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Abstract—Ultrasound shear wave elastography is a radiation-free and low-cost technique for evaluating the
mechanical properties of different tissues. This study systematically reviewed all relevant literature on shear
wave elastography of the intervertebral disc. The purpose was twofold: first, to determine the validity of the elas-
tography method, that is, the correlation between elastographically measured shear wave speed and disc mechan-
ical properties, and inter-/intra-operator reliability; and second, to explore if disc elastography is potentially
useful in identifying children at risk for idiopathic scoliosis. This systematic review was performed according to
the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines. A comprehen-
sive search was performed in PubMed and Embase, and study quality was assessed using the AXIS (Appraisal
Tool for Cross-sectional Studies) critical appraisal instrument. Seven articles were included. Three animal ex
vivo studies reported moderate-to-good correlations between shear wave speed and disc mechanical properties
(r = 0.45�0.81). Three studies reported high intra-operator repeatability (intra-class correlation coefficient
[ICC] 0.94�0.99) and inter-operator reproducibility (ICC 0.97�0.98). Four clinical studies measured shear wave
speed in asymptomatic children. Two studies reported significantly higher shear wave speeds in scoliosis patients
compared with healthy controls, measured in discs both inside and outside the scoliotic curve. In conclusion,
shear wave elastography appears reliable in assessing intervertebral disc mechanical characteristics. Despite its
promising capabilities to distinguish patients with asymptomatic from those with pathological discs, the exact
correlation between disc mechanical properties and shear wave speed remains unclear. (E-mail: r.m.castelein-
3@umcutrecht.nl) © 2022 The Author(s). Published by Elsevier Inc. on behalf of World Federation for
Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Adolescent idiopathic scoliosis (AIS) is the most preva-

lent form of scoliosis: a 3-D structural deformity of the

spine, which includes lateral curvature, anteroposterior

deviation and axial rotation, without any obvious under-

lying condition (Kuklo et al. 2005; Ill�es et al. 2011). The
prevalence is 2%�4% in the general population, and it

affects mostly girls in early puberty (Cheng et al. 2015).

AIS can lead to severe trunk deformities causing poor
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self-image, pain and in severe cases cardiopulmonary

compromise, which often requires spinal fusion surgery

(Koumbourlis 2006; Johnston et al. 2011;

Tsiligiannis and Grivas 2012; Lonner et al. 2013;

Choudhry et al. 2016). Despite decades of quality

research, the exact etiology of AIS remains largely

unknown, in contrast to congenital, neuromuscular and

other types of scoliosis (Cheng et al. 2015).

Recently, it has been proposed that AIS is a multi-

factorial condition most likely involving a mismatch

between the mechanical properties of the maturing inter-

vertebral disc (IVD) and the rapidly increased loading

caused by the pubertal growth spurt

(Castelein et al. 2020). In patients with AIS, the
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deformity occurs primarily in the IVD while the bony

vertebral bodies retain their shape, and differences in

mechanical properties between scoliotic IVDs and nor-

mal controls have been described (Yu et al. 2005;

Grivas et al. 2006; de Reuver et al. 2020). The main

problem with elucidating the role of the IVD in the etiol-

ogy of AIS is the invasive nature of harvesting IVD tis-

sue to study its mechanical properties, especially

because it concerns a population of young age. Addition-

ally, most studies on AIS etiology include patients with

already established scoliotic curves; therefore, distin-

guishing between cause and effect is practically impossi-

ble. We hypothesize that in AIS patients, pathological

mechanical IVD properties may already be present

before the onset and/or progression of the scoliotic

curve. If this were to be true, and these IVD properties

could easily and safely be measured in children, this

could potentially be used as a proxy for the risk of AIS

development and progression of the scoliotic curve.

Unfortunately, there currently is no established diagnos-

tic method for non-invasive characterization of the IVD

to determine the tissue’s mechanical properties.

