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BIOMECHANICAL EVALUATION OF INTERCOSTAL MUSCLES IN HEALTHY
CHILDREN AND ADOLESCENT IDIOPATHIC SCOLIOSIS: A PRELIMINARY STUDY
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Abstract—Spine deformity during adolescent idiopathic scoliosis can induce a rib-cage deformity. This bone
deformity can have direct consequences on the chest-wall muscles, including intercostal muscles, leading to respi-
ratory impairments in individuals with severe cases. The aim of this study was to determine whether shear-wave
elastography can be used to measure intercostal-muscle shear-wave speed (SWS) in healthy children and those
with adolescent idiopathic scoliosis (AIS). Nineteen healthy participants and 16 with AIS took part. SWS meas-
urements were taken by three operators, twice each. Average SWS was 2.3 + 0.4 m/s, and inter-operator repro-
ducibility was 0.2 m/s. SWS was significantly higher during apnea than in normal breathing (p < 0.01) in both
groups. No significant difference was observed between groups in apnea or in normal breathing. Characteriza-
tion of the intercostal muscles by ultrasound elastography is therefore feasible and reliable for children and ado-
lescents with and without scoliosis. (E-mail: raphael.pietton@aphp.fr)

Key Words: Respiratory muscles, Elasticity imaging techniques, Elastography, Young modulus, Intercostal
muscles, Adolescent idiopathic scoliosis, Rib cage, Feasibility study.

INTRODUCTION

Adolescent idiopathic scoliosis (AIS) is a trunk defor-
mity with no obvious cause, which begins at the time of
the pubertal peak after the age of 10 y. The 3-D deforma-
tion of the spine can cause rib-cage deformity (Dreimann
et al. 2014). In severe cases, spinal penetration into the
rib cage on the concave side (Dubousset et al. 2003) and
rib changes (Erkula et al. 2003) can lead to respiratory
impairment. Respiratory involvement is most often man-
ifested by the appearance of a restrictive syndrome
(Pehrsson et al. 2001). An obstructive effect can also be
caused by inflammation of the respiratory routes (Tsili-
giannis and Grivas 2012). Pulmonary function tests cur-
rently represent the standard of reference for evaluating
the restrictive syndrome, but obtaining reliable spirome-
try depends on the individual’s compliance. Bouloussa
et al. (2019) were able to highlight the relationship
between 3-D rib-cage volume using biplanar radiographs
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and total lung capacity assessed by pulmonary function
tests. However, this estimate remains imperfect. Charac-
terization of the muscular and tendinous repercussions
of rib-cage deformity could therefore improve estimation
of the functional consequences of scoliosis on the trunk.

The intercostal muscles (ICMs) actively participate
in respiratory mechanics. Several studies have shown
that pulmonary ventilation asymmetry can be observed
in AIS, albeit not correlated with scoliosis severity as
estimated by the Cobb angle (Redding et al. 2008;
Martinez-Llorens et al. 2010). Another study has investi-
gated the electromyographic activity of the ICMs and
found that ICM activity appears to be affected by scolio-
sis deformity (Mohammadi et al. 2014). It is therefore of
interest to characterize in vivo the biomechanical charac-
teristics of the ICMs in healthy individuals and those
with scoliosis. Alterations of these properties might be
related to the changes in respiratory function of individu-
als with AIS.

Ultrasound techniques have shown potential in
evaluating muscle disorders (Chang et al. 2018, 2019).
Shear-wave elastography (SWE) is a good candidate for
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such measurement, as it is a non-invasive, ultrasound-
based imaging technique that enables quantitative map-
ping of tissue mechanical properties (Gennisson et al.
2013). SWE can be used to measure the shear-wave
speed (SWS) within tissue, and this speed is directly
related to the tissue’s mechanical properties. In particu-
lar, SWS ~ (E/3p)"°, where E is the tissue’s Young
modulus and p its mass density. This technique has been
used in clinical practice to evaluate breast, liver, prostate
and muscle lesions (Tanter et al. 2008; Rouviere et al.
2017; Yoon et al. 2017). More recently, an in vivo study
has demonstrated the potential of SWE of the lumbar
intervertebral disc in the study of disc changes in AIS
(Langlais et al. 2018). Such a non-invasive and accessi-
ble means of evaluating the ICMs could provide a better
understanding of the pathophysiology of respiratory
involvement and the modification of the chest wall in
AIS. Nevertheless, measurement can be operator depen-
dent, and its reliability depends on operator experience
as well as the anatomic structure being measured and the
protocol adopted (Dubois et al. 2015). The rib cage
presents the added difficulty of the individual’s respira-
tion; contraction or elongation of the muscle changes the
tissue’s elasticity, so this has to be accounted for in the
measurement.

