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Abstract:

Introduction: Human pose estimation, a computer vision technique that identifies body parts and constructs human body
representations from images and videos, has recently demonstrated high performance through deep learning. However, its
potential application in clinical photography remains underexplored. This study aimed to establish photographic parameters
for patients with adolescent idiopathic scoliosis (AIS) using pose estimation and to determine correlations between these
photographic parameters and corresponding radiographic measures.

Methods: We conducted a study involving 42 patients with AIS who had undergone spinal correction surgery and conser-
vative treatment. Preoperative photographs were captured using an iPhone 13 Pro mounted on a tripod positioned at the
head of an X-ray tube. From the outputs of pose estimation, we derived five photographic parameters and subsequently con-
ducted a statistical analysis to assess their correlations with relevant conventional radiographic parameters.

Results: In the sagittal plane, we identified significant correlations between photographic and radiographic parameters
measuring trunk tilt angles. In the coronal plane, significant correlations were found between photographic parameters
measuring shoulder height and trunk tilt and corresponding radiographic measurements.

Conclusions: The results suggest that pose estimation, achievable with common mobile devices, offers potential for AIS
screening, early detection, and continuous posture monitoring, effectively mitigating the need for X-ray radiation exposure.

Level of Evidence: 3.
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Introduction

Adolescent idiopathic scoliosis (AIS) is a structural and
lateral curvature of the spine accompanied by rotation, af-
fecting 1%-3% of children, typically manifesting around pu-
berty”. Various radiographic parameters and classification
methods are employed to diagnose and characterize scolio-
sis. The Cobb angle, the gold standard for detecting AIS and
monitoring changes in spinal positioning, is critical for mak-
ing decisions regarding surgery or bracing. Additionally,
shoulder and trunk imbalance are hallmarks of idiopathic
scoliosis deformity*”. Monitoring these aspects is crucial

since alterations in posture can escalate the risk of psycho-
social complications, including self-image, body image,
mental health issues, and overall quality of life*”. The Lenke
classification is widely used to describe the scoliosis pat-
terns, primarily organized by curve type (1-6) and a lumbar
spine modifier (A, B, C)".

Timely screening and early detection of AIS are essential
to prevent the progression of the deformity effectively. How-
ever, this poses challenges since mild scoliosis is typically
asymptomatic, and access to X-ray machines is limited out-
side clinical settings. Additionally, for patients with AIS, re-
peated radiological assessments during follow-ups, which in-
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crease exposure to X-ray radiation, can increase the risks of
developing conditions, such as leukemia, breast cancer, or a
heritable defect beyond the baseline risk®”.

Many studies have investigated nonradiological methods
of diagnosing body posture to reduce childhood exposure to
X-ray radiation'”. Some attempts have been made to assess
patients with AIS using motion capture systems with mark-
ers on anatomical landmarks for medical examinations'"'.
Although this method showed a correlation with radio-
graphic measurements and good performance in detecting
the progression of AIS, clinical application is still consid-
ered difficult because the method requires specialized equip-
ment, such as reflective markers, and takes approximately
half an hour per patient to conduct the measurement".

Additionally, clinical assessment through photography has
gained popularity™'” due to its relative ease and cost effec-
tiveness in evaluating trunk deformities''®. For instance,
shoulder balance determined by photographs of undressed
patients is correlated with the clavicle angle”. Similarly,
waistline asymmetry measurements and the ratio of the back
area obtained through photographs of undressed patients
correlate with the Cobb angle. The waist region measure-
ments of undressed patients can identify the Lenke classifi-
cation and are considered a valid method for assessing torso
asymmetry in patients with severe AIS''". Clinical photo-
graphs have also been shown to be useful in assessing cervi-
cal spine balance in the sagittal plane™. In these studies, the
images were not only taken with patients undressed'"'”, but
also required manual landmark measurements using software
like ImageJ. However, this approach is time-consuming and
prone to interobserver errors. Despite the potential value of
clinical photography, consensus among surgeons remains un-
determined regarding its use in preoperative assessment for
determining spinal deformities™.

