(2022) 23:847
Sato et al. BMC Musculoskeletal Disorders
https://doi.org/10.1186/s12891-022-05799-4

RESEARCH ARTICLE

Open Access

Three‑dimensional morphological analysis
of the thoracic pedicle and related radiographic
factors in adolescent idiopathic scoliosis
Tatsuya Sato1, Hidetoshi Nojiri1* , Takatoshi Okuda1, Kei Miyagawa1, Nozomu Kobayashi1, Ryosuke Takahashi1,
Arihisa Shimura1, Shota Tamagawa1, Yukoh Ohara2, Takeshi Hara2 and Muneaki Ishijima1

Abstract
Background: This study aimed to investigate the laterality of the pedicle morphology at the apical vertebra (AV)
level and identify the radiographic factors associated with the laterality ratio of the pedicle morphology at the AV level
in patients with adolescent idiopathic scoliosis (AIS).
Methods: Overall, 684 pedicles in 57 AIS patients aged 10–20 years, who underwent preoperative computed
tomography (CT) and had Lenke type 1 or 2 with right convex main thoracic curves (MTC), were evaluated. Pedicle
diameters of the MTC were assessed. We defined and compared the region containing two vertebrae adjacent to
the AV (APEX±1) and the region containing two vertebrae adjacent to the neutral vertebra. We analyzed the pedicle
diameter and laterality ratio of APEX±1 and performed multiple linear regression analysis to identify the radiographic
factors associated with the laterality of the pedicle diameter.
Results: On the concave side of APEX±1, the pedicles of 15 patients (26.3%) did not accept a 4-mm-diameter pedicle screw (PS), even with 25% cortical bone width expansion. Laterality ratio differences in the pedicle diameters of
the cortical bone width in APEX±1 were large in patients with more proximal AV level (p < 0.001) and smaller apical
vertebral rotation (AVR) (p = 0.029).
Conclusions: Preoperative planning to accurately select and insert the PS in AIS should be based on the anatomical
limitations in APEX±1, AV level, and AVR degree. In APEX±1, the correlation between AVR and the laterality ratio of
the pedicle diameter may be useful for pathoetiological interpretation of the AIS deformity.
Keywords: Thoracic spine, Adolescent idiopathic scoliosis, Three-dimensional computed tomography, Pedicle
morphometry, Pedicle screw
Introduction
Pedicle screw (PS) fixation at multiple levels is commonly
used worldwide in spinal surgery for three-dimensional
(3D) correction of adolescent idiopathic scoliosis (AIS)
[1, 2]. However, a misplaced PS can result in neurological,
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vascular, and visceral complications [3]. The pedicle morphology in AIS is narrower than that in a normal spine and
varies highly among the different curve types [4]. Therefore, high accuracy in PS placement is required [5–7], and
preoperative planning of PS placement is essential [8]. In
particular, PS insertion in the apical vertebra (AV) region
on the concave side provides a positive correction effect;
therefore, it is preferred whenever possible [9]. Right-left
side-to-side differences in the pedicle dimensions at and
near the apex in AIS patients are greater than those in
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healthy individuals [10], and PS insertion cannot be performed because the pedicle width is small, particularly on
the concave side [11].
Recently, the use of computed tomography (CT) images
has become common and important for the preoperative assessment of PS insertion [12]. However, in previous reports, the pedicle diameter was often evaluated
using a single-slice CT image reconstructed based on the
“pedicle axis”, which was subjectively set by the radiologist [13–15]. In AIS with a complex 3D deformation, the
pedicle axis differs significantly in each vertebral body.
Therefore, the error in pedicle diameter measurement is
large and depends on how the radiologist has fixed the
slice position in the pedicle. Previous studies have investigated the use of cadavers in obtaining accurate pedicle
measurements from 3D images [16–18]. However, there
is no report of accurate evaluation of the pedicle diameter by reconstructing the image of each vertebral body
and the plane orthogonal to the left and right pedicle
axes using a CT-based 3D image.
This study aimed to investigate the laterality of the thoracic pedicle morphology in the AV region of the main
thoracic curve (MTC) in AIS patients using a large series
of 3D-CT reconstructed images. The study also aimed
to identify the radiographical factors associated with
the laterality ratio of the pedicle morphology in the AV
region of the MTC. We defined and used the term “laterality ratio” as a relative, rather than absolute, value. The
laterality ratio was used as a measurement of the laterality of the pedicle diameter within an individual patient
with high accuracy. We defined the “laterality ratio” as
“the pedicle width index: the ratio of the left and right
pedicle diameters of the same vertebral body,” as previously described [19].

