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Can Typical Cervical Vertebrae Be Distinguished from One
Another by Using Machine Learning Algorithms? Radioanatomic

New Markers

ABSTRACT

Obijective: The aim of this study is to distinguish the typical cervical vertebrae that cannot
be separated from one another with the naked eye by using machine algorithms (ML) with
measurements made on computerized tomography (CT) images and to show the differences
of these vertebrae.

Methods: This study was conducted by examining the 536 typical cervical vertebrae CT
images of 134 (between the ages of 20 and 55) individuals. Measurements of cervical
vertebrae were made on coronal, axial and sagittal section. 6 different combinations (Group
1: C3 — C4, Group 2: C3 — C5, Group 3: C3 — C6, Group 4: C4 — C5, Group 5: C4 — C6,
Group 6: C5 — C6) were formed with parameters of each vertebrae and they were analyzed in
ML algorithms. Accuracy (Acc), Matthews correlation coefficient (Mcc), Specificity (Spe),
Sensitivity (Sen) values were obtained as a result of the analysis.

Results: As a result of this study, the highest success was obtained with Linear Discriminant
Analysis (LDA) and Logistic Regression (LR) algorithms. The highest Acc rate was found as
0.94 with LDA and LR algorithm in Groups 3 and Group 4, the highest Spe value was found
as 0.95 with LDA and LR algorithm in Group 5, the highest Mcc value was found as 0.90
with LDA and LR algorithm in Group 5 and the highest Sen value was found as 0.94 with
LDA and LR algorithm in Groups 3 and 5.

Conclusions: As a conclusion, it was found that typical cervical vertebrae can be
distinguished from each other with high accuracy by using ML algorithms.

Keywords: Typical Cervical Vertebrae, Machine Learning Algorithms, Computerized
Tomography.

Tipik Servikal Omurlar Makine Ogrenimi Algoritmalar
Kullamlarak Birbirinden Aywrt Edilebilir mi? Radyoanatomik

Yeni Belirtecler

OZET

Amac: Bu calismanin amaci, bilgisayarli tomografi (BT) goriintiilerinde yapilan dlgiimlerle
makine algoritmalar1 (ML) kullanilarak ¢iplak gozle birbirinden ayrilamayan tipik servikal
omurlar1 ayirt etmek ve bu omurlarin farkliliklarini géstermektir.

Gerec ve Yontem: Bu calisma 134 (20-55 yas arasi) bireyin 536 tipik servikal vertebra BT
gorintiileri incelenerek yapildi. Servikal vertebralarin koronal, aksiyal ve sagital kesitlerinde
Ol¢timleri yapildi. Parametrelerle 6 farkli kombinasyon (Grup 1: C3 — C4, Grup 2: C3 — C5,
Grup 3: C3 - C6, Grup 4: C4 — C5, Grup 5: C4 — C6, Grup 6: C5 — C6) olusturulup her bir
omur ML algoritmalarinda analiz edildi. Analiz sonucunda Dogruluk (Acc), Matthews
korelasyon katsayis1 (Mcc), Ozgiilliik (Spe), Duyarlilik (Sen) degerleri elde edildi.

Bulgular: Bu ¢aligma sonucunda en yiiksek basar1 Linear Discriminant Analysis (LDA) ve
Logistic Regresyon (LR) algoritmalar ile elde edildi. Grup 3 ve Grup 4'te en yliksek Acc
orant LDA ve LR algoritmasi ile 0.94, en yiikksek Spe degeri Grup 5'te LDA ve LR
algoritmasi ile 0.95, en yiiksek Mcc degeri LDA ve LR algoritmasi ile 0.90 olarak bulundu.
Grup 5'te en yiiksek Sen degeri, Grup 3 ve S'te LDA ve LR algoritmasi ile 0.94 olarak
bulundu.

