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Abstract

Background The current classifications of adolescent idiopathic scoliosis (AIS) aim to guide surgical decision making.
However, variance exists within treatment recommendations and suboptimal outcomes have been observed while follow-
ing these guidelines based on two-dimensional images. We used previously developed 3D classification for right thoracic
AIS patients and aimed to determine the variation in surgical decision making and the risk of suboptimal outcomes in each
subtype according to our classification.

Methods Seventy-six right thoracic AIS patients with 2-year follow-up were included retrospectively. Five 3D preoperative
subgroups were determined based on a previous classification system. The upper and lower instrumented vertebrae (UIV
and LIV) and the radiographic surgical outcomes at 2-year [frontal balance (FB), proximal junctional kyphosis (PJK), and
adding on] were compared between the subtypes.

Results The fusion length and the rate of radiographic suboptimal outcomes were statistically different between the five
groups. LIV at T12 in Type 1 and UIV at T2 in Type 2 were associated with improved FB and lower PJK, respectively.
Type 3 had the highest rate of suboptimal FB and developing PJK. Type 4 had the longest fusion, and suboptimal FB was
observed in 42% of the patients independent from the LIV level. Type 5 had the lowest rate of unsatisfactory radiographic
outcomes at 2 years.

Conclusion Following the preoperative 3D classification of the AIS patients, we showed that the UTV and LIV selection has
a different impact on the surgical outcomes in each of the five subtypes. The proposed 3D classification has the potential for
risk stratification following a posterior spinal surgery in right thoracic AIS.
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curvature characteristics are important factor in surgical
decision making [1]. As such, these characteristics in both
two dimensions (2D) and three dimensions (3D) have been
used in several classifications to guide surgery [2-5]. Lim-
itations of 2D classifications in surgical decision making
have been highlighted in past studies, which have sug-
gested a need to consider additional criteria [6, 7].

Scoliosis is a 3D deformity, and as such, it stands to rea-
son that consideration of the axial plane may carry at least
as much prognostic significance as the coronal and sagit-
tal planes. Tomograms and stereoradiography technology
are putting 3D technology more in reach for orthopedic
clinics. However, a classification that takes into account
the 3D shape of the spine, without a need for complicated
image postprocessing, has not been made readily available
to average orthopedic clinics [3, 8].

We previously developed a 3D classification of the spi-
nal curve in right thoracic AIS [9]. This 3D classification
identified subtypes of patients using a 3D model of the
spine; however, we have subsequently noted that the sub-
groups could be extrapolated from a pair of frontal and
sagittal curve patterns, i.e., standard 2D images. In the
current study, we aimed to determine the differences in
the fusion levels and the surgical radiographic outcomes
of these subtypes of right thoracic AIS patients. The differ-
ences in the surgical outcomes as they relate to the fusion
levels in each subtype were discussed.

Materials and methods
Subjects

After ethical board approval, a total of 76 consecutive right
thoracic AIS patients treated with posterior spinal fusion
with 2-year follow-up were retrospectively reviewed. All
patients had biplanar spinal radiographs at preoperative,
within one-month postoperative (early postoperative),
and 2-year follow-up. Patients with a prior spinal surgery,
spondylolysis, spondylolisthesis, spinal deformity diag-
nosis other than idiopathic scoliosis and neuromuscular
conditions were excluded. Preoperative bending films
assessed the flexibility of the curves in the frontal plane.
All patients had direct vertebral rotations with one rod in.
Four surgeons performed the surgeries.

Image processing and classifications

We used a 3D classification method to group the cohort
at preoperative visit into five subtypes. The classification
method is described in detail in our previous work [9].
Briefly, to develop the 3D classification, the normalized 3D

line connecting the vertebral centroids and a hierarchical
classification determined the maximum number of the sub-
groups with distinctive pairs of frontal and sagittal curves
in a cohort of 103 patients [9]. A total of five subgroups
were identified based on this analysis. Figure 1 shows the
five subgroups in frontal, sagittal, and axial views. The
global gravity axis was used to generate the axial view. The
specifications of each subtype are as follows:

Type 1: Normal thoracolumbar kyphosis [2, 4]. C7
is posterior to sacrum, thus a negative sagittal verti-
cal axis (SVA). In the posterior view, T1 is leveled or
tilted to the right. The direction of vertebral rotation,
determined by the pedicles position, changes in the
thoracolumbar region (S-shaped axial view).

