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Abstract

Purpose To evaluate the three-dimensional (3D) characteristics of spine deformity in patients with non-idiopathic scoliosis
compared with those observed in patients with adolescent idiopathic scoliosis (AIS).

Methods A retrospective chart review was conducted to identify patients with non-idiopathic scoliosis. Twenty-cight patients
with neural axis (NA) abnormalities (Chiari 1, syrinx) and 20 patients with connective tissue disorder (CTD) (Marfan’s, Beal’s,
Ehlers-Danlos syndrome, mixed) were identified. The 3D parameters of the coronal, sagittal, and axial plane were compared with
284 AIS patients with a similar range of coronal deformity.

Results The average coronal curve was similar between all three groups (AIS 48 + 15°, CTD 43 +22°, and NA 49+ 18°%;p=0.4).
The NA patients had significantly greater 3D thoracic kyphosis (20 £ 18° vs 10 £ 15°, p =0.001) and less thoracic apical vertebral
rotation (—5+18° vs — 12+ 10°, p=0.003) when compared with AIS. The CTD group’s 3D thoracic kyphosis (p =0.7) and
apical vertebral rotation (p = 0.09) did not significantly differ from AIS. Significant negative correlations were found in all three
groups between thoracic kyphosis and coronal curve magnitude (AIS »=—0.49, CTD r=—0.772, NA r=-0.677, all p < 0.001).
Conclusions Scoliotic patients with NA abnormalities have a more kyphotic, less-rotated 3D profile than patients with AIS, while
scoliosis patients with CTD have 3D features similar to AIS. Irrespective of the underlying diagnosis, however, greater scoliotic
curves were associated with a greater loss of intersegmental kyphosis, suggesting a similar biomechanical pathophysiology for
curve progression.
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Introduction

Prior work has shown that adolescent idiopathic scoliosis
(AIS) is associated with hypokyphosis in the thoracic spine
[1-5] and that the sagittal deformity is under represented on
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plain radiography [6, 7]. The literature is sparse, however, in
defining the three-dimensional (3D) deformity of ambulatory
patients with syndromic scoliosis and scoliosis associated
with connective tissues disorders. Glard and colleagues exam-
ined the sagittal and axial plane of patients with Marfan’s
syndrome and found that apical axial rotation significantly
correlated with the coronal curve [8] and that segmental ex-
tension, or lordosis, was found at the thoracic apex in approx-
imately 80% of patients [9]. The two-dimensional (2D) de-
scription of syndromes as a result of connective tissue disor-
ders has focused on kyphoscoliotic deformities [10—14] while
the sagittal profile in syringomyelia is noted to be
hyperkyphotic in 2D [15-21].

It remains unclear whether the imbalance of spinal growth
with resultant hypokyphosis is a primary mechanism for col-
umn buckling or whether the continued anterior overgrowth is
due to the Hueter-Volkmann principle after the spinal column
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buckles out of plane. Examining the sagittal plane in
syndromic scoliosis with various curve sizes may help to shed
light on the influence of anterior overgrowth versus mechan-
ical effects leading to hypokyphosis. Thus, the purpose of the
current study was to examine the three-dimensional deformity
associated with syndromic scoliosis compared with idiopathic
scoliosis. Also of interest was the relationship of the true sag-
ittal deformity as it relates to the severity of the coronal curve
magnitude.

Materials and methods

Institutional review board approval was obtained for this sin-
gle-center, retrospective chart and radiographic review.
Medical records and group billing records were queried to find
patients treated for scoliosis that also had a diagnosis of a
syndrome (Marfan’s, Beal’s, Ehlers-Danlos, Syringomyelia,
Chiari 1 malformation). A total of 272 patients were found
with the medical record and 176 with the billing records.
There were 55 patients who came up on both search queries
leaving 393 unique patients. The individual charts were then
reviewed to determine the secondary diagnoses and determine
the magnitude of spinal curvature. The inclusion criteria in-
cluded one of the diagnoses of interest, a curve >20°, age
10<19 years, and synchronized, upright, biplanar spine ra-
diographs with the EOS imaging system (EOS Imaging, Paris,
France). Patients were excluded if they had undergone opera-
tions prior to the inclusion dates, any neuromuscular scoliosis
including spina bifida, cerebral palsy, polio, congenital scoli-
osis, paralytic scoliosis, or images that were not obtained with
the EOS imaging unit. Of the 393 patients, 48 met the inclu-
sion criteria: 20 with a connective tissue disorder (CTD) and
28 with a neural axis disorder (NA). A cohort of 284 AIS
patients who had EOS images were then matched to the other
groups based on distribution of curve sizes.