Sonuc: Sonug olarak, tipik servikal vertebralarin ML algoritmalar1 kullanilarak birbirinden

yiiksek dogruluk orani ile ayirt edilebildigi bulundu.
Anahtar Kelimeler: Tipik Servikal Omurga, Makine Ogrenimi Algoritmalari, Bilgisayarl
Tomografi.
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INTRODUCTION

Vertebral column is an important anatomical
structure that is connected to intervertebral disc,
formed by the combination of 33 vertebrae,
extending from cranium to coccyx (1). The part of
this structure in the neck region is called cervical
vertebrae and there are 7 of these. Cervical
vertebrae 1, 2 and 7 are called atypical, while the
others are called typical. Although the basic
features of typical vertebrae are the same, their
sizes can vary and therefore they can show unique
morphometric differences (2).

Cervical vertebrae surgery goes back to
1500s B.C. Although surgical intervention
technologies in this area have made significant
process up till now, many complications can still
occur (3-5). The main reason for these
complications is that the complex anatomy of
cervical vertebrae limits surgical intervention. The
close neighbourhood of cervical vertebrae to vital
structures such as vertebral artery, spinal cord and
spinal nerves create serious difficulties for surgeons
performing interventional procedures in this region
(6). It has been reported that transpedicular screw
fixation is a surgical procedure that might create
confusion for the cervical region and this practice
becomes much more complex with the pedicular
length and width that changes from individual to
individual (7-9). Understanding the relationship
between pedicle size and shape and vital adjacent
structures increases the reliability of transpedicular
screw fixation (10-15).

It has been reported in literature that the
positions of vertebrae can be determined with
intraoperative computed tomography (iCT) based
systems by using intraoperative neuro-navigation
methods and with this method, incorrect location of
the screw to be used in the cervical area can be
prevented (16). Although this information increases
the safety of patient based operation, it may not be
applied in all centres. This situation shows the
importance of clarifying cervical vertebrae
morphometry radioanatomically and distinguishing
between typical cervical vertebrae.

Machine learning (ML) algorithms which
have emerged with the close relationship of
mathematics and computer science and it can be
seen that they have begun to be used in the field of
medicine and important results have been obtained
today (17-21). Decision Tree (DT) is an algorithm
that tries to find the estimators with the highest
distinguishing  feature by subdividing the
relationships among multiple independent variables
(22). Random Forest (RF) is an algorithm that
shows higher accuracy in estimating nonlinear and
complex data (23). Logistic regression (LR) is an
algorithm that can highly predict and classify
categorical data (24). Linear discriminant analysis
(LDA) is an algorithm that can reveal the

contribution of each parameter in the data set to the
overall result (25). Ouadratic discriminant analysis
(QDA) is a parametric classifier algorithm with
higher efficiency than LDA. Extra Tree Classifier
(ETC) is a tree algorithm that randomly splits nodes
(26).

The aim of this study is to show on CT
images the morphometric differences of typical
cervical vertebrae which are very similar and
difficult to distinguish with the naked eye and to try
to distinguish between these vertebrae by using ML
algorithms.

MATERIAL AND METHODS

Population and Image Samples: The present
study was initiated with the 2021/484 numbered
decision of Karabiik University Non-Interventional
Ethics Committee. 536 cervical CT images of a
total of 134 individuals between the ages of 20 and
55 were included in the study.

Multidetector CT (MDCT) Protocol: The
images were obtained by using 16 row
multidetector computed tomography (Aquilion 16;
Toshiba Medical Systems, Otawara, Japan) at
Karabiik University Training and Research Hospital
Department of Radiology. Screening protocol
values were found as pitch: 1,0 mm, tube voltage:
120 kV, gantry rotation: 0.75 s and image section
thickness value: 1 mm.

Image Analysis: The images in Digital
Imaging and Communications in  Medicine
(DICOM) format were transferred to Horos
Medical Image Viewer (Version 3.0, USA)
program and images were obtained in axial, coronal
and sagittal plane by using 3D Curved Multiplanar
Reconstruction (MPR). The line passing through
the middle of vertebral body and spinous process
was determined and all images were brought to
ortogonal plane (Figure 1).

Figure 1. Method of bringing C3 vertebrae to
ortogonal plane.

Length and angle measurements of certain
anatomical points were made through MDCT
brought to ortogonal plane (Figure 2).