Type 2: In the sagittal view, negative SVA and hypoky-
photic (stacked-up vertebrae) at both T5-T10 and T10—
L2. In the posterior view, T1 is leveled or tilted to the
left. The direction of vertebral rotation changes in the
lower lumbar region (V-shaped axial view).

Type 3: Hypokyphotic (only T5-T10), negative or close
to zero SVA, and frontal imbalance. In the posterior
view, T1 is leveled or tilted to the right. The direction of
the vertebral rotation changes in thoracolumbar region
(S-shaped axial view).

Type 4: Flat or lordotic sagittal profile with positive
SVA, high (above midpoint) sagittal inflection point,
and slight frontal imbalance. T1 is leveled or tilted to
the left in the posterior view. The vertebral rotation
changes direction in the lower lumbar region (V-shaped
axial view).

Type 5: Hypokyphotic and forward trunk shift (positive
SVA) with a low inflection (below midpoint) point and
a proximal kyphosis curve. T1 is leveled or tilted to the
right (posterior view). The direction of vertebral rota-
tion changes in thoracolumbar region (S-shaped axial
view).

Radiographic parameters were calculated for each clus-
ter at preoperative, early postoperative, and 2-year follow-
up: main thoracic Cobb angle (MTC), main thoracic apical
vertebra rotation (AVR) and translation (AVT), lumbar
Cobb angle (LC), lumbar AVR and AVT, thoracic kypho-
sis (TK) between T1-T4 and T4-T12 levels, L1-S1 lum-
bar lordosis (LL), pelvic incidence (PI), frontal and sagit-
tal balances, and neutral vertebra and end vertebra (NV
and EV). These parameters were measured using the 3D
model of the spine to avoid erroneous 2D measurements
[10-12]. The radiographic parameters, flexibility, and
the correction rates were compared between the subtypes
using an ANOVA or Kruskal-Wallis when appropriate.
The Lenke-type distributions, shoulder balance, and the
LIV with respect to the NV were determined.
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thoracolumbar region (T10-L1)
(S shaped axial projection).
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curve.
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the left, one frontal curve.

A: The vertebrae rotation
changes direction in

lumbar below L1 (V shaped).
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S: hypo kyphosis with

a proximal kyphosis curve.

F: Trunk shift and

frontal imbalance. T1 tilted to
the right or leveled.

A: Vertebrae rotation change
direction in the thoracolumbar
region (T10-L1) (S shaped).

S: Lordotic/
hypothoracolumbar

section, no proximal kyphosis.
F: One frontal curve, T1 is
leveled or titled to the left

A: Lower thoracic and upper
lumbar vertebrae rotate in the
same direction, vertebrae
rotation changes direction in
Lumbar below L1 (V shaped).

S: hypokyphotic section with a
proximal kyphosis.

F: Two frontal curves, T1 tilted
to the right or level.

A: The vertebrae rotation
changes direction in the
thoracolumbar region (T10-L1)
(S shaped).

Type 4

Type 5
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Fig.1 Five types of spinal alignment at preoperative. To determine
the 3D subtype using the PA and lateral radiographs in natural stand-
ing: 1—determine the location of the changes in the vertebral axial
rotation: if thoracolumbar Types 1, 3, or 5, if L2 or lower or the ver-
tebrae did not change direction below the thoracic curve Types 2 or 4.
2—Determine SVA <0 (Types 1, 2) or SVA>0 (Types 3, 4, 5). 3—
Assign Type 3 (as opposed to 5), if there is a frontal trunk shift with
three curves where thoracic and lumbar have similar magnitudes. The
global gravity axis was used to generate the axial view

@ Springer

Surgical assessment

The upper and lower fusion levels (LIV, UIV) were noted.
UIV was selected based on shoulder balance: T2 left shoul-
der high, T3 for balanced shoulders, T4 right shoulder high
[13]. The LIV was at neutral vertebra (NV) when NV and
end vertebra (EV) were less than two levels apart and fused
to NV-1 when this gap exceeded two levels.

