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Abstract: Background. Pose estimation based on deep learning has been expected to be a break-
through method to increase the accuracy of clinical photographic evaluation and to decrease in-
terobserver errors. The purpose is to quantify pose estimation from photography of patients with
adolescent idiopathic scoliosis (AIS) using open-source software packages and determine correla-
tions between parameters obtained by radiography and photography. Methods. We included 12
consecutive patients with AIS treated with spinal correction surgery. Photographs were taken pre-
operatively using a tripod-mounted camera (iPhone 13Pro) on an X-ray tube head. To assess pho-
tographic parameters obtained by photography, we defined 17 points to analyze posture and de-
fine parameters. Results. In the sagittal plane, there was a significant correlation between the ra-
diographic trunk tilt angle and the photographic sagittal trunk tilt angle of the shoulder-hip and
ear-hip. In the coronal plane, there was a significant correlation between the radiographic clavicle
angle and the photographic shoulder height angle, and the radiographic C7-CSVL and the photo-
graphic coronal trunk tilt angle. Conclusions. Posture analysis by photography using popular
mobile devices has clinical utility for improving and promoting the screening and early detection
of AIS because it is simple, without patient exposure to X-ray radiation. Level of Evidence: 3.

Keywords: adolescent idiopathic scoliosis; pose estimation; posture parameters; mobile devices;
deep learning; clinical photography; mobile applications; MoveNet; convolutional neural network;
kinematics; posture; reliability; validity

Introduction

Adolescent idiopathic scoliosis (AIS) is a structural and lateral curvature of the spine with rota-
tion that affects 1%—3% of children and occurs around puberty.! Mild scoliosis is usually asympto-
matic; however, it might result in back pain of musculoskeletal origin. Thus, screening for and early
detection of AIS are the most important factors for early intervention and preventing deformity
from progressing. After detecting AIS, the criterion standard to identify changes in the spine posi-
tion remains radiography to determine Cobb angle, which will guide important treatment decisions
such as surgery or bracing. From the radiography, we can also assess shoulder balance and trunk
imbalance, which have been considered characteristics of the deformity in idiopathic scoliosis.?*
Posture changes increase the risk of psychosocial complications (self-image, body image, mental
health, and quality of life)>6. However, patients with AIS may also be at increased risk for damage
to health because of radiography, increasing the risks for developing leukemia or breast cancer, or a
heritable defect higher than the baseline risk.”® Therefore, to decrease their exposure to X-ray radia-
tion during follow-up of AIS, numerous studies have sought nonradiological methods for diagnos-
ing body posture to reduce childhood exposure to X-ray radiation. For example, the ability of pho-
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togrammetry to detect the progression of scoliosis was estimated from the calculations of sensitivi-
ty, specificity, positive predictive value, negative predictive value, and accuracy at several cutoff
points using Cobb angle progression as the criterion standard. However, the accuracy of these
methods compared with radiography remains controversial.

Conventionally, state-of-the-art marker-based motion capture systems or markerless motion
capture systems (e.g., MicroSoft Kinect) are used to assess posture.'* However, they require special-
ized instrumentation (e.g., infrared cameras, reflective markers, and MicroSoft Kinect software) and
take a long time to produce an accurate analysis. Nevertheless, a marker-based photogrammetric
method for detecting AIS takes approximately half an hour. Meanwhile, machine learning and deep
neural networks now permit motion capture using low-cost webcams or cell phones, increasing the
accessibility of pose estimation in clinical settings.1>'¢ There are several open-source pose estimation
software packages to estimate human posture. MoveNet is best suited for determining the posture
of a single person. This method focuses on the person closest to the center of the image and ignores
any other people in the frame, effectively rejecting any background people. The model’s parameters
are inferred using two  massive datasets: the COCO  Keypoint Dataset
[https://arxiv.org/abs/1405.0312] and the Active Dataset
[https://tthub.dev/google/movenet/singlepose/thunder]. The COCO Keypoint Dataset contains im-
ages taken in a variety of settings with varying sizes and occlusions, and the Active Dataset consists
of images of people exercising, stretching, or dancing, sampled from YouTube. In total, 51,500 im-
ages are used.