The main objective of the present work was to
establish a protocol to measure SWS of the ICMs, estab-
lish its reliability and perform a preliminary comparison
between children and adolescents with and without AIS.

MATERIALS AND METHODS

Participants

Data were collected prospectively from a pediatric
spine center between December 2018 and April 2019;
420 elastographic acquisitions were performed with 35
participants (age, 12.8 + 2.1 y; range, 9—16; 29 girls
and six boys), which were divided in two age-matched
groups. Nineteen asymptomatic participants (age, 12.6
+ 1.7 y; range, 10—15; 14 girls and five boys) were
included in the first group if they had no history of spinal
pathology. Clinical examination was performed in all
asymptomatic children to ensure that there was no spinal
deformity. Sixteen children and adolescents with AIS
were included in the second group (age, 13 £ 2.5 y;
range, 9—16; 15 girls and one boy; average Cobb angle,
31.5° £ 16.3°). This group was composed of patients fol-
lowed for AIS at stages of varying severity, either in the
pre-treatment stage (n=11; Cobb angle, 29° &+ 16°) or
during brace treatment (n=25; Cobb angle, 36° + 18°).
Each AIS patient underwent low-dose radiographs in a
standing position. Spinal deformity was assessed by two
independent observers, and the Cobb angle was mea-
sured to quantify the curve severity. The Cobb angle was

measured by drawing two lines parallel to the endplates
of the vertebral bodies at the beginning and the end of
the curve in the anteroposterior radiograph. A third and
fourth line were drawn perpendicular to the first two
lines to measure the Cobb angle. Trustees of parental
authority gave informed consent, as approved by the
institutional review board (C.P.P. ile de France IV,
Records 14 409).

Intercostal acquisition and protocol

All SWS measurements were made with an Aixplorer
(Supersonic Imagine, Aix-en-provence, France) and a lin-
ear SL10-2 probe. The depth, size of the elastographic
image and position of the focus were adapted for each mea-
surement. Participants were in a supine position, with the
arms along the body, and measurements were made at the
T5—T6 right intercostal space both during normal breath-
ing and in apnea. Apnea was performed at tidal volume.
The probe was placed orthogonally to the skin and to the
courses of the ribs at the level of the mid-axillary line. The
fascia between the anterior serratus and latissimus dorsi
was used as a sonographic anteroposterior reference, as pre-
viously described in a serratus plane block protocol (Blanco
et al., 2016). Ribs appeared as ovoid structures connected
by a muscle band whose leaflets could be distinguished,
and which corresponded to the ICMs (Fig. 1).

Two 10-s clips were recorded, one during normal
breathing and one in apnea, and measurements were per-
formed twice by each of three operators. The probe was
repositioned after each measurement. This represented a
total of 420 clips for the entire study (2 conditions x 2
repetitions x 3 operators x 35 participants).

The data were then post-processed by dedicated
software (Vergari et al. 2016) written in MATLAB

Fig. 1. Example of elastography image (top) and ultrasound

(bottom) of intercostal muscles in an 11-y-old girl. The white

arrow shows the limit between the serratus anterior and latissi-

mus dorsi. The intercostal muscles are visible between the ribs.

The dashed rectangle is the region of interest in the intercostal
muscles.