In recent years, there has been growing interest in the
image-based markerless motion capture method, commonly
known as human pose estimation. Human pose estimation is
a computer vision technique that identifies body parts and
constructs human body representations from data like im-
ages and videos™. Human pose estimation eliminates man-
ual work, thereby reducing the potential for intraobserver or
interobserver errors. Another notable feature is that pose es-
timation operates entirely through software, making a com-
mon device, like a smartphone, sufficient for use. Moreover,
popular pose estimation software is publicly available, effec-
tively reducing installation costs to zero. The effectiveness
of this method has significantly improved with the integra-
tion of deep learning™, which leverages extensive datasets to
enhance accuracy. While mobile applications employing
pose estimation have become a valuable tool for evaluating
posture, especially in kinematics™, the extent of its adoption
in clinical evaluation remains a subject of debate™*”. Previ-
ous research has explored the accuracy of a pose estimation
method using X-ray videos of marmosets, but the present
study marks the first attempt to compare it with humans,
particularly patients with AIS™.
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Table 1. Baseline Characteristics of Patients.
Average Minimum  Maximum
Age 15.95+2.30 2.30 12
BMI 18.87+2.40 2.40 13.72
Sex FM 37:5
Lenke 1A:5C 24:18

Numerous pose estimation methods exist, including Open-
Pose®™, MoveNet™, and DeepLabCut™, each with its trade-
offs between the time and computational capacity required
for execution and the accuracy of the results. Among these
methods, MoveNet stands out for its ability to perform real-
time motion capture on limited hardware resources, such as
a smartphone. This accessibility enhances the use of motion
capture in clinical and other settings*"”. Additionally, be-
cause MoveNet can run on a smartphone, patient data does
not need to be sent to a remote server, which is advanta-
geous from a privacy perspective. A prior study compared
pose estimation methods and conventional marker-based op-
tical motion capture. The findings indicated that MoveNet
exhibits the lowest errors when measuring spatiotemporal
gait parameters compared with other pose estimation meth-
ods™.

Suppose photographic parameters obtained through pose
estimation align with radiographic parameters. Then, it be-
comes feasible to conduct AIS screening, achieve early de-
tection, and maintain continuous posture monitoring without
subjecting patients to X-ray radiation. The present study
aimed to (1) define the photographic parameters of patients
with AIS using pose estimation outputs and (2) ascertain
correlations between these photographic parameters and cor-
responding radiographic measures.

Materials and Methods

The present study was approved by our institutional re-
view board. Written informed consent was obtained from the
parents or guardians of all participants included in the study.

1. Patient population

We examined the medical records of 42 patients with AIS
with major TL/L curves (Lenke Type 5C) or MT curves
(Lenke Type 1A) who underwent posterior spinal fusion sur-
gery or conservative treatment between July 2022 and Au-
gust 2023 at our university teaching hospital (Table 1). Their
average age was 15.95 years, with a standard deviation of
2.30, and their average BMI was 18.87, with a standard de-
viation of 2.40. A total of 37 out of 42 patients were fe-
male. They were categorized according to the Lenke classifi-
cation, with 24 patients classified as type 1A and 18 patients
as type 5C.

2. Data acquisition

Photographs were captured using an iPhone 13 Pro
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Figure 1. Method of obtaining clinical photographic and X-ray images simultaneously.
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Figure 2. Pose estimation using MoveNet.

L, Left; R, Right

mounted on a tripod without zoom and positioned at a dis-
tance equivalent to that from the patient to the X-ray tube
head. The photographs were taken of the patients while
wearing short sleeves and short pants (Fig. 1). Photographs
and X-ray images were captured simultaneously using a re-
mote control. To ensure the camera’s alignment with gravity,
we maintained the camera’s level in pitch and roll axes.
Measures were implemented to limit any inclination within a
deviation range of 0.5°, utilizing the iPhone’s built-in three-
axis accelerometer.

3. Pose estimation

Our study employed the MoveNet deep learning model
for pose estimation™”. Among the publicly available deep
learning models tailored for real-time pose estimation on
mobile devices, MoveNet stands out due to its optimization
for movement and fitness activities. This optimization ex-
tends its applicability to various movement assessment tasks.
MoveNet takes RGB images as input and outputs x and y
coordinates for 17 distinct body landmarks, including the
nose, left and right eyes, ears, shoulders, elbows, wrists,
hips, knees, and ankles (Fig. 2, 3). A noteworthy feature of
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A:Shoulder Hight Angle

D:Sagittal Trunk Tilt Angle Shoulder - Hip

B:Hip Hight Angle
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C:Coronal Trunk Tilt Angle

E:Sagittal Trunk Tilt Angle Ear - Hip

Figure 3. Method of evaluating photographic parameters.

