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Abstract

Objectives To automatically measure the Cobb angle and diagnose scoliosis on chest X-rays, a computer-aided method was
proposed and the reliability and accuracy were evaluated.

Methods Two Mask R-CNN models as the core of a computer-aided method were used to separately detect and segment
the spine and all vertebral bodies on chest X-rays, and the Cobb angle of the spinal curve was measured from the output of
the Mask R-CNN models. To evaluate the reliability and accuracy of the computer-aided method, the Cobb angles on 248
chest X-rays from lung cancer screening were measured automatically using a computer-aided method, and two experienced
radiologists used a manual method to separately measure Cobb angles on the aforementioned chest X-rays.

Results For manual measurement of the Cobb angle on chest X-rays, the intraclass correlation coefficients (ICC) of intra- and
inter-observer reliability analysis was 0.941 and 0.887, respectively, and the mean absolute differences were <3.5°. The ICC
between the computer-aided and manual methods for Cobb angle measurement was 0.854, and the mean absolute difference
was 3.32°. These results indicated that the computer-aided method had good reliability for Cobb angle measurement on
chest X-rays. Using the mean value of Cobb angles in manual measurements > 10° as a reference standard for scoliosis, the
computer-aided method achieved a high level of sensitivity (89.59%) and a relatively low level of specificity (70.37%) for
diagnosing scoliosis on chest X-rays.

Conclusion The computer-aided method has potential for automatic Cobb angle measurement and scoliosis diagnosis on
chest X-rays.
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radiographs, including the entire spine and iliac crest, is an
economical imaging evaluation modality for scoliosis [2].
The diagnosis and treatment of scoliosis rely on the severity
of the spinal deformity and the risk of progression [3]. Cur-
rently, the Cobb angle is an objective radiographic parameter
to quantify the severity of scoliosis on coronal radiographs
[4]. A Cobb angle > 10° is considered clinically significant
for scoliosis diagnosis [5], whereas the variability of Cobb
angle measurements has been reported to range from 3° to
10° in previous studies [6]. In addition, manual measure-
ment is time-consuming, especially in scoliosis screening.
To reduce such variability and improve efficiency, computer-
aided methods have been introduced.

A few previous studies have been conducted for meas-
uring the Cobb angle. A contour and angle-function based
methodology was proposed by Bonanni et al. [7] as an
alternative to the classical vertebra endplate method for
determining the Cobb angle. The method was less sensi-
tive to noise and image artifacts because of dependence on
the overall spine features, rather than endplate surface fea-
tures. Recently, several studies have attempted to develop
computer-aided methods using a deep learning technique.
Wu et al. [8] proposed a multi-view correlation network
(MVC-Net) that allowed automatic assessment of the spinal
curvature on anteroposterior and lateral X-ray views through
joint multi-view input feature learning and explicit reinforce-
ment of reciprocal relationships between the spinal landmark
and Cobb angle; however, the MVC-Net might not be ideally
suited for elderly patients with scoliosis because the spinal
landmark located in the four vertices of each vertebral body
would be varied with the formation of marginal osteophytes.
Zhang et al. [9] developed a computer-aided method using a
deep neural network that still requires manual intervention,
such as assignment of vertebral patches, and was not reliable
to measure Cobb angle for in vivo radiographs.

Scoliosis is a common imaging finding on chest X-rays
from lung cancer screening. All of the abnormal findings,
including scoliosis on chest X-rays, have to be reported in
the clinical workflow and can provide opportunistic screen-
ing of thoracic and upper lumbar scoliosis. To measure the
Cobb angle and diagnose scoliosis on chest X-rays dur-
ing lung cancer screening without manual intervention, a
computer-aided method is proposed and the reliability and
accuracy were evaluated.

Materials and methods
Sample size assessment

The sample size was evaluated using Eq. 1, with an expected
sensitivity and specificity of 80%, a confidence interval (CI)
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of 95%, and a permissible error of 0.075. The calculated
sample size was 219.