Materials and methods
Patient identification

Japanese patients with AIS aged 10–20 years, who undergone preoperative CT examination between January
2012 and December 2021 and had single or double thoracic curves of Lenke curve type 1 or 2, were included.
Children with other spinal pathologies or atypical left
convex thoracic curves were excluded. In this study, the
right pedicle was always the convex pedicle, and the left
pedicle was always the concave pedicle. This study was
approved by the medical ethics committee of a university
hospital, and informed consent was obtained from the
patients and their parents.
Radiographical measurements

All the patients underwent a routine upright posteroanterior, lateral, and bending radiographic examinations
before surgery. The degree of the MTC was assessed
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using the Cobb angle protocol. Additionally, the Risser
grade [20] was measured. The lumbar modifiers were
classified into types A, B, and C based on the Lenke classification [21]. The AV level was measured at the MTC.
Apical vertebral translation (AVT) was measured as the
distance between the central sacral vertical line and the
center of the AV of the MTC (both right and left; all as
positive values). Thoracic kyphosis (TK) was measured
as the sagittal Cobb between the T5 and T12 vertebrae.
CT imaging (Aquilion ONE; Canon Medical Systems,
Japan) was performed preoperatively from the thoracic
to lumbar vertebrae using a slice thickness of 0.5 mm, a
gantry rotation time of 0.5 s, atube voltage of 120 kVp,
and a pitch factor of 0.8. No additional CT scanning was
performed for the purpose of this study. Apical vertebral
rotation (AVR) was measured from the preoperative axial
CT at the MTC using the methods described by Aaro
and Dahlborn [22].
Morphologic evaluation with 3D reconstruction software

A picture archiving and communication system was used
to transfer the CT data to a workstation, and measurements were made using a 3D reconstruction software
program (Synapse Vincent® version 6.1; FUJIFILM Medical Co., Ltd., Tokyo, Japan). The pedicle diameter was
measured using 3D-CT images constructed with Synapse
Vincent® in the following four-step procedure: (1) registration of the CT data and creation of the virtual 3D spinal model, (2) isolation of the vertebral bodies, (3) cutting
out pedicles in a plane perpendicular to the pedicle axis
through the isthmus, and (4) measurement of the cross
section of the pedicles (Fig. 1A, B, and C). The pedicle
axes were set freehand by multiple examiners on a 3D
reconstructed image of the trajectory by which the surgeon inserted an anatomical PS. We used a thoracic bone
model to evaluate the observer bias and reliability of the
measured values of the pedicle cross section obtained
from the pedicle axes (Fig. 1D and E).
To evaluate the laterality of the pedicle diameter near
the AV, we grouped the pedicles into two regions based
on the AV and proximal neutral vertebra (NV). The AV
region (APEX±1) was defined by the AV and its two
adjacent vertebrae. The control region (NV ± 1) included
the NV and its two adjacent vertebrae. We set the NV to
upper NV instead of lower NV, because the lower NV is
often located in the lumbar spine, which is structurally
different from the thoracic spine. Furthermore, the absolute value of the pedicle diameter is significantly larger
in the lumbar spine than in the thoracic spine [23], and
it has a greater effect on the left/right pedicle diameter
ratio. Moreover, the lower NV is strongly influenced by
the lumbar modifier. The observed pedicle morphometric
parameters were shown in Fig. 1 and were represented by
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Fig. 1 Morphologic imaging evaluation using 3D reconstruction software (Synapse Vincent® version 6.1; FUJIFILM Medical Co., Ltd., Tokyo, Japan).
a The software automatically generated a three-dimensional (3D) reproduction of the whole spine. b The observer manually isolated the vertebral
bodies and cuts out the pedicles in a plane perpendicular to the pedicle axis through the isthmus. c The pedicle height and width in both the
cortical and cancellous bones in APEX±1 and NV ± 1 were measured using the cross section of the pedicles of the 3D spinal model. APEX±1, the
region of the apical vertebra and its two adjacent vertebrae; NV ± 1, the region of the cranial NV and its two adjacent vertebrae; H, cortical pedicle
height; h, cancellous pedicle height; W, cortical pedicle width; w, cancellous pedicle width. d Overview of the thoracic model bone. e T10 thoracic
vertebra image was cut in a plane containing isthmus, orthogonal to the anatomical pedicle axis. H, pedicle height; W, pedicle width. The laterality
ratio of the pedicle diameter of the cortical bone width was defined as Lt.W/Rt.W, and the laterality ratio of the pedicle diameter of the cancellous
bone width was defined as Lt.W/Rt.W. The laterality ratio of the pedicle diameter of the cortical bone height was defined as Lt.H/Rt.H, and the
laterality ratio of the pedicle diameter of the cancellous bone width was defined as Lt.h/Rt.h

