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Abstract: This study measured parameters automatically by marking the point for measuring each
parameter on whole-spine radiographs. Between January 2020 and December 2021, 1017 sequential
lateral whole-spine radiographs were retrospectively obtained. Of these, 819 and 198 were used for
training and testing the performance of the landmark detection model, respectively. To objectively
evaluate the program’s performance, 690 whole-spine radiographs from four other institutions were
used for external validation. The combined dataset comprised radiographs from 857 female and
850 male patients (average age 42.2 & 27.3 years; range 20-85 years). The landmark localizer showed
the highest accuracy in identifying cervical landmarks (median error 1.5-2.4 mm), followed by
lumbosacral landmarks (median error 2.1-3.0 mm). However, thoracic landmarks displayed larger
localization errors (median 2.4—4.3 mm), indicating slightly reduced precision compared with the
cervical and lumbosacral regions. The agreement between the deep learning model and two experts
was good to excellent, with intraclass correlation coefficient values >0.88. The deep learning model
also performed well on the external validation set. There were no statistical differences between
datasets in all parameters, suggesting that the performance of the artificial intelligence model created
was excellent. The proposed automatic alignment analysis system identified anatomical landmarks
and positions of the spine with high precision and generated various radiograph imaging parameters
that had a good correlation with manual measurements.

Keywords: artificial intelligence; deep learning; radiography; spine

1. Introduction

Recently, there has been a remarkable surge in the availability of biomedical data,
presenting challenges and opportunities for healthcare research. This wealth of data
includes extensive collections of medical images, such as computed tomography (CT) scans,
magnetic resonance imaging (MRI), and radiographs, which play a crucial role in various
medical tasks, such as pathology detection and classification, as well as pinpointing vital
anatomical landmarks. Spine imaging, in particular, holds significant clinical importance
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as it enables the precise characterization of spinal alignment through angles, distances, and
shapes, proving invaluable for tasks such as surgical planning and monitoring of deformity
progression [1]. Traditionally, these parameters are measured either manually using tools
such as rulers and protractors on physical images or with specialized software for digital
images [2]. However, this approach is prone to inaccuracies and inconsistencies due to
variations in measurements by different observers.

To address these challenges, there has been a growing emphasis on developing
computer-aided diagnosis systems over the past few years. These systems aim to re-
duce errors and enhance the efficiency of image analysis; however, they often require
manual input [3]. The advent of fully automated software tools promises to eliminate
these shortcomings and revolutionize both medical research and clinical practice. Recent
advancements in deep learning (DL) technologies, coupled with the high computational
capabilities of graphics processing units (GPUs), have made it feasible to develop tools
capable of autonomously measuring spinal parameters [4,5]. These technological advances
not only streamline the analysis process but also enhance its accuracy, paving the way for
more precise and reliable medical diagnostics and treatments.

In medical imaging, the integration of artificial intelligence, particularly DL, has
significantly increased in recent times, often surpassing the expertise of human observers
in terms of performance. One notable advancement was the development of an automatic
tool for identifying vertebrae in CT scans [6]. This tool accurately pinpointed vertebral
centroids but fell short of providing practical clinical applications. In a study by Jacobsen
et al., DL was employed for the automatic segmentation of cervical vertebrae [7]. However,
their methodology exhibited non-negligible errors in locating the vertebral corners, and
the focus was limited to the cervical area with a relatively small dataset, hindering its
practicality in routine clinical environments.

To address the limitations of these studies, we aimed to develop an artificial intelli-
gence model to accurately identify points from which to perform key measurements on
whole-spine radiographs. This study aimed to measure each parameter automatically by
accurately marking the point for measuring each parameter on whole-spine radiographs.

2. Materials
2.1. Dataset

Between January 2020 and December 2021, a comprehensive collection of 1017 se-
quential lateral whole-spine radiographs was retrospectively gathered. In adherence to
the guidelines of our hospital’s institutional review board (IRB no. 2023218), a waiver for
informed consent was granted for this study. A leading radiologist meticulously reviewed
the entire set of images and excluded several categories: (1) insufficient length, failing
to capture either the C2 dens or both femoral heads; (2) anatomical variances, such as
spinal columns with less or more than the standard 25 vertebrae; and (3) compromise by
suboptimal contrast, hindering clear identification of pelvic structures.

Of the 1017 radiographs, data from 819 and 198 were used for training and testing
the performance of the landmark detection model, respectively. To objectively evaluate
the performance of the program, 690 whole-spine radiographs from four other institutions
were used for external validation. The annotated landmarks contained 26 points, as
shown in Table 1 and Figure 1. The demographic profile for these 1707 annotated images
revealed a mean patient age of 42.2 £ 27.3 years (age range: 20-85 years) at the time of the
radiographic examinations.

Table 1. Names and descriptions of landmarks annotated on whole-spine lateral X-ray.

Name Description
FH_1 Center of the Femur head
FH_2 Center of the Femur head

S_i Anterior point of the upper endplate of the sacrum
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Table 1. Cont.