MoveNet is its ability to focus on an individual closest to
the image center, effectively disregarding others in the back-
ground. The model was developed using two extensive da-
tasets: the COCO Keypoint Dataset™, encompassing images
captured in diverse settings with variations in size and oc-
clusions, and the Active Dataset™, comprising images de-
picting individuals engaged in activities, such as exercise,
stretching, or dancing, collected from YouTube. Collectively,
these datasets incorporate 51,500 images.

To ensure optimal results, the input image provided to
MoveNet should possess dimensions larger than 256 X256
pixels. In our study, the iPhone Pro 13 met this requirement.
Additionally, the decision not to utilize facial landmarks, in-
cluding the nose, left and right eyes, and ears, to calculate
photographic parameters is noteworthy. This decision was
necessitated by the use of face masks by patients during
COVID-19, compromising the precision of facial landmark
localization.

4. Photographic parameters

We used a subset of the 17 points obtained through pose
estimation to define five novel photographic parameters (Ta-
ble 2). In the coronal plane, we established the following
parameters: Shoulder Height Angle (SHA), Hip Height An-
gle (HHA), and Coronal Trunk Tilt Angle (CTTA). In the
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sagittal plane, we introduced Sagittal Trunk Tilt Angle
Shoulder-Hip (STTA_SH) and Sagittal Trunk Tilt Angle Ear-
Hip (STTA_EH).

SHA is the angle formed between the line connecting the
left and right shoulder points and the horizontal axis, and it
is designed to quantify the balance of shoulder height. HHA
is the angle formed between the line connecting the left and
right hip points and the horizontal axis, indicating pelvic
height balance. CTTA is the angle between the line connect-
ing the middle of the shoulder and hip points and the verti-
cal axis. STTA_SH is the angle between the line connecting
the middle of the shoulder and hip points and the vertical
axis. STTA_EH is the angle between the line connecting the
middle of the ear and hip points and the vertical axis. CTTA
is a parameter indicating trunk tilt in the coronal. STTA_SH,
and STTA_EH are parameters indicating trunk tilt in the
sagittal plane.

5. Radiographic parameters

We measured eight conventional radiographic parameters
from standing whole spine posterior-anterior and lateral
standing radiographs. The coronal alignment parameters are
clavicle angle (Cla-A), radiographic shoulder height (RSH),
C7-central sacral vertical line (C7-CSVL), Cobb angle, and
pelvic obliquity. The sagittal alignment parameters are trunk
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Table 2. Photographic Parameters.
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Segment Plane Pose estimation key points
Shoulder  Shoulder height angle SHA Coronal A The angle between each shoulder joint and a horizontal line
Hip Hip height angle HHA Coronal B The angle between each hip joint and a horizontal line
Trunk Coronal trunk tilt angle =~ CTTA Coronal C  The angle between the line connecting the midpoint of each shoulder
with the midpoint of each hip joint and a vertical line
Sagittal trunk tilt angle STTA_SH Sagittal D  The angle between the line connecting the midpoint of each shoulder
shoulder-hip joint with the midpoint of each hip joint and a vertical line
Sagittal trunk tilt angle STTA_EH Sagittal E  The angle between the line connecting the midpoint of each ear with
ear-hip the midpoint of each hip joint and a vertical line
Table 3. Photographic Parameters. Table 4. Radiological Parameters.
Average Minimum  Maximum Average Minimum  Maximum
Sagittal Sagittal
STTA_SH  -3.34+2.38 -7.62 2.66 TTA —2.95+2.27 -7 3
STTA_EH -0.28+2.15 -4.99 5.20 SVA —22.33£27.76 —77.06 52.04
Coronal TPA 2.86+7.77 -13 21
SHA 0.026+1.94 -4.09 4.39 Coronal
HHA 0.38+1.27 -3.75 2.58 Cobb 34.87£12.36 14 73
CTTA —1.14+1.48 -5.32 0.98 C7-CSVL —8.47+15.16 -55.88 22.86
STTA_SH, sagittal trunk tilt angle shoulder-hip; STTA_EH, Cla-A —1.9022.54 -6 >
sagittal trunk tilt angle ear-hip; SHA, shoulder height angle; RSH —10.15+12.71 -28.87 24.20
HHA, hip height angle; CTTA, coronal trunk tilt angle Pelvic Obliquity -0.90+1.96 -6 3

tilt angle (TTA)™, sagittal vertical axis (SVA), and T1 pelvic
angle (TPA)*. Cla-A and RSH reflect shoulder balance. C7-
CSVL reflects trunk balance. Pelvic obliquity reflects pelvic
balance. TTA, SVA, and TPA reflect trunk tilt.

