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Abstract

Purpose To present a novel set of Left—Right Trunk Asymmetry (LRTA) indices and use them to assess the postoperative
appearance of the trunk in Adolescent Idiopathic Scoliosis (AIS) patients.

Methods We hypothesize that LRTA measurements provide complementary information to existing trunk asymmetry indices
when documenting the outcome of scoliosis surgery. Forty-nine AIS patients with thoracic curves who underwent posterior
spinal fusion were included. All had surface topography scans taken preoperatively and at least 6 months postoperatively.
We documented spinal curvature using Radiographic Cobb angles, scoliometer readings and coronal balance. To evaluate
Global Trunk Asymmetry (GTA), we used the standard measures of Back Surface Rotation (BSR) and Trunk Lateral Shift
(TLS). To measure LRTA, we identified asymmetry areas as regions of significant deviation between the left and right sides
of the 3D back surface. New parameters called Deformation Rate (DR) and Maximum Asymmetry (MA) were measured in
different regions based on the asymmetry areas. We compared the GTA and LRTA changes with those in spinal curvature
before and after surgery.

Results The GTA indices, mainly TLS, showed improvement for more than 75% of patients. There was significant improve-
ment of LRTA in the shoulder blades and waist regions (95% and 80% of patients respectively).

Conclusion We report positive outcomes for LRTA in the majority of patients, specifically in the shoulder blades and waist,
even when no reduction of BSR is observed. The proposed indices can evaluate local trunk asymmetries and the degree to
which they are improved or worsened after scoliosis surgery.

Keywords Adolescent idiopathic scoliosis (AIS) - Global trunk asymmetry (GTA) - Left-right trunk asymmetry (LRTA) -
Scoliosis surgery outcome - Trunk shape

Introduction

Adolescent Idiopathic Scoliosis (AIS) is a three-dimensional
deformation of the spine leading to asymmetry of exter-
nal trunk shape [1]. AIS is diagnosed in adolescents aged
10-18 years and can progress rapidly. The external defor-
mations involve trunk imbalance and asymmetries in the
shoulders, scapulae, waist, hips, and chest. Severe scoliosis
can cause functional problems, e.g. cardiac and pulmonary
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dysfunction, and backaches [2]. Therefore, a surgical cor-
rection becomes necessary to stop progression and improve
patients’ quality of life [3]. However, persistence of residual
trunk asymmetry is frequent and difficult to predict by clini-
cians, even though correcting the apparent deformity is a
major concern for patients [4].

Many studies measured trunk asymmetry at the global
level (Global Trunk Asymmetry or GTA) to evaluate trunk
deformity [5—12]. Research using surface topography scans
documented the deformity in the coronal plane by assessing
the back valley line [6] and trunk cross-sections centroid
line [7]. Score and index-based methods [8, 9] were pro-
posed, but most of them suffer from poor reproducibility as
they require manual identification of landmarks on the back.
Also, these works reduce the entire measurement profiles
to single values, often the maxima, to indicate deformation
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severity. To capture local surface deformations, it is impor-
tant to consider the whole measurement profiles.

Various approaches computed functional asymmetry
indices from trunk cross-sections [11-13]. Multi-level indi-
ces were computed in [13] from the Back Surface Rotation
(BSR), Trunk Rotation (TR), and coronal and sagittal trunk
deviation to assess global changes between two acquisi-
tions. To evaluate Left-Right Trunk Asymmetry (LRTA),
[14] reflected a set of fixed surface points around the sagit-
tal plane. Asss an adaptation to the scoliotic trunk, [15, 16]
first computed a plane of symmetry, then evaluated LRTA
by reflecting the 3D back surface points around the plane.
This markerless approach visualizes the asymmetry on the
whole torso instead of using 2D indices limited to specific
areas, although it only provides a qualitative assessment. To
analyse surgery outcome, both GTA and LRTA measure-
ments are needed to accurately compare preoperative and
postoperative trunk surfaces [17].

The objective of this study is to quantitatively assess the
postoperative appearance of the trunk by using a novel set of
LRTA indices combined with GTA indices, in a retrospec-
tive cohort of surgical AIS patients. We first describe the
measurements used, then apply them to trunk surface data to
document the outcomes in terms of trunk asymmetry.

Materials and methods
Patient data

We included a total of 49 patients who underwent posterior
spinal fusion from 2009 to 2018 at our hospital by one of
three orthopaedic surgeons. Inclusion criteria were: Lenke
1A main thoracic curve type, full pre-operative and post-
operative trunk acquisitions taken at most 6 months before
and at least 6 months after surgery. We also included 26
non-scoliotic subjects to determine a threshold value for the
LRTA measurements. Our study protocol was approved by
the hospital’s Research Ethics Committee. The two groups
are summarized in Table 1.