Konuralp Medical Journal 2023;15(2): 210-218

211



Senol D et al.

coronal and sagittal plane (on axial image; 1: anterior
posterior length of the vertebral body, 2: transverse length of the
vertebral body, 3: transverse length of the vertebral foramen, 4:
spinous process angle, 5: the distance between transverse
processes, 6: anterior posterior length of the vertebral foramen;
on coronal image; 7: vertebral body height, 8: vertebral body
width; on sagittal image; 9: vertebral body thickness, 10: spinous
process length measurement)

Measurement parameters were anterior
posterior length of the vertebral body, transverse
length of the vertebral body, transverse length of
the vertebral foramen, spinous process angle, the
distance between transverse processes and anterior
posterior length of the vertebral foramen on axial
section; vertebral body height and vertebral body
width measurements on coronal section and
vertebral body thickness and spinous process length
measurement on sagittal section.

ML Algorithms: ML algorithms were
performed by using an Hp-Folio 1040 model
computer with i7 operating system and 8 Gb Ram.
Python programming language (version 3.7.1) and
scikit-learn library (version 0.20.0) were used for
ML modelling (27). DT, RF, LR, LDA, QDA, ETC

Table 2. C3 vertebrae descriptive statistics

algorithms were used. Training set was determined
as 80%, while test set was determined as 20%. In
addition, groups of two were formed for each
cervical vertebrae and analyses were made on these
groups (Table 1).

Table 1. ML algorithms analysis groups
Analysis groups

Group 1 C3-C4
Group 2 C3-C5
Group 3 C3-C6
Group 4 C4-C5
Group 5 C4-C6
Group 6 C5-C6

Performance Criteria: Accuracy (Acc),
Matthews correlation coefficient (Mcc), Specificity
(Spe), Sensitivity (Sen), F1 score (F1) values were
used in this study.

TP
Acc = ——
TP+FN+FP+TN
Mcc = TPXTN—FPXFN
J(TP+FP)X(TP+FN)X(TN+FP)xX(TN+FN)
TP
Sen =
TP+FN
Spe = TSN+F§
Fl=2 pexSen
Spe+Sen
Equation 1. (FP; False positive, FN; False

negative, TP; True positive, TN; True negative)

Statistical Analysis: Mean and standard
deviation values were used in the descriptive
statistics of each cervical vertebrae. Minitab 17
program was used for descriptive statistics.

RESULTS

Parameters obtained from 134 analyzed
images and descriptive statistical analyses obtained
from C3, C4, C5 and C6 are shown in (Table 2, 3,
4,5).

Parameters (C3) Sex Mean SD
Anterior posterior length of the vertebral body (cm) Fgﬂrr?;?e ;égg 8133
Transverse length of the vertebral body (cm) Flt\e/lrﬁ;?e 1?;? 8133
Transverse length of the vertebral foramen (cm) Fgﬂrr?;?e ;Z?g gigi
. . Male 35.590 10.970
Spinous process angle (°) Female 38.830 11.200
The distance between transverse processes (cm) Flgﬂrz:;e j;% gigi
Anterior posterior length of the vertebral foramen (cm) Flt\e/lrz:je 12?(15 8122
Vertebral body height (cm) Flgﬂrz:;e 1222 gigi
Vertebral body width (cm) Flt\e/lrz:je gggg gigi
Vertebral body thickness (cm) Flgﬂrz:;e 12;; 8;28
. Male 1.964 0.368
Spinous process length (cm) Female 1,606 0.299

Konuralp Medical Journal 2023;15(2): 210-218

212



Senol D et al.