Name

Description

S 2
L1.1
L1.2
14 1
142
T4_1
T4 2

T12_1
T12_2
T1
Forehead
FM_1
FM_2
ODT

Jaw
c21
C2.2

(v
C7_1
Cc7.2
C7_3
T1_1
T1_2

Posterior point of the upper endplate of the sacrum
Anterior point of the upper endplate of the L1 vertebra
Posterior point of the upper endplate of the L1 vertebra
Anterior point of the upper endplate of the L4 vertebra
Posterior point of the upper endplate of the L4 vertebra
Anterior point of the upper endplate of the T4 vertebra
Posterior point of the upper endplate of the T4 vertebra
Anterior point of the lower endplate of the T12 vertebra
Posterior point of the lower endplate of the T12 vertebra

Center of the T1 vertebral body
Forehead
Anterior point of the foramen magnum
Posterior point of the foramen magnum
Odontoid
Jaw
Anterior point of the lower endplate of the C2 vertebra
Posterior point of the lower endplate of the C2 vertebra
Center of the C7 vertebral body
Anterior point of the lower endplate of the C7 vertebra
Posterior point of the lower endplate of the C7 vertebra
Posterior point of the upper endplate of the C7 vertebra
Anterior point of the upper endplate of the T1 vertebra
Posterior point of the upper endplate of the T1 vertebra

Figure 1. Landmarks annotated on a whole-spine lateral radiograph.
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2.2. Learning of Heatmap-Based Landmark Detection

The model for detecting landmarks used U-Net [8], and learning was conducted based
on a heatmap. The heatmap-based method indirectly learns coordinates through heatmaps
instead of directly learning them. This method is widely used in landmark detection for
pose estimation [9] or face landmark detection [10]. Heatmap-based learning is slower
than the direct prediction of coordinates, but it is less sensitive to slight differences that
may occur owing to human annotations because it accepts the surroundings of coordinates
more generously. The proposed heatmap-based landmark detection model used a Gaussian
heatmap generated around landmark coordinates as the ground truth (Figure 2), and the
dice coefficient loss (L ;..) and weighted L1 loss (L) were used as the loss functions [11].

L= “‘Cdice + IB‘Cwl (1)

A) (B)

Figure 2. As an example, if the point located in the center of 100 x 100 as in (A) is expanded to
Gaussian values and normalized to values 0 to 1, a heatmap like (B) is created. In this example, o
was set to 10, thresholded in the +20 range, and visualized with a jet colormap.

L1 loss, which is the absolute difference between the ground truth and the prediction,
leads to a predicted heatmap (Y) similar to the ground truth (Y). However, compared with
the overall image size, a single point is very small. Therefore, we categorized the area of the
point as the foreground and the area outside the point as the background. Subsequently,
we applied the weighted L1 loss by assigning weights that were inversely proportional to
each foreground and background area. The background (bg) and foreground (fg) were
determined based on 20 of the simulated Gaussian.

0, x <20
felx) = {1, x> 20
1, x <20
bg(x) = {o, x> 20 @)

Lo=) (Wx|Y-Y])
W = fg(¥)/ ) (f8(X)+b3(¥)/ Y (b3(Y))
Dice loss was added to bring the predicted heat map closer to the ground-truth

Gaussian-distributed heat map. This loss is inversely related to the dice similarity coefficient
(DSC), which measures the similarity between two samples.

y=fg(Y)xY
g=fg(Y)*Y (3)
‘Cdice =1- DSC(]// 9)
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DSC has a value between 0 and 1. The higher the similarity, the closer it is to 1, and
the lower the similarity, the closer it is to 0. DSC calculates only the foreground area of each
sample, and in this case, the foreground is an area divided by 20 as a boundary, similar to
weighted L1 loss.

psc(y, g) = ET L2920 @

Finally, the landmark coordinate outputs from the model were the center points of the
maximum values from the predicted heatmap.

2.3. Workflow of the Landmark Detection in Whole-Spine Lateral Radiographs

The landmark detection model in whole-spine lateral radiographs was divided into
two steps: detection of the upper cervical area above T1 and the lower thoracic—femur
area (Figure 3). This aimed to achieve precise detection of densely clustered landmarks
in the cervical area, which have a higher density than the resolution of the entire image.
The detection of the cervical area was further divided into two steps. First, the cervical
region of interest (ROI) within a whole-spine radiograph was identified. The cervical ROI
range was specified with a margin of 30% of the horizontal margin in a tightly bound box
from 13 landmarks above T1 detected on the whole-spine radiograph. In the second step,
detection was performed at a higher resolution in the cervical ROI Finally, the predicted
landmarks of the whole-spine radiograph were derived by combining the prediction
points of the detection model in the thoracic-femur area and the detection model in the
cervical ROL

1024x1024 1024x1024

448x1024

Figure 3. Operational flow of the landmark detection model in whole-spine lateral radiographs. For
automatic landmark detection in a single radiograph, the thoracic-lumbar and cervical spine are
localized separately. The outputs of landmark localizers for each image input are all heatmaps, and
the final output of the model is the coordinates (orange points) restored to match the original image
resolution derived from the heatmaps.

2.4. Training Details

The input image size was set to 448 x 1024, whereas the cervical ROI training model
used a 1024 x 1024 resolution image as the input. All the inputs were resized while
maintaining the aspect ratio (height/width), and pixel values were rescaled by referring
to the windowing information in the whole spine radiograph DICOM header, after which
contrast limited adaptive histogram equalization (CLAHE) was applied. All inputs were
resized by maintaining the aspect ratio and then rescaled and inputted after applying
CLAHE. Augmentation during training was shift (+10%), zoom (£10%), and rotation
(£10°). The sigma (o) for heatmap generation was set to 10 and 15 for the whole-spine
lateral radiograph and cervical ROI, respectively. Dice loss could be applied after a certain
amount of training, so the « in the loss function started from 0 and increased by 0.002
per epoch, while B was set as 1 — a. All models were trained in an Ubuntu 22.04.4 LTS,
Intel® Core™ i9-9900X CPU @ 3.50GHz x4ea, a single GPU environment [Quadro RTX 8000
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(48 GB)], and the TensorFlow 2.11 version was used as a framework. Of the 819 training
sets, 794 were used to update the model’s weights, and 25 were used as validation sets
during training. After running 300 epochs with a batch size of 10, the weight at the epoch
with the lowest average validation loss in the cumulative 10 epochs was selected as the
final weight of the detection model. Figure 4 shows the loss and accuracy graph monitored
for each 100 steps during the learning process.