Unfortunately, open-source methods of pose estimation were not designed for clinical analysis.
Moreover, pose estimation software used to estimate posture differ based on the data used to train
them (including the camera viewpoints, the types of movements, and even the clothing worn by the
users) and the key points they were designed to track. Hence, the models will differ in their ability
to perform motion capture accurately and reliably, which is required to translate this technology for
clinical use.

The purposes of the present study were to (1) quantify the pose estimation of patients with AIS
from photographs using open-source software packages and (2) determine correlations between
parameters determined by radiography and photography.

Materials and methods

The present study was approved by our institutional review board (Approval No. 2556; Febru-
ary 2022). Written informed consent was obtained from the parents or guardians of all participants
included in the study.

2.1. Patient population

We examined the medical records of 12 consecutive eligible patients with AIS with major
thoracolumbar/lumbar (TL/L) curves (Lenke Type 5C) or MT curves (Lenke Type 1A) who under-
went posterior spinal fusion surgery between July 2022 and February 2023 at our university teach-
ing hospital.

2.2. Radiographic parameters

The Lenke classification defines a major T/TL/L curve with nonstructural thoracic curves (Cobb
angle <25° on a side bending radiograph). Standing whole spine posterior-anterior and lateral
standing radiographs before surgery were evaluated by two surgeons (GG and TO). Coronal
alignment was measured by clavicle angle (Cla-A), radiographic shoulder height (RSH), C7-central
sacral vertical line (C7-CSVL), Cobb angle, and pelvic obliquity. Sagittal alignment was measured
by trunk tilt angle (TTA)", sagittal vertical axis (SVA), and T1 pelvic angle (TPA)'8. Radiographic
measurements were made by two board-certified spine surgeons (GG and TO) to determine the
interobserver error. The mean values of their measurements were used to calculate an intraclass
coefficient of 0.932, indicating that the interrater reliability was almost ideal.
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2.3. Photographic parameters

Photographs were taken using a tripod-mounted camera (iPhone 13Pro) on an X-ray tube
head, without zoom, positioned at the same distance from the X-ray tube to the patient (Figure 1).

Figure 1. Method of obtaining clinical photographic and X-ray images simultaneously.

Figure 1
Method of taking photographs

To assess photographic parameters, we used a human pose estimation algorithm based on
deep learning [https://www .nature.com/articles/nature14539], a computational technique that uses
a set of example inputs and outputs to learn the parameters of a computational model, i.e., infer a
function that maps arbitrary inputs to the intended outputs. We use an open-source model called
MoveNet [https://www.nature.com/articles/nature14539], which was specifically designed for
movement and fitness activities. It takes RGB images as input and outputs the x and y coordinates
of 17 points of body parts: the nose, left and right eyes, ears, shoulders, elbows, wrists, hips, knees,
and ankles (Figure 2 and 3). We used the 17 points to analyze posture and define parameters de-
termined by photography (Tables 1 and 2).
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Figure 2. Pose estimation using MoveNet.

Figure 2
Pose estimation methods using MoveNet®

Figure 3. Method of evaluating photographic parameters.

Figure 3
photographic parameters

A:Shoulder Hight Angle  B:Hip Hight Angle C:Coronal Trunk Tilt Angle

f

D:Sagittal Trunk Tilt Angle Shoulder - Hip E:Sagittal Trunk Tilt Angle Ear - Hip

Table 1. Pose estimation using MoveNet.

Nose
1 L Eye
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2 R Eye

3 L Ear

4 R Ear

5 L Shoulder
6 R Shoulder
7 L Elbow
8 R Elbow
9 L Wrist
10 R Wrist
11 L Hip
12 R Hip

13 L Knee
14 R Knee
15 L Ankle
16 R Ankle

L, Left; R, Right.
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Table 2. Photographic parameters.