2
Hp(1 —p)
N = — (D
Subjects

A retrospective analysis of chest X-rays obtained between
January and June 2018 and scanned into the electronic medi-
cal imaging database of Ruijin Hospital in Shanghai, China,
was performed. We acquired all chest X-rays with the fol-
lowing inclusion criteria: posteroanterior chest X-rays from
lung cancer screening; and age > 18 years. The chest X-rays
with primary or secondary spinal tumors, vertebral fractures,
and metal artifacts in the area of the spine were excluded.
A total of 4960 chest X-rays were selected and numbered
after concealing identifying information. The sample size
was 5% of the total, and simple random sampling without
replacement was performed using a computer-generated
randomization list. Two hundred forty-eight chest X-rays
were included to evaluate the reliability and accuracy of the
computer-aided method in the current study. All chest X-ray
fields in the craniocaudal direction ranged from the suboc-
cipital area to the lower area of the costophrenic angle. The
acquisition information of the chest X-rays was a tube volt-
age of 81 kVp and a tube current—time product of 2.85 mAs.
Ethics approval for this study (IRB Number 201872) was
obtained from the Health Ethics Research Committee in a
local hospital, and informed consent was waived given the
retrospective nature of the study.

Computer-aided method

The core of the computer-aided method was the Mask
R-CNN models that were introduced by He et al. [10]. Two
Mask R-CNN models were used to separately detect and
segment spine and vertebral bodies on chest X-rays. The
midpoints of the superior and inferior endplates of each ver-
tebral body were determined from the output of the Mask
R-CNN models.

Mask R-CNN

Mask R-CNN is a state-of-the-art technique, for instance
segmentation tasks, and is an improvement in the Faster
R-CNN that was designed for combining object detection
and semantic segmentation [10]. Mask R-CNN continued
the region proposals network of Faster R-CNN as a feature
extractor. Briefly, Mask R-CNN was built on several neural
networks with certain orders. First, a backbone neural net-
work was used to process the images and extract the features.
A feature pyramid network (FPN) was recommended to be
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used for accuracy and speed [11]. A lateral connection was
used in FPN to merge the bottom-up and top-down pathways
[11]. The bottom-up pathway is a forward propagation con-
volutional network process for feature extraction; the upper
part of the layer indicates less spatial resolution and a higher
level of structure detection. Moreover, the bottom-up path-
way was adopted by Fast R-CNN only using the last layer
of the network, which should contain the most abundant
semantic values [12]. To utilize the features of the bottom
layer, a top-down pathway was adopted in the reconstructed
layer of the FPN to include semantic values and high-res-
olution features. Thus, FPN starts from the top layer with
upsampling to enhance the object locations precisely, and
the lateral connections merge the reconstructed layers and
the corresponding feature maps from the bottom-up pathway
[11].

In this study, the FPN based on ResNet-101 was chosen
for high-performance feature extraction. Then, the alignment
pooling layer was used to automatically detect the regions of
interest (ROI). As a regional proposal network, the FPN was
designed to select the potential ROI and produce standard-
sized feature maps. The alignment pooling was an improve-
ment to Faster R-CNN pooling by increasing the accuracy
of the coordinates. Then, each ROI was applied as input
for the following two branches: The fully connected layers
inherited from the Faster R-CNN to predict boundary boxes
and classes, and the fully convolutional network (FCN) was
added to predict the segmentation mask.

