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Technical note
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In vivo characterization of intervertebral disc (IVD) mechanical properties and microstructure could give an
insight into the onset and progression of disc pathologies. Ultrasound shearwave elastography provided prom-
ising results in children, but feasibility in adult lumbar discs, which are deep in the abdomen, was never proved.
The aim of this work was to determine the feasibility and reliability of ultrasound assessment of lumbar IVD in
adults.

Thirty asymptomatic adults were included (22 to 67 years old). Subjects were lying supine, and the annulus
fibrosus of the L3-L4 IVD was imaged by conventional ultrasonography and shearwave elastography. Shear wave
speed (SWS) and lamellar thickness were measured. Reliability was determined through repeated measurements
acquired by three operators.

Average SWS in AF at the L3L4 level was 4.0 £+ 0.9 m/s, with an inter-operator uncertainty of 8.7%, while
lamellar thickness was 255 + 27 um with an uncertainty of 9.6%. Measurement was not feasible in one out of

four subjects with BMI > 24 kg/m? (overweight).

Ultrasound assessment of annulus fibrosus revealed feasible, within certain limitations, and reproducible. This
method gives an insight into disc microstructure and mechanical properties, and it could be applied for the early
detection or follow-up of disc pathologies.

1. Introduction

Low back pain (LBP) is the leading cause of disability in the world
[1]. While pain is the main symptom, and the cause is often difficult to
diagnose, the intervertebral disc (IVD) and its degeneration often play a
role. This is not surprising since the IVD is a key component of spine’s
biomechanics, and at the same time it is avascular and therefore it has
low endogenous repair capability. The degeneration usually occurs
progressively with aging, and is characterized by a dehydration of the
tissue, which can become more fibrotic and tend to lose its micro-
architecture [2,3]. This also results in a stiffening of the spinal functional
unit, which is due to a combination of disc’s height loss and changes in
mechanical properties.

Magnetic resonance imaging (MRI) is the gold standard to assess the
disc. It can provide information on disc morphology and hydration
through standard imaging protocols, while more advanced methods are
being developed to estimate mechanical properties through shear wave
elastography [4,5]. However, MRI is difficult of access in clinical
routine, and it might not be adapted for early detection of disc alteration
or long-term follow-up of disc pathology.

Ultrasound shear wave elastography (SWE) has shown promising
results for the non-invasive assessment of disc in vivo. It is based on the
measurement of shear wave speed (SWS) in the annulus fibrosus (AF),
which is directly related to the tissue’s mechanical properties [6,7], and
it can be coupled with conventional ultrasonography which can provide
information on the AF microstructure [8-10]. SWE has been applied to

List of abbreviations: AF, annulus fibrosus; BMI, body mass index; IVD, Intervertebral disc; MRI, Magnetic resonance imaging; NP, Nucleus pulposus; SWE, Shear
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lumbar discs in children, demonstrating a stiffening of the AF in
adolescent idiopathic scoliosis and recovery after arthrodesis [11].

In adults, ultrasound measurements were limited to the cervical discs
[12], while lumbar discs were neglected because of the technical chal-
lenges posed by their depth within the abdominal cavity and the nature
of the abdominal tissues that ultrasound must traverse. However, lum-
bar IVDs in adults present a specific clinical interest because they are
often subject to degeneration with aging. The present work aimed to
assess the feasibility and reliability of SWE and conventional ultraso-
nography on adult lumbar discs.

2. Material and methods
2.1. Participants

Thirty asymptomatic adults were included (14 women and 16 men,
age range: 22 to 67 years old). Subjects had an average body mass index
(BMI) of 24 + 4 kg/mz, with values ranging between 17 (considered
underweight) and 31 kg/m2 (considered obese). The exclusion criteria
were the following: any musculoskeletal pathology, including back pain,
previous spine surgery, or pregnancy at the time of measurement. All the
participants signed an informed consent, as approved by the ethical
committee CPP Ile de France VI (authorizations N. 2018-A01926-49 and
N. 6001), and the study was conducted in accordance with the principles
embodied in the Declaration of Helsinki and in accordance with local
statutory requirements.

2.2. 1VD imaging and protocol

A Supersonic Mach 30 (Supersonic Imagine, France) was used for the
simultaneous conventional ultrasonography and SWE acquisitions. The
device provides a direct measurement of SWS in the tissue, in the form of
a colored chart (Fig. 2). SWS is related to the tissue shear modulus (u) by
the following relationship: SWS = /u/p, where p is tissue mass density
(~1000 kg/m3) [7]. It was previously shown in vitro that SWS of the
annulus is related to disc’s mechanical properties [13].