Segment Plane Pose estimation key points
Shoulder Shoulder height angle SHA CI?;;)_ The angle between each shoulder joint and a horizontal line
Hip Hip height angle HHA CI?;;)_ The angle between each hip joint and a horizontal line
. Coro- The angle between the line connecting the midpoint of each shoulder
Trunk Coronal trunk tilt angle CTTA nal with the midpoint of each hip joint and a vertical line
Sagittal trunk tilt angle shoulder— STTA_S Sagit- The angle between the line connecting the midpoint of each shoulder
hip H tal joint with the midpoint of each hip joint and a vertical line
Sawittal trunk tilt anele car—hi STTA_E Sagit- The angle between the line connecting the midpoint of each ear with the
& g P H tal midpoint of each hip joint and a vertical line
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The shoulder height angle (SHA) was defined as the angle formed between the line connecting
the left with the right point of the shoulder joint and the horizontal.

The hip height angle (HHA) was defined as the angle formed between the line connecting the
left with the right point of the hip and the horizontal.

Sagittal trunk tilt angle_shoulder-hip (STTA_SH) was defined as the angle between the line
connecting the middle point of each shoulder joint with the midpoint of each hip joint and the ver-
tical.

Sagittal trunk tilt angle_ear-hip (STTA_EH) was defined as the angle between the line connect-
ing the middle point of each ear with the midpoint of each hip joint and the vertical.

The coronal trunk tilt angle (CTTA) was defined as the angle between the line connecting the
middle point of each shoulder joint with the midpoint of each hip joint and the vertical.

2.3. Statistical analysis

The parameters determined by radiography and photography were compared using Pearson
correlation coefficients to investigate validity. Correlation coefficients from 0.00 to 0.25 were con-
sidered to indicate little to no relationship, from 0.25 to 0.50 fair, from 0.50 to 0.75 moderate-to-
good, and above 0.75 good to excellent. Asterisks indicate statistical significance (p < 0.05).

Results

3.1. Quverall data

We included data from 12 patients (67% female) eligible for the study (Table 3). Their average
age was 16.08 years (range 14 to 20 years), and their average BMI was 17.99.

They were categorized according to the Lenke classification: type 1A, 7 patients; type 5c, 5 pa-
tients.

Table 3. Baseline characteristics of patients.

Average Minimum Maximum
Age 16.08 14 20
BMI 17.99 15.01 21.28
Sex F:M 8:4
Lenke 1A:5C 7:5

3.2. Radiological parameters

Average radiological parameters for participants are summarized in Table 4. In sagittal radio-
logical parameters, the average TTA was —2.42° (range —6 to +3). The average SVA was —6.63 cm
(range —77.06 to +52.04). The average TPA was 4.5° (range —13 to +21).

In coronal radiological parameters, the average Cobb was 42.75° (range 20 to 73). The average
C7-CSVL was -7.16° (range —24.82 to +19.94). The average Cla-A was —1.75° (range -5 to +3).

The average RSH was -8.84° (range —22.54 to +15.54). The average pelvic obliquity was —
0.0083° (range —4 to +3).

Table 4. Radiological parameters.

Average Minimum Maximum
TTA 242 -6 3
SVA —6.63 —77.06 52.04
TPA 4.5 —-13 21
Cobb 42.75 20 73
C7-CSVL -7.16 —24.82 19.94
Cla-A -1.75 -5 3

RSH —-8.84 —22.54 15.54
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Pelvic Obliquity -0.083 —4 3
TTA, trunk tilt angle; SVA, sagittal vertical axis; TPA, T1 pelvic angle; Cobb, Cobb angle; C7-CSVL, C7-central
sacral vertical line; Cla-A, clavicle angle; RSH, radiographic shoulder height.

3.3. Photographic parameters

The average photographic parameters for the participants are summarized in Table 5.