Table 3. C4 vertebrae descriptive statistics

Parameters (C4) Sex Mean SD
- . Male 2.165 0.210
Anterior posterior length of the vertebral body (cm) Female 2013 0.168
Male 1.376 0.146
Transverse length of the vertebral body (cm) Female 1.002 0.144
Mal 2.81 .
Transverse length of the vertebral foramen (cm) Fen?aele > 218 8 ggg
. . Male 40.590 13.560
R TITS RS 2 B Female 42.870 11.310
: Mal 4.74 4
The distance between transverse processes (cm) Ferﬁaele 2 372 8 132
. . Male 1.440 0.242
Anterior posterior length of the vertebral foramen (cm) Female 1338 0.159
. Male 1.557 0.304
Vertebral body height (cm) Female 1359 0.136
. Male 2.656 0.254
Vertebral body width (cm) Female 2 440 0.157
. Male 1.621 0.139
Vertebral body thickness (cm) Female 1419 0.120
. Male 2.030 0.734
Spinous process length (cm) Female 1791 0.236
Table 4. C5 vertebrae descriptive statistics
Parameters (C5) Sex Mean SD
Anterior posterior length of the vertebral body (cm) Flt\ellrr{:;ele gggg 8?;2
Transverse length of the vertebral body (cm) F’;Arr{:;e igﬂ 81;2
Transverse length of the vertebral foramen (cm) Ftﬂrr?!lele g%i 8?32
. . Male 36.780 10.810
Spinous process angle (°) Female 35.230 9.420
The distance between transverse processes (cm) F';A:];e jggg gi;é
Anterior posterior length of the vertebral foramen (cm) Flt\a/lrﬁlﬁe iggg 8%%
Vertebral body height (cm) Flt\allrr?;e iggi gigé
Vertebral body width (cm) F';Arsgele 2;512 8%?
Vertebral body thickness (cm) F';Ani:je 1451?)(73 gigi
. Male 2.227 0.357
Spinous process length (cm) Female 1857 0.249
Table 5. C6 vertebrae descriptive statistics
Parameters (C6) Sex Mean SD
Anterior posterior length of the vertebral body (cm) F?rs;e ggﬁ 8323
Transverse length of the vertebral body (cm) F’;Ar::je ig;g 813;
Transverse length of the vertebral foramen (cm) F'(\e/lna::je ;23; 8%8
. . Male 20.935 5.232
Spinous process angle (°) el 22891 4515
The distance between transverse processes (cm) F't\e/ln?lﬁe jzgg 8%31
Anterior posterior length of the vertebral foramen (cm) Flc\sﬂnﬁe ijgg 8212
Vertebral body height (cm) F':Irs:je 1322 gig;
Vertebral body width (cm) Male 2952 25
Vertebral body thickness (cm) F'(\e/lna::je 1222 8128
. Male 2.723 0.525
Spinous process length (cm) Female 2394 0363
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As a result of ML algorithm analysis, the
highest Acc value was found in groups 3 and 5 as
0.94 with LDA and LR algorithms (Table 6).

As a result of ML algorithm analysis, the
highest Mcc was found in group 3 as 0.90 with
LDA and LR algorithms (Table 7).

Table 6. ML algorithms Acc table

MLA Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
DT 68.52 74.07 90.74 68.52 90.74 85.19
RF 77.78 85.19 92.53 81.48 90.74 81.48
ETC 55.56 75.93 87.04 70.37 85.19 74.07
LDA 70.37 88.89 94.44 77.78 94.44 83.33
QDA 48.15 55.56 77.78 75.93 92.59 90.74
LR 74.07 90.47 94.44 79.63 94.44 85.16
Table 7. ML algorithms Mcc table
MLA Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
DT 37.4 48.1 81.5 37.2 81.5 70.6
RF 55.8 70.6 85.2 63.0 81.5 63.2
ETC 12.5 52.3 74.1 40.9 70.4 48.4
LDA 41.4 71.7 88.9 55.5 89.5 66.7
QDA 00.7 27.3 62.5 52.3 85.4 82.0
LR 48.9 81.5 88.9 59.2 89.5 70.3

As a result of ML algorithm analysis, the
highest Spe value was found in groups 3 and 5 as
0.95 with LDA and LR algorithms (Table 8).

As a result of ML algorithm analysis, the
highest Sen value was found in groups 3 and 5 as
0.94 with LDA and LR algorithms (Table 9).