the mean values of the pedicle height and width in both
cortical and cancellous bones in APEX±1 and NV ± 1
(Fig. 1A, B, and C). Similarly, for 12 thoracic spine model
bones, bilateral pedicle cross sections were cut out, and
the height and width were measured both empirically
and by Synapse Vincent® (Fig. 1D and E). We termed the
left/right pedicle height of the cortical bone as Lt.H/Rt.H,
the left/right pedicle width of the cortical bone as Lt.W/
Rt.W, the left/right pedicle height of the cancellous bone
as Lt.h/Rt.h, and the left/right pedicle width of the cancellous bone as Lt.w/Rt.w.
Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics, version 21 (IBM Japan, Tokyo). A dependent t-test
was used to compare the left and right pedicle diameters
of APEX±1 and NV ± 1. Pearson’s correlation coefficient
(r) and multiple linear regression analysis were used
to analyze the relationship between the left and right

pedicle diameter differences with patient characteristics or radiographic features. Finally, intra- and interobserver variabilities were obtained as intraclass correlation
coefficients. For intra- and interobserver reliability, the
observers analyzed a random subset of 10 CT images
separately (observer 1, twice; observer 2, once). To verify
the reliability of Synapse Vincent®, the intra- and interobserver reliabilities of the two measurements of each of
the 12 thoracic bone models (24 pedicles) and two measurements of 3D-CT images constructed with Synapse
Vincent® were also analyzed. A p-value < 0.05 was considered statistically significant.

Results
A total of 57 patients were recruited for this study.
There were 49 women (86.0%) and 8 men (14.0%), with
a mean age of 16.3 ± 2.4 years. The mean height was
160.0 ± 6.7 cm and the mean weight was 49.2 ± 7.9 kg.
The mean body mass index was 19.3 ± 2.4 kg/m2. Lenke
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Table 1 Patient and radiographical characteristics
Variables

Total (N = 57)

Patient Characteristics
Age, in years
Sex, N (%)

Male
Female

Hight, in cm

16.2 ± 2.4 (12–20)
8 (14.0%)

49 (86.0%)
160 ± 6.7 (145–176)

Weight, in kg

49.2 ± 7.9 (36–72)

BMI, in %

19.3 ± 2.4 (14.9–25.4)

Radiographical Characteristics
Lenke Type, N (%)

1

25 (43.9%)
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types 1 and 2 were observed in 25 (43.9%) and 32
(56.1%) patients respectively. Lumbar modifiers A and
B-C were present in 45 (78.9%) and 12 (21.1%) patients,
respectively. Risser grades 0–3 and 4–5 were observed
in 7 (12.3%) and 50 (87.7%) patients, respectively. The
following variables were measured for the MTC: the
mean Cobb angle was 58.5 ± 8.9°; the level of the upper
NV varied between T4 and T8; the level of the AV varied between T6 and T12; the length of the curves was
7.7 ± 1.0 vertebrae; the mean AVT was 57.1 ± 17.2 mm;
the mean AVR was 19.4 ± 6.7°; and the mean TK was
15.5 ± 6.7° (Table 1).
For the 57 observed AIS patients with primary right
thoracic (Lenke types 1–2) curves, a total of 342 thoracic vertebrae were identified in the 3D-CT images constructed with Synapse Vincent®, forming a database of
684 corresponding (left and right) pedicles.

2

32 (56.1%)

Lenke Modifier, N (%)

A

45 (78.9%)

B or C

12 (21.1%)

Risser Grade, N (%)

0–3

7 (12.3%)

4 or 5

50 (87.7%)

Level of Upper NV

T4

4 (7.0%)

T5

11 (19.3%)

Reliability

T6

29 (50.9%)

T7

11 (19.3%)

The intraclass correlation coefficients of the pedicle
measurements using 3D-CT images constructed by Synapse Vincent® for the verification of intra- and interobserver reliabilities were 0.965 (95% confidence interval,
0.939–0.980) and 0.982 (0.969–0.990), respectively. Considering the reliability using thoracic bone models of
Synapse Vincent®, intraclass correlation coefficients for
intra- and interobserver reliabilities were 0.996 (95% confidence interval, 0.990–0.998) and 0.999 (0.996–0.999),
respectively.

