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Abstract
Summary  Duchenne muscular dystrophy is a progressive disease usually associated with loss of ambulation and progressive 
scoliosis. Immobilisation and glucocorticoid treatment are predisposing factors for reduced bone mineral density (BMD). 
Analysis of quantitative computed tomography revealed low BMD in thoracic and lumbar vertebrae in comparison to age- 
and sex-matched healthy controls.
Introduction  Evaluation of vertebral bone mineral density (BMD) in Duchenne Muscular Dystrophy (DMD) adolescents 
with untreated advanced scoliosis and comparison with the BMD values of healthy age-matched controls, based on quantita-
tive computer tomography.
Methods  Thirty-seven DMD adolescents (age 15.6 ± 2.5 years) with spinal deformity were evaluated clinically and radio-
logically prior to definite spinal fusion and compared to 31 male and age-matched healthy individuals (age 15.7 ± 2.3 years). 
Data related to previous medical treatment, physiotherapy and ambulatory status was also analysed. Scoliotic curves were 
measured on plain sitting radiographs of the spine. The BMD Z-scores of the thoracic and lumbar vertebrae were calculated 
with QCTpro® (Mindways Software Inc., USA), based on data sets of preoperative, phantom pre-calibrated spinal computed 
tomography scans.
Results  A statistically significant lower BMD could be found in DMD adolescents, when compared to healthy controls, 
showing an average value for the lumbar spine of 80.5 ± 30.5 mg/cm3. Z-scores deteriorated from the upper thoracic towards 
the lower lumbar vertebrae. All but the uppermost thoracic vertebrae had reduced BMD values, with the thoracolumbar and 
lumbar region demonstrating the lowest BMD. No significant correlation was observed between BMD and the severity of 
the scoliotic curve, previous glucocorticoid treatment, cardiovascular impairment, vitamin D supplementation, non-invasive 
ventilation or physiotherapy.
Conclusion  DMD adolescents with scoliosis have strongly reduced BMD Z-scores, especially in the lumbar spine in com-
parison to healthy controls. These findings support the implementation of a standardised screening and treatment protocol.
Level of evidence/clinical relevance: therapeutic level III
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Introduction

Reduced bone mineral density (BMD) in osteopenia and 
loss of the trabecular bone structure via defective remodel-
ling in osteoporosis lead to increased fracture risk. Whilst 
these entities are common amongst the elderly, the extent 
of their presence as secondary forms amongst adolescent 
patients suffering from degenerative muscle disorders, 
such as Duchenne Muscular Dystrophy (DMD), has only 
recently been examined [1–3]. Risk factors for reduced 
BMD by DMD patients include the loss of ambulation, as 
well as adverse effects of glucocorticoid (GC) therapy on 
bone metabolism [4] which can lead to vertebral fractures 
[5], even by non-ambulatory patients. Furthermore, up to 
85% of DMD adolescents develop a progressive neuromus-
cular scoliosis (Fig. 1), resulting in a definite spinal fusion 
in the majority of cases [6]. Thus, reduced BMD may pose 
a problem for surgical treatment of DMD patients with 
scoliosis and also increase the subsequent complication 
risk by negatively influencing the correction potential, 
screw placement and anchorage as well as pain manage-
ment, as reported for adult patients [7, 8].

To our knowledge, this cross-sectional cohort study is 
the first of its kind to evaluate the vertebral BMD of DMD 
adolescents with scoliosis in comparison to age- and sex-
matched healthy controls, based on precalibrated, quan-
titative computer tomography (QCT) of the thoracic and 
lumbar vertebrae.

Material and methods

After approval by the institutional ethical review commit-
tee, we performed a cross-sectional cohort study on adoles-
cent patients diagnosed with DMD and progressive spinal 
deformity without prior surgical spine treatment. All partici-
pants were informed about the purpose of the study, and oral 
and written consent was obtained from a parent and/or legal 
guardian for the evaluation of clinical and demographic data.