Computer-aided measurement of the Cobb angle

Because scoliotic deformities manifest as deviations of the
spine from the natural contour in the coronal planes, the
overall structural curve of the spine is a more natural focus
for deformities [7]. Computer-aided measurement included
two main steps: separate segmentation of the spine and ver-
tebral bodies using two Mask R-CNN models and deter-
mination of the maximum angle using designed algorithms
for postprocessing from segments of the spine and vertebral
bodies. Mask R-CNN models showed a better performance
in segmentation of the spine and vertebral bodies if the
contrast limited adaptive histogram equalization (CLAHE)
method was applied in image preprocessing. The CLAHE
function with a set clipLimit of 100 and tileGridSize of (8,
8) was built through openCV-python. Different parameters
were tested until optimal parameters that could increase
the contrast in the area of the spine were found. Generally,
the models with a ResNet-50-FPN backbone require less
computational recourse than ResNet-101-FPN, while they
sacrifice the performance of models to a greater or lesser
extent. To balance both performance and computational
load, ResNet-101 with FPN as the backbone was chosen
in this study. Pre-trained models in the MSCOCO database

(http://cocodataset.org) were applied as the initialized mod-
els which were trained in 100 epochs with a learning rate of
0.001, followed by 0.0001 decay in each epoch. Addition-
ally, the learning rate is multiplied by 0.1 in the 40th and
80th epochs. A sample of original images, the results of
image preprocessing, and detection and segmentation of the
spine and vertebral bodies are shown in Fig. 1. It is worth
noticing that the spine and vertebral bodies were trained in
two separate, rather than one, Mask R-CNN model. There
are two main considerations: if two categories trained in
a single model, available data with both spine and verte-
bral body annotations would be reduced to 235 cases and
the remaining data with mere spine annotations would be
wasted. The difference in the number of annotations for the
two categories is due to the fact that the annotation of verte-
bral body is more labor intensive than that of spine. Another
reason is vertebral bodies located inside of the spine cause
non-maximum suppression (NMS) and need additional
modification to satisfy the usage. Nearly, all of the vertebral
bodies should be filtered by the default NMS algorithm. The
training and testing datasets of the Mask R-CNN models are
shown in Table 1.

The masks of the spine and vertebral bodies segments
were generated as the output of the Mask R-CNN models.
First, the central line of the spine boundary was linked by
locating the midpoint in each spine mask row. The rows with
certain gaps were selected; then, the midpoint of one row
was determined by finding the minimum and maximum on
the x-axis. The central line of the spine was generated by
linking the midpoints found in the rows. The intersection
between the central line of the spine and the superior/inferior
endplate of each vertebral body was determined and is rep-
resented with red and blue dots in Fig. 2. Two intersections
in the central line of the spine with the superior and inferior
endplates of each vertebral body were viewed as a group,
and there were a dozen groups based on the number of verte-
brae on the chest X-ray. The longitudinal central line of each
vertebral body was defined by linking two intersections in
a group. The perpendiculars of the longitudinal central line
were drawn through two intersections in a group. The angle
between any superior perpendicular of the cranial vertebral
body and any inferior perpendicular of the caudal vertebral
body was calculated. A set of permutation and combina-
tion groups were used to obtain all possible angles, and a
maximum angle was determined. The maximum angle was
considered as the Cobb angle. The result of computer-aided
measurement on a chest X-ray is shown in Fig. 2.

Manual method
The Cobb angles on 248 chest X-rays were measured by

computer-aided and manual methods. The computer-aided
method was compared with the manual method to evaluate
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Fig. 1 Raw image (top left); CLAHE-enhanced image (top right); segment of spine (bottom left); and segments of vertebrae (bottom right)

Table 1 Training and testing datasets of the Mask R-CNN models

Chest X-rays Inclusion criteria Exclusion criteria Training  Testing
database  database
Vertebral Electronic medical imaging Posteroanterior chest X-rays Primary or secondary spinal tumors; 188 47
bodies database of Ruijin Hospital from lung cancer screening; Vertebral fractures; Metal artifacts
Spine (June-December 2017) age> 18 years in the area of the spine 771 189