Level of AV

T8

2 (3.5%)

T6

1 (1.8%)

T7

3 (5.3%)

T8

4 (7.0%)

T9

28 (49.1%)

T10

14 (24.6%)

T11

6 (10.5%)

T12

1 (1.8%)

Cobb Angle of MTC, in degrees
Number of MTC Vertebra
AVT, in mm

58.5 ± 8.9 (43–81)
7.7 ± 1.0 (6–10)

57.1 ± 17.2 (10.2–94.9)

AVR, in degrees

19.4 ± 6.7 (9.0–42.0)

TK, in degrees

15.5 ± 6.7 (6–36)

AV apical vertebra; AVR apical vertebral rotation; AVT apical vertebral translation;
BMI body mass index; MTC main thoracic curve; NV neutral vertebra; TK thoracic
kyphosis

Right versus left pedicle morphometry in APEX±1
and NV ± 1

The observed pedicle morphometric parameters were
shown in Table 2 and were represented by the mean values of the pedicle height and width in the cortical and
cancellous bones in APEX±1 and NV ± 1. The difference between the left and right pedicle diameters were
not significant in the cortical and cancellous widths

Table 2 Differences in right and left pedicle diameters
Variables
APEX ±1

Cortical Bone

H (mm)
W (mm)

Cancellous Bone

h (mm)

Cortical Bone

H (mm)

Cancellous Bone

h (mm)

w (mm)
NV ±1

W (mm)
w (mm)

Rt. Pedicles

Lt. Pedicles

p-values

12.4 ± 1.5 (9.1–16.3)

10.8 ± 1.5 (7.3–15.6)

< 0.001*

7.5 ± 1.4 (4.9–11.4)

5.9 ± 1.5 (1.9–10.1)

< 0.001*

10.8 ± 1.5 (7.3–15.6)

9.1 ± 1.0 (6.9–11.8)

< 0.001*

5.9 ± 1.5 (1.9–10.1)

4.9 ± 1.2 (2.4–8.1)

< 0.001*

4.9 ± 0.8 (2.9–6.2)

2.6 ± 0.7 (1.2–4.0)

3.6 ± 0.9 (0.9–5.6)

1.7 ± 0.7 (0.2–3.9)

3.6 ± 0.9 (0.9–5.7)

1.7 ± 0.7 (0.2–3.9)

3.6 ± 0.7 (2.4–5.7)

1.8 ± 0.7 (0.7–4.1)

< 0.001*
< 0.001*
0.929
0.903

*Statistically significant. APEX±1, the region of the AV and its two adjacent vertebrae; H, cortical pedicle height; h, cancellous pedicle height; NV ± 1, the region of the
NV and its two adjacent vertebrae; W, cortical pedicle width; w, cancellous pedicle width
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of NV ± 1. However, this difference was significant in
APEX±1. In APEX±1, a Rt. W < 4 mm was observed in
6 (10.5%) patients, a Rt. W < 3.2 mm that could not hold
a 4-mm-diameter screw (even with a 25% pedicle expansion) was observed in 1 (1.7%) patient, a Lt. W < 4 mm
was observed in 41 (71.9%) patients, and a Lt.W < 3.2 mm
was observed in 15 (26.3%) patients. Furthermore, in
APEX±1, there was significant laterality of more than
1.0 mm in all of the heights and widths of the cortical
and cancellous bones of pedicles. In particular, for the
width of the cortical bone, differences between the left
and right pedicle diameters were > 1.0 mm in 41 patients
(71.9%, 1.1–2.9 mm) and ≤ 1.0 mm in 16 patients (28.1%,
0–1.0 mm). The right and left pedicle diameter ratios in
APEX±1 and NV ± 1 were shown in Table 3. Lt.w/Rt.w
showed the most significant left-right difference among
the right and left diameter ratios in APEX±1.
Correlation between right‑left pedicle morphological
differences with patient characteristics or radiographical
features

Univariate analysis suggested that right-left pedicle
morphological differences tended to have a significantly
positive correlation with several radiographical characteristics (Table 4). Furthermore, Lt.W/Rt.W in APEX±1
had a significantly moderate correlation with the level
of the AV and AVR (Figs. 2 and 3). Among the patients,
the distribution of AV was concentrated in T9 and T10.
Therefore, we further performed a subgroup analysis of
patients with AV T9 or T10. In that subgroup, Lt.W/Rt.W
correlated with the level of the AV and AVR (Table 5).
Multiple linear regression analysis showed that Lt.W/
Rt.W in APEX±1 could be predicted by the level of the
AV and AVR (Table 6). The coefficient of determination
(R2) was 0.396.