(A) (B)

Thoracic-femur

b landmarks in the
. whole-spine
Cervical
landmarks in the
' 25 whole-spine
Ll . y 'ﬂ' o V“"“‘W )
Cervical

landmarks in the
cervical ROI

© (D)

Figure 4. These are loss and accuracy curve graphs for 300 epochs of the training set and validation
set: (A) Accuracy curve graphs of training set; (B) accuracy curve graphs of validation set; (C) loss
curve graphs of training set; (D) loss curve graphs of validation set. The x-axis represents steps and is
plotted at every 100 steps. Blue is the curve of the model that finds thoracic—femur landmarks in the
whole spine, orange is the curve of the model that finds cervical landmarks in the whole spine, and
green is the curve of the model that finds cervical landmarks in the cervical ROL

2.5. Measurement of Spinal Parameters

Fifteen spinal parameters were measured from the landmarks detected in whole-spine
lateral radiographs using the landmark detection model. The names and measurement
methods for these parameters are listed in Table 2.

Table 2. Names and measurement methods of spinal parameters measured from landmarks detected
in whole-spine lateral X-ray.

Name

Measurement

PI

PT

SS
LL
L4S1
TK

TPA

CBVA
c2Cc7

The angle between the line connecting the center of femur heads and the center of

Pelvic Incidence

Pelvic Tilt

Sacral Slope
Lumbar Lordosis
L4S1 Lordosis

Thoracic Kyphosis

Tlpelvic Angle

Chin-Brow Vertical Angle
C2C7 Angle (Cervical

Lordosis Angle)

the sacrum’s upper endplate, and the perpendicular line of the sacrum’s
upper endplate.
The angle between the line connecting the center of the femur heads and the center
of the sacrum’s upper endplate, and the vertical.
The angle between the sacrum’s upper endplate and the horizontal.

The angle between the upper endplate of L1 and the endplate of the sacrum.
The angle between the upper endplate of L4 and the endplate of the sacrum.
The angle between the upper endplate of T4 and the lower endplate of T12.
The angle between the line connecting the center of the T1 vertebral body and the
center of the femur heads, and the line connecting the center of the femur heads
and the center of the sacrum’s upper endplate.

The angle between the line connecting the forehead and chin, and the vertical.

The angle between the lower endplate of C2 and the lower endplate of C7.
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Table 2. Cont.

Name Measurement
TS T1 Slope The angle between the upper endplate of T1 and the horizontal.
TS-CL T1 Slope—Cervical Lordosis T1 slope minus cervical lordosis.
ODHA Odontoid hip axis angle The angle between the line connecting the oc.lont01d to the center of femur heads,
and the vertical.
PI-LL Pelvic Inc1dence'— Lumbar Pelvic Incidence minus Lumbar Lordosis
Lordosis
SSA Spino-Sacral Angle The angle between the, line connecting the center of t’he C7 body and the center of
the sacrum’s upper endplate, and sacrum’s upper endplate.
SVA Sagittal Vertical Axis Distance between the vertical line at the center of the C7 body and a posterior

point of the sacrum’s upper endplate.

2.6. Statistical Analysis

The landmark localization errors were used to evaluate the performance of the trained
landmark localizer. Interrater reliability was used to determine the level of agreement
among the following three raters:

Rater 1 (R1): Senior neurosurgeon

Rater 2 (R2): Junior neurosurgeon

Proposed DL model (landmark localizer and numerical algorithm)

In this study, Pearson correlation coefficients were employed to assess the relationships
between the predicted radiographic parameters using a DL model and the actual ground
truth values. To determine the numerical discrepancies between the model predictions and
ground truth, Wilcoxon signed-rank tests were utilized, with a p-value threshold of <0.05
indicating statistical significance. Furthermore, the intraclass correlation coefficient (ICC)
was used to measure the interobserver reliability of three human evaluators (junior resident,
spine fellow, and senior surgeon), the DL model, and ground truth. This analysis was based
on a dataset of 198 images specifically chosen for interobserver reliability evaluation. The
reliability was categorized into four levels based on the ICC value: excellent (0.9-1.0), high
(0.7-0.9), moderate (0.5-0.7), and low (0.25-0.5). All statistical analyses and procedures in
this research were performed using SPSS version 25.0 (SPSS Inc, Chicago, IL, USA)

3. Results
3.1. Dataset Demographic

The dataset comprised radiographs from 857 female and 850 male patients, with an
average age of 42.2 & 27.3 (range: 20-85) years. In this dataset, spinal implants were present
in 170 images (approximately 10%), with the range of instrumentation extending from C4
to the ilium, averaging 8.2 & 3.0 levels per image.