Between 2017 and 2021, 45 DMD adolescents received 
a standardised work-up in preparation for definite spinal 
fusion. Using a questionnaire, demographic and clinical data 
were acquired. Scoliotic curves were measured on stand-
ardised sitting anteroposterior (ap) and lateral radiographs 
using Centricity Enterprise Web Version 3.0 (GE Healthcare 
Medical Systems, Chicago, USA, 2006).

Forty-five asynchronous, phantom pre-calibrated CT 
scans (Somatom Definition AS, Siemens, Erlangen, Ger-
many) of the whole spine, with 0.6 mm slice thickness, 
were performed for preoperative evaluation. A total of eight 
patients had to be excluded due to technical inconsistency of 
the calibration, leaving 37 participants (age 15.6 ± 2.5 years) 
for the BMD extraction. None of the DMD patients had ver-
tebral fractures.

The control group consisted of 31 age-matched male 
patients (age 15.7 ± 2.3 years), undergoing a native CT 
(n = 16) or a contrast enhanced CT (n = 15) with the con-
trast agent Imeron® 350 (Bracco Imaging Deutschland 
GmbH, Konstanz, Germany) with an iodine concentration of 

Fig. 1   Anteroposterior (ap) (a) and lateral sitting radiographs (b) of a 12-year-old DMD patient with rapid progression of scoliosis within 
18 months (c,d)
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350 mg/ml and a maximal slice thickness of 0.6 to 0.75 mm. 
All examined persons were otherwise healthy participants, 
who received a CT to rule out or confirm acute conditions 
such as high-energy trauma (n = 21), urinary tract exam 
(n = 7), spondylolisthesis (n = 1), pneumothorax (n = 1) and 
acute abdomen (n = 1). Any fractured vertebrae or patho-
logical vertebral findings were excluded from the BMD 
measurement.

CT data were evaluated using the software QCTpro® ver-
sion 6.1 (Mindways Software Inc., Austin, TX, USA). The 
evaluation consisted of the axial alignment of the vertebrae, 
definition of the range of interest (ROI) within the area for 
measurement and extraction of the BMD values.

Due to the scoliotic deformity observed in DMD patients, 
the alignment to the transverse, coronal and sagittal planes 
for each segment as well as the ROI definitions was per-
formed manually (Fig. 2a). To measure interobserver accu-
racy, the evaluation was carried out independently by two 
physicians. Measurements with deviation of 5% or more 
from the mean were revised. From a total of 612 values per 
examiner, 169 (27.6%) had to be revised. Causes for the 

differing values were the inclusion of non-trabecular struc-
tures in the ROI, such as cortical bone and neurovascular 
structures, insufficient alignment of the anatomical planes 
or false definition of the level of the evaluated segments.

CT scans of the control group with physiological verte-
bral anatomy and orientation were evaluated by one physi-
cian, as the process was straightforward and easily auto-
mated. The values obtained through contrast enhanced 
CT scans (BMDMDCT) were converted using the equation 
BMDQCT = 0.96 × BMDMDCT − 20.9 mg/mL as described by 
Bauer et al. (2007) [9], to compensate for the higher BMD 
results due to the contrast agent. This equation was initially 
conceived for the lumbar vertebrae L1 until L3. For this rea-
son, we also statistically compared the adjusted results from 
the contrast enhanced CT scans to those of the native ones, 
which ruled out a significant difference (p < 0.05).

The Z-score, which is an expression of the standard devi-
ation (SD) observed within the BMD values of the patient 
group when compared to the mean BMD value of the age- 
and sex-matched control group, was calculated [10]. Height-
adjusted Z-scores (HAZ) for growth compensation are not 

