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Abstract

Background The aim of the study was to investigate the muscle differences in children with osteogenesis imperfecta
(OI) using opportunistic low-dose chest CT and to compare different methods for the segmentation of muscle in
children.

Methods This single center retrospective study enrolled children with Ol and controls undergoing opportunistic
low-dose chest CT obtained during the COVID pandemic. From the CT images, muscle size (cross-sectional area) and
density (mean Hounsfield Units [HU]) of the trunk muscles were measured at the mid-T4 and the mid-T10 level using
two methods, the fixed thresholds and the Gaussian mixture model. The Bland-Altman method was also used to
compute the strength of agreement between two methods. Comparison of muscle results between Ol and controls
were analyzed with Student t tests.

Results 20 children with Ol (mean age, 9.1+3.3 years, 15 males) and 40 age- and sex-matched controls were
enrolled. Mean differences between two methods were good. Children with Ol had lower T4 and T10 muscle density
than controls measured by the fixed thresholds (41.2 HU vs. 48.0 HU, p<0.01; 37.3 HU vs. 459 HU, p < 0.01). However,
children with Ol had lower T4 muscle size, T4 muscle density, T10 muscle size and T10 muscle density than controls
measured by the Gaussian mixture model (110.9 vs. 127.2 cm?, p=0.03;44.6 HU vs.51.3 HU, p<0.01; 72.6 vs. 88.0 cm?,
p=0.01;41.6 HU vs. 50.3 HU, p<0.01, respectively).

Conclusions Children with Ol had lower trunk muscle density indicating that Ol might also impair muscle quality.
Moreover, the fixed thresholds may not be suitable for segmentation of muscle in children.

TYiYuan and Yun-feng Xu contributed equally and are co-first
authors.

Zheng Yang and Ling Wang contributed equally to this work.

*Correspondence:
Zheng Yang
117228569@163.com
Ling Wang
doctorwl@bjmu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-024-07596-7&domain=pdf&date_stamp=2024-6-17

Yuan et al. BMC Musculoskeletal Disorders (2024) 25:478

Page 2 of 9

[Keywords Osteogenesis imperfecta, Child, Computed tomography, Muscles ]

Background

Osteogenesis imperfecta (OI) is a clinically heteroge-
neous heritable disorder with increased bone fragility,
low bone mass and increased risk of fractures [1]. OI is
usually caused by autosomal dominant mutations in the
type I collagen genes, COL1A1 and COL1A2, resulting
in qualitative or quantitative defects of type I collagen
[2]. Muscle and bone are closely linked through biome-
chanical forces and biochemical paracrine and endocrine
factors [3]. Meanwhile, bone disorders can affect the
muscles in different ways, for example, TGFbeta signal-
ing appears to be increased in OI, and release of TGFbeta
from bone can decrease muscle mass [4]. While the most
conspicuous feature of OI is bone fragility and skeletal
dysplasia, several studies have demonstrated that muscle
weakness remains an important concern in mild-to-mod-
erate OI patients relative to healthy individuals [5-8].
Children with OI had a low muscle size at the forearm
and a muscle function deficit in the lower limb [6-8]. In
addition, the exercise tolerance and muscle strength were
significantly reduced in children with OI [9]. However,
further exploration found that 80% of OI patients experi-
ence inherent muscle weakness instead of reduced activ-
ity [10]. Meanwhile, adults with OI had lower lean mass,
muscle size, and muscle density compared to healthy
controls and presented with markedly impaired muscle
function [11]. Therefore, besides bone fragility, OI may
be correlated with low muscle mass and function.

CT can be used to measure muscle size (cross-sectional
area) and muscle density (mean Hounsfield Units [HU])
of the abdominal and mid-thigh muscles [12, 13]. Mus-
cle density measured by CT as the mean attenuation in
HU and has been regarded as a marker of muscle qual-
ity [14]. Low-dose chest CT scans can be performed for
screening pneumonia in children with OI with less ion-
izing radiation and CT is the best way to reconstruct the
complex morphology of the internal skeletal thoracic
anatomy [15]. However, due to the relative high radia-
tion dose of chest CT, acquisitions of CT-based muscle
assessments were almost not available in children with or
without OL Thus, little is known about the muscle qual-
ity of children with OI Furthermore, the CT value of
muscle will vary considerably depending on its adipose
tissue content within a single muscle or within a muscle
group contained by the perimuscular deep fascia and
the use of absolute thresholds is problematic [12]. They
also do not take into account deviations from the ideal
water calibration of the CT scanner [12]. A consensus
of an attenuation range has not been reached for skel-
etal muscle attenuation and differential range utilization
in image analysis may have a conspicuous impact on the

calculation of muscle size [16]. For example, between
edema and washed out muscle structures, CT value dif-
ferences are small and therefore techniques based on the
fixed thresholds to initiate the segmentation will have
severe limitations [17]. To our knowledge, little is known
about the proper thresholds for segmentation of muscle
in children.