Several non-invasive elasticity imaging techniques

exist that aim to quantify mechanical properties of the

examined tissue. In general, elasticity imaging techni-

ques are used to gather information on tissue elasticity

and can be applied to organs located deeper in the body,

which provides new opportunities for screening and

diagnosis (Gennisson et al. 2013). Over the past few dec-

ades, numerous emerging elasticity imaging techniques

have been developed and researched

(Sarvazyan et al. 2011). Early elasticity imaging techni-

ques in the 1970s and 1980s used static loading and an

external vibrator to generate stress in tissues, after which

modified color Doppler was used to track tissue displace-

ment and measure tissue stiffness (Dickinson and Hill

1980, 1982). In the late 1990s an alternative quasi-static

approach was developed to remotely measure tissue elas-

ticity via manual compression or cardiovascular/respira-

tory pulsation, now known as strain elastography

(Shiina et al. 2015). This was soon followed by the

development of dynamic shear wave elastography to

measure the shear wave speed (SWS), which directly

relates to the elastic moduli of the tissue, as opposed to

strain elastography (Garra 2015; Taljanovic et al. 2017).

In contrast to strain elastography, shear wave elastogra-

phy uses a focused acoustic radiation force to generate

shear waves within the organ of interest, which allows

for measurement of the propagation speed to locally

quantify the tissue stiffness (Shiina et al. 2015). Since

2005, increasingly more manufacturers have added the

shear wave elastography option to their standard ultra-

sound systems (Sarvazyan et al. 2011). Shear wave elas-

tography is now regularly used in clinical practice to
evaluate the breast, liver, prostate and musculoskeletal

tissues (Moreau et al. 2016; Cong et al. 2017;

Rouvi�ere et al. 2017; Yoon et al. 2017). Therefore, in

this systematic review, we explore the feasibility of

using shear wave elastography to assess IVD mechanical

properties through the measurement of SWS.

Non-invasive mechanical characterization of the

IVD through shear wave elastography may provide new

opportunities for early diagnosis and etiological research

on AIS. However, to date, there is no systematic litera-

ture review on the current status of shear wave elastogra-

phy of the IVD and its uses in AIS patients. Therefore,

the purpose of this systematic review is twofold: The

first goal is to determine the validity of shear wave elas-

tography in quantifying IVD mechanical properties (i.e.,

the correlation between SWS and apparent disc stiffness

and/or elastic modulus, usually indirectly determined in

ex vivo animal experiments) and the inter- and intra-

operator reliability. The second goal is to analyze shear

wave elastography measurements of the IVD in healthy

populations and in children with AIS, and explore the

usefulness of the method in identifying children at risk

for idiopathic scoliosis.
METHODS

Search strategy and study selection

This systematic review was performed according to

the PRISMA (Preferred Reporting Items for Systematic

Reviews and Meta-Analysis) guideline

(Moher et al. 2009). A comprehensive search was per-

formed in PubMed and Embase. The search string

included all relevant terms and synonyms for

“elastography,” “ultrasonography” and “intervertebral

disc,” combined by “and.” All terms were required to be

mentioned in either the title or abstract of the study

(Appendix A; see Supplementary Data, online only).

Duplicates were removed. The reference lists of all

included studies were reviewed for additional articles

missed in the initial search. Two reviewers indepen-

dently identified studies and reviewed title and abstract

for relevance using predetermined inclusion and exclu-

sion criteria. Any discrepancies were resolved through

discussion. All articles irrelevant to the purpose of this

study based on title or abstract were dismissed. Full text

was reviewed if eligibility was uncertain after screening

title and abstract. The search was conducted up until

October 15, 2021. The search language was in English.

There were no restrictions on publication date or status.
Inclusion and exclusion criteria

