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Abstract
Objectives There are no established criteria for stiffness after fusionless surgery for neuromuscular scoliosis (NMS). As a 
result, there is no consensus regarding the surgical strategy to propose at long-term follow-up. This study reports the first 
use of shear wave elastography for assessing the mechanical response of lumbar intervertebral discs (IVDs) after fusionless 
bipolar fixation (FBF) for NMS and compares them with healthy controls. The aim was to acquire evidence from the stiff-
ness of the spine following FBF.
Patients and methods Nineteen NMS operated on with FBF (18 ± 2y at last follow-up, 6 ± 1 y after surgery) were included 
prospectively. Preoperative Cobb was 89 ± 20° and 35 ± 1° at latest follow-up. All patients had reached skeletal maturity. 
Eighteen healthy patients (20 ± 4 y) were also included. Shear wave speed (SWS) was measured in the annulus fibrosus of 
L3L4, L4L5 and L5S1 IVDs and compared between the two groups. A measurement reliability was performed.
Results In healthy subjects, average SWS (all disc levels pooled) was 7.5 ± 2.6 m/s. In NMS patients, SWS was significantly 
higher at 9.9 ± 1.4 m/s (p < 0.05). Differences were significant between L3L4 (9.3 ± 1.8 m/s vs. 7.0 ± 2.5 m/s, p = 0.004) and 
L4L5 (10.3 ± 2.3 m/s vs. 7.1 ± 1.1 m/s, p = 0.0006). No difference was observed for L5S1 (p = 0.2). No correlation was found 
with age at surgery, Cobb angle correction and age at the SWE measurement.
Conclusions This study shows a significant increase in disc stiffness at the end of growth for NMS patients treated by FBF. 
These findings are a useful adjunct to CT-scan in assessing stiffness of the spine allowing the avoidance of surgical final 
fusion at skeletal maturity.
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Introduction

Neuromuscular scoliosis (NMS) is due to a lack of muscular 
control caused by a neurological or degenerative muscular con-
dition. When conservative treatment by bracing fails to control 
curve progression, patients may require surgery at an early age. 
In such situations, different growth-friendly techniques have 
been described [1]. These fusionless techniques allow deform-
ity correction while preserving spinal and thoracic growth. 
At skeletal maturity, which corresponds to the endpoint of 
the lengthening protocol, or even frequently before, a defini-
tive posterior spinal fusion (PSF) is usually performed. PSF 
consists in fusing all vertebral levels with a posterior metallic 
instrumentation that stiffens the spine and stops almost any 
intervertebral movement. However, PSF stops also spinal 
and thoracic growth, and it is at high risk of complications, 
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including haemorrhage [2], infections and mechanical compli-
cations [3]. Our team used a bilateral fusionless bipolar fixa-
tion (FBF), which became an alternative technique for PSF in 
NMS scoliosis in our department. This technique is based on 
a telescopic construct including two 5.5-mm-diameter rods on 
each side bridging the curve and linking two proximal–distal 
anchors. It is a modular construct which follows spinal growth 
and allows further gradual correction of residual deformities. 
The minimally invasive approach minimizes the risk of early 
fibrosis and auto-fusion, allowing the telescopic construct 
lengthening for longtime to preserve growth until skeletal 
maturity. Over the long term with a follow-up of more than 
10 years for the first cases, a progressive stiffening was sup-
posed by the continued stability of the spinal correction at 
skeletal maturity, suggesting that PSF was unnecessary [4, 5].

It was hypothesized that the origin of this stiffening could 
be i) a peri-implant bone growth, ii) bone growth within the 
disc, or iii) a general stiffening of the disc, possibly due to 
partial mineralization. The present study aims to elucidate 
this last aspect.

Bony structures of the spine are typically evaluated using 
computed tomography (CT) and spontaneous bone fusion 
after FBF has been recently published [6]. MRI has been 
used to assess disc stiffness, its access is difficult in clinical 
routine, and it requires a long period in an uncomfortable 
position, especially in neuromuscular patients.

Ultrasound imaging modalities are non-invasive, known 
for their rapidity, safety and portability. Particularly, shear 
wave elastography (SWE) is an imaging technique based 
on the propagation velocity of the ultrasonic-induced shear 
wave to quantify the soft tissue elasticity or stiffness [7, 8]. 
SWS reflects the intrinsic mechanical properties of the tis-
sue, and a higher SWS is associated with a stiffer tissue [9]. 
It has been previously applied to evaluate IVD in adolescent 
idiopathic scoliosis, and it showed that IVDS in patients 
had higher shear wave speed (SWS, i.e. stiffer tissue) than 
asymptomatic controls [10, 11]. Furthermore, it was shown 
that this increased SWE can detect changes in IVD, and in 
particular disc SWS in idiopathic scoliosis tended to normal-
ize one year after fusion surgery [12].