3.2. Performance of the Landmark Localizer

The landmark localizer showed the highest accuracy in identifying cervical landmarks,
with a median error of 1.5-2.4 mm. This was followed by the lumbosacral landmarks, which
exhibited a median error of 2.1-3.0 mm. In contrast, the thoracic landmarks displayed larger
localization errors, with median values of 2.4—4.3 mm, indicating slightly reduced precision
compared with the cervical and lumbosacral regions. Figure 5 shows a visualization of
localized landmarks in the test set.
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Figure 5. Examples of landmarks automatically localized in the test set.

3.3. Inter-Rater Reliability between the Two Human Experts and Developed Deep Learning Model

Table 3 shows the inter-rater reliability of the spinal curvature characteristics between
the two human experts and the developed DL model. The consistency in measurements
between the senior and junior neurosurgeons was outstanding across all spinal curvature
characteristics, with all ICCs exceeding 0.9, indicating excellent agreement. When compared
with the evaluations made by human experts, the proposed DL model showed slightly
lower reliability in accurately predicting the cervicothoracic junction point and the degree
of thoracic kyphosis. However, its performance in determining the thoracolumbar junction,
cervical and lumbar points, and lumbar lordosis was comparable with that of human
experts. Overall, the agreement between the DL model and the two experts ranged from
good to excellent, with ICC values exceeding 0.88.

Table 3. Inter-rater reliability between the two human experts and developed deep learning model.

Parameters R1 versus R2 DL versus R1 DL versus R2

PI(°) 0.978 0.891 0.889
PT (°) 0.981 0.923 0.915
SS (°) 0.962 0.905 0.897
LL (°) 0.957 0.921 0.915
L4S1 (°) 0.961 0.901 0.894
TK (°) 0.979 0.945 0.931
TPA (°) 0.945 0.894 0.884
CBVA (°) 0.951 0.907 0.901
C2C7 (°) 0.947 0.887 0.881
TS (°) 0.923 0.915 0.909
TS-CL (°) 0.914 0.909 0.897
ODHA (°) 0.928 0.903 0.891
PI-LL (°) 0.927 0.896 0.884
SSA (°) 0.944 0.945 0.925

SVA (mm) 0.957 0.912 0.902

PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; LL, lumbar lordosis; L4S1, L4S1 lordosis; TK, thoracic kyphosis;
TPA, T1 pelvic angle; CBVA, chin-brow vertical angle; C2C7, C2C7 angle; TS, T1 slope; TS-CL, T1 slope—cervical
lordosis; ODHA, odontoid hip axis angle; PI-LL, pelvic incidence—lumbar lordosis; SSA, spino-sacral angle; SVA,
sagittal vertical axis.

3.4. Performance Evaluation of the Spinal Parameters of the Deep Learning Model

The performance of the DL model in estimating spinopelvic parameters was rigorously
evaluated using a test dataset comprising 198 spinal radiographic images. The results,
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outlined in Table 4, show mean errors for these parameters, considering the non-normal
distribution of error values. The mean errors were accompanied by the standard deviation.

Table 4. Performance evaluation of the spinal parameters of the deep learning model.

Correlation Analysis Wilcoxon Signed-Rank Test
Parameters Ground Truth Parameter Error
R p Value p Value
PI (°) 53.8 +18.8° 2.6+3.1° 0.982 0.497
PT (°) 14.8 £ 11.3° 1.8 £22° 0.917 0.512
SS (°) 394 +£79° 22+ 34° 0.912 0.459
LL (°) 412 +£17.3° 57 +3.5° 0.991 0.279
L4511 (°) 30.7 £ 11.6° 45+28° 0.857 0.247
TK (°) 27.2 £11.2° 55+ 4.5° 0.812 0.078
TPA (°) 249 +23.2° 1.8 £1.1° 0.792 0.758
CBVA (°) 1.8 £5.2° 0.7 £0.6° 0.984 <0.001 * 0.678
C2C7 (°) 13.6 +£9.7° 55+ 6.5° 0.845 0.598
TS (°) 22.8 £10.2° 57 +6.2° 0.784 0.084
TS-CL (°) 9.8 +24° 41+59° 0.809 0.097
ODHA (°) 43 £54° 02+0.2° 0.978 0.594
PI-LL (°) 121 +£75° 3.0+£4.5° 0.962 0.596
SSA (°) 120.1 £ 12.4° 33 +25° 0.927 0.492
SVA (mm) 22.1 £19.2mm 3.0 £ 2.9 mm 0.986 0.745
P, pelvic incidence; PT, pelvic tilt; SS, sacral slope; LL, lumbar lordosis; L4S1, L4S1 lordosis; TK, thoracic kyphosis;
TPA, T1 pelvic angle; CBVA, chin-brow vertical angle; C2C7, C2C7 angle; TS, T1 slope; TS-CL, T1 slope—cervical
lordosis; ODHA, odontoid hip axis angle; PI-LL, pelvic incidence—lumbar lordosis; SSA, spino-sacral angle; SVA,
sagittal vertical axis; * p value < 0.05.

