applicable.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

The study involving human subjects was approved by the Ethics Committee
of the West China Second University Hospital, Sichuan University
(20200021gc). The informed consent of all patients was obtained, and all
patients agreed to participate in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 27 June 2024 / Accepted: 27 September 2024
Published online: 11 October 2024

References

1. Wirth B. An update of the mutation spectrum of the survival motor neuron
gene (SMNT1) in autosomal recessive spinal muscular atrophy (SMA). Hum
Mutat. 2000;15(3):228-37.

2. Mercuri E, Bertini E, lannaccone ST. Childhood spinal muscular atrophy:
controversies and challenges. Lancet Neurol. 2012;11(5):443-52.

3. Antoniou G, Masouros P, Papadopoulos DV, et al. A scoping review of the
recent clinical practice regarding the evaluation of bone Mineral Density
in Children and adolescents with Neuromuscular diseases. Med (Kaunas).
2023;59(2):312.

4. Mercuri E, Finkel RS, Muntoni F, et al. Diagnosis and management of spinal
muscular atrophy: part 1: recommendations for diagnosis, rehabilitation,
orthopedic and nutritional care. Neuromuscul Disord. 2018;28(2):103-15.

5. Bianchi ML, Leonard MB, Bechtold S, et al. Bone health in children and ado-
lescents with chronic diseases that may affect the skeleton: the 2013 1SCD
Pediatric Official positions. J Clin Densitom. 2014;17(2):281-94.

6. Krueger D, Tanner SB, Szalat A, et al. DXA Reporting updates: 2023 official
positions of the International Society for Clinical Densitometry. J Clin Densi-
tom. 2024;27(1):101437.

7. Al-Zougbi A, Mathews KD, Shibli-Rahhal A. Use of bone age for evaluating
bone density in patients with Duchenne muscular dystrophy: a preliminary
report. Muscle Nerve. 2019;59(4):422-5.

8. Jepsen KJ, Bigelow EMR, Goulet RW, et al. Structural differences contributing
to sex-specific associations between FN BMD and whole-bone strength for
adult white women and men. JBMR Plus. 2024;8(4):ziae013.

9. OhataY, Kitaoka T, Ishimi T, et al. Association of trabecular bone score and
bone mineral apparent density with the severity of bone fragility in children
and adolescents with osteogenesis imperfecta: a cross-sectional study. PLoS
ONE. 2023;18(8):e0290812.

10. Lee JS,Kim K, Jeon YK, et al. Effects of Traction on interpretation of lumbar
bone Mineral density in patients with Duchenne muscular dystrophy: a New
Measurement Method and Diagnostic Criteria based on comparison of dual-
energy X-Ray absorptiometry and quantitative computed tomography. J Clin
Densitom. 2020,23(1):53-62.

11, lzadyar S, Golbarg S, Takavar A, Zakariaee SS. The Effect of the lumbar
vertebral malpositioning on bone Mineral density measurements of the
lumbar spine by dual-energy X-Ray absorptiometry. J Clin Densitom.
2016;19(3):277-81.

12. Jeon YK, Shin MJ, Shin YB, et al. Effect of increased axial rotation angle
on bone mineral density measurements of the lumbar spine. Spine J.
2014;14(9):2150-4.



Liu et al. BMC Pediatrics

20.

21

22.

23.

24.

(2024) 24:651

Wijngaarde CA, Brink RC, de Kort FAS, et al. Natural course of scoliosis and
lifetime risk of scoliosis surgery in spinal muscular atrophy. Neurology.
2019,93(2):2149-58.

Liu C,Yang DD, Zhang L, et al. Bone Mineral Density Assessment by quantita-
tive computed tomography in glucocorticoid-treated boys with Duchenne
muscular dystrophy: a Linear mixed-effects modeling Approach. Front
Endocrinol (Lausanne). 2022;13:860413.

Inaba H, Cao X, Han AQ, et al. Bone mineral density in children with acute
lymphoblastic leukemia. Cancer. 2018;124(5):1025-35.

Tezol O, Balc1 Y, Alakaya M, Gundogan B, Citak EC. Bone densitometry
measurements in children with neurofibromatosis type 1 using quantitative
computed tomography. Singap Med J. 2022;63(9):520-6.

Vai S, Bianchi ML, Moroni |, et al. Bone and spinal muscular atrophy. Bone.
2015;79:116-20.