Both ex vivo animal studies and human in vivo stud-

ies on shear wave elastography of the IVD were included

in this review if the full English text was available. Only
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studies that had their protocol approved by a local ethics

committee, institutional review board and/or institutional

animal care and use committee were included. In vivo

studies had to be conducted in asymptomatic people or

in patients with AIS. Studies in patients with pathology

other than AIS were excluded. Further exclusion criteria

were the use of elastography techniques other than ultra-

sound-based ones, such as MRI and optical coherence

elastography, or when tissues different from the IVD

were studied. When multiple articles were published on

results within the same study population, only the most

comprehensive or most recent article was included to

prevent duplication bias.
Quality assessment

The AXIS critical appraisal tool for cross-sectional

studies was used to assess the quality of the included

studies (Downes et al. 2016). The criteria include 20

items scored “yes,” “no,” “don’t know” or “not applica-

ble (n/a).” The AXIS tool contains 7 criteria related to

study design, 7 related to quality of reporting and 6 items

on potential bias (Appendix B; see Supplementary Data,

online only). The AXIS tool does not provide a fixed cut-

off value for high or low study quality. Therefore, in line

with earlier studies using AXIS, it was decided that in

this systematic review, studies scoring 5 or more criteria

negatively were considered low quality. Criteria scored

“n/a” were not taken into account in this consideration.
Fig. 1. Preferred Reporting Items for Systematic Reviews and
Data extraction and analysis

A data form was created containing the following

data from the included articles: title, first author, year of

publication, country, study design, study population,

study sample and the main results. The main outcomes

of interest were the correlation between ex vivo SWS

measurements of the annulus fibrosus and apparent IVD

stiffness or elastic modulus, the repeatability (intra-oper-

ator) and reproducibility (inter-operator) of the elastog-

raphy measurements and SWS measurements in healthy

controls and AIS patients. Because of the heterogeneity

of study designs and study populations, a quantitative

meta-analysis was not performed. The intra-class corre-

lation coefficient (ICC) was considered to be excellent

(ICC >0.90), good (ICC 0.75�0.90), moderate (ICC

0.50�0.75) or poor (ICC <0.50) (Koo and Li 2016). The

correlation coefficient (r) was regarded very good to

excellent (r = 0.75�1.00), moderate to good

(r = 0.50�0.75) or poor (r = 0.25�0.50) (Dawson and

Trapp 2004).

RESULTS

Study selection and quality assessment

The procedure for inclusion of articles in this system-

atic review is illustrated in the PRISMA flow diagram

(Fig. 1) (Moher et al. 2009). A total of seven studies were

included. Three animal ex vivo studies reported on the

correlation between SWS measurements of the annulus
Meta-analyses flow diagram. IVD = intervertebral disc.
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fibrosus and apparent IVD stiffness and/or elastic modu-

lus. Repeatability and/or reproducibility was reported by

one ex vivo and two clinical studies. Two studies reported

the SWS in healthy controls, and two other studies com-

pared SWS in healthy controls with that in patients with

AIS. All seven included studies were of high quality

according to the AXIS critical appraisal tool (Appendix

B). Recurrent negative criteria were either a lack of sam-

ple size justification, a lack of discussion of study limita-

tions, unclear funding sources and/or conflicts of interest

possibly affecting study outcomes.

Study characteristics

All included studies were published between 2013

and 2020. The majority of included studies were con-

ducted at the same institute (Table 1). Three ex vivo stud-

ies reported on correlations between SWS and mechanical

properties of either bovine or porcine IVDs

(Vergari et al. 2013; Vergari et al. 2014a; Chotar-

Vasseur et al. 2015). A total of four clinical studies

included a population of asymptomatic adults, asymptom-

atic children and a combination of asymptomatic children

and children with AIS (Langlais et al. 2018;

Vergari et al. 2014b, 2016, 2020).

Correlation between SWS and mechanical properties

Three ex vivo studies reported on the correlation

between SWS measurements in the annulus fibrosus and

apparent stiffness and/or elastic modulus. In these stud-

ies, multiple cycles of axial compression, at loads rang-

ing between 0 and 400 N, were applied to the bovine or

porcine intervertebral segments to produce a repeatable

mechanical response. The slope in the produced force-

displacement curve represents the material stiffness. As

IVD height and surface area are known, stress�strain
Table 1. Overview of

Article Year Study population n IVD l

Ex vivo
Vergari et al. 2013 Oxtails 8 n/a
Vergari et al. 2014 Oxtails 11 n/a

Chotar-Vasseur
et al.