Discussion
Accurate measurement of the pedicle diameter in AIS
surgery is important to prevent complications from
PS malposition [3, 23] and to obtain a PS fixation with
the target pedicle occupancy rate of > 80% [24, 25]. In

particular, PS insertion in APEX±1 has been reported
to have a positive effect on curve correction [9], and the
measurement of the pedicle diameter in APEX±1 based
on the AV level is highly critical for surgical planning.
While the AV level differs by the curve types, there has
been no pedicle morphological analysis based on the AV
position in each patient. Furthermore, when evaluating pedicle diameters on CT images, if the pedicle morphometry is not performed on the plane that accurately
determines the pedicle axis, the risk of overestimating the
true pedicle diameter increases [26]. Therefore, in this
study, we measured pedicle diameter on 3D-CT images,
and we measured the isthmus of the pedicle orthogonal
to the pedicle axis.
Pedicle diameter differences were significantly larger
by a maximum of approximately 1.6 mm on the right
side than on the left side in APEX±1, and the laterality
ratio of the pedicle diameter tended to be large at Lt.w/
Rt.w and small at Lt.H/Rt.H. However, the Lt.w/Rt.w of
cancellous bone in NV ± 1 was 1.38, and we should not
have discussed cancellous bone widths in APEX±1 using
NV ± 1 as the control region. The reason may be that
the pedicles of the upper thoracic vertebrae of AIS are
often atypical and do not have cancellous bone [12], and
the cancellous bone widths at NV ± 1 vary extensively.
The predictors of Lt.W/Rt.W were the level of the AV
and AVR. Interestingly, this new finding indicated that
more proximal AV level or smaller AVR was associated
with smaller Lt.W/Rt.W (i.e., larger laterality ratio of the
pedicle diameter of the cortical bone width in APEX±1).
To examine the laterality of the pedicle diameter in each
patient, we referred to a previous study [19] for the definition of the “laterality ratio”. Furthermore, although
there were no correlations between height, weight, and
gender with pedicle width in this study, the thoracic pedicle diameter is generally influenced by height, weight, or
gender in individuals without AIS [27, 28]. These reports
also showed the reason a left-right difference comparison was not conducted using the absolute value of the
pedicle diameter. Moreover, there is no consensus on
whether the left-right ratio or the left-right absolute value

Table 3 Right and left pedicle diameter ratios in APEX±1 and NV ± 1
Variables

CorticalBone

APEX ±1

Lt. H / Rt. H
Lt. W / Rt. W

CancellousBone

Lt. h / Rt. h
Lt. w / Rt. w

0.86 ± 0.52 (0.75–0.97)

0.73 ± 0.13 (0.28–1.00)

0.79 ± 0.13 (0.36–1.11)

0.67 ± 0.24 (0.11–1.23)

NV ±1
0.97 ± 0.06 (0.82–1.10)

1.08 ± 0.17 (0.77–1.54)

1.06 ± 0.22 (0.58–1.65)

1.38 ± 0.48 (0.53–2.73)

p-values
< 0.001*
< 0.001*
< 0.001*
< 0.001*

*Statistically significant. APEX±1 the region of the apical vertebra and its two adjacent vertebrae; Lt.H/Rt.H left/right pedicle height of the cortical bone; Lt.h/Rt.h left/
right pedicle height of the cancellous bone; Lt.W/Rt.W left/right pedicle width of the cortical bone; Lt.w/Rt.w left/right pedicle width of the cancellous bone; NV ± 1 the
region of the NV and its two adjacent vertebrae

Cancellous Bone

Cortical Bone

0.099

−0.060
0.166

−0.061

0.018
−0.088

Lt. h / Rt. h

Lt. w / Rt. w

Lt. H / Rt. H

Lt. W / Rt. W

Lt. h / Rt. h

Lt. w / Rt. w
−0.152

−0.097

−0.205

−0.191

−0.005

−0.084

− 0.022

0.093

Height

− 0.103

−0.175

− 0.218

0.008

− 0.022

0.008

−0.063

0.053

Weight

0.002

− 0.129

−0.147

0.074

−0.005

0.116

−0.061

0.097

BMI

−0.111

0.484*

*

0.304

0.375*
0.631

0.165
*

0.18

−0.067

0.487*

0.390

*

0.113

0.100

0.658*

0.131

0.236

Cobb Angle
of MTC

0.550*

Level of AV

0.298

*

0.062

0.267*

0.138

0.277*

0.293*

0.163

0.195

Number of MTC

0.530*

0.323*

0.384*

0.203

0.364*

−0.015

0.296*

0.040

AVT

0.390*

0.247

0.326*

0.209

0.365*

0.031

0.483*

0.158

AVR

−0.117

−0.172

−0.253

−0.163

−0.071

−0.075

0.023

0.047

TK

*Statistically significant. AV apical vertebra; AVR apical vertebral rotation; AVT apical vertebral translation; BMI body mass index; Lt.H/Rt.H left/right pedicle height of the cortical bone; Lt.h/Rt.h left/right pedicle height of
the cancellous bone; Lt.W/Rt.W left/right pedicle width of the cortical bone; Lt.w/Rt.w left/right pedicle width of the cancellous bone; MTC main thoracic curve; TK thoracic kyphosis