Each patient was scanned using a non-invasive optical
system with an accuracy of 1.1 mm [18]. Patient-specific
trunk geometric models were then reconstructed using an
automated method in three steps: pre-processing, registering,
and merging the acquired data (Fig. 1) [19].

2D spinal measurements

We obtained 2D spinal measurements including Cobb angles
for the proximal thoracic (Cobb PT), main thoracic (Cobb
MT), and thoracolumbar/lumbar (Cobb TLL) spine regions
in the frontal plane from each patient’s X-rays. In addi-
tion, scoliometer values in the thoracic and lumbar regions
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Table 1 Demographic and radiological information of AIS and non-
scoliotic cohorts

Scoliotic patients Controls (N=26)

(N=49)

Number=49 Mean =+ std Min, max Mean+std Min, max

Age (years) 15.51+2.06 11, 19 14.6+2.01 10.8,18.0
Height (cm) 161.13+£8.13 143,178 161.2+10.8 126.4,177.4
Weight (kg) 52.12+7.91 32,66 524+11.0 21.6,71.5
Preop tho- 58.18 +10.37 40, 96 29+42 0,10

racic Cobb

angle (°)

(Scoliometer_T and Scoliometer_L) and coronal balance
(CB) were collected.

Global trunk asymmetry measurements

From each trunk surface model, 300 horizontal cross-sec-
tions are extracted between the L5/S1 and C7/T1 levels.
Then, GTA measurements, namely BSR, TR and Trunk
Lateral Shift (TLS), are computed as in [13]. To provide
continuous smooth representations, cubic B-splines are fitted
to these measurements.

Left-right trunk asymmetry measurements

To perform left-right asymmetry analysis, we first identify
the best symmetry plane. The latter is defined as the plane
that minimizes the distance between the points of the 3D
trunk shape (called original trunk shape) and its reflec-
tion [15, 16] (see Fig. 2). Principal Component Analysis
is applied to estimate the principal directions of the shape,
then compute the symmetry plane. All points of the origi-
nal shape are reflected to create a new surface on top of the
original one.

Computing distance map

To encode the gap between the original trunk shape (O)
and its reflection (R), a distance map is calculated as a set
of local deviations. To this end, the k-d tree algorithm is
used to find the nearest neighbour to each point from O
on R. The deviation between the two points P, (x,, Yo,
Zp) and Py (xg, Yg, zg) 1s simply the Euclidean distance:

\/(xo - xR)2 + (yo - yR)2 + (20 - zR)2 the value is signed
to indicate which surface (O or R) lies outward at that loca-
tion. Different deviation ranges are visualized using a col-
ourmap to show LRTA areas (see Fig. 3a).
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(a) System of four 3D optical digitizer to scan the patient. (b) Registering and merging of partial trunk surfaces.

Fig. 1 3D reconstruction process to obtain whole trunk shape

Fig.2 Illustration of steps to
obtain the distance map, using a
depth threshold of 9 mm

(a)

Threshold for deviation maps

Because the resolution of the acquisition system is high and
the acquired surfaces are noisy, and because non-scoliotic
controls can also exhibit some asymmetry, we need to filter
the distance maps by setting a significance threshold for the
asymmetry data. We examined the range of absolute devia-
tion values for the 26 controls at their initial and 6-month
monitoring visits. These were compared to thresholds in
the range 3 mm (< -3 mm inward and >3 mm outward)
to 15 mm (< —15 mm inward and > 15 mm outward)
(see Fig. 4). We selected a distance of 9 mm such that the
majority of controls are considered non-scoliotic, while not
being too high, thereby providing an adequate compromise
between sensitivity and specificity.

Deformation rate
Asymmetry regions are defined as regions of the back sur-

face where the deviation (outward or inward) between left
and right sides is greater than the threshold. In Fig. 3b,

4

Inward Outward

(&) (c)

left-right pairs of asymmetry regions are apparent (areas
in orange or blue).

We divide the back surface into a set of slices delimited
by consecutive cross-sections along the trunk. (Note that
the density of slices is lower than for computing the GTA
measures, as explained below.) We then define the Deforma-
tion Rate (DR) for each slice as the proportion of 3D surface
points belonging to asymmetry regions:

Number of outward and inward 3D points
Deformation Rate =

Total number of 3D points

ey

Quantitative measurement of LRTA

We compute LRTA measurements that reveal the deformity
of different areas of the back, from cervical level C6 down
to lumbar level L4. This area is divided into 48 consecutive
cross-sections, thus 47 slices. This number was determined
experimentally to yield surgical outcome results in terms of
LRTA most coherent with those from spinal measurements.
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Fig.3 Sample of pre- and Pr

post-operative distance maps
computed for a patient. a Full
distance map with area colours
corresponding to depth index at
left; b LRTA areas when apply-
ing depth threshold

22.0

15.0
9.0 Pr
3.0

-3.0
-9.0

-15.0

-22.0

Fig.4 Comparison of distance
maps of a set of non-scoliotic
patients against threshold values
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(a) First visit

We propose the following definitions for specific regions
which are of interest to researchers and clinicians. These
regions correspond to the different anatomical segments
seen in Fig. 5.