2015 Porcine IVDs 8 Pig 1:
Pig 2:

In vivo
Vergari et al. 2014 Asymptomatic adults 47 C6�C

Vergari et al. 2016 Asymptomatic children 31 L5�S

Langlais et al. 2018 Asymptomatic children
AIS patients

30
30

L3�L

Vergari et al. 2020 Asymptomatic children
AIS patients

59
25

L3�L

AIS = adolescent idiopathic scoliosis; ICC = intra-class correlation coeffic
speed.
curves can be calculated from force-displacement

curves, from which the elastic modulus can be calcu-

lated. After the final cycle, the segment is unloaded and

then loaded again, after which the position is held to

induce stress relaxation, during which the elastography

measurements were taken. The reported correlation coef-

ficient (r) in these three studies varied from 0.45 to 0.81

(Table 2). The first study by Vergari et al. (2013)

reported a significant correlation (r = 0.45) between

SWS and IVD stiffness for pooled data (n = 40). A later

study reported significant correlations (r = 0.63�0.70)

between three measured variables under axial loading:

SWS, IVD stiffness and the apparent elastic modulus

(Vergari et al. 2014a) Chotar-Vasseur et al. (2015). per-

formed a linear regression analysis between the IVDs’

apparent elastic modulus and elastographically measured

SWS of the annulus fibrosus at different preloads of 10,

200 and 400 N. A coefficient of determination R2 of 0.66

was reported, corresponding to a correlation coefficient

of r = 0.81.
Repeatability and reproducibility

One ex vivo study and two clinical studies reported

on the repeatability (intra-operator) of shear wave elas-

tography to measure the SWS in the annulus fibrosus

(Table 2). The variation within repeated measurements

was 0.20�0.39 m/s (7.0%�7.5% coefficient of varia-

tion), while the ICCs for intra-operator reliability ranged

between 0.94 and 0.99 (Vergari et al. 2014a, 2014b,

2016). Two clinical studies reported reproducibility

(inter-operator), in which the SWS variation was

0.25�0.30 m/s (8.7%�10.0% coefficient of variation).

The ICCs for inter-operator reliability ranged between

0.97 and 0.98 (Vergari et al. 2014b, 2016).
included studies

evel Main outcome

SWS and IVD stiffness correlation
SWS and IVD stiffness correlation, intra-
operator ICC, repeatability

T15�L5
L1�L4

SWS and IVD stiffness correlation

7 or C7�T1 SWS, intra-/inter-operator ICC, repeat-
ability, reproducibility

1 or L4�L5 SWS, intra-/inter-operator ICC, repeat-
ability, reproducibility

4, L4�L5 and L5�S1 SWS

4, L4�L5 and L5�S1 SWS

ient; IVD = intervertebral disc; n/a = not available; SWS = shear wave



Table 2. Main results

Article Year Repeatability (intra-operator) Reproducibility (inter-operator) SWS and IVD stiffness correlation Average SWS (m/s)

SWS variation
(m/s)

ICC SWS variation
(m/s)

ICC Correlation coefficient, r Asymptomatic AIS

Ex vivo
Vergari et al. 2013 0.45
Vergari et al. 2014 §0.39 (7%) 0.96�0.99 0.63�0.70
Chotar-Vas-
seur et al.

2015 0.81

In vivo
Vergari et al. 2014 §0.20 (7%) 0.94�0.98 0.30 (10%) 0.97 3.0 § 0.4
Vergari et al. 2016 §0.22 (7.5%) 0.96�0.98 0.25 (8.7%) 0.98 2.9 § 0.5
Langlais et al. 2018 3.0 § 0.3 3.5 § 0.3
Vergari et al. 2020 3.1 § 0.5 4.0 § 0.5

AIS = adolescent idiopathic scoliosis; ICC = intra-class correlation coefficient; IVD = intervertebral disc; SWS = shear wave speed.