The primary purpose of the present study was to inves-
tigate trunk muscle size and density in children with OI
by using opportunistic low-dose chest CT screening and
to compare muscle measurements in OI children with
those in age- and sex-matched controls. We hypoth-
esized that children with OI may have a smaller muscle
size and lower muscle density in the trunk muscles com-
pared with age- and sex-matched controls. In addition,
the purpose of the present study was also to compare and
evaluate two methods and determine whether the fixed
thresholds was suitable for the segmentation of muscle in
children.

Materials and methods

Participants

This retrospective study recruited children with OI and
controls admitted to department of pediatric orthopae-
dics between April 2020 and July 2022 in our hospital.
The children with OI and controls were hospitalized
because of fractures in different sites that required the
surgery. During the COVID pandemic period, opportu-
nistic low-dose chest CT scans should be performed for
screening pneumonia before surgery. Inclusion criteria
were applied: (1) a clinical diagnosis of OI; (2) availabil-
ity of opportunistic low-dose chest CT results. Exclusion
criteria included: (a) insufficient image quality due to
severe movement artifacts; (b) loss of opportunistic low-
dose chest CT images. Controls were matched to patients
by age and sex. Exclusion criteria of the controls was his-
tory of receiving bisphosphonate treatment.

Ethical consideration

This study was approved by the Ethics Committee of Bei-
jing Jishuitan Hospital (approval No. K202219900). It was
performed in line with the principles of the Declaration
of Helsinki. Written informed consent was obtained from
parents/legal guardian of all the participants included in
the study.

Low-dose chest CT acquisition

Low-dose chest CT was performed for all study partici-
pants using a TOSHIBA Aquilion PRIME TSX-302 A
scanner (Toshiba Medical System Division, Tokyo,
Japan, 2015). Scans were acquired from the apical lung
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to the lower edge of L2. According to different weights
and ages, scan parameters were the range of 80-120kVp,
30-100mAs, 40 cm field of view, 1 mm standard recon-
struction interval, and a standard reconstruction kernel
with adaptive iterative dose reduction.

Muscle parameters measurements

Cross-sectional area and density of the following trunk
muscles or muscle groups were measured on 1 slice
each at the mid-T4 and the mid-T10 level. Mid-T4 was
defined as the slice including the middle of 4th thoracic
vertebrae. Mid-T10 was defined as the slice including the
middle of 10th thoracic vertebrae. At the mid-T4 level,
thoracic and back (pectoralis, intercostalis, paraspinals,
serratus, latissimus dorsi) muscles were measured. At the
mid-T10 level, thoracic and back (latissimus dorsi, inter-
costalis, serratus, paraspinals, trapezius) muscles were
measured (Fig. 1).

OsiriX software (Vision 10.0.2; Pixmeo, Geneva, Swit-
zerland) was used for analysis. Multi-planar reconstruc-
tion of the vertebral axial plane was obtained by using
OsiriX. Muscle segmentation was drawn manually using
the “pencil” tool to outline muscle contours. Then the
2-dimensional/3-dimensional segmentation module was
used to semiautomatically select skeletal muscle regions
within the fixed HU intensity thresholds used in adults
(-30 to 150 HU). A threshold of -29 HU was used to seg-
ment muscle tissue from fat [18]. Muscle cross-sectional
area (cm?) was calculated by subtracting the bone cross-
sectional area from the combined muscle and bone cross-
sectional area. Muscle density (HU) was calculated as the
mean density of the tissue in the muscle cross-sectional
area [7].

For the definition of muscle, the Gaussian mixture
model was employed in combination with a Leven-
berg-Marquard optimization algorithm [17] to fit two
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Gaussian curves to the CT value spectrum of the com-
bined adipose tissue and intrafascia. One fit curve rep-
resented adipose tissue and muscle tissue. For muscle
tissue the ratio of the number of voxels of adipose tissue
versus those of muscle-lipid system was used to initial-
ize the height. Muscle tissue was then defined by 3D vol-
ume growing inside intrafascia starting from seed points
defined as voxels with CT values higher than the peak b
of the fitted muscle tissue curve (Fig. 2).