NV ±1

Cancellous Bone

0.090
−0.026

Lt. H / Rt. H

Lt. W / Rt. W

APEX ±1

Cortical Bone

Age

Variables

Table 4 Correlation coefficients between patient characteristics and radiographical features with and right and left pedicle diameter ratios
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Fig. 2 Correlation of Lt.W/Rt.W in APEX±1 with the AV level Lt.W/Rt.W in APEX±1 positively correlated with the level of the AV (r = 0.550, p < 0.001).
AV, apical vertebra; Lt.W, left cortical pedicle width; Rt.W, right cortical pedicle width

Fig. 3 Correlation of Lt.W/Rt.W in APEX±1 with the AVR. Lt.W/Rt.W in APEX±1 positively correlated with the AVR (r = 0.483, p < 0.001). APEX±1, the
region of the apical vertebra and its two adjacent vertebrae; AVR, apical vertebral rotation; Lt.W/Rt.W, the left/right pedicle width of cortical bone

difference should be used to compare the left-right morphology of the pedicle diameter. The closer the level of
AV is to T4 or 5, the smaller the pedicle width is [4]. Nevertheless, we found that the closer the level of AV was to
T4 or 5, the greater the value of Rt.W-Lt.W was (Supplementary Table 1A, 1B, and 1C). Therefore, we considered
that the use of Lt.W/Rt.W to discuss the laterality of the
pedicle diameter in this study was appropriate.
The most important determinant of the PS diameter is the width of the cortical bone [27]. Since a
pedicle allows 15–25% enlargement [23, 28, 29], for a

PS insertion of 4.0 mm, the outer diameter should be
at least > 3.2 (4.0/1.25) mm. Our data suggested that
15 (26.3%) patients, presenting an APEX±1 pedicle on the concave side, would sustain a fracture if a
screw for the thoracic spine was inserted. For patients
in whom the PS could not be inserted at the concave
side of APEX±1, we might consider using hook or sublayer wiring [30, 31]. Convex side correction with PS
inserted into the convex side might also be considered
a useful correction method [27]. Moreover, the in-outin insertion techniques could be considered if insertion

Cancellous Bone

Cortical Bone

0.132

−0.081
0.246

−0.089

0.009
−0.077

Lt. h / Rt. h

Lt. w / Rt. w

Lt. H / Rt. H

Lt. W / Rt. W

Lt. h / Rt. h

Lt. w / Rt. w
−0.179

−0.073

−0.176

−0.119

0.112

−0.052

0.057

0.074

Height

−0.186

− 0.142

− 0.227

0.122

0.003

−0.066

−0.188

0.071

Weight

− 0.140

−0.010

−0.133

0.191

−0.007

0.079

−0.145

0.119

BMI

0.187
0.394*

0.025
0.354*

0.300*

−0.128

0.400*
0.313*

0.178

0.392*

−0.062

0.190

0.171

0.202

0.179

Cobb Angle
of MTC

0.308*

Level of AV

0.121

−0.106

0.163

0.105

0.162

0.16

0.042

0.141

Number of MTC

0.445*

0.218

0.366*

0.150

0.238

−0.194

0.205

−0.005

AVT

0.209

0.087

0.227

0.138

0.178

−0.193

0.389*

0.032

AVR

−0.047

−0.298

−0.280

−0.405*

−0.195

−0.183

− 0.235

−0.024

TK

*Statistically significant. AV apical vertebra; AVR apical vertebral rotation; AVT apical vertebral translation; BMI body mass index; Lt.H/Rt.H left/right pedicle height of the cortical bone; Lt.h/Rt.h left/right pedicle height of
the cancellous bone; Lt.W/Rt.W left/right pedicle width of the cortical bone; Lt.w/Rt.w left/right pedicle width of the cancellous bone; MTC main thoracic curve; TK thoracic kyphosis

NV ±1

Cancellous Bone

0.074
−0.041

Lt. H / Rt. H

Lt. W / Rt. W

APEX ±1

Cortical Bone

Age

Variables

Table 5 Correlation coefficients between patient characteristics and radiographical features with right and left pedicle diameter ratios in the subgroup with AV of T9 or T10
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Table 6 Multiple linear regression analysis of predictors of Lt.W/Rt.W
Variables