US SWE of intervertebral disc and idiopathic scoliosis � S. DE REUVER et al. 725
Shear wave speed in asymptomatic patients

Two studies reported solely on SWS measurements

in healthy controls (Table 2). In 47 asymptomatic adults

(mean age: 36.5 § 12.6), a mean SWS of 3.0 § 0.4 m/s

was reported, measured at level C6�C7 and C7�T1

(Vergari et al. 2014b). Similar values for SWS were

reported in 31 asymptomatic children aged 6 to 17, with

a mean SWS in the annulus fibrosus of the IVD at levels

L4�L5 and L5�S1 of 2.9§ 0.5 m/s (Vergari et al. 2016).

Shear wave speed in AIS and healthy controls

Two other studies measured SWS values in asymp-

tomatic children, but also compared with measurements

in children with AIS. In the study by

Langlais et al. (2018), SWS measurements in IVDs of 30

asymptomatic children (mean age 13 § 1.9) were com-

pared with those of 30 patients with thoracic or lumbar

AIS (mean age 13 § 2.0, mean Cobb angle 28.8 §
10.4˚). In this study, the SWS was measured with ultra-

sound elastography at the lower lumbar level (L3�S1),

which in AIS patients is mostly outside of the spinal area

affected by scoliosis. In asymptomatic children, the

SWS measured 3.0 § 0.3 m/s, and in AIS patients, 3.5 §
0.3 m/s (2.7�4.8 m/s), while it is known from earlier ex

vivo studies that a higher SWS is correlated with

increased disc stiffness (Vergari et al. 2013, 2014a; Cho-

tar-Vasseur et al. 2015). No significant difference

between IVD levels (L3�L4, L4�L5, L5�S1) was

observed within both groups, and SWS was significantly

higher at all disc levels in AIS patients compared with

healthy controls (p < 0.02). Furthermore, in this study, a

high SWS measured in multiple consecutive discs was

associated with increased risk of curve progression. Sub-

group analysis revealed mean SWSs in stable scoliosis

of 3.3 § 0.3 m/s, in progressive scoliosis of 3.7

§0.3 m/s, in pre-treatment progressive scoliosis of 4.0 §
0.3 m/s and in scoliosis during treatment of 3.3 §
0.3 m/s (Fig. 2). These data might suggest a possible

form of regenerative capacity of the disc during treat-

ment; however, the SWS is usually measured in IVDs

outside of the affected part of the spine.

The latest study by Vergari et al. (2020) reported

SWS data in lower lumbar discs of 59 asymptomatic

children (mean age 13 § 2) and 25 severe AIS patients

with mostly thoracic curves (mean age 15 § 1.5, mean

Cobb angle 57 § 14˚), before and after surgical interven-

tion. SWS was significantly higher in pre-operative AIS

patients at 4.0 § 0.5 m/s compared with asymptomatic

children at 3.1 § 0.5 m/s. Three months post-opera-

tively, the mean SWS in AIS patients exhibited a non-

statistically significant decrease to 3.5 § 0.3 m/s, and

after a further year a significant decrease to 3.3 §
0.4 m/s, a value similar to that of asymptomatic controls.

Furthermore, a weak correlation between Cobb angle

and a lower SWS was observed (r = 0.40, p = 0.05). Sim-

ilar SWS values were found for AIS patients with tho-

racic (3.8 § 0.4 m/s) and thoracolumbar (3.9 § 0.4 m/s)

curves. Only one of the included patients had a lumbar

curve, with a mean SWS of 5.1 m/s.
DISCUSSION

The purpose of this systematic review was twofold.

The first aim was to determine the validity of shear wave

elastography (i.e., the correlation with mechanical disc

properties) and inter-/intra-operator reliability. The sec-

ond aim was to examine if disc elastography is poten-

tially useful in identifying children at risk for idiopathic

scoliosis. Studies were reviewed that reported on the cor-

relation between elastographically measured SWS in the

annulus fibrosus and apparent IVD stiffness and/or elas-

tic modulus. Furthermore, studies that reported on the

repeatability and reproducibility of SWS measurements

were reviewed, as were studies that measured the SWS

in IVDs of patients with AIS and asymptomatic controls.



