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1. Introduction

ABSTRACT

Introduction: The intervertebral disc (IVD) is made up of the annulus fibrosus (AF) and the nucleus pul-
posus (NP) - an inert hydrated complex. The ability of the IVD to deform is correlated to that of the NP
and depends on its hydration. As the IVD ages, its hydration decreases along with its ability to deform.
In adolescent idiopathic scoliosis, one of the etiological hypotheses pertains to the IVD, thus making its
condition relevant for the diagnosis and monitoring of this pathology.

Hypothesis: IVD hydration depends on sex, age and spine level in an asymptomatic pediatric population.
The corollary is data on a control group of healthy subjects.

Material and methods: A cohort of 98 subjects with normal spine MRI was enrolled; their mean age was
13.3 years. The disc volume and hydration of each IVD was evaluated on T2-weighted MRI sequences,
using previously validated image processing software. This evaluation focused on the lumbar spine, from
the thoracolumbar junction to the lumbosacral junction. It was assumed that IVD hydration was related
to the ratio of NP and AF volumes. A mixed multivariate linear analysis was used to explore the impact
of age, sex and spinal level on disc hydration.

Results: Disc hydration was higher overall in boys than in girls, but this difference was not significant.
Hydration increased with age by +0.005 for each additional year (p=0.0213). Disc hydration appears to be
higher at the thoracolumbar junction than the lumbar spine, although this difference was not significant.
Conclusion: Through this MRI study, we established a database of non-pathological lumbar disc hydration
as a function of age, sex and spinal segment along with 95% confidence intervals.

Level of evidence: V.

IVD hydration depends on its proteoglycan content. Under
physiological conditions, fluid and proteins are exchanged by a

Homeostasis of the vertebral segment is associated with dif-
fusion between the intervertebral disc (IVD) and the adjacent
vertebral body through the cartilaginous endplate [1]. In adults,
the IVD is an avascular structure in which liquids pass from the
nucleus pulposus (NP) (hydrated complex) toward a peripheral
laminal structure, the annulus fibrosus (AF). The disc’s vasculari-
zation changes gradually during growth to dwindle at the end of
the trunk’s growth in pre-adulthood.

* Corresponding author. Hopital des enfants, 30, avenue de Grande-Bretagne,
31059 Toulouse, France.
E-mail address: manon.bolzinger@outlook.fr (M. Bolzinger).

mechanotransduction process, involving hydrostatic and cyclic
osmotic pressure associated to the circadian rhythm [2,3]. The
composition and organization of the IVD extracellular matrix
determines its biomechanical properties. These vary with age,
physiological status and spinal level. Water loss is one of the first
signs of IVD pathology [4]. Our study focused on a pediatric popu-
lation that will serve as a control group for the study of adolescent
idiopathic scoliosis (AIS). Among the multiple etiological factors
for AIS, one of the hypotheses is based on the IVD. MRI is used for
the diagnosis and follow-up of this disease [5-7]. After posterior
spinal fusion, the reaction of the instrumented discs subjected to
additional stresses is related to the instrumentation level and the
number of levels fused [8,9]. A landmark study [10] suggested that
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Fig. 1. Semi-automated segmentation and automated volume reconstruction (Biomechlab®) of IVD from MRI slices (L5-S1 to L1-L2).

three clusters exist based on the composition of the IVD’s extracel-
lular matrix and its hydration: less than 5 years, between 25 and
40 years, between 40 and 80 years. A follow-up study [11] showed
that lumbar IVD maturation is related to increased hydration.

We hypothesized that between 7 and 20 years, the hydration of
non-pathological IVDs depends on seX, age and spinal level. The pri-
mary aim of this study was to determine the relationship between
lumbar IVD hydration and sex, age, and spinal level in a pediatric
population free of spinal conditions. The secondary aim was to gen-
erate mathematical curves to predict lumbar IVD hydration as a
function of sex, age and spinal level in a pediatric population.

2. Materials and methods
2.1. Patient population

This retrospective study included 98 consecutive subjects (50%
girls) between 7 and 20 years of age who underwent a spinal MRI
at the Toulouse University Hospital that was considered normal.
These subjects had undergone an MRI for the diagnosis of a uro-
logical or neurological disease, or lumbar pain over a 2-year period
(04/2015-04/2017). To be included, no spinal disease or spinal pos-
tural disease could be detected after the MRI images were read by
a pediatric imaging specialist.

The mean age of the included subjects was 13.3 years (SD=2.92).
Our evaluation focused on the lumbar spine, from the thoracolum-
bar junction to the lumbosacral junction. The MRI acquisition
consisted of T2-weighted sequences in the sagittal plane with 15
to 20 consecutive slices per patient. The MRI unit was a PHILIPS
Achieva X-Series 3.0T.