Kinali M, Banks LM, Mercuri E, Manzur AY, Muntoni F. Bone mineral density
in a paediatric spinal muscular atrophy population. Neuropediatrics.
2004,35(6):325-8.

Wasserman HM, Hornung LN, Stenger PJ, et al. Low bone mineral density
and fractures are highly prevalent in pediatric patients with spinal muscular

atrophy regardless of disease severity. Neuromuscul Disord. 2017;27(4):331-7.

Baranello G, Vai S, Broggi F, et al. Evolution of bone mineral density, bone
metabolism and fragility fractures in spinal muscular atrophy (SMA) types 2
and 3. Neuromuscul Disord. 2019;29(7):525-32.

Peng X, QuYY, Li X, et al. Bone mineral density and its influencing factors in
Chinese children with spinal muscular atrophy types 2 and 3. BMC Musculo-
skelet Disord. 2021;22(1):729.

Wadman RI, Wijngaarde CA, Stam M, et al. Muscle strength and motor func-
tion throughout life in a cross-sectional cohort of 180 patients with spinal
muscular atrophy types 1c-4. Eur J Neurol. 2018;25(3):512-8.

GilsanzV, Gibbens DT, Roe TF, et al. Vertebral bone density in children: effect
of puberty. Radiology. 1988;166(3):847-50.

Adams JE, Engelke K, Zemel BS, Ward KA. International Society of Clini-

cal Densitometry. Quantitative computer tomography in children and
adolescents: the 2013 ISCD Pediatric Official positions. J Clin Densitom.
2014;17(2):258-74.

25.

26.

27.

28.

29.

30.

32

33.

Page 9 of 9

Poruk KE, Davis RH, Smart AL, et al. Observational study of caloric and nutri-
ent intake, bone density, and body composition in infants and children with
spinal muscular atrophy type I. Neuromuscul Disord. 2012,22(11):966-73.
Aton J, Davis RH, Jordan KC, Scott CB, Swoboda KJ. Vitamin D intake is
inadequate in spinal muscular atrophy type | cohort: correlations with bone
health. J Child Neurol. 2014;29(3):374-80.

Kroksmark AK, Alberg L, Tulinius M, Magnusson P, Soderpalm AC. Low bone
mineral density and reduced bone-specific alkaline phosphatase in 5q spinal
muscular atrophy type 2 and type 3:a 2-year prospective study of bone
health. Acta Paediatr. 2023;112(12):2589-600.

Tung JY, Chow TK, Wai M, Lo J, Chan SHS. Bone Health Status of children with
spinal muscular atrophy. J Bone Metab. 2023;30(4):319-27.

Walker MD, McMahon DJ, Udesky J, Liu G, Bilezikian JP. Application of high-
resolution skeletal imaging to measurements of volumetric BMD and skeletal
microarchitecture in Chinese-American and white women: explanation of a
paradox. J Bone Min Res. 2009;24(12):1953-9.

Ribstein C, Courteix D, Rabiau N, et al. Secondary bone defect in neuro-
muscular diseases in Childhood: a longitudinal muscle-bone unit analysis.
Neuropediatrics. 2018;49(6):397-400.

Shanmugarajan S, Swoboda KJ, lannaccone ST, Ries WL, Maria BL, Reddy SV.
Congenital bone fractures in spinal muscular atrophy: functional role for SMN
protein in bone remodeling. J Child Neurol. 2007;22(8):967-73.

Vermeren M, Lyraki R, Wani S, et al. Osteoclast stimulation factor 1 (Ostf1)
KNOCKOUT increases trabecular bone mass in mice. Mamm Genome.
2017:28(11-12):498-514.

Shanmugarajan S, Tsuruga E, Swoboda KJ, Maria BL, Ries WL, Reddy SV. Bone
loss in survival motor neuron (Smn(-/-) SMN2) genetic mouse model of spinal
muscular atrophy. J Pathol. 2009;219(1):52-60.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Low bone mineral density and its influencing factors in spinal muscular atrophy without disease-modifying treatment: a single-centre cross-sectional study
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study participants
	﻿Data collection
	﻿Lumbar BMD measured by QCT
	﻿Statistical methods

	﻿Results
	﻿Demographic data and clinical characteristics
	﻿Assessment of lumbar spine BMD
	﻿Influencing factors of BMD Z-Scores

	﻿Discussion
	﻿Conclusion
	﻿References