All predicted radiographic parameters demonstrated significant correlations with the
ground truth values, with p-values less than 0.001. For core spinopelvic parameters, the
mean error varied from 0.16° for odontoid hip axis angle (ODHA) to 5.69° for lumbar
lordosis. Notably, no significant differences were found between the model predictions and
ground truth values, as evidenced by all p-values > 0.05 in the Wilcoxon signed-rank tests.
The predicted Chin-Brow Vertical Angle (CBVA) and pelvic incidence (PI) were particularly
well correlated with the ground truth, exhibiting Pearson correlation coefficients (R) > 0.9.
When examining regional spinal parameters, performance varied across anatomical regions.
In the cervicothoracic region, the mean errors spanned from 0.66° for cervical CBVA to
5.66° for T1 slope (TS). In the thoracic region, the mean errors for thoracic kyphosis were
5.53°. For the lumbosacral parameters, the mean errors were 1.87° for pelvic tilt (PT) and
5.69° for the lumbar lordosis angle.

3.5. Predicted Spinal Parameters of the External Validation Dataset

A comparative analysis was performed with four external validation datasets (Table 5).
There were no statistical differences between datasets in all parameters, suggesting that the
performance of the artificial intelligence model created was excellent.

Table 5. Predicted spinal parameters of the external validation dataset.
External- External- External- External-
Parameter Validation Validation Validation Validation
Parameters Ground Truth Error Dataset 1 Dataset 2 Dataset 3 Dataset 4 p-Value
Error Error Error Error

PI(°) 53.8 £ 18.8° 2.7 +3.1° 33£21° 22+39° 42 +24° 3.6 +21° 0.479
PT (°) 14.8 £11.3° 1.9 £22° 2.7 +2.0° 22+27° 25+1.2° 23+ 1.3° 0.545
SS (%) 39.4+7.9° 22+34° 23 +3.3° 3.6+£22° 3.8+24° 3.6 +3.0° 0.471
LL (°) 41.2 £17.3° 5.7 £3.5° 51+3.0° 6.2 £44° 5.6 £ 3.6° 42 +3.3° 0.784
L451 (°) 30.7 £ 11.6° 45+28° 52 425° 42 +2.6° 44+31° 50+24° 0.612
TK (°) 272 +11.2° 55+ 4.5° 59 +44° 59 +5.2° 42 +£3.8° 50+ 4.4° 0.274
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Table 5. Cont.
External- External- External- External-
Parameter Validation Validation Validation Validation
Parameters Ground Truth Error Dataset 1 Dataset 2 Dataset 3 Dataset 4 p-Value
Error Error Error Error

TPA (°) 249 + 23.2° 1.8 +1.1° 14 +1.8° 19+1.7° 19+1.9° 15+1.1° 0.798
CBVA (°) 1.8 £5.2° 0.7 & 0.6° 0.6 +=0.4° 0.4 4+ 0.2° 0.8 +1.4° 0.8 +1.0° 0.571
C2C7 (°) 13.6 +£9.7° 5.5 + 6.5° 46 +44° 54 +5.2° 4.8 +£54° 5.8 +4.0° 0.435
TS (°) 22.8 +£10.2° 5.7 +6.2° 44 +44° 51+6.1° 5.7 +4.6° 5.4 + 6.4° 0.645
TS-CL (°) 9.8 +2.4° 41 +509° 45+ 6.3° 41 +53° 3.9 +4.4° 3.7 +4.8° 0.421
ODHA (°) 43 +54° 0.2 +0.2° 0.1 £0.4° 0.1 +£0.2° 0.1 £0.3° 0.3 +£0.9° 0.764
PI-LL (°) 12.1 +£7.5° 3.0 +4.5° 3.1 +4.9° 20+27° 2.4 1+ 4.8° 2.1 +32° 0.841
SSA (°) 120.1 £ 12.4° 3.3 +25° 3.2 +26° 4.0 £ 2.48° 3.1 +24° 3.9 +25° 0.623
SVA (mm) 22.1 +£19.2 mm 30+£29mm 20+£25mm 29+£25mm 27+1.1mm 29+15mm 0.812

PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; LL, lumbar lordosis; L4S1, L4S1 lordosis; TK, thoracic kyphosis;
TPA, T1 pelvic angle; CBVA, chin-brow vertical angle; C2C7, C2C7 angle; TS, T1 slope; TS-CL, T1 slope—cervical
lordosis; ODHA, odontoid hip axis angle; PI-LL, pelvic incidence—lumbar lordosis; SSA, spino-sacral angle; SVA,
sagittal vertical axis.

4. Discussion

Adult spinal deformity (ASD) affects a significant proportion of the elderly population,
with 32-68% of individuals over 65 experiencing this condition [12-14]. The causes of
ASD are diverse, including conditions such as de novo scoliosis, progressive adolescent
idiopathic scoliosis, degenerative hyperkyphosis, and iatrogenic flat back deformity [15].
A comprehensive radiographic assessment of the entire spine, including the hip joints, is
crucial for evaluating sagittal balance in ASD. Various studies have established the relation-
ship between key spinopelvic parameters and health-related quality of life outcomes, as
well as the success of ASD corrective surgeries [16]. These parameters, both regional and
global, are vital for disease classification and preoperative planning, offering insights into
the overall sagittal balance by considering factors such as cervical hyperlordosis, thoracic
hypokyphosis, and pelvic retroversion, independent of postural changes and body size
differences [17]. However, manually measuring these parameters can be time-consuming
and subject to interobserver variability. Our study introduced a DL model that shows
performance comparable to that of human observers in accurately measuring 15 critical
sagittal spinal parameters across various spinal conditions.