In sagittal photographic measurements, the average STTA_SH was -3.27° (range —6.53 to
+0.67). The average STTA_EH was 0.003° (range -3.19 to +3.91).

In coronal photographic parameters, the average SHA was 0.080° (range —2.21 to +2.75). The
average HHA was 0.45° (range —1.03 to +2.35). The average CTTA was —0.94° (range —2.99 to +1.40).

Table 5. Photographic parameters.

Coronal Average Minimum Maximum
SHA —0.08 -2.21 2.75
HHA 0.45 -1.03 2.35

CTTA —0.94 —2.99 1.40
Sagittal
STTA_SH -3.27 —6.53 0.67
STTA_EH 0.003 -3.19 391

SHA, shoulder height angle; HHA, hip height angle; CTTA, coronal trunk tilt angle; STTA_SH, sagittal trunk
tilt angle shoulder-hip; STTA_EH, sagittal trunk tilt angle ear-hip.

3.4. Correlations

The correlations between parameters determined by radiology and photography are summa-
rized in Table 6.

Table 6. Correlation between photographic and photographic parameters.

Sagittal STTA_SH STTA_EH
SVA (mm) r 0.54 0.53
P 0.070 0.079
TPA (°) r 0.39 0.47
P 0.21 0.12
TTA r 0.66 0.84
P 0.018* 0.00070*

TTA, trunk tilt angle; SVA, sagittal vertical axis; TPA, T1 pelvic angle; STTA_SH, sagittal trunk tilt angle shoul-
der-hip; STTA_EH, sagittal trunk tilt angle ear-hip.

Coronal SHA HHA CTTA

Cla-A r 0.76 0.016 0.14

P 0.0041%* 0.96 0.66

RSH r 0.76 —-0.030 0.14

P 0.0042* 0.93 0.66

C7-CSVL r 0.15 0.49 0.67
P 0.64 0.10 0.017*

Pelvic Obliquity r -0.33 0.15 0.53
P 0.29 0.64 0.075

Cobb r —-0.033 -0.48 0.32

P 0.92 0.11 0.32

Cobb, Cobb angle; C7-CSVL: C7-central sacral vertical line; Cla-A, clavicle angle; RSH, radiographic shoulder
height; SHA, shoulder height angle; HHA, hip height angle; CTTA, coronal trunk tilt angle. *P < 0.05

3.4.1. Sagittal
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There was a significant correlation between TTA and STTA_SH (r = 0.66, P = 0.018) and
STTA_EH (r =0.84, P <0.00070). There were no significant correlations between SVA, TPA, and any
other parameters determined by photography(Figure 4 and 5).

Figure 4. 5. Correlation between photographic and photographic parameters. *P <0.05.

Figure 4
correlation between photographicand photographicparameters
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Figure 5
correlation between photographicand photographic parameters
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3.4.2. Coronal

There was a significant correlation between Cla-A and SHA (r = 0.76, P = 0.0041), RSH and
SHA (r = 0.76, P = 0.0042), and C7-CSVL and CTTA (r = 0.67, P = 0.017). There were no significant
correlations between pelvic obliquity and Cobb angle and any other parameters determined by
photography(Figure4 and5).