Data were acquired by one operator in L3-L4 intervertebral disc,
using the “general” acquisition mode. Subjects were in supine position,
arms along their trunk (Fig. 1), and they were asked to maintain a steady
breathing during the acquisition. The aortic bifurcation into iliac ar-
teries was used as an anatomical landmark to locate the L4 level. The
probe was tilted to be aligned with the IVD plane, and it was considered

aligned when lamellae were visible. At least 3 clips of approximately 10
s were acquired for each subject, for a total of approximately 30 frames
containing the elastography and ultrasonography panels (Fig. 2). A L18-
5 probe was first used in all patients and, if the signal was too attenuated
(i.e., bad quality of the elastographic chart), a lower-frequency L10-2
probe was used. All SWS measurements were made in “penetration
mode”, while depth, brightness, size and location of the region of in-
terest were adapted to the subject.

2.3. Shear wave elastography data processing

SWE data were analyzed using a previously described protocol and
software [14]. In brief, the acquired clips were exported and trans-
formed into single frames and custom software was used to calculate the
average SWS in the AF in each frame. A region of interest was selected in
the elastographic chart and it was semi-automatically tracked in the
sequence of images, in order to ensure that the same region was tracked
in all frames. The region of interest was manually placed in the AF,
where the lamellae were visible. The average SWS was calculated by
converting the colour red-green-blue values of each pixel in the region of
interest to speed, using the colour chart available in each clip (Fig. 2).
Then, an average was calculated for each movie (~10 images), and
finally an overall average SWS per subject. Images or regions showing
signal saturation (dark red or dark blue pixels) or with missing signal
were excluded.

2.4. Ultrasonography data processing

Lamellar thickness was measured using a previously described
technique [9]. Every image was processed with a histogram equalization
filter to improve the contrast. Then, an operator traced three segments
over the annulus in a radial direction, starting from the AF outer border
to the AF inner border. Gray values along each segment were plot, and
local maxima and minima were detected automatically. Midpoints be-
tween each consecutive local maximums and minimums were
computed, and the lamellar thickness was calculated as the distance in
pixels between two consecutive midpoints. Pixels were transformed in
micrometers using the scale available on the side of each image Fig. 2).

2.5. Reliability and statistics

Two additional operators, one with a 7-year experience and the other

Fig. 1. - Setup for measurements in the lumbar intervertebral disc of a subject.
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Fig. 2. — Example of data obtained with the shear wave elastography (left). The lamellae are visible in the region of interest in the annulus fibrosus (AF). The nucleus

pulposus (NP) appears hypoechogenic.

the same day training as the main operator, repeated the acquisitions on
L3-L4 IVD of a subset of eight subjects to determine the reproducibility
of SWS and lamellar thickness measurements. Uncertainty was evalu-
ated in terms of coefficient of variation (standard deviation divided by
average value), according to the 5725 ISO standard.

Data distributions of lamellar thickness and SWS were not normal
according to Shapiro-Wilk normality test (p < 0.05), and therefore,
correlations between SWS, age and BMI were assessed using Spearman’s
test. Statistical significance was set at @ = 0.05. Results are reports as
average + standard deviation. All processing was carried out in Matlab
(The MathWorks Inc., Natick, MA, USA).

3. Results
3.1. Shear wave elastography

One subject was excluded from further analysis because of a previ-
ously undiscovered scoliosis, while four subjects were excluded because
their disc could not be imaged properly. Demographic data and the main
results of the remaining 25 subjects was reported in Table 1. The subjects
excluded due to imaging issues had a BMI between 24 and 30 kg/m?,
with discs at depths between 3 and 6 cm. Average disc depth was 3.7 +
1 cm, with depths ranging from 2.5 to 6.1 cm. Disc depth was correlated
with BMI (R = 0.7, p = 0.0007).

Average SWS in AF at the L3-L4 level was 4.0 + 0.9 m/s. SWS was
significantly correlated with BMI (R = 0.4, p = 0.04) but not with age (p
= 0.6). However, as shown in Fig. 3, both correlations were significant
when pooled with previously published data on children [11]. Gender
did not have a significant effect on SWS (p = 0.7). Inter-operator
reproducibility of SWS was 8.7% and intra-operator repeatability was
5.6%.

Table 1
Demographic data.
Sex 14 women and 16 men
Age (years) 36 +16.5
Weight (m) 68.8 +13.2
Height (kg) 1.7+ 0.1
Body mass index (kg/m?) 23.2 + 3.4
Disc depth (cm) 3.7 £ 0.9
Annulus shear wave speed (m/s) 4.0+ 0.9
Lamellar thickness (um) 255.01 + 26.9

3.2. Ultrasonography

Eight subjects were excluded from this analysis because it was not
possible to clearly image the lamellae. On the remaining twenty-two
subjects, average lamellar thickness was 255 + 27 um, and it was
correlated with SWS (R = 0.77, p < 0.0001). Inter-operator reproduc-
ibility of lamellar thickness measurement was 24.7 um (9.6%) and intra-
operator repeatability was 19.6 pm (7.6%). Average pixel size of the
ultrasound images was 71 pm.

No significant effect of age or BMI were observed (p > 0.05), but both
correlations were significant when values were pooled with previous
data on children (Fig. 4).