Numerous studies have applied DL techniques to analyze plain radiographs of the
lateral spine automatically. For instance, in a study conducted by Weng et al. [18], a DL
model based on an advanced ResUNet architecture was developed for the automatic mea-
surement of the sagittal vertical axis (SVA), demonstrating exceptional reliability compared
with human expert assessments. The scope of automatic measurements in whole-spine
lateral radiographs has been broadened to include various spinopelvic parameters, such as
pelvic incidence, sacral slope, and PT. These measurements have shown not only acceptable
error margins but also robust correlations with ground truth values [19]. Further, a study by
Yeh et al. [20] reported that the automatic predictions of spinopelvic parameters utilizing a
sophisticated two-stage DL model were on par with the reliability of human experts, even
in cases involving complex spinal disorders. This underscores the increasing efficacy and
reliability of DL applications in spinal radiographic analyses. Galbusera et al. attempted to
calculate the spine angles automatically using standardized biplanar images from the EOS
system [19]. Despite standardization, this approach also demonstrated the potential for
improvement in angle calculation. Other initiatives have focused on 3D spinal reconstruc-
tion using both automatic and semiautomatic models. One such study applied a statistical
model and a convolutional neural network to reconstruct the shape of the spine precisely,
assessing the model accuracy through the Euclidean distance between predictions and
actual measurements. Manual intervention was required before the relevant parameters
could be calculated.
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A key benefit of DL in medical imaging is its ability to provide rapid, objective, and
consistent interpretations. Despite advancements in Picture Archiving and Communication
Systems (PACS) and specialized commercial software, such as Surgimap (Nemaris, MA,
USA), manual identification of points still requires significant professional input and
considerable time. While a few studies have reported automatic curvature feature analyses
in various spinal imaging modalities [21], these have not been widespread. A notable
advancement in this area is the use of annotated vertebral centers for spline-based curve
angle measurements. As demonstrated in a recent study [22], this approach yields higher
intrarater and interrater reliability than traditional manual Cobb angle measurements,
especially in anteroposterior spinal radiographs. However, it is important to note that much
of this research has predominantly concentrated on analyzing the frontal plane curvature,
with less emphasis on the sagittal plane, highlighting a potential area for development in
spinal imaging analysis.

Weng et al. created an artificial intelligence model that analyzed the curvature of the
entire spine by detecting the inflection points and apices [23]. Point detection in spinal
sagittal curvatures has been the subject of extensive research in both healthy and patho-
logical contexts [24]. Biomechanically, inflection points signify transitional areas between
different sagittal curves, while apices influence the distribution of lumbar lordosis [25].
Therefore, achieving accurate relocation of the inflection points and apices and restoring
the ideal sagittal profile are critical for spinal surgical procedures. However, because it
does not find points to accurately measure parameters, it has the limitation of estimating
parameters using a virtual curvature line through inflection points and apices. In this study,
we increased the efficiency of angle measurements by directly detecting the points required
for angle measurement using artificial intelligence. Although our DL model significantly
reduces manual labeling efforts, incorporating a human review process into real clinical
settings is advisable.

This study had some limitations. First, although radiological examinations from a
multicenter study were used for external validation, the overall dataset size was small.
Second, images with atypical vertebral counts were excluded, implying that the model
may not accurately predict cases with anomalies such as lumbosacral transitional vertebrae.
Third, the predictions were based solely on lateral radiographs, whereas a biplanar EOS
system with 3D reconstruction might offer more comprehensive assessments of spinal
deformities. Fourth, the performance of the DL model may vary across different spinal
conditions as radiographs include a wide range of spinal issues. Despite these limitations,
our DL model demonstrated the ability to interpret sagittal spinal curves automatically
and consistently.

5. Conclusions

The landmark localizer showed the highest accuracy in identifying cervical landmarks,
with a median error of 1.5-2.4 mm. External validation was performed using data from
four other institutions and good results were obtained. The proposed automatic alignment
analysis system identified the positions of the anatomical landmarks of the spine with
high precision and generated various radiograph imaging parameters that had a good
correlation with manual measurements.

Author Contributions: Conceptualization, S.H.N.; methodology, S.H.N.; software, S.H.N., G.L. and
H.-].B.; validation, SH.N., PG.C., SHK,, W.TY, SH.L, B.P, K.-RK, K.-TK. and Y.H.; formal analysis,
S.H.N., G.L. and H.-].B.; investigation, S.H.N.; resources, S.H.N.; data curation, ].Y.H., S.J.5., D.K,,
J.Y.P. and S.K.C; writing—original draft preparation, S.H.N. and G.L.; writing—review and editing,
S.H.N. and G.L.; visualization, S.H.N. and G.L.; supervision, S HN., PG.C,, SHK.,, WTY, SH.L.,
B.P, K.-R K., K.-TK. and Y.H.; project administration, S.H.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Bioengineering 2024, 11, 481 12 of 13

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Gaeun Lee and Hyun-Jin Bae were employed by the company Promedius Inc.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Le Huec, J.C.; Charosky, S.; Barrey, C.; Rigal, J.; Aunoble, S. Sagittal imbalance cascade for simple degenerative spine and
consequences: Algorithm of decision for appropriate treatment. Eur. Spine J. 2011, 20 (Suppl. S5), 699-703. [CrossRef] [PubMed]
Carman, D.L.; Browne, R.H.; Birch, ].G. Measurement of scoliosis and kyphosis radiographs. Intraobserver and interobserver
variation. J. Bone Jt. Surg. Am. 1990, 72, 328-333. [CrossRef]