The 2-year outcomes were evaluated in three categories:
frontal balance, PJK, and adding on considering the follow-
ing criteria. Ultimately, these three criteria were used to
establish whether outcome was optimal or suboptimal.

Frontal imbalance

C7 vertebrae shifted more than 1 cm away from the central
sacral line in the frontal plane [14].

PJK

At least 10° increase in the kyphosis angle was measured
between the UIV and two supra-adjacent vertebrae between
preoperative and 2-year follow-up [15, 16].

Adding on

At least 5° increase in disk wedging below LIV or an
increase in Cobb angle exceeding 5° [17, 18] was noted. The
percentage of patients with suboptimal outcomes at 2 years
were compared between the subgroups using a Chi-square
test. Finally, the rates of suboptimal outcomes for different
fusion levels in each subgroup were evaluated.

Results
Patient population

The average age at the time of preoperative radiographs was
14 + 3. Eighty-three percent of the patients were female. The
cohort was comprised of Type 1 (n=14), Type 2 (n=17),
Type 3 (n=6), Type 4 (n=21), Type 5 (n=18). Figure 2
shows the spinal curves for the five subtypes at three time
points. Table 1 summarizes the distribution of the Lenke
classification, shoulder height asymmetry, and the fusion
level with respect to the neutral vertebra for the five sub-
types. The distribution of kyphosis modifiers was signifi-
cantly different between Types 1, 4, and 5, p<0.05, and
that of lumbar modifiers was significantly different between
Typesl and 3, p <0.05. The LIV with respect to NV was
significantly different between Types 1, 3, and 5, p <0.05.
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Fig.2 Frontal, sagittal, and 3D view of the spinal types at preopera-
tive, early postoperative, and 2-year follow-up in the five subtypes of
right thoracic scoliosis

Curve flexibility

The rate of the thoracic curve flexibility was significantly
different between the subtypes (p =0.03); it was the high-
est in Type 5 (75% +23, 95% CI [66-83]) and the lowest
in Type 2 (58% + 11, 95%CI [45-64]). The rate of lumbar
Cobb angle reducibility did not differ significantly between
the five types, p=0.07.

Fusion lengths

The average number of fused vertebrae in the five sub-
types was: Type 1, 9.6+0.8, 95% CI [9.2-10]; Type 2,
10.3+1.1, 95% CI [9.8-10.8]; Type 3, 8.5+1.0, 95% CI
[7.7-9.3]; Type 4, 10.0+ 1.2, 95% CI [9.6-10.5]; and Type
5,9.4+1.1,95% CI [8.9-9.9]. Type 3 had a significantly
shorter fusion length compared to both Type 2 and Type 4,
p<0.05 (Fig. 3).

Pre- and postoperative changes in spinal
parameters in five subgroups:

Table 2 summarizes the radiographic parameters (mean and
standard deviation) in the five types at preoperative, early
postoperative, and 2-year follow-up. The preoperative lum-
bar Cobb angle, lumbar AVR, thoracic and lumbar AVT, TK
(both T1-T4 and T4-T12), lumbar lordosis, and frontal and
sagittal balances were significantly different between the five
subtypes (p <0.01). Table 2 also shows the results of the post
hoc test between the five types for these parameters.

Between preoperative and early postoperative, there
were significant differences in percent thoracic Cobb angle
correction (p =0.03) and percent lumbar Cobb angle cor-
rection (p =0.04) between the five groups. Type 5 curves
had the highest rate of percent thoracic Cobb angle correc-
tion (86.1% +11.8, 95% CI [80.3-91.1]), whereas Type 1
(64.2% +18.3,95% CI [53.6-75]) and Type 2 (62.0% + 15.2,
95% CI [55.9-70.1]) had the lowest percent correction.
Type 4 had the highest percent lumbar curve correction
(71.3% £ 17.7, 95% CI [63.0-79.6]), whereas Type 3 had
the lowest percent rate lumbar correction (40.8% +20.3, 95%
CI [20.7-60.9]).