Table 8. ML algorithms Spe table

MLA Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
DT 68.9 74.1 90.8 69.0 90.8 85.4
RF 78.0 85.4 92.6 81.6 90.8 81.7
ETC 56.6 76.3 87.1 70.6 85.3 74.3
LDA 71.0 88.9 94.5 77.8 95.0 83.4
QDA 49.1 76.9 84.8 76.3 92.8 91.3
LR 74.8 90.8 94.5 79.6 95.0 85.2
Table 9. ML algorithms Sen table
MLA Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
DT 68.5 74.1 90.7 68.5 90.7 85.2
RF 77.8 85.2 92.6 81.5 90.7 81.5
ETC 55.6 75.9 87.0 70.4 85.2 74.1
LDA 70.4 88.9 94.4 77.8 94.4 83.3
QDA 48.1 55.6 77.8 75.9 92.6 90.7
LR 74.1 90.7 94.4 79.6 94.4 85.2

Confusion Matrix table was included for
LDA and LR algorithms of group 3 (C3-C6) and
group 5 (C4-C6) which had the highest accuracy
rate. For group 3, 26 of C3 vertebrae were predicted
correctly, while 2 were predicted incorrectly and 25

of C6 vertebrae were predicted correctly, while 2
were predicted incorrectly (Figure 3).

For group 5, 25 of C4 vertebrae were
predicted correctly, while 3 were predicted
incorrectly and all of C6 vertebrae were predicted
correctly (Figure 4).
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LDA, LR
(Acc: %94)

25

%86.7
[n=26]

%6.67
[n=2] 20

15

%3.33
[n=1]

Correct

%83.3 10
[n=25]

C6
Predicted

Figure 3. Group 3 Confusion Matrix table

In addition, in our study, the SHAP analyzer
of the RF algorithm was applied to group 3 to
reveal the contribution of the parameters to the
algorithm. This group was preferred because group

Correct

reature 5 |

Feature 8 _
reature 7 | NG
Feature 4 _
reature 1 ||

reature 6 [

Feature 2 -

reature 3 [l

reature 9 [

Feature 0 I

0.00 0.05 010 015 020 025

mean(|SHAP value|) (average impact on model output magnitude)

LDA, LR
(Acc: %94)
25
20
15
10
5
0
Cc4 C6
Predicted

Figure 4. Group 5 Confusion Matrix table

3 had the highest Acc rate with the RF algorithm.
As a result of the SHAP analyzer, it was found that
the spinous process angle parameter provided the
highest contribution (Figure 5).

High
Feature 5
Feature 8 *  eme aWeses
Feature 7
Feature 4 w-ve
Feature 1

Feature 6

.
]
1]

Feature value

Feature 2
Feature 3
Feature 9

Feature 0 °'.-

-0.4 -0.2 0.0 02 04
SHAP value (impact on model output)

Figure 5: SHAP explanatory of RF algorithm (Feature 5: Spinous process angle, Feature 8: Spinous process length
measurement, Feature 7: Vertebral body width; on sagittal image, Feautre 4: Transverse length of the vertebral foramen, Feature 1:
Transverse length of the vertebral body, Feature 6: Certebral body height; on sagittal image, Feature 2: The distance between transverse
processes, Feature 3: Anterior posterior length of the vertebral foramen, Feature 9: Vertebral body thickness, Feature 0: Anterior posterior

length of the vertebral body)

DISCUSSION

The aim of this study was to analyze typical
cervical vertebrae by using morphometric
measurements taken from CT images and to
distinguish typically known cervical vertebrae from
one another. As a result of the study, the highest
Acc rate was found as 0.94 with LDA and LR
algorithm in group 3 (C3-C6) and group 5 (C4-C6);
the highest Spe value was found as 0.95 with LDA
and LR algorithm in group 5, the highest Mcc value
was found as 0.90 with LDA and LR algorithm in
group 5 (C4-C6) and the highest Sen value was
found as 0.94 with LDA and LR algorithm in
groups 3 (C3-C6) and 5 (C4-C6).

Lack of micro level anatomical and radio-
anatomical studies defining cervical vertebrae
anatomy may be the main reason why many
clinicians are concerned about the application of the
transpedicular screw fixation technique in subaxial
cervical shoulder area (8, 28, 29). Due to its unique

structure and important neural relationships,
cervical vertebrae orientation and accurate correct
anatomical knowledge are important to safely
perform surgeries of this area (30, 31). For this
reason, it can be seen that a large number of studies
have been conducted to increase the level of
anatomical knowledge of the cervical area in
literature.

It is known that cervical vertebrae
morphology is examined in detail with analyses
made from cadaver and by using dry bone and
computed tomography images (10-15).