Summers, R.M. Deep learning and computer-aided diagnosis for medical image processing: A personal perspective. In Deep
Learning and Convolutional Neural Networks for Medical Image Computing; Lu, L., Zheng, Y., Carneiro, G., Yang, L., Eds.; Springer
International Publishing AG: Cham, Switzerland, 2017; pp. 3-10. [CrossRef]

Sun, H.; Zhen, X.; Bailey, C.; Rasoulinejad, P; Yin, Y.; Li, S. Direct Estimation of Spinal Cobb Angles by Structured Multi-Output
Regression; Springer International Publishing: Cham, Switzerland, 2017; pp. 529-540. [CrossRef]

Wu, H; Bailey, C.; Rasoulinejad, P.; Li, S. Automated comprehensive adolescent idiopathic scoliosis assessment using MVC-Net.
Med. Image Anal. 2018, 48, 1-11. [CrossRef] [PubMed]

Levine, M.; De Silva, T.; Ketcha, M.D.; Vijayan, R.; Doerr, S.; Uneri, A.; Vedula, S.; Theodore, N.; Siewerdsen, ].H. Automatic
vertebrae localization in spine CT: A deep-learning approach for image guidance and surgical data science. In Proceedings of the
SPIE 10951, Medical Imaging 2019: Image-Guided Procedures, Robotic Interventions, and Modeling, 109510S (8 March 2019), San
Diego, CA, USA, 17-19 February 2019. [CrossRef]

Jakobsen, LM.G.; Plocharski, M. Automatic detection of cervical vertebral landmarks for fluoroscopic joint motion analysis. In
Image Analysis. SCIA 2019. Lecture Notes in Computer Science; Felsberg, M., Forssén, P.E., Sintorn, LM., Unger, J., Eds.; Springer:
Cham, Switzerland, 2019; Volume 11482, pp. 209-220. [CrossRef]

Isensee, F.; Petersen, J.; Klein, A.; Zimmerer, D.; Jaeger, PE,; Kohl, S.; Wasserthal, J.; Koehler, G.; Norajitra, T.; Wirkert, S.; et al.
Abstract: nnU-Net: Self-adapting framework for U-Net-based medical image segmentation. In Bildverarbeitung fiir die Medizin;
Springer Fachmedien Wiesbaden: Wiesbaden, Germany, 2019; Volume 22. [CrossRef]

Alejandro, N.; Yang, K.; Deng, J. Stacked hourglass networks for human pose estimation. In Proceedings of the Computer
Vision—-ECCV 2016: 14th European Conference, Amsterdam, The Netherlands, 11-14 October 2016; Proceedings Part VIII 14.
Springer International Publishing: Cham, Switzerland, 2016.

Kumar, H.; Marks, T.K.; Mou, W.; Wang, Y.; Jones, M.; Cherian, A.; Koike-Akino, T,; Liu, X.; Feng, C. Luvli face alignment:
Estimating landmarks’ location, uncertainty, and visibility likelihood. In Proceedings of the IEEE/CVF Conference on Computer
Vision and Pattern Recognition, Seattle, WA, USA, 13-19 June 2020.

Zhang, Z.; Chai, K.; Yu, H.; Majaj, R.; Walsh, F; Wang, E.; Mahbub, U.; Siegelmann, H.; Kim, D.; Rahman, T. Neuromorphic
high-frequency 3D dancing pose estimation in dynamic environment. Neurocomputing 2023, 547, 126388. [CrossRef]

Kebaish, K.M.; Neubauer, P.R.; Voros, G.D.; Khoshnevisan, M.A.; Skolasky, R.L. Scoliosis in adults aged forty years and older:
Prevalence and relationship to age, race, and gender. Spine 2011, 36, 731-736. [CrossRef] [PubMed]

Noh, S.H.; Lee, HS.; Park, G.E.; Ha, Y,; Park, J.Y,; Kuh, S.U.; Chin, D.K.; Kim, K.S.; Cho, Y.E.; Kim, S.H.; et al. Predicting
mechanical complications after adult spinal deformity operation using a machine learning based on modified global alignment
and proportion scoring with body mass index and bone mineral density. Neurospine 2023, 20, 265-274. [CrossRef] [PubMed]
Noh, S.H.; Ha, Y.; Park, J.Y,; Kuh, S.U.; Chin, D.K,; Kim, K.S.; Cho, Y.E.; Lee, H.S.; Kim, K.H. Modified global alignment and
proportion scoring with body mass index and bone mineral density analysis in global alignment and proportion score of each 3
categories for predicting mechanical complications after adult spinal deformity surgery. Neurospine 2021, 18, 484-491. [CrossRef]
[PubMed]

Diebo, B.G.; Shah, N.V,; Boachie-Adjei, O.; Zhu, F,; Rothenfluh, D.A.; Paulino, C.B.; Schwab, EJ.; Lafage, V. Adult spinal deformity.
Lancet 2019, 394, 160-172. [CrossRef] [PubMed]

Le Huec, J.C.; Thompson, W.; Mohsinaly, Y.; Barrey, C.; Faundez, A. Sagittal balance of the spine. Eur. Spine J. 2019, 28, 1889-1905.
[CrossRef] [PubMed]

Barrey, C.; Jund, J.; Noseda, O.; Roussouly, P. Sagittal balance of the pelvis-spine complex and lumbar degenerative diseases. A
comparative study about 85 cases. Eur. Spine J. 2007, 16, 1459-1467. [CrossRef] [PubMed]