Unstandardized Coefficients

Standardized
Coefficients

95% CI for B

B

β

Lower

Standerd Error

p-values
Upper

Level of AV

0.058

0.014

0.485

0.38

0.85

< 0.001

AVR

0.005

0.002

0.256

0.001

0.010

0.029

The coefficient of determination (R2) was 0.396. AV apical vertebra; AVR apical vertebral rotation; CI confidence interval; Lt.W/Rt.W left/right pedicle width of the
cortical bone

of the screw into the pedicle is determined to be challenging owing to the small width of the pedicle. However, while the in-out-in insertion technique minimizes
the risk of nerve damage, sympathetic trunk damage
might occur [16]. This technique was also associated
with reduced pull-out strength compared to PS placed
using an anatomical orbit [32]; thus, inserting a pedicle
screw within the permissible range of pedicle enlargement is preferred.
In previous evaluations of the mean value for each
vertebral body level, the difference between the left
and right pedicle diameters of the middle and lower
thoracic vertebrae was within 1.0 mm in cortical pedicle height, cancellous pedicle height, cortical pedicle
width, and cancellous pedicle width [11, 23]. However, a new finding from this study showed that the
left and right pedicle diameters significantly differed
by > 1.0 mm. In particular, 41 (71.9%) patients had
pedicle width differences > 1.0 mm, which are important for planning PS insertion. The reason might be
that the recruited participants had only AIS types 1
and 2. Additionally, the left and right pedicle diameters in APEX±1 was compared based on the AV, and
the measurement was performed on 3D-CT reconstructed images.
Two notably major findings from this study could be
useful for spine surgeons. First, predicting pedicle morphology from the AV level is possible without preoperative CT. Second, at APEX±1, laterality of the cortical
pedicle width on the opposite side of the AVR direction
might exist (e.g., the pedicle width on the opposite side
of the AVR direction is relatively large).
This study did not suggest the need for preoperative CT
for the prevention of PS misplacement in AIS patients.
Currently, both intra-operative navigation and, to an
even greater extent, CT-based preoperative planning, are
extremely useful tools. However, CT-based preoperative
planning did not significantly reduce PS misplacement
[33], and their use could be limited to selected cases.
Therefore, understanding differences in pedicle morphology is considered even more important for the surgeons to prevent PS misplacement in patients who do not
undergo preoperative CT.

Based on the results of this study, we concluded that
greater vertebral body rotation in APEX±1 was associated
with smaller laterality ratio (i.e., the larger Lt.W/Rt.W). In
AIS patients, it was previously reported that larger curve
magnitude of the coronal plane was associated with a
larger increase in pedicle dysplasia at the apex and concave side of the curve [12, 34]. However, in this study, the
Cobb angle of MTC was not a related factor of Lt.W/Rt.W
in APEX±1. In other words, our results suggested that
the vertebral rotation, an axial evaluation, affected Lt.W/
Rt.W more significantly than the curve magnitude, a coronal plane evaluation. This phenomenon could be related
to a pathoetiological mechanism, by which the AVR and
spinous processes are deformed to compensate for each
other in the axial plane [35]. Another possible explanation was that the pedicle diameters were evaluated not as
the absolute value but as the left-right ratio of a particular
vertebral body in the multiple linear regression analysis of
this study. Therefore, our results might differ from those
of previous reports [12, 34].
This study had several limitations. First, computerized measurements might not capture the entire natural biological variability of the pedicle shape as well
as every pathological shape. However, the advantage
of computerized measurements is that they allow the
extraction of additional pedicle morphometric parameters and thus, can reliably support spine surgeons in
selecting proper screw sizes as well as inserting trajectories during preoperative planning for PS placement
procedures. Second, PS diameters through the isthmus
might differ by several millimeters, depending on the
selection of the insertion points and differences in the
pedicle axis and PS insertion axis, because the surgeon
did not always insert the PS in the same trajectory as
the pedicle axis when considering rotation correction
and the PS placement sequence.

Conclusions
In AIS with Lenke type 1 or 2, 26.3% of the pedicles
in APEX±1 on the concave side were too small for a
4-mm-diameter screw even with an expansion. The
right and left pedicle diameter ratio in APEX±1 for
the height or width of the cortical or cancellous bone