Data collection

Demographic variables including gender, age, weight,
height, and body mass index (BMI) and other health-
related data were retrieved from the patient’s medical file
or from the participants’ medical records.

Statistical analysis

Statistical analyses were calculated by using SPSS 23.0
(IBM, Armonk, NY, USA). The Bland-Altman method
was also used to compute the strength of agreement
between two methods for muscle measurements. The
range of limit of agreement indicates an interval that
comprises 95% of the differences between two methods.
Differences between OI patients and controls were ana-
lyzed using a Student ¢ test for continuous variables and
the x> test for categorical variables. Differences between
clinical data and muscle parameters were analyzed using
a Student ¢ test and ANOVA analysis for continuous vari-
ables in OI patients. Differences between clinical data
and muscle parameters were analyzed using a Student ¢
test for continuous variables in controls. p <0.05 was con-
sidered significant.

Fig.1 Measurement of cross—sectional area and mean CT values of the trunk muscles. Measurement of cross—sectional area and mean CT values of the
trunk muscles at the level of the mid-T4 (a). Measurement of cross—sectional area and mean CT values of the trunk muscles at the level of the mid-T10 (b)
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Fig.2 Image-specific definition of thresholds for anatomical muscle and muscle tissue. The trunk muscles at the level of the mid-T4 and the mid-T10 (a,
©). The Gaussian mixture model used to fit adipose (red) and muscle tissue (purple) distributions (b, d)

Table 1 Mean differences of muscle measurements between

two methods

Muscle parameters Mean difference  95% limits of
agreement
T4 muscle size (cm?) -18.05 -97.30-61.19
T4 muscle density (HU) -3.34 -10.84-4.16
T10 muscle size (cm?) -34.94 -90.51-20.62
T10 muscle density (HU) -4.34 -13.59-4.90

Note: T4, thoracic vertebra; T10, thoracic vertebra

Results

Mean differences between two methods

Table 1 shows mean differences of muscle measurements
using two methods. The Bland-Altman plots repre-
sents the relationship between the differences and mean
muscle measurements measured by the fixed thresholds
and the Gaussian mixture model illustrated in Fig. 3.
Two methods are considered to have good agreement in
muscle density when the difference is small enough for
both methods to be used interchangeably. Because the
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Fig. 3 Bland-Altman plots of mean differences for two methods for muscle measurements. Bland-Altman plots of mean differences of T4 muscle size (a),
T4 muscle density (b), T10 muscle size (c) and T10 muscle density (d). Solid horizontal blue line indicates mean difference. The upper and lower dashed
lines correspond to upper and lower 95% limits of agreement which are calculated by mean differences+ 1.96 standard deviation

Table 2 Differences between Ol patients and controls

Ol (n=20) Controls (n=40) pValue

Gender 0.63

Male 15(0.750) 30(0.750)

Female 5(0.250) 10(0.250)
Age 9.1+33 9.7£30 047
Weight (kg) 3844241 437+188 0.35
Height (cm) 131.7£268 1446+19.0 0.04
BMI (kg/mz) 19.8+4.6 20.0+4.9 091
Muscle parameters measured by the fixed thresholds

T4 muscle size (cm?) 93.1+334 108.9+34.2 0.09

T4 muscle density (HU) 412+55 480+4.7 <0.01

T10 muscle size (cm?) 417155 51.0+189 0.06

T10 muscle density (HU) 373+6.8 459+6.2 <0.01
Muscle parameters measured by the Gaussian mixture model

T4 muscle size (cm?) 1109+ 184 1272+36.8 0.03

T4 muscle density (HU) 446+73 513+43 <0.01

T10 muscle size (cm?) 726+164 88.0+238 0.01

T10 muscle density (HU) 416104 503+6.3 <0.01

Note: Ol, osteogenesis imperfecta; BMI, body mass index; T4, thoracic vertebra; T10,

error is normally distributed, the majority of points were
between the 95% limits of agreement range.