Weng, C.H.; Wang, C.L.; Huang, Y.J.; Yeh, Y.C.; Fu, CJ.; Yeh, C.Y,; Tsai, T.T. Artificial intelligence for automatic measurement of
sagittal vertical axis using ResUNet framework. J. Clin. Med. 2019, 8, 1826. [CrossRef] [PubMed]

Galbusera, F.; Niemeyer, F; Wilke, H.J.; Bassani, T.; Casaroli, G.; Anania, C.; Costa, F; Brayda-Bruno, M.; Sconfienza, L.M. Fully
automated radiological analysis of spinal disorders and deformities: A deep learning approach. Eur. Spine J. 2019, 28, 951-960.
[CrossRef] [PubMed]

Yeh, Y.C.; Weng, C.H.; Huang, Y.J.; Fu, C.J.; Tsai, T.T.; Yeh, C.Y. Deep learning approach for automatic landmark detection and
alignment analysis in whole-spine lateral radiographs. Sci. Rep. 2021, 11, 7618. [CrossRef] [PubMed]


https://doi.org/10.1007/s00586-011-1938-8
https://www.ncbi.nlm.nih.gov/pubmed/21811823
https://doi.org/10.2106/00004623-199072030-00003
https://doi.org/10.1007/978-3-319-42999-1_1
https://doi.org/10.1007/978-3-319-59050-9_42
https://doi.org/10.1016/j.media.2018.05.005
https://www.ncbi.nlm.nih.gov/pubmed/29803920
https://doi.org/10.1117/12.2513915
https://doi.org/10.1007/978-3-030-20205-7_18
https://doi.org/10.1007/978-3-658-25326-4_7
https://doi.org/10.1016/j.neucom.2023.126388
https://doi.org/10.1097/BRS.0b013e3181e9f120
https://www.ncbi.nlm.nih.gov/pubmed/20881515
https://doi.org/10.14245/ns.2244854.427
https://www.ncbi.nlm.nih.gov/pubmed/37016873
https://doi.org/10.14245/ns.2142470.235
https://www.ncbi.nlm.nih.gov/pubmed/34610679
https://doi.org/10.1016/S0140-6736(19)31125-0
https://www.ncbi.nlm.nih.gov/pubmed/31305254
https://doi.org/10.1007/s00586-019-06083-1
https://www.ncbi.nlm.nih.gov/pubmed/31332569
https://doi.org/10.1007/s00586-006-0294-6
https://www.ncbi.nlm.nih.gov/pubmed/17211522
https://doi.org/10.3390/jcm8111826
https://www.ncbi.nlm.nih.gov/pubmed/31683913
https://doi.org/10.1007/s00586-019-05944-z
https://www.ncbi.nlm.nih.gov/pubmed/30864061
https://doi.org/10.1038/s41598-021-87141-x
https://www.ncbi.nlm.nih.gov/pubmed/33828159

Bioengineering 2024, 11, 481 13 of 13

21.

22.

23.

24.

25.

Zhou, G,; Jiang, W.; Lai, K.; Zheng, Y. Automatic measurement of spine curvature on 3-D ultrasound volume projection image
with phase features. IEEE Trans. Med Imaging 2017, 36, 1250-1262. [CrossRef]

Bernstein, P.; Metzler, J.; Weinzierl, M.; Seifert, C.; Kisel, W.; Wacker, M. Radiographic scoliosis angle estimation: Spline-based
measurement reveals superior reliability compared to traditional COBB method. Eur. Spine J. 2021, 30, 676—685. [CrossRef]
[PubMed]

Weng, C.H.; Huang, Y.J.; Fu, C.J,; Yeh, Y.C.; Yeh, C.Y,; Tsai, T.T. Automatic recognition of whole-spine sagittal alignment and
curvature analysis through a deep learning technique. Eur. Spine J. 2022, 31, 2092-2103. [CrossRef] [PubMed]

Roussouly, P.; Gollogly, S.; Berthonnaud, E.; Dimnet, J. Classification of the normal variation in the sagittal alignment of the
human lumbar spine and pelvis in the standing position. Spine 2005, 30, 346-353. [CrossRef] [PubMed]

Pan, C.; Wang, G.; Sun, ].; Lv, G. Correlations between the inflection point and spinal sagittal alignment in asymptomatic adults.
Eur. Spine J. 2020, 29, 2272-2280. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TMI.2017.2674681
https://doi.org/10.1007/s00586-020-06577-3
https://www.ncbi.nlm.nih.gov/pubmed/32856177
https://doi.org/10.1007/s00586-022-07189-9
https://www.ncbi.nlm.nih.gov/pubmed/35366104
https://doi.org/10.1097/01.brs.0000152379.54463.65
https://www.ncbi.nlm.nih.gov/pubmed/15682018
https://doi.org/10.1007/s00586-020-06360-4
https://www.ncbi.nlm.nih.gov/pubmed/32130529

	Introduction 
	Materials 
	Dataset 
	Learning of Heatmap-Based Landmark Detection 
	Workflow of the Landmark Detection in Whole-Spine Lateral Radiographs 
	Training Details 
	Measurement of Spinal Parameters 
	Statistical Analysis 

	Results 
	Dataset Demographic 
	Performance of the Landmark Localizer 
	Inter-Rater Reliability between the Two Human Experts and Developed Deep Learning Model 
	Performance Evaluation of the Spinal Parameters of the Deep Learning Model 
	Predicted Spinal Parameters of the External Validation Dataset 

	Discussion 
	Conclusions 
	References