2.2. Disc volume

Automatic IVD detection and segmentation on MRIimages is not
yet optimized despite recent progress [12,13]. Thus, our procedure
made use of previously validated Biomechlab® image processing
software [5,6,14], which was developed in the MATLAB environ-
ment (MathWorks®). After automated decoding of the DICOM
images, the disc volume was extrapolated using semi-automated
detection of the AF and NP outlines. The protocol was repeated by
a spine surgeon on each sagittal slice. Each disc was visible on an
average of 10 sequential slices. The IVD segmentation and 3D recon-
struction based on MRIdatais shownin Fig. 1. The discs from T12-L1
to L5-S1 were evaluated. Anatomically, the NP was identified as a
highly hydrated tissue resembling a viscous fluid, appearing as a

hyperintense signal on T2-weighted images. The 2D segmentation
of MRI slices and the 3D reconstruction were used to define the disc
hydration as the ratio of NP volume to AF volume. The water con-
tent is concentrated in the NP; its volume gets smaller when the
IVD is dehydrated, while the IVD’s overall volume does not change.
This relationship between IVD hydration and the NP/IVD volume is
anatomically reliable.

2.3. Statistical analysis

For the statistical analysis, a mixed multivariable linear model
was used to take into consideration the interindividual variation
in patients. We sought to set up a hydration model by spinal level
(T12-Lq to L5-S7), sex (boy or girl) and age. The age of the cohort
corresponds to the ages at which AIS evolves [15,16]. Significant
findings were defined as those with p <0.05.

A generic statistical model of IVD hydration distribution was
proposed by age, sex and spinal level. Twelve models were gener-
ated with 95% confidence intervals (CI).

3. Results

Table 1 summarizes the raw values of the disc volume based
on the segmentation of the MRI images by spinal level and for the
entire cohort (n=98). The mean IVD volume was 8973 mm? and
the mean NP volume was 2823 mm?3. The mean hydration ratio
was 0.335. The findings are summarized in Fig. 2.

Table 2 summarizes the statistical analysis of hydration by age,
sex and spinal level based on the mixed multivariate linear model.

The T12-L1 disc was used as the reference when investigating
the effect of spinal level. Hydration in the lower levels was always
less thanin the T12-L1 disc, but not significantly (0.1 < p <0.8). Also,
hydration decreases along with spinal column, but not significantly
(p=0.4915).

As for sex, the boys were used as a reference. Disc hydration
was lower in girls by an average of —0.0158 although this was not
significant (p=0.21).

A generic statistical model of the population was generated
based on linear regression with 95% CI. The variations in hydra-
tion by age, sex and spinal level are shown in Fig. 3. These models
showed that hydration increased in boys independent of the spinal
level and was slightly higher than in girls. In girls, age had no impact
onT12-L1and L5-S1 hydration while it had minimal impact on discs
L1-L2 to L4-L5.



Table 1
Distribution of quantitative variables in the pediatric cohort (n=98). The volume and hydration ratio are classified by spinal segment with p25 =25th percentile, p50 = 50th
percentile, p75=75th percentile and SD = standard deviation.

Parameter Mean SD Min p25 p50 p75 Max
IVD volume (mm?)
T12.L1 7611.3 3175.7 21274 5327.4 7183.6 9310.0 17863.1
L1.12 9593.0 3934.2 2325.5 6874.8 8836.1 12023.9 21111.2
L2113 10012.5 3624.9 2821.3 7770.0 9480.4 11766.2 19257.0
L3.14 10039.8 3261.9 3365.4 8304.6 9324.5 11394.7 20510.0
L4.L5 9169.9 30314 3184.0 6997.4 8680.8 10822.1 19394.5
L5.S1 7407.2 2526.0 1541.6 5725.1 6979.9 8907.7 13586.8
NP volume (mm?3)
T12.L1 2496.3 1585.7 338.2 1234.9 1890.7 3633.5 77154
L1.L2 3091.5 1787.7 499.0 1685.5 2808.5 3916.2 7756.3
213 3196.0 1625.6 563.0 2092.4 2699.0 3996.4 8135.0
L3.L4 3110.0 1516.1 839.2 2047.4 2777.8 3955.5 7291.2
L4.L5 2830.7 1195.6 837.5 1891.0 2570.1 3586.7 5727.2
L5.51 2216.8 905.0 348.0 1596.6 2072.7 2795.8 4824.7
Hydration
T12.L1 0.31 0.10 0.13 0.23 0.30 0.37 0.81
L1.1L2 0.31 0.07 0.14 0.26 0.31 0.35 0.50
213 0.31 0.06 0.16 0.26 0.30 0.35 0.51
L3.L4 0.30 0.07 0.15 0.25 0.30 0.35 0.50
L4.L5 0.31 0.07 0.16 0.26 0.30 0.35 0.48
L5.51 0.30 0.07 0.15 0.26 0.29 0.34 0.68
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Fig. 2. Distribution of IVD hydration along the lumbar spine (T12-L1 to L5-S1) and by sex.

Table 2
Description of the mixed multivariate linear model for the pediatric cohort. Disc hydration was determined relative to spinal level, age, and sex. Hydration in the T12-L1 disc
was used as a reference.