Fig. 2   Software QCTpro® for evaluating BMD. A The red and yel-
low areas show the ROI in the three anatomical planes, which should 
exclude cortical bone and neurovascular structures. B BMD results of 

the lumbar spine for a DMD patient, with Z-scores being provided 
based on normal values of the UCSF database [9–13]
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needed by QCT-based vBMD, since all three dimensions 
are already included, which is in contrast to dual-energy-x-
ray-absorptiometry (DXA) [11]. Whilst the software auto-
matically provides Z-scores based on reference BMD values 
acquired from the database of the University of California, 
San Francisco (UCSF), through studies between 1985 and 
1989 [12–16] (Fig. 2B), we saw fit to use for demographic 
reasons local control data for Z-score calculations. Initially, 
however, we did use the Z-score results provided by the soft-
ware to confirm the consistency of our own reference group. 
BMD values from both the DMD and control groups were 
compared for each thoracic and lumbar vertebra. Further-
more, Z-scores for each vertebra of the DMD patients were 
calculated and compared to the threshold Z-scores based 
on the critical BMD values of 120 mg/cm3 and 80 mg/cm3, 
respectively, as defined in the guidelines of the American 
College of Radiology (ACR) [17] that are also implemented 
in QCT evaluations [17]. The threshold Z-scores were cal-
culated based on the average BMD for each vertebra in the 
control group (BMDctrl) and its standard deviation (SDctrl) 
with the following formulae: Z1 = (120-BMDctrl)/SDctrl and 
Z2 = (80-BMDctrl)/SDctrl. Statistical differences between 
BMD values within the DMD patient group were assessed 
according to the criteria outlined in Table 1.

Statistical analyses using post-hoc tests were carried out 
using the statistical software package GraphPad Prism® 
and Excel® (Microsoft Corporations, Redmond, USA). An 
unpaired t-test was used to compare the BMD and Z-Scores 
of each individual vertebra between the control group and 
the DMD group, as well as between the subgroups of the 
DMD patients, according to possibly influencing factors of 
the BMD. The subgroup criteria were as follows: a scoliotic 
curve below 40° (n = 9) versus at least 40° (n = 28); GC treat-
ment (n = 26) versus GC-naive patients (n = 11); medication 
for beginning dilated cardiomyopathy, such as beta-receptor 
blockers (n = 10) versus no cardiovascular treatment (n = 27); 
vitamin D supplementation with 1000 international units per 
day (n = 32) versus no vitamin D supplementation (n = 5); non-
invasive ventilation (NIV) in form of continuous positive air-
way pressure (n = 12) versus no NIV therapy (n = 25) and regu-
lar physiotherapy (n = 15) versus no physiotherapy (n = 22). A 

simple linear regression analysis was additionally performed to 
investigate a potential correlation of scoliosis angle and BMD 
for each individual vertebra. A multiple regression analysis 
for the abovementioned parameters was not performed, as 
their implementation varied strongly from patient to patient. 
Data are presented as mean ± SD. Statistical significance was 
defined as p < 0.05 (*), p < 0.01 (**) and as p < 0.001 (***). 
Nomenclature is based on the recommendations of the 2003 
Position Development Conference (PDC) of the International 
Society for Clinical Densitometry (ISCD) [18]

Results

The average BMD was significantly reduced (p < 0.001) in 
the DMD group when compared to the control group for 
every thoracic and lumbar vertebra, with the values progres-
sively deteriorating from T1 towards L5 (Fig. 3).

The initial consistency proofing of the control group 
based on the QCTpro® internal database showed relatively 
reduced, but normal, Z-scores (− 0.9 ± 1.0). This is in agree-
ment with the World Health Organisation (WHO) recom-
mendations for adults [19], as well as the ACR guidelines 
[17], which consider Z-scores above − 2.0 as normal. Thus, 
this allowed us to use these data as a reference for the cal-
culation of the Z-scores in the DMD group (also known as 
gradient of risk [19]). The comparison of these results to 
the low bone mass thresholds as calculated with the above-
described equations, with the exception of the upper thoracic 
vertebrae, reveals reduced bone mass for the remaining tho-
racic segments and further rapid deterioration of the bone 
mass for the thoracolumbar region and below. This gradient 
of risk is depicted in Fig. 4.

The impact of demographic and clinical factors on BMD 
in DMD adolescents was assessed using the data provided 
by the patients in the form of a questionnaire (Table 1). 
No correlation was found between BMD values in DMD 
adolescents in respect to the severity of scoliosis (scoliosis 
angle < 40° versus > / = 40°), previous GC therapy, vitamin 
D3 supplementation (1000 international units (IU) per day) 
or cardiovascular impairment (with beta-receptor-blocker 
treatment for beginning dilated cardiomyopathy). In the 
same manner, NIV as an indicator for reduced lung function 
or supported standing therapy, reflecting the general health 
condition of the patients, had no statistical relevance as an 
influencing factor on BMD.