Fig. 2. Subgroup analysis of shear wave speed. Error bars indicate standard deviations.
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The initial search resulted in 262 records, of which seven

articles were included. Three ex vivo studies of animal

tissue reported a moderate to good correlation between

SWS measured in the annulus fibrosus and apparent IVD

stiffness or elastic modulus (r = 0.45�0.81). Excellent

intra-operator repeatability (ICC 0.94�0.99) and inter-

operator reproducibility (ICC 0.97�0.98) were reported.

Four in vivo studies were included in this review, of

which two were solely in asymptomatic controls and two

in both asymptomatic children and patients with (mostly)

thoracic AIS. In these two studies, a significantly higher

SWS was observed in AIS patients compared with

asymptomatic controls. This may suggest that the IVDs
in AIS patients both inside and outside the scoliotic

curve are stiffer than in asymptomatic children, as a

higher SWS correlates with an increased IVD stiffness.

This could indicate that AIS involves pathological IVDs

in the entirety of the spinal column, although it is most

likely that IVDs adjacent to or within the curve will be

affected more. But because only two studies included

patients with AIS, no definitive conclusions can be

drawn and more studies are necessary to investigate the

uses of shear wave elastography in identifying children

at risk for scoliosis.

Three animal ex vivo studies reported a correlation

coefficient varying from 0.45 to 0.81 between SWS of
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the annulus fibrosus and apparent IVD stiffness or elas-

tic modulus under different loads, suggesting that the

variability in SWS might also be confounded by some-

thing other than just the IVD stiffness. For example, in

the study by Chotar-Vasseur et al. (2015), almost a dou-

bling of the SWS was demonstrated under 400-N axial

compression compared with 10 N. In addition, there

was no significant correlation between the stiffness of

unloaded IVDs and SWS (Vergari et al. 2014a). There-

fore, elastographically measured SWS is most likely

also influenced by other tissue properties of the IVD

such as hydration status, age and size, or even technical

variability in the elastography method itself. It has been

determined by denucleation that the nucleus pulposus

plays a more pronounced role in IVD stiffness in the

low force range, whereas at a higher reference force of

400 N, the mechanical behavior of the IVD is domi-

nated by the annulus fibrosus and stiffness is minimally

affected by denucleation (Shea et al. 1994;

Cannella et al. 2008). The three ex vivo studies included

in this review reported the correlation between SWS

and apparent IVD mechanical properties in different

circumstances, making it challenging to draw robust

conclusions on the true relationship between shear

wave elastography and IVD mechanical properties. Ide-

ally, SWS measured with ultrasound elastography

should reflect solely changes in disc stiffness. However,

it remains unclear exactly what and to what extent

external factors are involved and how these should be

accounted for. A further investigation into the role of

the IVD anisotropy caused by its lamellar buildup

should be performed to better understand how loading

affects the elastic modulus in different planes.

Three studies reported excellent values (ICC

>0.90) with moderate to strong evidence for both repeat-

ability and reproducibility. Elastography of the IVD

seems to be less operator dependent compared with that

of superficial organs, breasts or muscles. Because the

IVD is located deeper inside the body, it might be less

susceptible to operator-dependent force of application of

the ultrasound probe, which could explain the high

repeatability and reproducibility compared with other

tissues (Kot et al. 2012).

Four clinical studies provided values for healthy

controls, and two studies observed in AIS an increase in

SWS with progression of the scoliotic curve, while a

decrease was observed after surgical correction and sta-

bilization (Fig. 2). Overall, the SWS in lower lumbar

discs measured by elastography was significantly higher

in patients with (mostly) thoracic AIS than in healthy

controls (Langlais et al. 2018; Vergari et al. 2020). This

may suggest that throughout the spine, in both the scoli-

otic and unaffected areas, the IVDs are stiffer in patients

with AIS than in asymptomatic controls. In an earlier
study, it was suggested that the spinal curvature severity

in scoliosis patients was associated with a stiffer spine

(Deviren et al. 2002). Therefore, it was expected that a

positive correlation between SWS and Cobb angle would

exist. However, no significant positive correlation was

found in Langlais et al. (2018) nor even a trend toward a

negative correlation in Vergari et al. (2020). This can be

due to a lack of statistical power or, as mentioned in

Vergari et al. (2020), the aggressive bracing of more

severely affected patients, which may influence disc

hydration and its mechanical properties.