4. Discussion

In this study, ultrasonography and SWE were applied for the first
time to adult lumbar disc to assess the structural and mechanical
properties of AF. Ultrasonography gave access to the lamellar thickness
while SWE measured the SWS, which is related to tissue mechanical
properties. While the theoretical relationship between SWS and me-
chanical properties is straightforward (SWS = \/W), it relies on
several hypotheses which are not necessarily valid in the annulus
fibrosus (homogeneity, infinite medium, etc.). For this reason, in this
work only SWS was provided and not its corresponding shear modulus
or, under the hypothesis of incompressibility, its Young’s modulus E (E
~ 3u) [7]. Therefore, SWS should be considered as a biomarker related
to the intervertebral disc mechanical properties.

Reproducibility of SWE was 8.7%, with negligible operator effect,
which is only slightly higher than uncertainties reported for applications
in children (6.2%, [14]). SWE measurement was not possible in 4 sub-
jects (13% of the cohort), which is not negligible. It is our opinion that
the challenge in SWE of the disc in adults only partially depends on disc
depth in the abdomen, but tissue characteristics and ultrasound ab-
sorption also play a role. These subjects had similar BMI and disc depths
to the rest of the cohort. In other words, it appears that measurement is
not feasible in one out of four subjects with BMI > 24 kg/m?. Age does
not seem to play a factor in feasibility, since these subjects’ ages ranged
between 27 and 66 years, nor does disc depth. It is possible that lower
frequency probes (1-6 MHz) could allow SWE assessment of the annulus
fibrosus, but resolutions obtained at this frequency might not be suffi-
cient to characterize the lamellae.

Measurement of average lamellar thickness was not feasible in six
subjects (20% of the cohort). Three of them coincided with the patients
for which SWS measurement was not feasible, suggesting a limitation of
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ultrasound penetration. However, the remaining three subjects had low
to normal BMI (between 17 and 26 kg/m?). While the lack of visibility of
the lamellae could be still due an insufficient ultrasound penetration, it
could also be due to a loss of architecture of the AF due to some stage of
disc degeneration, and therefore a loss of lamellar organization. This
would be consistent with the fact that the IVD tends to slowly and
progressively degenerate with age starting during childhood (Wu and
Huang, 2017), but this hypothesis should be confirmed with a study
comparing ultrasound and MRI measurements in healthy and degen-
erated discs.

Previous works also found that average SWS for children and ado-
lescents was 3.0 £ 0.3 m/s [15] whereas an average of 4.0 = 0.8 m/s
was found in the present study including adults from 22 to 67 years old.
Fig. 3 confirms that this difference is due to the different age of the two
cohorts. It also shows that aging affects SWS in the annulus fibrosus,
corresponding to an increase of tissue stiffness with age. This is consis-
tent with the known natural stiffening of the spine occurring with aging
[2,16]. However, this aging effect observed with SWS could also include,
or hide, a component of progressive but asymptomatic degeneration of
the disc. For instance, previous studies proved that pathologic discs in
adolescent idiopathic scoliosis are stiffer than healthy ones [15]. This
hypothesis is also corroborated by the increase in variability that can be
observed with age, suggesting that older discs are more affected by their
history. However, this is still speculative at this stage, and it is impos-
sible to state if some of the discs were pathological, and in particular the
ones showing extreme SWS values observed, for instance higher than 5

m/s. Therefore, further studies should clarify the relevance of SWS as an
early biomarker of disc degeneration by comparison with other imaging
methods.

A previous study found and average lamellar thickness of 229.7 +
91.5 um for subjects aged from 10 to 16 years old [9], which is similar to
the value obtained in this study (257.4 + 27 pm). However, Fig. 4
suggests that ages do play a role in the lamellar organization of AF, as
previously suggested by Marchand and Ahmed [17]. Lamellar thickness
was also correlated with SWS (Fig. 4); this could be expected, as it
confirms that AF microstructure plays a role in its macroscopic me-
chanical properties. It is possible that thicker lamellae correspond to
more densely packed collagen fibers, and hence a stiffer tissue which
would show higher SWS.

The main limitation of the proposed technique is that measurement
was not possible in some subjects. This should be further investigated, to
ascertain if only disc depth and the properties of the overlying tissue
limit ultrasound penetration, or if the actual IVDs presented properties
that impeded ultrasound penetration. In the latter case, these discs
might be the ones which would benefit more from further clinical
assessment, and the impossibility of acquiring SWE images could
represent a biomarker itself.

Another limitation is the uncertainty concerning the measured spine
level, since the aortic bifurcation corresponds to the L4 level in only 64%
of the population. Spine radiographs can in some cases help in deter-
mining the location of the discs, for instance relative to the iliac crests.



5. Conclusions

This study showed that biomechanical and structural characteriza-
tion of adult AF with shear wave elastography and ultrasonography is
feasible and reliable. SWS and lamellar thickness in AF increased with
age, which might be due to disc aging or slow progression of disc
degeneration; this aspect requires further investigation.

SWE and ultrasonography are non-invasive and radiation-free
methods, easy to access in clinical routine, and therefore they show
great potential to obtain biomarkers of disc health.
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