This study reports the first use of SWE for assessing the 
mechanical properties of IVD in NMS after FBF and com-
pares them with asymptomatic controls. The aim was to 
acquire evidence from the stiffness of the spine following 
FBF at long-term follow-up.

Material and methods

Subjects

Data were collected prospectively from our department 
within follow-up clinical routine, between January 2021 and 

June 2022. Parents and children were informed about the 
measurement protocol and consented to participating before 
inclusion. Parents signed informed consent, which was 
approved by the ethics committee (IDRCB 2020-A03598-
31, ClinicalTrials.gov Identifier: NCT04969770).

Nineteen NMS patients who underwent FBF from T1 to 
the pelvis (Fig. 1) were included prospectively in this study 
(7 girls and 12 boys). Preoperative Cobb angle was 89° ± 20, 
and 35° ± 1 at last follow-up. They were 11 ± 2 years old 
at initial surgery and 18 ± 2 years old when SWE was per-
formed. Twelve had cerebral palsy, six were syndromic, 
and one suffered from spinal muscular atrophy type 2. All 
were non-ambulatory and had reached skeletal maturity at 
last follow-up. Patients with less than 5 years postoperative 
follow-up were excluded.

Eighteen asymptomatic subjects were also included 
as control group (9 girls and 9 boys, mean age 20 ± 3y). 

Fig. 1  The bipolar fusionless technique anchored proximally by a 
double hooks claw and distally by ilio-sacral screws



Healthy children were included if they had no history of 
spinal disease, and a systematic clinical examination was 
performed by a spine surgeon to rule out any diagnosis of 
scoliosis.

Protocol

Shear-wave speed (SWS) was measured in all included sub-
jects following a standardized protocol determined for lum-
bar IVD in children and adolescents’ idiopathic scoliosis 
[13].

Patients were in supine position and the probe was 
placed on the abdomen to image the spine with an anterior 
approach. The thinness of the abdominal wall in children 
allows a good quality ultrasound exploration, which is much 
easier than in adults. It should also be noted that in the oper-
ated group, the scoliosis brings the lumbar spine forward, 
and therefore even closer to the anterior abdominal wall.

Measurements were obtained using a Canon Aplio i800 
system [14]. The probe we used was the i8CX1 (or PVI 
475BX) which is a convex probe with a frequency range 
between 1 and 8 MHz (Mode Multi, Range 0–75 kPa). The 
probe was pushed to 2–3 cm from the disc. The aortic bifur-
cation was localized to determine the L4 vertebral level.

Ultrasound examination started with a sagittal section 
under the umbilicus, which allowed to locate the vertebral 
bodies and the intervertebral discs. The vertebrae are identi-
fied by a very hyperechoic linear interface with a posterior 
shadow cone, in connection with the cortical anterior wall 
(Fig. 2). The discs are hypoechoic and allow ultrasound to 
pass posteriorly.

After a 90° rotation of the probe, the operator switched 
in axial section in the plane of an intervertebral disc. The 
medullary canal with the roots can be seen behind the disc. 
The posterior joints are also visible laterally (Fig. 3). The 
probe was subsequently moved up or down to measure SWS 

in the annulus fibrosus of L3–L4, L4–L5 and L5–S1 IVDs 
[15]. For L5-S1 disc, a greater inclination of the probe was 
necessary to be in the plane of the disc. Children with a 
transitional anomaly were excluded from both groups.

For each IVDs (L3–L4, L4–L5 and L5–S1), three circular 
regions of interest (ROIs) of 8 mm diameter were defined 
in the periphery of the intervertebral disc at the annulus 
(Fig. 4). This procedure was repeated three times, and the 
average was calculated to obtain a single SWS value.

Measurement reliability was assessed on a subset of the 
first five NMS and healthy patients by two confirmed radi-
ologists. Then, only one of them according to his availability 
performed the subsequent measures.

Statistics

Intra-operator repeatability and inter-operator reproduc-
ibility were determined according to ISO 5725 standard 
[16]. Five sets of three measurements were repeated by two 
trained radiologists. The probe was repositioned after each 
set of measurements. Repeatability and reproducibility were 
calculated in terms of standard deviation of uncertainty. 
Intraclass correlation coefficient (ICC) was determined both 
intra- and inter-operator; an ICC greater than 0.75 was con-
sidered to signify good agreement.