Discussion

This cohort study examines the vertebral BMD of the tho-
racic and lumbar spine in DMD adolescents with scoliosis 
based on quantitative computer tomography, and in doing 
so, highlights an approach that can provide more accurate 

Table 1   Patient demographics

Duchenne group: analysis criteria

n (total) 37

Cobb-angle 61.3° + / − 29.0°
Vit D3 supplementation n = 27 (73%)
Corticosteroid therapy (Tx) n = 29 (78%)
Cardiac insufficiency Tx n = 27 (73%)
Non-invasive ventilation Tx n = 16 (43%)
Supported standing Tx n = 24 (65%)
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measurements in comparison to DXA [11, 20]. The fine slice 
CT scans allow accurate volumetric BMD (vBMD) measure-
ments and so overcomes inherent limitations of the areal, 
indirectly calculated vBMD obtained through DXA in cases 
of growing patients and severe spinal deformity [11, 20]. 
Our measurements demonstrate reduced BMD Z-scores for 
all thoracic and lumbar vertebral segments in DMD patients 
when compared to age- and sex-matched healthy controls, 
with the values of the lumbar region reflecting the highest 
risk for vertebral fractures due to low BMD.

Still, the diagnosis of osteoporosis in children and ado-
lescents cannot be based on the same criteria as for adults 

and densitometry alone [17, 19]. According to the official 
paediatric positions of the International Society for Clinical 
Densitometry (ISCD), BMD Z-scores equal or below − 2.0 
alone are not indicative of osteoporosis, nor do Z-scores 
above − 2.0 exclude a high fracture risk, especially in neu-
romuscular disorders. One or more vertebral compression 
fractures without adequate trauma could indicate osteopo-
rosis. In the absence of such fractures, a clinically signifi-
cant long bone fracture history, as defined by the ISCD, in 
combination with a BMD Z-score ≤  − 2.0 should lead to the 
diagnosis of osteoporosis [21]. In our patient group, because 
of external input from various hospitals, it was not possible 

Fig. 3   BMD values of each thoracic and lumbar vertebra of the DMD (n = 37, blue) and healthy control group (n = 31, grey); T = thoracic; 
L = lumbar; numbers in columns equal n; ***p < 0.001

Fig. 4   Average BMD Z-scores 
(blue) for DMD patients 
(n = 37) for each thoracic and 
lumbar vertebra. From the 
healthy age- and sex-matched 
healthy control group (n = 31) 
calculated Z-score thresholds 
for critical BMD values of 
120 mg/cm3 (orange) and 
80 mg/cm3 (red), respectively. 
A significant deterioration of 
BMD values is shown for the 
lower thoracic and lumbar 
region. T = thoracic; L = lumbar

2015
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to have access to other medical records in order to collect 
reliable information on non-vertebral fractures for statistical 
analysis. Secondary reduced BMD follows the gradual dete-
rioration of muscle function and loss of ambulation in DMD 
adolescents [22], which occur at about 10 years of age [23].

At the same time, GC treatment reduces BMD and 
increases the risk of vertebral fractures due to low bone 
mineral mass [4]. According to a nationwide investigation 
of 832 DMD cases in the UK, the overall fracture incidence 
was more than four times higher in patients under long-term, 
daily therapy with deflazacort, in comparison to healthy 
boys [3]. Another retrospective study estimated vertebral 
fractures in up to one-third of the GC-treated DMD patients 
[24]. Slowly progressing, asymptomatic vertebral fractures 
account for almost 50% of these fractures with low BMD 
[25] and remain unnoticed in up to one-third of patients [26]. 
Moreover, these fractures can contribute in part to the loss 
of ambulation, since vertebral fractures may cause pain that 
is not always responsive to common analgesic drugs and 
may require specific medical treatment [27]. For this rea-
son, international literature recommends routine screening 
for vertebral fractures in DMD adolescents with risk factors 
such as GC therapy or BMD Z-score deterioration alone, 
without previous fractures or symptoms like back pain [28].

