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Abstract

Purpose Distinct normal physiological patterns of fat conver-
sion in vertebrae were described both for children and adults.
Our aim was to evaluate the T1-weighted bone marrow pat-
tern of the vertebral bodies in various sites along the scoliotic
spine of children with adolescent idiopathic scoliosis (AIS).

Methods We retrospectively evaluated spine MRI studies of
children with AlS. Scoliosis radiographs were assessed for
type of curvature according to the Lenke classification. A
paediatric neuroradiologist assessed the T1-weighted signal
of vertebral bodies in comparison with the adjacent disc and
distinct patterns of fatty conversion within the apical and sta-
ble vertebral bodies. Statistical assessment was performed.

Results MRI study of the spines of 75 children with AIS were
assessed, 59 (79%) of whom were female, with an age range
of nine to 19 years. The relative overall T1-weighted signal
intensity of the vertebral body bone marrow relative to the
intervertebral disc was hyperintense in 76% and isointense in
24%. Fatty conversion grade of the stable vertebra was higher
than the apex vertebra (p = 0.0001). A significant tendency
to have more advanced fat conversion patterns in the apex
vertebra up to age 13.5 years old compared with adolescents
above that (p = 0.015) was seen.
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Conclusion This preliminary study suggests a different pat-
tern of bone marrow conversion in AlS from the normal
physiologic pattern described in the literature. Whether these
changes are secondary to the biomechanics of the curved
spine or may suggest that bone marrow maturation rate and
content have a role in the pathogenesis of AlS remains to be
further researched.
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Introduction

Adolescent idiopathic scoliosis (AIS) is the most com-
mon cause of scoliosis. According to White and Panjabi’
scoliosis may be defined biomechanically as an abnor-
mal deformation between and within vertebrae; too
much curvature of the spine in the frontal plane, and too
much vertical axis rotation in the wrong direction. Such
an occurrence can set off a chain of events which lead
to asymmetrical loads on the epiphyseal plates, muscle
and ligamentous imbalance and progression to scoliosis.
With time, the unbalanced forces acting on the epiphyses
lead to structural changes. These forces working on the
segments of the growing spine can result in a progres-
sive deformation of individual vertebrae because of Huet-
er-Volkmann’s low." Guo et al** reported that scoliotic
spines had, in the thoracic region, longer vertebral bodies
and shorter pedicles with a larger interpedicular distance
as compared with normal controls. These morphological
changes were also shown by Parent et al* who described
a significant decrease in the height of the vertebral bodies
on the concave side at the apex of the curve and pedicles
which were smaller and shorter then on the convex side.
Dayer et al® reviewed the literature regarding suggested
aetiology and pathogenesis, including the possibility that
this is an inherited complex disease of childhood, and
conclude that the primary aetiology of this common con-
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dition remains unclear. MR imaging research of patients
with scoliosis has concentrated on morphometric mea-
surements of skull and spine, assessment of T2-weighted
changes in the intervertebral discs, evaluation of the spinal
cord, cranio-cervical junction and brain morphometrics.®
Our search of the literature did not find any description of
bone marrow conversion pattern in these children.

T1-weighted imaging of the bone marrow has been
demonstrated to be sensitive to bone marrow matura-
tion changes during life.” An increase in T1-weighted
signal of the vertebral marrow reflects conversion from
haematopoietic rich marrow to fatty replacement. The
most striking change in bone marrow content, and hence
its appearance on T1-weighted imaging, takes place in
infancy. Distinct normal physiological patterns of fat con-
version in vertebrae were described both for children® and
adults.?

Our aim was to evaluate the T1-weighted bone marrow
pattern of the vertebral bodies at various sites along the
scoliotic curve in children with AlS.

Patients and methods

In our institution (Dana Children’s Hospital, Tel Aviv
Sourasky Medical Center), children with AIS who are con-
sidered for surgery are evaluated with MRI of the entire
spine as part of presurgical workup. After institutional
review board approval, we retrospectively evaluated the
records and imaging studies of 75 children with AIS that
were evaluated with MRI study of the spine prior to surgi-
cal interventions. Scoliosis radiographs were assessed by a
paediatric orthopaedic surgeon (LS) for type of curvature
according to the Lenke classification °, measurement of
the Cobb angle, and depiction of the apex, end and stable
vertebrae for each curve.

The sagittal T1-weighted sequence from each MRI
study was evaluated by a paediatric neuroradiologist
(SIS), and the following data was collected:

The T1-weighted signal of the vertebral body was com-
pared with the T1-weighted signal of the adjacent disc
and described as hypo-, iso-, or hyperintense.

Three distinct patterns of bone marrow fatty replace-
ment as demonstrated by increased T1-weighted sig-
nal within the bone marrow of the vertebral body were
noted: no distinct area of increased signal (type 1), lin-
ear increased signal along the basivertebral vein (type 2)
and thicker areas of increased signal either along the
basivertebral vein or wedge-like increased signal in the
anterior aspect of the vertebral body (type 3), as shown
in Figure 1.