reliability and accuracy for the Cobb angle measurement
and scoliosis diagnosis. The manual method was adopted
to measure the Cobb angle on digital chest X-rays using
picture archiving and communication systems (PACS) rather
than on printed radiographs. Manual measurement through
PACS was the same as the classic measurement (Fig. 3) [13],
except for the automatic calculation of the Cobb angle. If
the endplate was not seen clearly after enlargement and con-
trast adjustment, lines are drawn along the pedicles [14].
The Cobb angles on chest X-rays were measured by two
radiologists in the same PACS workstation (RadiForce G20;
EIZO Nanao Corporation, Japan) at different times. Two
radiologists were involved in the radiology clinic > 10 years
and were familiar with the classic measurement. Manual
measurement was repeated twice with a 3-week interval.

@ Springer

Fig.2 Result of the Cobb angle measured by the computer-aided
method
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Both radiologists were blinded to the results of the previous
and computer-aided measurements.

Statistical analysis

Statistical analysis was performed using SPSS 22.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). Intraclass correlation
coefficients (ICCs) with 95% Cls were used to analyze the
reliability; ICC <0.70, 0.70-0.79, 0.80-0.89, and 0.9-0.99
were considered as poor, fair, good, and excellent reliability,
respectively [6]. For variability analysis, the mean absolute
difference (MAD) of the two measurements was calculated
[9]. Using the mean value of Cobb angles in manual meas-
urements > 10° as a reference standard for scoliosis, the
sensitivity, specificity, accuracy, and positive and negative
predictive values of the computer-aided method for diag-
nosing scoliosis were calculated. A p <0.05 was considered
statistically significant.

Result

The subjects were between 22 and 93 years of age with an
average age of 48.0+17.3 years, including 107 males and
141 females. There were 234 single and 14 double curves
on chest X-rays. The mean value of the Cobb angles was

14.87°+5.57° (range, 6.6°-48.3°) in 992 manual measure-
ments (Table 2).

The intra- and inter-observer reliability of the manual
method is shown in Table 3. For both radiologists, intra-
observer analyses produced an ICC > 0.9 with a 95% CI
between 0.895 and 0.964, as well as a MAD < 3°, which
showed that the intra-observer reliability was excellent. In
the first and second measurements, inter-observer reliability
was good with an ICC>0.85 and a 95% CI between 0.834
and 0.925, as well as a MAD < 3.5°. The overall ICC of
intra- and inter-observer reliability analysis was 0.941 and
0.887, and an overall MAD was 2.20° and 2.94°, respec-
tively. Generally, the intra-observer reliability of the manual
method was slightly better than the inter-observer reliability.

Compared with the manual method, the reliability of the
computer-aided method for the Cobb angle measurement
was evaluated and is shown in Table 4. The reliability analy-
ses between the computer-aided and manual measurement
produced ICC > 0.8 with 95% CI between 0.723 and 0.902.
The MAD between the computer-aided and manual meas-
urement was <4°. The overall ICC of 0.854 indicated that
the computer-aided method has good reliability for the Cobb
angle measurement. The overall MAD of 3.32° was <a 5°
threshold of measurement variability.

Various diagnostic test evaluation metrics, including
sensitivity, specificity, accuracy, and positive and negative

a E:::d'

Fig.3 a Classic measurement of the Cobb angle (£a) on the basis of endplate orientation. b and ¢ Computer-aided measurement of the Cobb

angle (£a) on the basis of the whole spine curve orientation

Table 2 Subject demographic

dat. Number of subjects Gender Age Curve pattern Average Cobb angle
ata
N=248 107 males 48.0+17.3 Single curve (n=234) 14.87+5.57
141 females ~ Years Double curves (n=14)  Degrees

@ Springer
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Table 3 Reliability and variability analyses of the manual method

Analysis ICC (95% CI) MAD
Intra-observer

Radiologist1 0.950 (0.926, 0.964) 2.23°
Radiologist2 0.928 (0.895, 0.949) 2.16°
Overall 0.941 (0.917, 0.956) 2.20°
Inter-observer