On the positive side, GC treatment prolongs the ambulant 
phase of DMD patients [29] through its anti-inflammatory 
effect on skeletal muscle [30] and indirectly through growth 
impairment [31], with a shorter stature being biomechani-
cally beneficial for retaining muscle function [32]. Since 
progression of scoliosis is closely related to loss of ambu-
lation, long-term GC treatment of DMD patients halts the 
progression of spinal deformity through prolonged mobility 
[33]. Characteristically, scoliosis in DMD boys only exceeds 
a scoliosis angle of 30°, if the patient is wheelchair-bound 
[6]. Whilst 67 to 92% of steroid-naive DMD adolescents 
have progressive scoliosis, only up to 20% of the GC-treated 
patients show the same development [34, 35] and require 
surgical stabilisation [36]. Our results do not allow the dis-
tinction between whether or not continuous or intermittent 
GC treatment prevents scoliosis development in DMD ado-
lescents, or merely delays its onset, since the patients are 
treated primarily in other institutions nationwide and there-
fore the therapy is not standardised. Thus, further and more 
detailed studies are required to clarify this issue.

Data delivered independently from researchers at the 
170th European Neuromuscular Centre Workshop showed 
highly reduced lumbar BMD in non-ambulant DMD 
patients regardless of former GC treatment [37, 38]. Our 
study supports these results, since all 37 participants had 
loss of ambulation at the average age of 9.8 ± 2.3 years, 
and at least 5 years prior to the CT examinations from 
which BMD data were acquired. Along the same lines 
as this, although not directly comparable due to a higher 

dose and shorter duration, a study on patients requiring 
GC therapy for multiple sclerosis showed that although 
bone turn-over markers increased almost immediately 
after treatment initiation, this only persisted until 3 months 
after the end of therapy, and no difference was observed 
in BMD before or after 6 months of treatment [39]. This 
could also explain why we did not detect any difference 
in BMD between pretreated and GC-naïve DMD patients. 
Furthermore, the degree of scoliosis, vitamin D3 supple-
mentation, cardiovascular impairment, NIV or supported 
standing therapy did not correlate to BMD data in DMD 
adolescents.

A limitation of this study is the authors’ specialisation 
on surgical scoliosis correction, which automatically leads 
to a specific, pre-sorted subgroup of DMD patients being 
treated, namely, those with advanced spinal deformity. As a 
result, these patients had ceased the GC treatment 4.0 ± 2.7 
before the QCT evaluation, which may be long enough to 
influence any remaining catabolic effect this may have on 
the BMD measured. In addition, milder cases are not repre-
sented in our analysis and a follow-up relevant to this study 
is not possible after spinal fusion. Another inherent prob-
lem was that the demographic factors examined, such as GC 
medication, were highly variable as to dosage, duration and 
type of administration, depending on the originating clinic 
of the patient and the actual therapy regimes. The control 
group consisted of adolescents without spinal deformity. A 
scoliosis-matched control group would be able to rule out 
scoliosis itself as an influencing factor for reduced BMD.

Conclusions

The present study demonstrated with accurate volumet-
ric BMD data that DMD patients with advanced scoliosis 
have significantly reduced BMD Z-scores compared to 
age- and sex-matched controls in the thoracic and lumbar 
vertebrae. All but the uppermost thoracic vertebra had 
reduced Z-scores, which rapidly deteriorated from the 
thoracolumbar region and downwards, thus reflecting the 
high risk for vertebral fractures due to low bone mineral 
mass. Whilst awareness on this subject is internationally 
increasing, there is still need for standardised and widely 
accepted screening and treatment protocols.

Abbreviations  BMD: Bone mineral density; DMD: Duchenne Mus-
cular Dystrophy; CT: Computed tomography; QCT: Quantitative 
computer tomography; ROI: Range of interest; HAZ: Height-adjusted 
Z-scores; DXA: Dual-energy-x-ray-absorptiometry
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