In the clinical elastography studies in this review, the

IVDs at the lower lumbar levels were measured, whereas

the scoliosis was present (mostly) in the thoracic spine.

One MRI study in AIS patients determined that the deteri-

oration of the IVD is greater within the spinal curvature

than in asymptomatic regions of the spine

(Huber et al. 2016). Therefore, the measured SWS differ-

ences between AIS patients and asymptomatic controls

could be an underrepresentation of the IVD stiffness dif-

ferences within the curve. Support for this hypothesis

could be found in the study by Vergari et al. (2020), in

which there was one patient included with a lumbar scoli-

osis. In this patients the SWS was measured in or close to

the scoliotic curve with a mean SWS of 5.1 m/s, which

was the highest value reported among all patients. The

studies by Langlais et al (2018) and Vergari et al. (2020)

measured SWS in lower lumbar IVDs in patients with

AIS. A similar increase in SWS was observed in both

patients with thoracic and those with (thoraco)lumbar sco-

liosis, compared with asymptomatic controls. This sug-

gests that in patients with AIS, the characteristics of the

IVD may be different throughout the entire spine and not

just in the affected area. Therefore, the different IVD

mechanical properties may not be solely a result of the

scoliotic deformity, but might already be present before

the onset of scoliosis.

The main limitations of this systematic review

were not methodological but related to the outcome, as

six of seven included studies were carried out at the

same institute. Furthermore, only two included studies

tested shear wave elastography in a clinical setting on

patients with AIS. There were a limited number of stud-

ies on the subject, with large variability in both study

design and study population characteristics. Of the

seven included studies, data were only analyzed

descriptively, as no meta-analysis could be performed.

Finally, relatively small sample sizes and heterogeneity

in reported data made thorough comparison and inter-

pretation of the results difficult, and therefore, this sys-

tematic review provides only an overview of current

literature on ultrasound-based shear wave elastography

of the IVD in relation to scoliosis, with a few tentative

conclusions.
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Current diagnostic techniques for early-stage AIS

have a high accuracy when used together; for instance, a

sensitivity of 93.8% and a specificity of 99.2% can be

reached with the Adam’s forward bend test, scoliometer

measurement and Moir�e topography combined

(Dunn et al. 2018). Despite this, these techniques are

applicable only in patients with an already established

curve. This systematic review illustrates that ultrasound

shear wave elastography is able to make a distinction

between scoliotic and non-scoliotic patients by measur-

ing shear wave speed through the annulus fibrosus of

IVDs outside the scoliotic curve, as a proxy for mechani-

cal properties of the IVD, specifically stiffness. This

could imply that disc properties of patients that develop

scoliosis are different even before the onset of scoliosis.

If that is true, this technique can be used as a predictor,

especially in high-risk populations, before the onset of a

scoliosis. Such a high-risk population could be patients

with 22q11.2 deletion syndrome, a group that was

described as a human model for idiopathic scoliosis in

the general population, as they develop an idiopathic-

like scoliosis with an incidence of »50%

(Homans et al. 2019a, 2019b). Another possible use of

ultrasound elastography could be in the follow-up of

AIS patients to detect those at risk for progression at an

early state, allowing for more aggressive non-surgical

treatment and possibly preventing surgery in the long

run.
CONCLUSIONS

This study systematically reviewed all relevant lit-

erature on shear wave elastography of the intervertebral

disc, with the purpose of determining its validity, reli-

ability and potential usefulness in identifying children at

risk for idiopathic scoliosis. Excellent repeatability and

reproducibility were reported with moderate to strong

levels of evidence. Multiple studies determined a corre-

lation between elastographically measured SWS and the

apparent stiffness/elasticity of IVDs under axial loading,

however with a large variation and in different circum-

stances. Although it is promising that in clinical studies

ultrasound elastography could make a distinction

between IVDs in patients with and without AIS, the cor-

relation between SWS measurements and disc stiffness

and possible confounding factors is not yet fully under-

stood.
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