Radiographic measurements were reported by two board-
certified spine surgeons (GG and TO) to determine the in-
terobserver error. The mean values of their measurements
were used to calculate an intraclass coefficient of 0.932, in-
dicating high interrater reliability.

6. Statistical analysis

Mean values are reported for continuous variables. We
used Prism (version 8.0; GraphPad Software, La Jolla, CA)
to calculate summary statistics. The parameters determined
by radiography and photography in the sagittal or coronal
plane were compared individually using Pearson correlation
coefficients to investigate validity. Correlation coefficients
from 0.00 to 0.25 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 are used to indicate statisti-
cal significance (p<0.05).

Results

1. Photographic parameters

The average photographic parameters for the participants
are summarized in Table 3. In sagittal photographic meas-
urements, the average STTA_SH was —3.34° (ranging from

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

—7.62 to +2.66). The average STTA_EH was —0.28° (rang-
ing from —4.99 to +5.20). In coronal photographic parame-
ters, the average SHA was 0.026° (ranging from —4.09 to
+4.39). The average HHA was 0.38° (ranging from —3.75 to
+2.58). The average CTTA was —1.14° (ranging from —5.32
to +0.98).

2. Radiographic parameters

The average radiographic parameters for participants are
summarized in Table 4. In sagittal radiographic measure-
ments, the average TTA was —2.95° (ranging from -7 to
+3). The average SVA was —22.33 mm (ranging from -
77.06 to +52.04). The average TPA was 2.86° (ranging from
—13 to +21). In coronal radiographic measurements, the av-
erage Cobb was 34.87° (ranging from 14 to 73). The aver-
age C7-CSVL was —8.47° (ranging from —55.88 to +22.86).
The average Cla-A was —1.90° (ranging from —6 to +5).
The average RSH was —10.15 (ranging from -28.87 to +
24.20). The average pelvic obliquity was —0.90° (ranging
from —6 to +3).

3. Correlations

The correlations between the photographic and radio-
graphic parameters are summarized in Table 5, 6.
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Table 5. Correlation between Radiographic
and Photographic Parameters.

Sagittal STTA_SH STTA_EH
SVA (mm) r 0.51 0.60

P 0.0006%  <0.0001%
TPA (°) r 0.07 0.15

P 064 0.34
TTA r 0.64 0.85

P <0.0001*  <0.0001%

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

*P<0.05.

3.1. Coronal

Regarding shoulder balance, we observed a good to excel-
lent correlation between SHA and Cla-A (r=0.84, P<0.0001)
and RSH (7=0.83, P<0.0001), respectively. No significant
correlations were identified with other radiographic parame-
ters.

Concerning pelvic balance, HHA correlated fairly with
pelvic obliquity (r=0.40, P=0.0079) and a moderate-to-good
correlation with C7-CSVL (r=0.52, P=0.0004). No signifi-
cant correlations were observed with other radiographic pa-
rameters (Fig. 4, 5).

Regarding trunk balance, CTTA correlated significantly
with the radiographic parameter C7-CSVL (r=0.88,
P<0.0001). No significant correlations were found with
other radiographic parameters.

3.2. Sagittal

Concerning sagittal parameters, all photographic and ra-
diographic parameters capture trunk tilt. Therefore, we com-
pared every combination of radiographic and photographic
parameters. A significant correlation was noted between
TTA and the photographic parameters STTA_SH (r=0.64,
P<0.0001) and STTA_EH (r=0.85, P<0.0001). Similarly, a
significant correlation was identified between SVA and the
photographic parameters STTA_SH (+=0.51, P=0.0006) and
STTA_EH (r=0.60, P<0.0001). However, no significant cor-
relations were observed between TPA and the photographic
parameters STTA_SH and STTA_EH (Fig. 4, 5).

Discussion

Our study identified a statistically significant positive cor-
relation between alignment parameters determined through
clinical photography with pose estimation and those ob-
tained via conventional radiography. These correlations were
observed in the sagittal and coronal planes. To our knowl-
edge, this study represents the first to establish such correla-
tions in humans, particularly patients with AIS.