Comparison between patients with Ol and control
Results are summarized in Table 2 for clinical characteris-
tics and muscle parameters between patients with OI and
control group. Of 35 consecutive children with OI admit-
ted to the hospital, 20 patients consisted of 15 males and
5 females were enrolled. Seven patients had poor image
quality and 8 patients lost CT images were excluded
(Fig. 4). The children with OI ranged in age from 3 years
to 13 years, with a median of 10 years. Of the 40 controls,
30 were males and 10 were females. The children ranged
in age from 3 years to 14 years, with a median of 10 years.
The height of controls was significantly higher than that
of Ol individuals (144.6 vs. 131.7 cm, p=0.04).
Compared with the control group, children with OI
had lower T4 muscle density and lower T10 muscle den-
sity measured by the fixed thresholds (41.2 HU vs. 48.0
HU, p<0.01; 37.3 HU vs. 45.9 HU, p<0.01). There were
no significant differences in T4 muscle size and T10

thoracic vertebra

muscle size between OI patients and control group (93.1
vs. 108.9 cm?, p=0.09; 41.7 vs. 51.0 cm?, p=0.06, respec-
tively). However, children with OI had lower T4 muscle
size, lower T4 muscle density, lower T10 muscle size and
lower T10 muscle density than controls measured by the
Gaussian mixture model (110.9 vs. 127.2 cm?, p=0.03;
44.6 HU vs. 51.3 HU, p<0.01; 72.6 vs. 88.0 cm?, p=0.01;
41.6 HU vs. 50.3 HU, p<0.01, respectively).

Differences of muscle parameters in Ol individuals and in
controls

Table 3 shows the gender- and OI type-specific differ-
ences of muscle parameters in OI patients and in controls
by using the fixed thresholds. There were no significant
differences in muscle size and muscle density between
males and females. There were no significant differences
in muscle size and muscle density among OI types.

Table 4 shows the gender- and OI type-specific differ-
ences of muscle parameters in Ol patients and in controls
using the Gaussian mixture model. No significant dif-
ferences were found in muscle size and muscle density
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35 consecutive patients with clinical diagnosis of osteogenesis
imperfecta before surgery between April 2020 and July 2022
Excluded 15 patients were excluded for:
+ CT with severe movement artifacts (n=7)
- Loss of opportunistic low-dose CT images (n=8)
20 patients with osteogenesis imperfecta
40 age- and sex-matched subjects were enrolled as controls
60 patients were finally enrolled
Fig.4 Flow diagram shows inclusion and exclusion criteria for the study
Table 3 Differences of muscle parameters in Ol patients and in controls using the fixed thresholds
T4 muscle size (cm?) T4 muscle density (HU) T10 muscle size (cm?) T10 muscle density (HU)
Ol
Gender
Male (n=15) 985+31.8 41.2+63 448+153 364+6.9
Female (n=5) 77.1£36.6 412+27 323+133 40.1+6.3
pValue 0.22 0.99 0.12 0.30
Ol type
I (n=15) 97.9+36.2 404+58 444+16.7 364+£6.5
l(n=2) 98.1+185 436+16 399+72 355+95
V(n=3) 66.2+£26 43.4+6.1 293+£53 433+£53
p Value 0.33 0.59 0.32 0.27
Controls
Gender
Male (n=30) 113.2+36.0 48.1£5.0 53.1+£203 463+69
Female (n=10) 96.2+254 47.7£39 44.7£12.1 448+3.7
pValue 0.18 0.84 0.13 0.39

Note: Ol, osteogenesis imperfecta; T4, thoracic vertebra; T10, thoracic vertebra

between males and females. No significant differences
were found in muscle size and muscle density among OI

types.

Discussion

To our knowledge, this is the first study to compare the
differences of muscle size and muscle density between
children with OI and controls by opportunistically using
low-dose chest CT. We evaluated the trunk muscle dif-
ferences of muscle size and muscle density between OI
patients and control group using the fixed thresholds and

the Gaussian mixture model for segmentation of muscle
in children. As a main result, the present study demon-
strated that muscle density in OI patients was different
from controls. Moreover, the fixed thresholds may not be
suitable for segmentation of muscle in children.
Bland-Altman limits of agreement that indicate inter-
software agreement is within an acceptable range to use
either of the two methods. Use of the fixed thresholds to
initiate muscle segmentation does not address differences
in muscle density caused by variable degrees of mus-
cle fat content, which vary widely among muscles and
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Table 4 Differences of muscle parameters in Ol patients and in controls using the Gaussian mixture model

T4 muscle size (cm?)