The data was collected for the apical vertebra, the ver-
tebra above and below the apex, the upper and lower end
vertebra and the stable vertebra for both the primary and
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secondary curve, if present. A third of the studies were
additionally evaluated by a second paediatric neuroradiol-
ogist (LB) and interobserver variation was assessed using
the Kappa measure of agreement.

Statistical analysis

Statistical assessment for association between bone mar-
row pattern of the apex vertebra to age, gender, Lenke
classification and degree of cob angle were performed
using Pearson chi-squared tests. Association between
bone marrow pattern of the apex vertebra to the bone
marrow pattern of the stable vertebra were assessed with
Pearson chi-squared test and the Wilcoxon signed-rank
test. Relation of age by primary curve apex vertebra bone
marrow pattern and age by stable vertebra bone marrow
pattern were assessed with one-way analysis of variance
(ANOVA).

Results

MRI studies of the spine of 75 children with AIS were
assessed, 59 (79%) of whom were female and 16 (21%)
of whom were male, with ages ranging from nine to 19
years. In all, 51% of children had scoliosis with primary
thoracic curve, 42% had double curve pattern and 7%
had primary (thoraco) lumbar curve pattern; Table 1 pres-
ents the prevalence of the different Lenke classification
subtypes.

The relative overall T1-weighted signal intensity of the
vertebral body bone marrow relative to the intervertebral
disc was hyperintense in 76% and isointense in 24%, no
patients demonstrated relative hypointense signal.

The vertebral body bone marrow patterns of focal fat
distribution within the scoliotic spine are represented in
Figure 2. There was a statistically significant difference (p
= 0.0001) between the bone marrow pattern of the apex
vertebra of the primary curve to the bone marrow pat-
tern of the stable vertebra, with a tendency for the stable
vertebra to show a higher grade of fat conversion com-
pared with the apex vertebra. This was also demonstrated
by the Wilcoxon signed-rank test (p = 0.00013). No sta-
tistically significant changes were found when correlating
the bone marrow pattern of the apex vertebra to gender,
Cobb angle or the Lenke classification. Assessing distribu-
tion of age by vertebral apex bone marrow pattern using
one-way ANOVA demonstrated a significant tendency to
have more advanced fat conversion patterns (57% type 3,
33% type 2) up to the age of 13.5 years compared with
adolescents above that age (40% type 2, 40% type 1) (p
= 0.015). No similar significant tendency was found for
the stable vertebra bone marrow pattern. Interobserver
agreement was substantial with mean kappa score 0.88
(0.68 to 1.00).

J Child Orthop 2018;12:181-186



T1 MRI OF BONE MARROW PATTERN IN CHILDREN WITH AIS

JOURNAL OF
CHILDREN’S ORTHOPAEDICS

Fig. 1 Type 1:overall T1-weighted signal increased compared with disc signal. No focal areas of increased T1-weighted signal, consistent
with focal fatty change, are present (a). Type 2: linear areas of increase T1- weighted signal above and below the basivertebral vein,
reflecting linear focal fatty change (b). Type 3: larger areas of increased T1-weighted signal reflecting increased areas of fatty change,
either by thickening of the linear areas along the basivertebral vein (c) or wedge shape areas of increased T1-weighted signal along the

peripheral central portion of the vertebral bodies (d).

Table 1 The prevalence of the different Lenke classification subtypes

Primary thoracic curve pattern

Lenke la 7 (9%)
Lenke Ib 19 (26%)
Lenke Ic 8 (11%)
Lenke llb 4 (5%)

Primary (thoraco) lumbar curve pattern
Lenke Vc 5 (7%)

Double curve pattern

Lenke Illb 3 (4%)
Lenke llic 22 (29%)
Lenke Vic 7 (9%)

J Child Orthop 2018;12:181-186

Discussion

This is the first study that describes the patterns of bone
marrow fat conversion in children with AlS and found it
to be different than the normal age-related physiological
pattern. We found a statistically significant difference in
fat conversion pattern between the primary curve apical
vertebra and the stable vertebra with more progressed fat
conversion in the stable vertebra. We also found age-re-
lated difference regarding fat conversion pattern of the
primary curve apical vertebra with younger children
demonstrating more advanced fat conversion pattern.