All patients’ images were loaded into SterEOS software for
3D spinal reconstruction from T1 to LS. The 3D reconstruc-
tions were subsequently exported to MATLAB for further
analysis. Previous work has shown these 3D reconstructions
to be accurate to within 1° of CT imaging for coronal Cobb
angle and thoracic kyphosis [22]. 3D measurements were
made utilizing local vertebral reference planes in order to min-
imize distortional effects of rotation as previously described
[7]. Such measurements allow for effective measurement of
sagittal deformity in its plane of origin by measuring the sag-
ittal kyphosis of each vertebra and disc individually, at zero
degrees of axial rotation, and subsequently summing these
measurements over a region of interest [7]. Kyhosis is repre-
sented as a positive value, lordosis a negative value.

The following were compared between the AIS, CTD, and
NA groups: sex, 2D coronal curve magnitude, pelvic param-
eters, 3D axial rotation, and 3D local-summed plane
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measurements for sagittal and coronal curves. For continuous
variables, ANOVA with the Bonferroni post hoc comparisons
was utilized. Pearson correlation coefficient was utilized to
evaluate the relationship between coronal curve severity and
3D local-summed measurement of T5-T12 sagittal kyphosis.
Analyses were performed utilizing SPSS v. 12 (SPSS Inc.,
Chicago, IL) and alpha was set at p <0.05 to declare
significance.

Results

There was a significant difference in the distribution of sex
across the three groups, with the AIS cohort having the lowest
percentage of male patients (16%), followed by NA (28%),
and CTD (45%), (p = 0.002). The 2D major coronal curve was
similar between the three groups: AIS 48+ 15°, CTD 43 +
22°, and NA 49+ 18° (p=0.41). Significant differences be-
tween the AIS and CTD groups were found in pelvic inci-
dence (52+£12° AIS, 46+ 14° CTD, p=0.023) and sacral
slope (44 +9° AIS, 38+ 13° CTD, p=0.013) (Table 1).

No differences were observed between the CTD and AIS
groups in terms of apical axial rotation of the proximal tho-
racic, thoracic, or thoracolumbar/lumbar curves. The NA dis-
orders group had significantly less rotation in all three curves
compared with the AIS group and less rotation than the CTD
group in the proximal thoracic and thoracolumbar/lumbar re-
gions (Table 1).

The NA group was found to have significantly more 3D
T5-T12 kyphosis (20 +18°) than the AIS cohort (10 +
15°)(p =0.001). The CTD group’s 3D T5-T12 kyphosis was
not significantly different than the other two groups’ (11 +
20°, p>0.1). The CTD group was significantly less kyphotic
from T10-L2 than the AIS group (—0.3° vs — 6°, p=0.048).
No significant differences were observed between any of the
groups in T1-T5 kyphosis (p =0.8) or T12-S1 lordosis (p =
0.09) (Table 1). In all three groups, greater coronal curve se-
verity was associated with less 3D thoracic kyphosis (AIS, =
—0.49; CTD, r=-0.77; NA, r=—0. (Fig. 1). An example
from each group of the 3D reconstructions and the 3D sagittal
profile can be found in Figs. 2, 3, and 4.

Discussion

Three-dimensional analysis revealed significantly different
sagittal profiles for patients with syndromic scoliosis com-
pared with those with AIS. The patients with connective tissue
disorders were found to have a sagittal and rotational profile
mostly similar to the idiopathic cohort, but with less pelvic
incidence and more kyphosis through the T10-L2 segment.
The thoracic kyphosis was similar to AIS. It may be possible
that in the connective tissue group, having less kyphosis is
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Table 1 3D apical rotation, 3D sagittal alignment, and pelvic parameter comparisons between groups
AIS NA CTD p value AIS vs. NA AISvs.CTD  NAvsCTD
3D apical rotation Prox. Thorocic 7+6° 1+8° 7+6° <0.001 <0.001 0.99 0.002
Thoracic —-12+10° —-5+18° —-7+12° <0.001 0.003 0.92 0.99
Lumbar 8+9° 3+11° 11+16° 0.023 0.047 0.96 0.038
3D sagittal T1-T5 17+8° 17+6° 18+ 14° 0.819
T5-T12 10£15° 20+18° 11+20° <0.004 0.001 0.754 0.125
T10-L2 —-6+12° —1+15° -03=+12° 0.03 0.055 0.048 0.99
T12-S1 -60+13°  —63+15° —-55+17° 0.093
Pelvic parameters Pelvic Incidence 52+12° 48 +12° 46+ 14° 0.03 0.12 0.023 0.99
Sacral Slope 44+9° 44+10° 38+£13° 0.017 0.668 0.013 0.147
Pelvic Tilt 8+8° 5+9° 7+9° 0.18