Radiologists 1st 0.871 (0.834, 0.900) 3.19°
Radiologists 2nd 0.903 (0.874, 0.925) 2.68°
Overall 0.887 (0.864, 0.906) 2.94°

ICC intraclass correlation coefficient, CI confidence interval, MAD
mean absolute difference

Table 4 Comparison between computer-aided and manual method

ICC (95% CI) MAD
Radiologist 1 versus CAM 0.868 (0.819, 0.902) 3.33°
Radiologist 2 versus CAM 0.812 (0.723, 0.868) 3.85°
Overall 0.854 (0.788, 0.896) 3.32°

CAM computer-aided method, /CC intraclass correlation coefficient,
CI confidence interval, MAD mean absolute difference

Table 5 Summary of performance for scoliosis diagnosis on chest
X-rays

Scoliosis Computer-aided method
Sensitivity, % (n/N) 89.59 (198/221)
Specificity, % (n/N) 70.37 (19/27)
Accuracy, % (n/N) 87.50 (217/248)

PPV, % (n/N) 96.12 (198/206)

NPV, % (n/N) 45.24 (19/42)

PPV positive predictive value, NPV negative predictive value

predictive values, are summarized in Table 5. The sensitivity
and specificity of the computer-aided method for diagnos-
ing scoliosis were 89.59% and 70.37%, respectively. The
accuracy of 87.50% demonstrated that the computer-aided
method had a good performance for scoliosis diagnosis.

Discussion

The Cobb angle is involved in the diagnosis and therapeutic
decisions of scoliosis. Therefore, the reliability and accuracy
are crucial with respect to the Cobb angle measurement.
Manual measurement on printed radiographs can be easily
performed and regarded as the standard for reliability assess-
ment [9, 15]. In some cases, the endplates of vertebral bodies
are difficult to recognize on printed chest X-rays. Contrast
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adjustment and image magnification of PACS can result in
relatively clear recognition for endplates. Hence, the manual
measurement was performed on digital chest X-rays using
PACS in the current study. The intra- and inter-observer var-
iability of manual measurement on digital chest X-rays per-
formed by radiologists was comparable with that on printed
radiographs performed by orthopedic surgeons in previ-
ous studies [9, 16, 17] (Table 6). Even though radiologists
received support from PACS, the variability that was caused
by the defect in classic measurement of the Cobb angle
still remained [17]. The Cobb angle was measured on the
basis of the orientation of endplates in classic measurement
[13]. Unlike radiographs of the spine, the endplates located
behind the superior mediastinum are usually not apparent
on chest X-rays. Additionally, the projection of endplates
occasionally appears to be a cup or fusiform shape (Fig. 4).
In the case in which the endplates of the end vertebrae occur
in the aforementioned condition, the classic measurement
would be unreliable and variability prone [17, 18].

In our approach, a computer-aided method was proposed
in accordance with the orientation of the overall spinal curve
rather than the endplates. The Cobb angle, as measured
by the computer-aided method, was the maximum angle
between the superior perpendicular of the cranial vertebrae
and the inferior perpendicular of the caudal vertebrae at the
longitudinal central lines of the vertebral bodies. Gener-
ally, the variability of the Cobb angle measurement > 5°
can interfere with the diagnosis and treatment of scoliosis
[19]. Compared with manual measurements, the variabil-
ity of computer-aided measurement using our proposed
method was 3.32°, implying clinical value. Our result was
slightly better than other computer-aided methods without
manual intervention [8, 15] (Table 6). The ICC between
the computer-aided result with the proposed method and
manual measurement was > 0.8, which is considered good
reliability. Although our computer-aided method had a
slightly theoretical alteration for classical measurement, the
results of reliability analysis indicated that it could provide
similar clinical validity in the Cobb angle measurement. For
diagnosing scoliosis on chest X-rays, our computer-aided
method achieved a high level of sensitivity (89.59%) and a
relatively low level of specificity (70.37%). The low value of
specificity was expected to be compensated in the future by
increasing the variability of the vertebral appearance in the
learning procedure of the Mask R-CNN model. The accu-
racy of 87.50% indicated that the computer-aided method
had a good performance in diagnosis of scoliosis. This is the
first report of the diagnostic accuracy of a computer-aided
method for diagnosing scoliosis on chest X-rays.