At 2-year postoperative, there were significant differences
between the subtypes in thoracic AVT (p=0.02) and lum-
bar AVT (p=0.00). The rate of thoracic AVT correction
between the pre- and 2-year postoperative was the highest
in Type 5 (141.0% +57.6, 95% CI [108.0-174.4]) and the
lowest in Type 2 (100.5% +26.3, 95% CI [85.8-115.6]).
The rate of lumbar AVT correction was the highest in Type

Table 1 Lenke type distribution, shoulder asymmetry, and the LIV position with respect to the neutral vertebra for the five 3D subtypes

Lenke types % Lumbar modi- Kyphosis modi-  Shoulder balance % LIV with respect to neu-
fiers % fiers % tral vertebra (NV) %

3D subtypes Lenkel  Lenek2 A B C - N + Righthigh  Level Lefthigh NV-1 NV  NV+l1
Type 1, n=14 86 14 18 48 24 18 62 30 35 40 25 0 93 7
Type 2, n=17 92 8 25 39 36 23 58 18 0 70 30 47 47 6
Type 3,n=6 69 31 0 0 100 66 34 0 33 33 33 66 33 0
Type 4, n=21 100 0 0 33 66 89 11 0 44 47 8 43 56 0
Type 5, n=18 87 13 0 62 38 87 13 0 1 26 73 0 100 O
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Fig.4 Percent number of patients with suboptimal outcomes in three
categories (frontal balance, proximal junction kyphosis (PJK), and
adding on) in five subtypes of right thoracic scoliosis

3 had the highest rate of suboptimal outcomes and on aver-
age the shortest fusion length among the five subtypes in
our cohort. The LIV with respect to NV changed signifi-
cantly between the groups. LIV was selected almost equally
at NV-1 and NV in patient types with one curve (Types 2,
4) (Table 1). Small vertebral rotation in the thoracolumbar
region (Fig. 1) may have resulted in NV misidentification
[12]. The outcomes were improved as the LIV was at NV
for these patients (Fig. 4). However, in the groups with two
curves (Types 1, 3, and 5) due to the rapid change in the
direction of the vertebral rotation between the two curves,
EV and NV are closer and a fusion to NV-1 is recommended.
This was also confirmed by our results that patients in these
groups had better outcomes when LIV was at a higher level.
Considering the proposed classification allows using the
characteristics of the 3D curve patterns to better identify
one versus two curves and decide for the LIV accordingly to
avoid the error associated with LIV selection due to patient
rotation and 3D curve deformity.

Different rates of suboptimal outcomes were observed
between the subtypes (Fig. 4) which can assist with setting
expectation for the outcomes or more rigorous subtype-
specific surgical planning. The analysis of the suboptimal
outcomes showed that Type 3 followed by Types 2 and 1 has
the highest rate of unsatisfactory outcomes (Fig. 4). Type
3 had a preoperative frontal imbalance, and in our series,
these patients had the shortest fusion lengths (Fig. 3). As
we did not have any patient with a lower LIV level (lumbar
spine) in this subtype, we could not verify whether a differ-
ent fusion length could improve the surgical outcomes. In
Type 2, more than 50% of the patients with a fusion to T2
developed a PJK while this risk deceased to 14% when a
lower UIV (T3-T4) was selected. As the proximal thoracic
is part of the main thoracic curve in these patients (Fig. 1), a
lower UIV may have allowed a spontaneous correction of the