Over recent decades, several nonradiographic methods for
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Table 6. Correlation
graphic Parameters.

between Radiographic and Photo-

Coronal SHA HHA CTTA

Cla-A r 0.84 0.17 0.28

P <0.0001%* 0.29 0.074
RSH r 0.83 0.14 0.28

P <0.0001%* 0.39 0.078
C7-CSVL r 0.39 0.52 0.88

P 0.012%* 0.0004*  <0.0001*
Pelvic Obliquity  r 0.10 0.40 0.46

P 0.51 0.0079* 0.0019%*
Cobb r —=0.15 0.039 0.032

P 0.33 0.80 0.84

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.

scoliosis evaluation have been proposed”. In contrast, our
fully automatic method utilizes a smartphone and pose esti-
mation software, offering the advantage of assessing numer-
ous photographic parameters that correlate with radiographic
parameters in real-time without requiring patients to undress.
This approach facilitates the automatic and instant assess-
ment of shoulder and trunk imbalances in patients with AIS
requiring surgical intervention, thereby eliminating the need
for X-ray radiation exposure and reducing interobserver er-
rors. However, given the specific attire comprising short
sleeves and short pants in this investigation, further research
is necessary to gauge the potential impact of ill-fitting gar-
ments on the method’s accuracy.

It is important to note that, based on the current output of
the pose estimation methods, photogrammetry cannot fully
replace radiographs, particularly in assessing the Cobb an-
gle, which remains the gold standard for AIS diagnosis. We
observed that photographic parameters are highly correlated
with radiographic parameters whose landmarks are relatively
recognizable visually and close to the pose estimation land-
marks but not with others.

Nevertheless, we anticipate that the quantity and accuracy
of information obtained through photography will improve
with advancements in pose estimation methods and datasets.
The output information and its pose estimation accuracy
largely depend on the dataset used with the method. Da-
tasets have varying variables, including the camera view-
points, the number of people in images, the posture, and the
attire worn by the participant. For example, MoveNet uses
the COCO dataset developed for general purposes and the
Active Dataset developed for fitness purposes. Designing re-
liable photographic parameters with a tailored dataset for
clinical photography with additional landmarks would be
possible.

To assess the practicality of pose estimation in clinical
settings, it is essential to conduct further evaluations involv-
ing large and diverse datasets. This study exclusively en-
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Figure 4. Correlation between photographic and radiographic parameters in the sagittal

plane. *P<0.05.

rolled patients with AIS who regularly visited our hospital,
resulting in a limited sample size of 42 individuals, all with
a high average Cobb angle of 34.87°. Since important deci-
sions, such as bracing, often pertain to patients with AIS
with Cobb angles ranging from 20° to 30°, it is crucial to
evaluate the effectiveness of our method in this specific sub-
group. Additionally, for this method to become a viable
screening tool, its performance should be assessed in indi-
viduals with minor curves and a healthy control group of
children without AIS. Furthermore, as our study included
exclusively Lenke types 5C or 1A patients, it is essential to
evaluate the method’s performance in a diverse patient popu-
lation, including those with single, double, and triple curves.

Finally, considering that the BMI of the patients in this
study was consistently low, with an average of 18.87, it is
important to investigate the accuracy of pose estimation in
patients with high BMIs.

While the potential errors introduced using different mo-
bile devices have not been extensively evaluated, similar re-
sults can be obtained with other mobile devices meeting the
resolution requirements, i.e., 256x256 pixels.

In this study, we presented significant correlations be-
tween photographic and radiographic parameters despite
limitations in the pose estimation method and available data.
These findings suggest that photographic posture analysis
using readily available mobile devices holds promise for
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AIS screening, early detection, and continuous posture
monitoring while eliminating the need for X-ray radiation
exposure. Future studies should include large sample sizes,
encompassing control groups of children without AIS and a
diverse range of patients with AIS, accounting for variations
in Cobb angle, BMI, and the Lenke classification. Addition-
ally, determining definitive threshold values based on pa-
rameters derived from pose estimation is challenging. Never-
theless, with the continuous evolution within deep learning
and pose estimation, future advancements hold promise for
the method’s potential application in medical assessments
and rehabilitation. Iterative studies leveraging updated da-
tasets and technological progress will likely facilitate its in-
tegration into these domains.
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