Region definitions

Waist/Lumbar: Sections 1 to 11, corresponding to verte-
bral levels L4 to L1;

Shoulder Blades/Main Thoracic: Sections 11 to 35 (T12
to T4);

Shoulder—Neck/Cervical & Proximal Thoracic (PT): Sec-
tions 35s to 48, (T3 to C6).

We now propose the following LRTA measurements for
each region:

@ Springer
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(a) Distance map
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(b) Distance map with 9 mm threshold

Number of distance maps above threshold

sit. for 26 non-scoliotic patients at second visit.
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(b) Second visit
Deformation Rate (DR)

1. The DR is computed for all slices in the region.
2. The average DR value is also kept.

Maximum Deformity (MD)

1. Defined as the maximum of the DR values over all

slices.

Maximum Asymmetry (MA)

1. For each pair of points (P, Pg) from O and R with
deviation greater than the threshold, three asym-
metry measures are computed: Offset =lx,-Ixgl,
Height =lyl-lygl, and Depth =Iz,)|-1z,l.



European Spine Journal (2024) 33:1691-1699

1695

Fig.5 Definition of measure-
ment regions spanning the back
surface for LRTA indices

Shoulder Blades (11-34) (24 slices): u
e Main Thoracic (T12-T4) (9 vertebra)

Waist (1-11) (10 slices):

® Lumbar (L4-L1) (4 vertebra)

2. The maximum values of Offset, Height, and Depth
over all slices are computed as MA of Offset, MA
of Height, and MA of Depth.

Results

AIS surgical outcome with respect to GTA and LRTA
measurements

We compared 2D spinal deformity measurements with 3D
trunk deformity measurements by computing GTA and
LRTA indices at the preoperative and postoperative visits.
To quantify changes in GTA and LRTA, we used the cor-
rection rate (CR) proposed by Seoud et al. [1]:

crme ) 100« 20O~ Zro)
X |findesco)|

where fdex and findex refer to the preoperative and postop-
. pre post R X

erative functional measurements of a given index. The latter

can be the BSR, TR, TLS, or any of the LRTA measure-

ments computed on individual slices. Similarly, a correc-

tion rate is defined for single measurements (Cobb angle,

scoliometer, and coronal balance):

@

Cobb,,, — Cobb

post

3
Cobb, . )

CR®" (%) = 100 =

A positive (resp. negative) value of CR indicates an
improvement (resp. worsening) of the deformity after
surgery.

In Table 2, three clusters are identified: (1) Decreased;
(2) Stable; (3) Increased deformity. At the 6-month follow-
up, the Cobb MT of all 49 patients has decreased. For a
majority of patients, the Cobb PT and TLL also decreased.
The GTA parameters likewise decreased for most patients,
but increased for several patients. For the LRTA, for most

Shoulder Neck (35-48) (13 slices):
e Cervical (C7-C6) (2 vertebra) -
®  Proximal Thoracic (T3-T1) (3 vertebra) _

Section 48

Section 35

Table 2 Numbers of patients for each outcome based on Cobb angles,
GTA and LRTA measurements

Measurements Decreased  Stable Increased
(CR>0) (CR~0) (CR<0)

Radiographic Cobb

Cobb PT 34 15 0

Cobb MT 49 0 0

Cobb TLL 41 8 0

Global trunk asymmetry (GTA)

BSR 37 1 11

TR 39 1

TLS 43 0 6

Left—right trunk asymmetry (LRTA)

DR in shoulder—neck (DRSN) 19 0 30

DR in shoulder blades (DRSB) 47 0 2

DR in waist (DRW) 39 9 1

patients the DR increased in shoulder—neck but decreased
in the shoulder blades and waist.

Figure 6 displays violin plots for spinal, GTA and LRTA
corrections. The distributions of all Cobb angles decreased
significantly. Among the GTA and LRTA corrections, TLS,
DR waist and DR shoulder blades decreased, while DR
shoulder—neck increased slightly.

GTA and LRTA: two example cases

We selected two patients to evaluate changes in their GTA
and LRTA measurements. Figures 7 and 8 show the surgery
outcome for the two exemplars. The first patient exhibits
good trunk correction. The 3D trunk surface illustrates an
improvement of more than 50% in CR of DR for shoul-
der blades and waist. Moreover, the BSR and TR curves
decrease substantially (see functional plots and angular
ranges at bottom of Fig. 7). By contrast, the second patient
reveals poor GTA correction. In this case, the BSR and TR
functional curves both increase in postop. The 3D trunk

@ Springer
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Fig.6 Violin plots showing spinal, GTA and LRTA corrections preoperatively (blue) and postoperatively (orange)

surface shows an improvement of less than 50% of DR in
all regions.