Parameter Mean SD t test p Min Max
Segment

L1.L2 —0.00315 0.0068 -0.52 0.60 -0.01514 0.008842
Segment

L2.13 —0.00143 0.0059 -0.23 0.81 —0.01342 0.01056
Segment

L3.L4 —0.00928 0.0065 -1.52 0.13 -0.02127 0.002711
Segment

L4.L5 —0.00298 0.0061 -0.49 0.62 —0.01497 0.009010
Segment

L5.51 —0.00957 0.0071 -1.57 0.12 —0.02156 0.002422
Gender

Female —0.01580 0.0126 -1.25 0.21 —0.04055 0.008953
Age

0.005007 0.0021 231 0.021 0.000747 0.009266
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Fig. 3. Distribution of IVD hydration for the pediatric cohort (n=98) by sex, age and spinal segment. The solid line is the best linear fit. The blue area is the 95% confidence

interval and the dotted lines are the limits of the 95% prediction interval.

Our models allowed us to generate IVD hydration prediction
intervals. As expected, these had a wide range because of the addi-
tional uncertainty related to predicting individual values.

4. Discussion

Our main hypothesis — that IVD hydration was related to sex,
age and spinal level — was partially confirmed. The influence of sex
was not statistically significant although disc hydration level was
generally lower in girls. The two subgroups were comparable in
terms of age: mean age in girls was 13.4 years (range, 7.0-18.6),
mean age in boys was 13.3 years (range, 7.0-19.2). This sex-related
trend could be an argument in favor of the IVD being involved in the
development of IAS, which is more common in girls. This hypothesis
must be explored further, especially on IVD in the thoracic region,
since our study was done solely on the lumbar spine whereas AIS
has a right thoracic curvature.

The impact of spinal level was also investigated. While the
thoracolumbar discs had higher hydration, this finding was not sta-
tistically significant. Hydration increases with age and appears to
level off in the oldest patients of this cohort. An increase of +0.005
in the NP/AF ratio for each additional year was found in the overall
cohort.

Histology studies have shown the IVD is a very specific struc-
ture, whose role is closely related to the adjacent cartilage. The
chondrocyte-like cells in the NP produce type Il collagen, while the
chondrocyte-like cells in the cartilage and AF product both type |
and II collagen [17]. Unlike in adults, during the first decade of life,
blood vessels are visible in the AF and adjacent cartilage. The num-
ber of blood vessels decreases over time [17]. The water content
depends on the presence of proteoglycans and collagen fibers form-
ing the retentive framework [10,18]. The proteoglycans and water
on one hand, and the collagen fibers on the other, have opposing
distributions in the IVD. The amount of the former increases while
the amount of collagen decreases from the periphery towards the
NP. In the literature, there is a distinction between maturation and
degeneration, separating processes before 10 years and after 20
years [19]. The lumbar IVD hydration increases with maturation
during the first two decades [11] then decreases after 25 years of
age. IVD hydration peaks around 2 to 5 years of age, then decreases
after 25years [10], although there is no data on the in-between ages.
In this symptomatic pediatric population, the hydration increased
between 7 and 20 years of age. These results should be applicable
to children 5 to 11 years; however, no MRI of normal spines were
available for analysis in children of this age.

Homeostasis of a spinal level is due to mass transport between
the disc and vertebral body through the vertebral end plates. The

disc’s vascularization decreases gradually from childhood though
pre-adulthood, at which point it is non-existent. The disc has very
good clinical and mechanical properties when these exchanges are
well established. The NP is highly hydrated relative to the AF. Con-
sequently, the ratio between the NP volume and the IVD volume
can be used as an index of disc hydration and may represent the
health of the spinal segment. In a clinical context, hydration can
be measured on MRI slices. When following patients with scoliosis,
adding disc hydration to the MRI assessment allows us to explore
the poromechanical behavior of the segments and can guide the
clinical decision making (location and extension of the instrumen-
tation). Restoring the hydration levels postoperatively may be used
to predict future clinical complications.

While this study is original, it has certain limitations. Most
subjects had undergone the MRI in the context of urological or
neurological conditions; however, 14% of subjects had an MRI for
a low-back pain. Spine pathology was ruled out by the radiologist
reading the images. Since this was a retrospective study, the time
of day at which the MRI scans were completed was not controlled.
The acquisitions were generally done in the morning to get around
the influence of daily activities. This non-controlled parameter may
be considered as a randomization element that contributes favor-
ably to the reliability of our findings. Not every subject had a full set
of data available; for example, morphological data such as kypho-
sis, lordosis and pelvic incidence were not always available [19,20].
The skeletal maturity and level of puberty were not known. Despite
these limitations, the size of this cohort (98 subjects) is acceptable,
given the challenges associated with creating a pediatric database.

5. Conclusion

This description of IVD hydration in a pediatric population free
of spinal pathology during peak growth years is novel. We believe
this cohort can be used as a control group for clinical studies. The
generic model created based on sex, age and spinal level is at the
heart of this study. It could be a reference database for studying
how the IVD impacts the changes in spinal curvature and stability
in adolescents with AIS.
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