Table 1. Repeatability and reproducibility of intercostal-muscle shear-wave speed

Measurement (m/s) Mean £+ SD Reproducibility (CV%) Repeatability (CV%) ICC (95% CI)
Healthy, apnea 22405 0.3 (12.7) 0.2 (8) 0.8 (0.6,0.9)
Healthy, respiration 2.1+04 0.2 (10.6) 0.1(6.5) 0.8 (0.7,0.9)
Scoliosis, apnea 25+£0.6 0.3 (10.8) 0.2(6.4) 0.9 (0.7,0.9)
Scoliosis, respiration 22403 0.2 (9.0) 0.1 (6.0) 0.8 (0.6,0.9)
All participants 23104 0.3 (12.6) 0.2 (10.4) 0.8(0.7,0.9)

CI = confidence interval; CV = coefficient of variation; ICC = intra-class correlation coefficient.

version 2016b (The MathWorks Inc., Natick, MA, USA).
A region of interest (ROI) was defined in the ICM width,
without including the ribs. The average SWS was calcu-
lated for the entire surface of the ROI, then ROIs of all
frames (10 frames/clip) were averaged to obtain one
SWS per clip. Frames with too much noise or saturation
were discarded. The acquisition lasted about 10 min per
operator (four clips).

Statistical analysis

Reproducibility and repeatability were evaluated
according to the ISO 5725 standard in terms of standard
deviation and coefficient of variation (CV). Intra-class
correlation coefficients (ICC4.;) and their 95% confi-
dence intervals were also calculated to assess inter-oper-
ator reproducibility; an ICC greater than 0.75 was
considered to signify good agreement. Bland—Altman
plots were used to represent the limits of agreement
(Bland and Altman 1986). Data were not normally dis-
tributed, according to the Lilliefors normality test, so
non-parametric tests were used: differences between
conditions were analyzed with a paired Wilcoxon rank
test, and differences between groups with non-paired
tests. Correlations were tested with the Spearman

correlation test. The statistical analysis was performed
using IBM SPSS. Significance was set at 0.05.

RESULTS

Average weight in the healthy group was 48.7 +
7 kg, and body mass index (BMI) was 19.3 + 2 kg/m?,
whereas for the AIS group, average weight was 44.2 +
9.3 kg and BMI was 17.9 & 1.6 kg/m*. The BMI of the
AIS was significantly lower than in the healthy group
(»=0.03). The mean of SWS and ICC values for both
groups are given in Table 1.

Asymptomatic group

The average SWS of the ICMs in apnea (2.2 + 0.5
m/s) was slightly but significantly higher than in normal
breathing (2.1 £ 0.4 m/s, p < 0.01, paired statistical
test). There was a significant correlation of BMI with
both apnea (p=0.02, Spearman p=—0.53; Fig. 2) and
normal respiration measurements (p=0.04, Spearman
p=-—0.48). A weak correlation was also observed
between weight and apnea measurements (p=0.045,
Spearman p=0.46). Inter-operator reproducibility
(Table 1) was 0.3 m/s in apnea (CV=12.7%) and
0.2 m/s in normal breathing (CV: 10.6%). The average
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Fig. 2. Relationship between shear-wave speed measurement and body mass index. Correlations were significant in
healthy individuals during apnea (p=0.02, Spearman p=—0.53) and normal respiration (p=0.04, Spearman
p=—0.48). No correlation was observed in participants with scoliosis.
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Fig. 3. Relationship between Cobb angle and shear-wave speed in participants with scoliosis during apnea and normal
respiration. The relationships were not significant (p =0.3 and 0.9, respectively). The horizontal shaded areas represent
the 5th and 95th quartiles of the healthy population; in other words, 90% of the healthy population was within the shaded

inter-operator ICC was 0.77 in apnea and 0.83 in normal
breathing.

Scoliosis group

The average SWS in apnea was 2.5 £ 0.6 m/s, and
it was significantly lower in normal breathing (2.2 +
0.3 m/s, p < 0.01). There was no significant correlation
with height, weight or BMI. A tendency was observed
for SWE in apnea to increase with Cobb angle, although
this relationship was not significant (p =0.3; Fig. 3). No
tendency was observed with measurement during normal
respiration (p =0.9).

Inter-operator reproducibility was 0.3 m/s in apnea
(CV=10.8%) and 0.2 m/s in normal breathing
(CV =9%). The average inter-operator ICC was 0.81 in
apnea and 0.85 in normal breathing.