T4 muscle density (HU)

T10 muscle size (cm?) T10 muscle density (HU)

ol

Gender
Male (n=15) 110.9+17.1 440+8.2
Female (n=5) 110.7+£24.0 46.2+42
p Value 0.98 045

Ol type
I (n=15) 1M1.4+15 434478
l(n=2) 123.7+£266 474+04
V(n=3) 99.7+30.2 487168
p Value 037 047

Controls

Gender
Male (n=30) 127.1+386 50.8+4.6
Female (n=10) 127.5+33.1 529+26
pValue 097 0.17

71.0£17.3 403+10.7
77.2+135 456+96
048 0.34
730%15.2 39.9+£104
64.7+19.3 406%85
756%256 505+100
0.77 0.29
90.0£26.1 49.8+7.1
81.8+13.7 520+1.8
0.35 0.12

Note: Ol, osteogenesis imperfecta; T4, thoracic vertebra; T10, thoracic vertebra

different ages [17]. Our study indicated that muscle size
and muscle density measured by the Gaussian mixture
model higher than measured by the fixed thresholds. Pre-
vious cross-sectional studies in children have reported
significant positive associations between muscle density,
which is inversely associated with muscle fat content
[14]. Previous study reported that young adults accrued
more fat mass at multiple skeletal sites as puberty pro-
ceeds [19]. Thus, muscle fat content in children might
be different from adults. Moreover, the fixed thresholds
used in adults may not be suitable in children.

Previous studies addressed the assessment of extrem-
ity muscle size in OI individuals and indicated conflict-
ing results [7, 8]. Veilleux et al. reported that lower limb
muscle size was on average 7% smaller in patients with OI
than in control participants [7]. Palomo et al. found that
forearm muscle size did not differ significantly between
Ol individuals and controls, but in OI types I and OI type
III, forearm muscle size were 8% and 14% lower com-
pared with controls [8]. Lower levels of physical activity
and smaller muscle size may have contributed to lower
muscle function [7]. Conversely, many patients with
severe OI may use their arms for propelling wheelchairs.
Thus, the different levels of physical activity may lead to
different results in lower limb muscle size and forearm
muscle size. However, in a mouse model of O], evalua-
tion of the muscle fiber size indicated that mice did not
have smaller muscle fiber size [20]. Moreover, LoMau-
roet al reported that cross section area of chest wall was
found no difference between OI patients and control
group [21]. In this study, we found that there were no
differences in the trunk muscle size between OI patients
and controls using the fixed thresholds. But there were
significant differences in the trunk muscle size using the
Gaussian mixture model. Besides, muscle size measured

by the Gaussian mixture model higher than measured by
the fixed thresholds. These conflicting results may sug-
gest that muscle size may not be a meaningful indication
of muscle performance in OI patients.

Our study demonstrated that children with OI had
lower T4 muscle density and lower T10 muscle density
compared with control group using the Gaussian mix-
ture model and the Gaussian mixture model. However,
several studies reported that individuals with OI had nor-
mal muscle density compared to age- and sex-matched
controls by using peripheral quantitative CT [7, 9, 22].
These studies mainly focused on the muscle differences
in the distal lower limb rather than the trunk muscle
differences. A possible explanation could be that muta-
tions affecting collagen type I may have a direct effect on
muscle, as collagen type I is present in the extra-cellular
matrix surrounding muscle fibers, which plays an impor-
tant role in transmitting muscle force to tendons [23,
24]. Therefore, we may conclude that mutations in colla-
gen type I have a deeper influence in the trunk muscles
than in the lower limb. Further studies are needed to
confirm this conclusion. The lower muscle density sug-
gests that OI patients have higher muscle fat infiltration
that is associated with decreased muscle force [14]. The
lipid infiltration of skeletal muscle appears to contrib-
ute to age-related decline in skeletal muscle function,
which may increase risk of loss of mobility, falls, and
skeletal fractures [18]. Previous studies also emphasized
the importance of intramuscular fat content and distri-
bution for muscle function [17, 18]. Meanwhile, lower
muscle density may indicate that the progressive chest
deformities presented by OI patients tend to affect pul-
monary function [25]. Therefore, this similarity results
may suggest that muscle density measured in the trunk
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muscles may represent a more clinically meaningful indi-
cation of muscle performance and associate with clinical
outcomes.

There are several limitations in our study. One impor-
tant limitation was a retrospective study with a rather
small number of patients and limited data. Another limi-
tation of the study was the muscle measurements, which
were based on the single slice instead of a full 3D analysis
of the complete muscles [12]. Further studies are required
to perform the volume segmentation of the muscles.

In conclusion, these results suggest that muscle density
may represent a more clinically meaningful indication of
muscle performance than muscle size in children with
OL. Muscle density measurements of the trunk muscles
can be easily obtained from opportunistic low-dose chest
CT. Therefore, children with OI had lower trunk muscle
density than non-OlI children indicating that OI might
also impair muscle quality. Moreover, the fixed thresh-
olds may not be suitable for segmentation of muscle in
children.
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Ol Osteogenesis imperfecta
HU Hounsfield Units

BMI body mass index
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