The computer-aided method was targeted to automati-
cally diagnose scoliosis on chest X-rays from lung cancer
screening. Because the number of chest X-rays is enor-
mous, the efficiency is an important parameter to appraise
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Table 6 Comparison of results with previous studies

Study Anglerange ~ Method  Observer variability Variability Process time ~ Manual intervention
Intra Inter CAMvs. M
Zhang et al. [6] 11°-74° CAM 1.9°-2.0° 2.4°-2.5° NC 3 min Select candidates; adjust the ROI
Wu et al. [8]* NC CAM 0° 0° 4.04° NC None
Zhang et al. [9]* 5°-50° MP 3.6°-4.5°  4.8°-53° 4.4°-6.6° NC SEV; DEL
CAM 2.6-4.6° 2.9°-5.1° NC Assign vertebral patches
Sardjono et al. [15] NC CAM 0° 0° 3.91° 1-2 min None
Qiao et al. [16] NC MP 3.5° 5.4° NC 30.1-46.9 s SEV; DEL
SAM 2.2° 3.6° 8.6-18.5 s
Gstoettner et al. [17]  20°-130° MP 7.68° 6.82° NC NC SEV; DEL
MD 9.038° 6.34° NC
Al-Bashir et al. [20] ~ 10°-98° CAM NC NC 6.6° NC Include the ROI
Current study 6.6°—48.3° MD 2.20° 2.94° 3.32° NC SEV; DEL
CAM 0° 0° 10-15s None

NC no comment, M manual measurement, MP manual measurement on printed radiographs, MD manual measurement on digital radiographs
using PACS, CAM computer-aided method, except PACS, SAM smartphone-aided method, SEV select end vertebrae, DEL draw endplate lines

*Indicates the computer-aided method based on deep learning

Fig.4 Projection of endplate appeared to be a cup (red arrow) or fusi-
form shape (blue arrow)

the application value of computer-aided method. Manual
intervention was not needed in the computer-aided method,
which was an important advantage comparing with the pre-
vious studies [6, 9, 16, 20,]. Moreover, the average process
time of a chest X-ray was <15 s and superior to the docu-
mented results [6, 15]. It was implied that the computer-
aided method could be used in real-time scoliosis diagnosis
during lung cancer screening using chest X-rays.

There were a few limitations in the current study. First,
the Cobb angle measured by the computer-aided method
was the maximum angle between the superior perpendicu-
lar of cranial vertebrae and inferior perpendicular of caudal

Fig.5 Our computer-aided method might get an incorrect result if the
spine curves was more than or equal to three

vertebrae at the longitudinal central line of the vertebral
body. When the spinal curves were >3, the computer-
aided method might occasionally yield an incorrect result
(Fig. 5). Second, the whole spine radiographs were consid-
ered as the standard images for scoliosis assessment. The
computer-aided method was needed to be trained and tested
on the whole spine radiographs. Third, this retrospective
study was a preliminary evaluation of the computer-aided
method, and a prospective evaluation would be performed
in further study.
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Conclusion

For Cobb angle measurement on chest X-rays, our computer-
aided method showed good reliability and its variability was
< the 5° threshold. Additionally, the computer-aided method
achieved a high level of sensitivity (89.59%) and a relatively
low level of specificity (70.37%) for diagnosing scoliosis.
Therefore, the computer-aided method was potential and
hopeful for automatic diagnosis of scoliosis on chest X-rays
from lung cancer screening.
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