Group comparison

As shown in Figure 4, there was no significant dif-
ference between groups in either apnea or normal breath-
ing (p > 0.05). However, no participant with AIS
presented an SWS lower than 1.9 m/s, either in apnea or
in normal respiration, whereas eight participants in the
healthy group (42%) were below this threshold during
normal respiration (six during apnea).

Bland—Altman plots for both groups in breathing
and apnea are represented in Figure 5. They show good
agreement between operators, and no outliers. Better
reliability can be noticed for measurement in normal
breathing than in apnea.

DISCUSSION

The present study shows that biomechanical assess-
ment of the ICMs by shear-wave elastography is feasible
and reliable, in both healthy individuals and those with
scoliosis. The images obtained provide two types of

area.

information: an echographic image allowing access to
static structural characteristics and dynamic behavior of
the ribs and inter-costal membranes and an elastographic
clip reflecting the intrinsic stiffness of the muscle. In
recent years, the contribution of this new imaging
method has been highlighted for biomechanical evalua-
tion of the musculoskeletal system (Hardy et al. 2017;
Vola et al. 2018). Recent studies have been able to clar-
ify the biomechanical behavior of the intervertebral disc
in adolescent idiopathic scoliosis (Vergari et al. 2016;
Langlais et al. 2018).

This imaging technique could allow a refinement of
the current knowledge of respiratory involvement sec-
ondary to scoliosis (Ito et al. 2012). It is conventionally
accepted that in severe cases of thoracic scoliosis, a
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Fig. 4. Shear-wave speed differences between participants
with and without adolescent idiopathic scoliosis during apnea
and normal respiration.



Healthy - apnea Healthy - respiration
= x x %
0
E 05¢ AT
% . AA L% A o I é Qx;@
= Q R < &
2 0%&;«»@% g xB5. &8 8
£ % Aeosd fg&‘*g K x
2 AR O 8 8 AQ a
8 ©) OA.»&. o
S -05¢ A
é P
a Operator 1
| Operator 2
<A Operator 3
1 r - . . . - .
Scoliosis - apnea Scoliosis - respiration
@' O
E 05 S X 8 5
> B8 ©
g a A
: sgagR & xR
¢ X X [2) G
£ A SR X X
o %o X
F S |
S .05} x X 4
£
(=]
-1 F
O
15 2 25 3 35 4 15 2 25 3 35 4

Average SWS [m/s]

Average SWS [m/s]

Fig. 5. Bland—Altman plots representing the limits of agreement of shear-wave speed measurements. Horizontal lines
represent 95% confidence intervals.

restrictive syndrome can develop as a result of spinal
penetration into the rib cage on the concave side. Asym-
metry of pulmonary perfusion on the concave side has
also been reported (Redding et al. 2008). However,
respiratory involvement in this pathology is more com-
plex, with an increase in the inspiratory pressure of the
chest wall and obstructive phenomena that can occur
(McPhail et al. 2015).

It has recently been shown that inspiratory muscle
dysfunction can be observed in mild scoliosis before the
diagnosis of restrictive syndrome. Mohammadi et al.
(2014) have observed a decrease in strength for fatigue
exercise in individuals with scoliosis, and shown a decrease
of surface electromyographic activity of the ICMs on the
concave side. The ICMs therefore seem to be involved in
the respiratory dysfunction in these individuals.

The relatively long duration of the examination
required for this first validation step (about 10 min) can
easily be shortened to a few min by an operator in cur-
rent practice. The inter-operator reproducibility of the
measurements in this study was 0.2 m/s (10.6% coeffi-
cient of variation). This is similar to the uncertainty

obtained in vivo with other musculoskeletal tissues, such
as muscles of the lower and upper limbs (between 4%
and 20% CV; Lacourpaille et al. 2012; Dubois et al.
2015), the multifidus (1.3—4.3 m/s, 11%—19% CV;) and
the intervertebral disc (0.25 m/s, 9% CV; Vergari et al.
2016). More recently, several studies have shown the
value of elastography in diaphragm assessment (Chino
et al. 2018). Some biomechanical studies have focused
on sternocostal movement (Beyer et al. 2016) or on the
effect of ICM contraction on rib motion (Zhang et al.
2018). To our knowledge, this is the first work on ICM
elastography.