On T1-weighted imaging, increased signal within the
bone marrow reflects increased fat content in the tissue
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Fig. 2 The vertebral body bone marrow patterns of focal fat distribution within the scoliotic spine.

and hence conversion from red marrow to yellow mar-
row,” with the most striking change from low signal inten-
sity to high signal intensity taking place in the first year of
life."" In our study, we evaluated the overall T1 signal of
the vertebral body bone marrow compared with the adja-
cent disc; no children demonstrated relative hypointense
signal, which is consistent with the findings in normal lum-
bar spine of children as been described.®'? In our study the
overall bone marrow T1 signal relative to the adjacent disc
was hyperintense in 76% of the children and isointense in
24% of the children. These findings are somewhat different
from those described in normal children by Sebag et al;®
in their study 50 children were in the age group five to 15
years and within that group 90% demonstrated an overall
increased T1 signal in the bone marrow compared with the
disc, and 10% demonstrated isointense signal. Our study
population age range included older children but with suf-
ficient overlap to allow for comparison; this discrepancy
suggests possible lag in bone marrow conversion in chil-
dren with AIS compared with the normal population.
When assessing the more specific fatty marrow conver-
sion patterns the most interesting finding is the relative
heterogeneity of maturation pattern along different verte-
brae of the curved spine. Studies describing bone matura-
tion on MRI do not report significant difference between
the cervical, thoracic and lumbar spine. In our study we
found a statistically significant change between the apex
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vertebra and the stable vertebra with a tendency of the
stable vertebra to have more advanced fatty replacement
than that of the apex vertebra. The stable vertebra was
a lumbar vertebra in all cases with 10% pattern 1, 41%
pattern 2 and 49% pattern 3. In the normal population
reported by Sebag et al® 36% pattern 1, 40% pattern 2 and
24% pattern 3 were noted in the similar age group. These
results raise a question regarding the possible shift to more
mature pattern of fatty conversion in the lumbar stable
vertebra compared with the reported normal population.

An interesting observation is the tendency of younger
patients to advanced patterns of fat replacement in the
apex vertebra and similar patterns of fatty conversion in
apex and stable vertebrae. As these MRI studies are pre-
formed when surgery is planned, a younger age at the
time of the study reflects severity of scoliosis leading to
earlier intervention. Interestingly we did not find statisti-
cally significant correlation between the Cobb angles of
the primary curve to the apex vertebra pattern.

Our results suggest that patients with AIS may have
a different bone marrow conversion process then the
expected physiologic changes. Studies have shown that
AlS is regarded as a multifactorial disease and a variety
of causes were postulated to be part of its aetiology.>'
Unbalanced growth and loss of alignment can be affected
by asymmetrical mechanical loading on the spine.™' The
skeleton is characterized by its ability to adapt to external

J Child Orthop 2018;12:181-186
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forces. This adapting/remodelling capacity raises an array
of interesting questions regarding the mechanical control
of the musculoskeletal system during growth and develop-
ment as well as aging. Mechanical forces have an import-
ant role in embryonic development.’® Mechanical loads
are transformed into biological signals affecting bone for-
mation and resorption. It was suggested that osteocytes
are involved in the continuous adaptation mechanism'-
and there is a molecular basis for mechanotransduction
that regulates the mechanical effects on the skeleton.?
The mechanical environment is important in regulating
the structural adjustment of the skeleton.’® New bone is
added in response to increase loading whereas bone is
removed in response to unloading or disuse. The differ-
ential growth rate between the vertebral bodies and the
posterior elements causes distortion and rotation.?* The
structural curve is rigid and cannot be corrected by active
muscle forces. This curve usually consists of deformation
within vertebrae; there is wedging and distortion of the
osseous structure, and the ligamentous components of
the curve are stiff.” Highly wedged discs were observed
near the apex of the curve.?' It is well known that a balance
exists between the adipocytes and the bone tissues within
the marrow cavity.?? Both tissues are derived from the com-
mon pluripotent mesenchymal cell stem. There are cellular
interrelationships between marrow adipocytes and osteo-
blasts. Specific stimuli such as growth factors may induce
preferential differentiation of the stem cells to osteoblasts
or adipocytes. This differentiation pathway has a recipro-
cal manner and the balance between the two cell popula-
tions may determine an increase or decrease in bone mass.
Increased adipocytes within the marrow cavity come on the
account of decreased hematopoiesis. It was shown? that
low-magnitude mechanical stimuli act at the level of the
stem cells by enhancing osteoblastic activity and decreas-
ing adipogenesis.?*2 Further research is needed to better
understand the cause and effect relationship between the
mechanical forces and the processes of osteoblastic activity
and adipogenesis in the pathogenesis of AlS.

The main limitation of this study is related to its retro-
spective nature as the children were scanned in different
MRI machines in different imaging centres, not allow-
ing for consistency of technique. This major limitation
requires caution in our interpretation of the bone mar-
row pattern compared with the normal pattern reported
in the literature, although good interobserver correlation
validates our results. An additional major limitation is lack
of a normal control group, as we could not find a suffi-
cient number of age-matched MRIs of the spine of teens
without scoliosis and with no disease that interferes with
the normal signal within the vertebral bodies; this is the
reason we regard this work as preliminary. We believe this
first attempt at assessing the bone marrow in scoliotic
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patients suggests changes in pattern of bone marrow
conversion from the expected physiologic process, and
further controlled prospective studies with more consis-
tent and improved technique are warranted to elucidate
if these changes reflect secondary changes to the biome-
chanics of the curved spine and/or may suggest that bone
marrow maturation rate and content may have a role in
the pathogenesis of AlS.
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