Differences were analysed with Wilcoxon rank sum tests 
and correlations were quantified with Spearman’s rank cor-
relation coefficient, since variable did not follow normal 
distributions (Shapiro–Wilk test).

Differences between NMS and healthy groups were ana-
lysed with Mann–Whitney tests and differences between ver-
tebral levels with Kruskal–Wallis tests. Correlations were 
quantified with Spearman’s rank correlation coefficient.

Significance was p < 0.05. Analyses were performed 
using Microsoft Excel 2016.

Fig. 2  Sagittal ultrasound 
section. V = vertebrae (V); 
IVD = intervertebral discs



Results

Intra-operator repeatability was 4.3%, and inter-operator 
reproducibility was 5.2%. Intraclass correlation coefficient 
was higher than 0.8 for each operator, showing “good 
agreement” for NMS patients and healthy patients (mean 
ICC = 0.89 and 0.91, respectively).

On average, the investigation lasted less than 30 min per 
patient, including the installation from the wheelchair to 
the examination table.

Figure 5 reports SWS in annulus fibrosus at the three-
disc levels for the two groups (asymptomatic and NMS).

Healthy group SWS

There was no significant difference between levels 
L3–L4 (7.05 ± 1.3 m/s), L4–L5 (7.3 ± 1.1 m/s) and L5-S1 
(8.5 ± 1.6 m/s, p > 0.05), Fig. 5), so values were pooled to 

obtain an overall average of 7.5 ± 2.6 m/s. The difference 
in average SWS between girls and boys was not significant 
(p = 0.2). No correlation of SWS was found with age.

NMS group SWS

There was no significant difference between levels 
L3–L4 (9.3 ± 1.8 m/s), L4–L5 (10.3 ± 2.3 m/s) and L5-S1 
(10.15 ± 2.5 m/s, p > 0.05, Fig. 5), and overall average SWS 
was 9.9 ± 1.4 m/s. No correlation was observed with age at 
surgery, gender, age at the SWE measurement, time between 
surgery and SWE measurement, and Cobb angle correction.

Comparison between groups

Differences between NMS and healthy subjects was signifi-
cant at L3L4 (p = 0.004) and L4L5 disc levels (p = 0.0006), 
but not at L5S1 (p = 0.3). Difference between overall aver-
ages was significant (p = 5.627E-6).

Fig. 3  Axial ultrasound section in the plane of an intervertebral disc. The medullary canal with the roots can be seen behind the disc. The poste-
rior joints are also visible laterally. Disc in blue, spinal canal in yellow, post-articular in red. Red circles: Area of interest in the annulus fibrosus

Fig. 4  Ultrasound and corresponding elastogram with three circular regions of interest defined in the periphery of the intervertebral disc at the 
annulus



Discussion

The avoidance of PSF at the end of lengthening programme 
of growth guidance techniques in NMS has been recently 
an active area of research. PSF is indeed often regarded by 
patients as the conclusion of a long burden. Poe-Kochert 
et al. [17] reported 20% of unplanned reoperation after PSF 
following traditional growing rods program.

In a series of 100 NMS treated by FBF [18], PSF ini-
tially planned at skeletal maturity was not performed for any 
patients. PSF was avoided according to the stable correction 
of spinal and pelvic deformities observed during follow-up, 
and by the strength of this type of fixation [19, 20]. This 
stability over time suggested a progressive spinal stiffening 
following FBF. Thus, the spinal growth was possible in the 
first years of surgery, and the gradual increase in spinal stiff-
ening made it possible to maintain the correction over time.

However, evidence of spinal stiffening following FBF for 
NMS has never been analysed. In particular, the role of the 
intervertebral disc (IVD) in this stiffening process is not yet 
clear.

In this paper, SWE was used to obtain information on 
lumbar IVD mechanical properties between 5 and 8.1 years 
after surgery, to shed some light on spinal stiffening after 
FBF in NMS.

This recent imaging procedure could be particularly 
attractive for NMS patients, who have difficulties to lie 
down for a long time in an CT scan or magnetic resonance 

imaging, because of the spinal deformity or abnormal move-
ments related to their pathology. Overall, measurement time 
was much shorter than a typical CT scan, and more com-
fortable for the patient. The measurement reliability indi-
cated that it is feasible in this population with intra-operator 
repeatability of 4.3% and inter-operator reproducibility of 
5.2%.