No significant difference was observed between par-
ticipants with and without scoliosis. This could be
explained by the small size of our cohort and the diversity
in the severity of scoliosis. Nevertheless, participants in the
AIS group showed a tendency toward higher SWS than in
the healthy group, both in apnea and during normal respira-
tion. Moreover, no participant with AIS had an SWS lower
than 1.9 m/s, whereas 42% of those without did.

For this feasibility study, measurements were per-
formed on participants’ right side. It is possible that



more severe alterations could have been measured on the
left side—that is, the concave side, with AIS being
mainly thoracic right. However, in this preliminary study
the aim was to compare individuals with and without
AIS, not to assess the potential ICM asymmetry in these
individuals; that will be the object of further studies.

Some limitations to this work may be noted. This
examination uses ultrasound, which is operator depen-
dent—hence the need to establish inter-operator reproduc-
ibility—and it requires a learning curve. The three
operators had 2 y, 6 mo and 2 mo experience of ultra-
sound measurements, respectively. A training period was
necessary to obtain reliable measurements, as shown by
preliminary tests not included in this study. The most
important points are learning to apply the lowest pressure
possible with the probe, avoiding any trembling of the
probe by finding a suitable and comfortable position and
finding the correct anatomic landmarks in the image to
maintain a repeatable probe position and orientation. The
second main limitation is that the cohorts could be too
small to prove a significant difference. A post hoc analysis
based on the current preliminary data shows that 43 par-
ticipants in each group would be needed to show a statisti-
cal difference in measurement during apnea («=0.05,
1 —5=0.8). Although measurement during normal
breathing was more reliable than during apnea, the latter
seems to accentuate the difference between groups.

However, it was difficult to standardize rib-cage
volume in apnea for the different operators, which could
explain the better reproducibility in normal breathing.
Participants could fill their lungs to a different degree for
each measurement, stretching or contracting the inter-
costal membrane and therefore altering its mechanical
properties. Moreover, measurement during normal
breathing was more comfortable for the participants; fur-
ther work should concentrate on measurement during
breathing, as it is easier to perform and produces more
reliable results. Differences in reproducibility between
breathing conditions were expected because muscle acti-
vation and stretch have already been shown to signifi-
cantly affect shear-wave elastography. However, in the
case of the intercostal muscles it was difficult to hypoth-
esize a priori whether breathing or apnea would be more
reproducible. Hence, both conditions were tested. Fur-
thermore, several parameters may alter ICM activity and
stiffness that are not under the individual’s voluntary
control. However, these confounding factors were taken
into account when repeating measurements in the repro-
ducibility study.

On the other hand, if the current results on measure-
ments during normal breathing were to be confirmed on
a larger cohort, the actual difference between individuals
with and without AIS might be too small to be clinically
useful. The difference between groups (0.3 m/s in apnea

and 0.1 m/s during respiration) was similar to the mea-
surement reproducibility (0.1—0.2 m/s), and therefore
such a small deviation from the normal value might be
difficult to detect. Other parameters should be further
investigated, such as the asymmetry between the convex
and concave sides or the variation of SWS throughout
the respiratory cycle. Still, a small but significant alter-
ation of the ICMs of individuals with AIS could open the
way to new research questions on respiratory impairment
due to scoliosis.

In this work it was possible, after the implementation
of a controlled measurement protocol, to demonstrate that
intercostal ultrasound elastography is reliable, especially
during normal breathing. This paves the way for further
studies of the functional consequences on respiratory-
muscle adaptation of chest-wall deformity or any patho-
logic phenomenon affecting inspiratory pressure.

CONCLUSION

This study describes a reliable and reproducible
imaging technique to evaluate the biomechanical behav-
ior of the intercostal muscles in individuals with and
without AIS. This opens the way to further studies that
may lead to a better understanding of respiratory failure
in AIS.
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