Discussion

In the present study, we found a significantly positive correlation between alignment parame-
ters determined by photography and alignment parameters determined by radiography. We found
correlations between alignment parameters in the sagittal and coronal planes. These findings sug-
gest that for patients with AIS sufficiently severe to require surgery, shoulder and trunk imbalances
may be assessed from photography without exposure to X-ray radiation. To our knowledge, this is
the first study to show the correlation between parameters determined by clinical photography us-
ing open-source pose estimation methods and parameters determined by conventional radiography
in patients with AIS.
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Recently, the use of photography for clinical assessment has gradually become more wide-
spread’®-21, Because trunk asymmetry negatively impacts the body image perception and quality
of life of patients with AIS, clinical photography is a relatively easy and inexpensive way to assess
trunk deformities.’?> However, surgeons lack agreement on the use of preoperative clinical pho-
tography to determine spinal deformity.? Therefore, evaluations by clinical photography still re-
quire the placement of markers on anatomical landmarks or undressed patients to improve their
accuracy.??* Assessment of AIS in patients using markers on anatomical landmarks is also attempt-
ed for use in medical examinations. Although this method showed a correlation with radiological
measurements and good performance in detecting the progression of AIS, clinical application is still
considered difficult because the method takes approximately half an hour per patient.’® By contrast,
clinical photography with patients in an undressed state without markers is also being considered
as a less time-consuming method. Shoulder balance determined by photography of undressed pa-
tients may be correlated with Cla-A.* The waistline asymmetry and ratio of the back area deter-
mined by the photography of undressed patients may correlate with the Cobb angle. The waist re-
gion measurements of undressed patients can distinguish various curve patterns according to the
Lenke classification and are considered a valid method for assessing torso asymmetry in patients
with severe AIS.19%

In these studies, not only were the images taken with patients undressed, but the landmarks
were measured manually using software such as Image], which is time-consuming and has an un-
acceptable interobserver error. Furthermore, clinical photographs have been shown to be useful in
assessing cervical spine balance in the sagittal plane, but a manual method for measurement of
landmarks was used.?¢ While clinical photography may be valuable, evaluations requiring markers
or the patient in an undressed state are cumbersome to perform, which might explain their lack of
widespread use.

One of the advantages of the present method is that patients can be readily photographed with
a mobile device without having to undress. In the present study, we found an acceptable correla-
tion between the radiological parameters and those determined by the photography of clothed pa-
tients using pose estimation, and the shoulder balance and trunk tilt can be evaluated while the pa-
tient is standing clothed. However, because the present study was conducted while patients wore a
mask due to COVID-19, it was difficult to obtain accurate facial key points.

Although the use of photogrammetry cannot currently replace radiographs entirely, the
amount of information from photography will increase with the progress of machine learning and
deep neural networks. Pose estimation is commonly used in the field of kinematics. Although each
pose estimation method has a different ability to measure kinematics, which dataset is better is still
not well established. MoveNet has the lowest errors when measuring spatiotemporal gait parame-
ters. In addition, there is a correlation between MoveNet and conventional marker-based optical
motion capture.” These findings indicate that this method of pose estimation has the potential to
replace conventional methods. Pose estimation is expected to be a breakthrough method to increase
the accuracy of evaluations using clinical photography and to decrease interobserver errors.

The present study demonstrated acceptable accuracy using widely available mobile devices.
Accordingly, the use of mobile applications with pose estimation is being considered to assess pos-
ture, and several studies have found it to be helpful.2? Although pose estimation has received some
recognition as a method to evaluate posture, its application to clinical evaluation remains contro-
versial.'? While many nonradiographic methods to evaluate scoliosis have been proposed in re-
cent decades,® clinical photography using pose estimation had not yet been compared with radiog-
raphy, the criterion standard. To our knowledge, no reports have mentioned its use in patients with
AIS.

In the present study, we consider clinical photography using pose estimation. We believe that
the present method has clinical utility in improving and promoting the screening and early detec-
tion of AIS because it is simple, uses popular mobile devices, avoids exposure of patients to X-ray
radiation, and does not require clothed patients to wear markers.
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The present study has some limitations. First, the small sample size (n = 12) in the present
study restricted our ability to analyze parameters related to posture, and did not have sufficient
power to compare those with various Lenke classifications. Future studies should ensure a larger
sample size and a control group of children without AIS. Second, we only considered patients with
cases of AIS that had required surgery. Therefore, in the present study, the average Cobb angle was
42.75°. Patients treated conservatively should also be considered. Third, we only analyzed pose es-
timation using MoveNet. In other open-source datasets, further clinically important parameters
may be determined by photography. Further development of pose estimation may lead to more
useful datasets.
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