Until now, SWE has been used in NMS patients for 
the study of paravertebral muscles [21, 22] but has never 
been applied to lumbar IVD, which is already well stud-
ied in patients with adolescent idiopathic scoliosis (AIS). 
Langlais et al. [10] showed that AIS presented a stiffer annu-
lus fibrosus than asymptomatic adolescents, with SWSs of 
3.5 ± 0.3 m/s vs. 3.0 ± 0.3 m/s, respectively. Values obtained 
in this study were much higher, which is probably due to the 
different technologies employed in the two studies (Canon 
Aplio i800 system in the present series versus Aixplorer 
Supersonic Imagine).

Therefore, it is important to keep in mind that SWS disc 
measurement can be very sensitive to the device that is used, 
and comparison to values obtained with different machines 
is not relevant, even if the measurement with each machine 
appears reliable, the technical differences induce a bias of 
comparison.

However, it can be noted that idiopathic scoliotic patients 
with no surgery showed a SWS 1.2 times higher than con-
trols, while SWS in this study was 1.3 times higher than con-
trols. This difference is indicative of the fact that idiopathic 

Fig. 5  Shear wave speed com-
parison in annulus fibrosus at 
the three-disc levels for the two 
groups



scoliosis patients present stiff but mobile spine, while NMS 
patients show stiffer spine, which raises the question of 
some degree of autofusion. Besides, a complete ossification 
of the disc would have made the measurement impossible, 
since the elastographic signal would not be obtained in bone 
(Fig. 6).

Unlike previous work on IVD ultrasonography and elas-
tography, microstructural features of the disc were not vis-
ible in the present work. This is probably due to the use of a 
low-frequency probe, which resulted in a spatial resolution 
too low to distinguish the lamellar structure of the annulus. 
Assuming an average frequency of 3 MHz and a speed of 
sound in the annulus fibrosus of 1600 m/s, the spatial resolu-
tion should be about 0.5 mm, whereas lamellae in adoles-
cents have a thickness in the order of 0.2 mm [23].

Contrary to Deviren et al. [24], no significant positive 
correlation was found between the spinal curvature severity 
and the stiffening of the spine. Vergari et al. [15] compared 
SWE in AIS before and after surgical intervention, showing 
that discs outside the fusion tended to normalize one-year 
post-fusion surgery. This is not in contradiction with the 
present results, since the discs analysed in this study were 
within the instrumentation, and therefore, they could not 
recover their flexibility.

One of the limitations of this study was that measure-
ments were performed with an anterior approach, which 
does not allow accessing the thoracic discs. However, pos-
terior approach is impossible due to the presence of the bony 
neural arch, and mediolateral approach is difficult because of 
the larger depth of the disc in this approach. Even if the post-
surgery part of the axial rotation of the discs and vertebra 

was corrected, we could have measured the medial part of 
the disc in healthy patients, and the medio-lateral part in sco-
liotic patient. That is why we sometimes put the probe a little 
oblique to find the best place to record our elastogram. Our 
main criterion was to be in the axial plane of the disc and 
centred on the medullary canal. However, mapping of elasto-
graphic properties of the disc around its surface could clarify 
the potential impact of measurement region. The other limi-
tation is the possible bias in the measurement caused by the 
modification of the stiffness according to the posture [25, 
26]. The stiffness of lumbar IVDs in lying position during 
the imaging may be underestimated compared to sitting pos-
ture on wheelchair. However, this bias was reduced because 
asymptomatic controls were assessed in the same posture. A 
group of preoperative patients would have been an interest-
ing addition to this work. However, neuromuscular scoliosis 
is a relatively rare pathology, so it is difficult to obtain a 
homogeneous group of patients. We are planning a prospec-
tive study to follow a cohort of patients from pre-operative 
to long-term follow-up, with regular elastography.

Finally, machine difference can be an obstacle for this 
application to be standardized. However, it could be possible 
to normalize standardizing the measurement, for example, 
by doing a measuring soft-tissue SWE at a specific location 
as the baseline and use this to normalize the SWE value.

Conclusion

In this study, we present the first attempt to quantify the stiff-
ness of lumbar discs in NMS, compared to healthy patients, 
using SWE. This technique proved to be a feasible, fast, and 
reliable means of quantifying disc mechanical properties and 
stiffening of the spine after FBF. This could be an additional 
argument when questioning the real need for PSF at skeletal 
maturity.

Data availability The data are available for 2 years, on request to the 
corresponding author.
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