Bold values represent statistical significance

most compatible with the lower pelvic incidence so as to cre-
ate a more balanced transition between the lumbar and thorac-
ic regions of the spine.

The kyphosis in patients with neural axis associated scoli-
osis was found to be greater than that observed in the AIS
group. Ouellet et al. [17] and Loder et al. [16] also reported
increased thoracic kyphosis measured in 2D for patients with
syringomyelia versus those without. In the current study, the
thoracic kyphosis was measured in 3D by summing the ky-
phosis at each level between TS5 and T12 to account for the
distortion that is created by rotation and translation that is
observed on 2D images [7, 23]. While the average kyphosis
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Fig. 1 Scatterplot of correlation between 3D Cobb and Kyphosis.
Trendline for AIS is represented in solid gray line, connective tissue is
dotted black line, and neural axis is solid black line. All 3 correlations
were statistically significant (p <0.001)

in the neural axis patients was higher than that seen in the AIS
patients, it was still within the normal range described by the
Lenke classification [24]. Although that classification only
applies to AIS, it is important to understand how the
syndromic patients’ curve characteristics deviate from idio-
pathic scoliosis as this information may help to distinguish
which patients might need an MRI, particularly in the pres-
ence of hyperkyphosis [20].

Apical rotation was also significantly less in the neural axis
group compared with AIS, suggesting that these diagnoses
may have different mechanisms that cause the spinal column
to buckle out of plane. The neural axis population demonstrat-
ed a more pure coronal deviation than the sagittal flattening
and axial rotation seen in AIS.

One commonality between the three groups was that greater
coronal curve magnitudes were associated with less 3D thoracic
kyphosis. The benefit of the 3D analysis is that the observed
kyphosis is not due to rotational abnormality. As such, we spec-
ulate there may be a similar pathway of progression that in-
volves the spinal column buckling out of plane, which results
in an unloading of the spinal column in both the anterior and
convex directions that contributes to disproportionate growth
via the Hueter-Volkmann law, all of which feeds the “vicious
cycle” of progression discussed by Stokes et al. [25].

Limitations to the current study include its retrospective
nature. Additionally, this was a cross-sectional analysis which
helps to address differences in the sagittal and axial profiles
between diagnoses; however, the conclusions regarding pro-
gression are limited as serial data was not available to evaluate
progression within the same patients over time. It is clear that
there is an association between curve severity and kyphosis;
however, further study would benefit from the addition of
longitudinal data.

In conclusion, curves associated with connective tissue dis-
orders seem to closely mimic those of adolescent idiopathic
scoliosis in three dimensions, while neural axis disorders
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Fig. 2 3D models of the spine of
a patient with neural axis-
associated scoliosis. The figure
includes the PA view (left), lateral
view without adjustment for axial
rotation (center), and the 3D
lateral view after removal of the
axial plane deformity (right)

Fig. 3 3D models of the spine of
a patient with scoliosis associated
with a connective tissue disorder.
Lateral view without adjustment
for axial rotation (center), and the
3D lateral view after removal of
the axial plane deformity (right)
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Fig. 4 3D models of the spine of
a patient with adolescent
idiopathic scoliosis. The figure
includes the PA view (left), lateral
view without adjustment for axial
rotation (center), and the 3D
lateral view after removal of the
axial plane deformity (right)

demonstrate greater kyphosis in the sagittal plane and less
rotation in the axial plane. In this snapshot, the etiology and
three-dimensional deformity differed between groups.
However, with greater coronal deformity there was less tho-
racic kyphosis to frank lordosis. Irrespective of the underlying
diagnosis, larger scoliotic curves had less intersegmental ky-
phosis, suggesting a similar biomechanical pathophysiology
for curve progression.
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