The LRTA corrections are illustrated in Fig. 8 as super-
imposed deformation maps from the preop (light grey) and
postop (dark grey) trunk shapes for the three regions. These
plots display a decrease in size of the asymmetry areas from
pre- to post-operative in all regions and for both cases. Thus,
although the 2nd patient exhibits poor asymmetry correction
in terms of GTA, the LRTA assessment indicates satisfac-
tory surgical outcome.

Discussion

Standard spinal deformity measurements indicate good sur-
gical correction in the MT region, while the PT and TLL
Cobb angles improved for most patients but remained sta-
ble in some cases. This is as expected given that the main
focus of surgery is to correct spinal deformity, and the main
thoracic curvatures in our Lenke 1A cohort were all well
corrected.

By contrast, the outcomes in terms of trunk deformity
are mixed. Indeed, all three GTA indices increased (dete-
riorated) for significant subsets of patients (22%, 16%
and 12% of patients for BSR, TR and TLS respectively).

@ Springer

However, the LRTA measurements provide a more
nuanced picture. In the shoulder—neck region, the DR
increased for 61% of patients, but in the other two regions,
the DR decreased for the vast majority (at least 80%).
Thus, existing trunk asymmetry indices (BSR, TR and
TLS) don’t offer a complete assessment of surgical out-
come. The proposed LRTA measurements allow clinicians
to document more precisely the locations where external
asymmetries were corrected (or not), and to what extent.

This is illustrated by the two exemplars. For the first
patient, the GTA and LRTA measures are largely in agree-
ment. But for the second patient, despite the worsening of
GTA implied by the BSR and TR functional curves, the
depth maps show that in fact the asymmetry areas have
diminished in the shoulders—neck and waist, and dimin-
ished somewhat in the shoulder blades.

Our findings are generally consistent with the previous
study in [1]. In a similar cohort of Lenke 1A AIS patients,
the authors also found that despite good spinal curvature
reduction evidenced by radiographic measures and TLS,
reduction of BSR was much less pronounced. This empha-
sizes both the difficulty in achieving good asymmetry
correction in the transverse plane, and the importance of
documenting treatment outcome with regard to external
asymmetry.
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Fig.7 X-rays, depth maps and
GTA measurements (BSR and
TR) of two selected patients:
a good correction for GTA; b
poor correction for GTA
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Good Correction

Postoperative

Cobb angel: 3%°to 17°

Poor Correction

Postoperative

Cobb angel: 62°to 19°

ey Segres

BSR pre (min=4.41° and max=20.88°) to post (min=1.43° and
max=10°)
TR pre (min=138° and max=26.47°) to post (min=5° and
max=8°)

BSR pre (min=2.38° and max=28.35°) to post (min=7.81° and
max=45.54°)
TR pre (min=0.00° and max=28.00°) to post (min=6.00° and
max=28.00°)

(a) 1% patient

(b) 2" patient

Conclusion

We have proposed a novel set of Left—-Right Trunk Asym-
metry (LRTA) measurements and employed them to doc-
ument the outcome of spinal surgery in a retrospective
cohort of scoliosis patients. We report positive outcomes
for LRTA in the majority of patients, specifically in the
shoulder blades and waist regions, even when no reduction

of back surface rotation is observed. The proposed method
is useful to measure the effect of scoliosis surgery on local
regions of the trunk. As future work, we will analyse
patient self-assessment questionnaires using the LRTA
measurements. This will allow surgeons to quantify the
aspects of trunk appearance of most concern to patients
and how the actual surgical results compare with patients’
perceptions and expectations.
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Fig.8 LRTA corrections (DR)
of two selected patients: a good
correction for LRTA; b satisfac-
tory for LRTA

LRTA correction

Shaoulder Neck

Shoulder Blades

Waist

Bagin

14 02 [ 02
Daflormation Map of Pre and Post

Good LRTA Correction: the visualisation of the LRTA preoperative Adequate LRTA Correction: the visualisation of the LRTA
(light grey) and postoperative (dark grey) on top of each other along preoperative (light grey) and postoperative (dark grey) on top of
trunk in shoulder neck, shoulder blades, and waist. each other along trunk in shoulder neck, shoulder blades, and waist.
CR of DR in shoulder neck, shoulder blades, and waist after six CR of DR in shoulder neck, shoulder blades, and waist after six
months follow-up are -36%, 95%, and 100% respectively.

months follow-up are 60%, 33%, and 46% respectively.

(a) 1% patient
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