unfused proximal curve. In contrast to Types 2 and 3, Type 1
patients were balanced in the frontal plane and had a normal
sagittal profile preoperatively [9, 19], and yet a high rate of
suboptimal outcomes was observed in this group. Our results
showed large changes in the sagittal profile of these patients
between the pre- and early postoperative, particularly in the
thoracic region (Table 2, Fig. 2). Such large changes may
potentially have an adverse impact on the harmonious tho-
racic/lumbar alignment, disrupted the posterior ligaments,
and resulted in suboptimal outcomes [20-22]. This finding
underlines that an understanding of the sagittal profile devia-
tion from the normative value is essential to avoid impart-
ing large or unnecessary modifications in the sagittal plane.
In Type 4, with a lordotic T5-L2 curve and a high sagit-
tal inflection point, fusion can be extended to the lumbar
spine to assure imparting both kyphosis and lordosis and a
smooth transition between the fused and unfused spines. As
an example, two Type 4 patients with different UIV and LIV
are shown in Fig. 5. While preoperatively both patients have
similar spinal curves in frontal and sagittal views, a LIV at
L1 in patient B allows imparting and stabilizing the curve
in the thoracolumbar region, resulting in improved sagittal
profile and subsequently increased lumbar curve correction
for this patient as compared to patient A. However, as both
patients have acceptable frontal and sagittal balances at the
follow-up, the goal of the surgery, i.e., smaller compensatory
curve or saving motion segments, should be also considered
to evaluate the outcomes. Finally, in Type 5, the high tho-
racic curve flexibility on the bending film can relate to the
high correction rate and the lowest rate of suboptimal out-
comes in this group. Future studies that relate the 3D shape
of the spine to the spinal flexibility are warranted.

Despite the emphasis on the axial rotation of the spine
in AIS [4, 9], rotational parameters are not currently
implemented in the AIS classification. The top-down
view of the spine in the five clusters showed two differ-
ent patterns: a S-shaped curve in Types 1, 3, and 5 and a
V-shaped curve in Types 2 and 4 (Fig. 1) [9]. These axial
views show intrinsic differences in thoracic and lumbar
orientation between the clusters; In the V-shaped clusters,
the vertebrae rotation in the lower curve changes direction
in the lower lumbar area, whereas in the S-shaped groups,
the lower curve starts rotating to the opposite direction in
the thoracolumbar region (Fig. 1). In other words, in the
axial view, the S-shaped groups have two distinct curves:
one thoracic and one lumbar, whereas in the V-shaped
types, the upper lumbar curve is an extension of the tho-
racic curve (Fig. 1). In the V-shaped group, a stack of ver-
tebrae with no or nonsignificant rotation connect the tho-
racic curve to the lumbar vertebrae that only start rotating
to the opposite direction in lower lumbar region indicating
the start of a new 3D curve. This finding has implications
for manipulating these two curve types (S and V shapes),
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Fig.5 Examples of subtype 4
patients with different fusion
levels and outcomes. A lower
level LIV and higher lumbar
Cobb correction were observed

in patient B compared to patient
A

Fig.6 Changes in the direc-
tion of the vertebral rotation
in patients with S-shaped and
V-shaped axial curve pat-
terns. In the V-shaped group,
the direction of the vertebral
rotation starts changing in the
lumbar spine (Example A)
whereas in the S-shaped groups,
changes in the direction of the
vertebral rotation occur in the
thoracolumbar region (Example
B). The global gravity axis was
used to generate the axial view
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either by selective versus nonselective fusion or by dero-
tating and translation of different segments according to
the curve type. An example of two patients with V-shaped
(Type 4) and S-shaped (Type 5) axial curves is shown in
Fig. 6. Despite the similar frontal curves between the two
patients, in patient A the direction of vertebral rotation
starts changing at L2 level and in patient B the direction
of the vertebral rotation starts changing at T11 indicating
a torsion in spine and the start of a new curve. Our clas-
sification draws attention to the differences in the frontal
and sagittal curves as they relate to subtle difference in
these 3D characteristics.

The new 3D classification of the right thoracic AIS identi-
fied subgroups of patients with distinguished characteristics
in the frontal and sagittal planes. This classification allowed
determining the risk of suboptimal outcomes associated with
certain fusion levels in each group and can set expectation
in each subtype. As the AIS surgery remains in part subjec-
tive, further validation in larger cohort and considering the
biomechanics [23] and local changes in the disks within each
subtype [24] allow application of this 3D classification in
surgical planning and outcome prediction in AIS patients.
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