However, the relationship between these
osteometric measurements could not be fully
demonstrated and it can be seen that there is no
consensus in the results. CT is a radiological tool
that can show all tissues and especially bone tissue
with sharp boundaries and thus due to being less
affected by orientation in length and angle
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measurements, it is superior to conventional
osteometric measurements (17, 18, 26).

In typical cervical vertebrae measurements
they conducted with dry bones, Pramela et al. (32)
found mean length of the vertebral body as
10.9241.35 mm, mean anterior posterior length of
the vertebral foramen as 12.33+1.68 mm, mean
transverse length of the vertebral body as
23.2242.16 mm, and mean anterior posterior length
of the vertebral body as 14.79+1.96 mm. In the
present study, we found vertebral body height as
1.6404£0.298 cm in male and 1.4454+0.191 cm in
female on coronal image of C3 vertebrae; as
1.55740.304 cm in male and 1.3594+0.136 cm in
female on C4 vertebrae; as 1.45120.241 cm in male
and 1.281+0.136 cm in female on C5 vertebrae and
as 1.454+0.267 cm in male and 1.264+0.135 cm in
female on C6 vertebrae. Studies have evaluated
morphometric characteristics of typical cervical
vertebrae and these results support our results.
However, the main purpose of our study is to focus
on micro-anatomical differences between typical
cervical vertebrae besides their morphometric
characteristics and to be a guide to physicians who
carry out surgical interventions in the field.

In their study conducted with CT images of
dry bones, Gupta et al. (33) found transverse length
of the vertebral foramen as 20.89+1.65 mm on C3,
as 21.94+1.48 mm on C4, as 21.96£1.52 mm on C5
and as 22.31+1.78 mm on C6. Pramela et al. (32)
found transverse length of the vertebral foramen as
21.98+1.82 mm, while Kayalioglu et al. (11) found
as 18.5 mm and 25.7 mm. In the radiological study
they conducted with adults, Cevirgen et al. (34)
found transverse length of the vertebral foramen as
25.4+1.6 mm in male and 26+2.4 mm in female for
C3, as 26.1+2.1 mm in male and 26.4+2 mm in
female for C4, as 26+4.5 mm in male and 26.5+1.2
mm in female for C5 and as 27.2+1.9 mm in male
and 27.2+1.9 mm in female for C6. In the present
study, on axial image we found transverse length of
the vertebral foramen as 2.565+0.202 c¢m in male
and 2.417+0.101 cm in female for C3 vertebrae, as
2.810+0.305 c¢cm in male and 2.619+0.202 cm in
female for C4 vertebrae, as 2.876+0.305 cm in
male and 2.704+0.174 cm in female for C5
vertebrae and as 2.822+0.219 cm in male and
2.697+0.180 cm in female for C6 vertebrae. Results
obtained with CT images of dry bones support the
results of our study.

In their study conducted on cadaver, Ugur et
al. (35) found transverse length of the vertebral
foramen as 21.86 mm for C3, as 21.1 mm for C4, as
21.2 mm for C5 and as 22.3 mm for C6. The results
for transverse length of the vertebral foramen were
similar in the present study.
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In a radiological study they conducted with
CT in Poland, Ludwisiak et al. (37) measured
spinous process angle as 27.8° for C3, as 30.3° for
C4, as 29° for CS5 and as 26° for C6. They also
evaluated spinous process angle between the two
ends and found as 35.590° in male and 38.830° in
female for C3 vertebrae, as 40.590° in male and
42.870° in female for C4 vertebrae, as 36.780° in
male and 35.230° in female for C5 vertebrae and as
20.935° in male and 22.891° in female for C6
vertebrae on axial image. We believe that the
differences in angle measurements are due to
differences in populations.

In our study, CT imaging technology was
preferred as it provides three dimensional imaging,
reconstruction and a large database in addition to
classical osteometric methods. In addition, the
biggest difference that distinguishes our study from
the others is the ML algorithms used and the result
that morphometric features of cervical vertebrae
which are considered as typical can be
distinguished from each other.

CONCLUSION

To the best of our knowledge, this is the first
study that can distinguish typical cervical vertebrae
from one another by using ML algorithms and CT
imaging technology together. For this reason, we
believe that our study will provide important
contributions to literature, anatomists and surgeons.
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