Sato et al. BMC Musculoskeletal Disorders

(2022) 23:847

ranged from 0.7 to 0.9. There was a notable difference
in the pedicle diameter ratio between the left and right
pedicle widths of the cancellous bone (Lt.W/Rt.W).
Furthermore, the pedicle diameter ratio between the
left and right widths of the cortical bone was larger
in patients with more proximal AV and smaller AVR.
Although preoperative planning of each AIS patient
remains important for surgeons, this study may help
plan the selection of available instrumentation from
information, other than the preoperative CT, that could
predict the laterality of the pedicle morphology at
APEX±1 from the preoperative curve type.
Abbreviations
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vertebra; AVR: Apical vertebral rotation; AVT: Apical vertebral translation; CI:
Confidence interval; CT: Computed tomography; MTC: Main thoracic curve;
NV: Neutral vertebra; PS: Pedicle screw; TK: Thoracic kyphosis.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12891-022-05799-4.
Additional file 1.
Acknowledgements
We thank all the patients involved in the study.
Authors’ contributions
TS and HN made substantial contributions to the conception and design, and
the acquisition, analysis, and interpretation of data. They were also involved
in drafting and revising the manuscript. TO, KM, NK, RT, AS, ST, YO, TH and MI
contributed to the conception and design, and performed critical revision of
the manuscript. All authors read and approved the final manuscript.
Funding
The authors received no financial support for the research, authorship, and/or
publication of this article.
Availability of data and materials
The datasets used and analyzed during the present study are available from
the corresponding author on reasonable request.
Software application code: 22000BZX00238000.

Declarations
Ethics approval and consent to participate
This study was approved by the medical ethics committee of Juntendo
University Hospital (H20–0288). This study was a retrospective observational
study, Informed consent was obtained in the form of opt-out method of our
hospital website.
Consent for publication
Not applicable.
Competing interests
The authors report no conflict of interest concerning the materials or methods
used in this study or the findings specified in this paper.
Author details
1
Department of Orthopedic Surgery, Juntendo University School of Medicine, 2‑1‑1 Hongo, Bunkyoku, Tokyo, Japan. 2 Department of Neurosurgery,
Juntendo University, Tokyo, Japan.

Page 10 of 11

Received: 13 May 2022 Accepted: 2 September 2022

References
1. Liljenqvist UR, Halm HF, Link TM. Pedicle screw instrumentation of the
thoracic spine in idiopathic scoliosis. Spine (Phila Pa 1976). 1997;22:2239–
45. https://doi.org/10.1097/00007632-199710010-00008.
2. Suk SI, Lee CK, Kim WJ, Chung YJ, Park YB. Segmental pedicle screw
fixation in the treatment of thoracic idiopathic scoliosis. Spine (Phila Pa
1976). 1995;20:1399–405.
3. Hicks JM, Singla A, Shen FH, Arlet V. Complications of pedicle screw
fixation in scoliosis surgery: a systematic review. Spine (Phila Pa 1976).
2010;35:E465–70. https://doi.org/10.1097/BRS.0b013e3181d1021a.
4. Zhuang Z, Chen Y, Han H, Cai S, Wang X, Qi W, et al. Thoracic pedicle
morphometry in different body height population: a three-dimensional
study using reformatted computed tomography. Spine (Phila Pa 1976).
2011;36:E1547–54. https://doi.org/10.1097/BRS.0b013e318210f063.
5. Chan CYW, Kwan MK. Safety of pedicle screws in adolescent idiopathic
scoliosis surgery. Asian Spine J. 2017;11:998–1007. https://doi.org/10.
4184/asj.2017.11.6.998.
6. Davis CM, Grant CA, Pearcy MJ, Askin GN, Labrom RD, Izatt MT, et al.
Is there asymmetry between the concave and convex pedicles in
adolescent idiopathic scoliosis? A CT investigation. Clin Orthop Relat Res.
2017;475:884–93. https://doi.org/10.1007/s11999-016-5188-2.
7. Kong X, Tang L, Ye Q, Huang W, Li J. Are computer numerical control
(CNC)-manufactured patient-specific metal templates available for posterior thoracic pedicle screw insertion? Feasibility and accuracy evaluation.
Eur Spine J. 2017;26:2927–33. https://doi.org/10.1007/s00586-017-5215-3.
8. Knez D, Nahle IS, Vrtovec T, Parent S, Kadoury S. Computer-assisted
pedicle screw trajectory planning using CT-inferred bone density: a
demonstration against surgical outcomes. Med Phys. 2019;46:3543–54.
https://doi.org/10.1002/mp.13585.
9. Le Navéaux F, Aubin CÉ, Larson AN, Polly DW Jr, Baghdadi YMK, Labelle
H. Implant distribution in surgically instrumented Lenke 1 adolescent
idiopathic scoliosis: does it affect curve correction? Spine (Phila Pa 1976).
2015;40:462–8. https://doi.org/10.1097/BRS.0000000000000793.
10. Gao B, Gao W, Chen C, Wang Q, Lin S, Xu C, et al. What is the difference
in morphologic features of the thoracic pedicle between patients with
adolescent idiopathic scoliosis and healthy subjects? A CT-based casecontrol study. Clin Orthop Relat Res. 2017;475:2765–74. https://doi.org/
10.1007/s11999-017-5448-9.
11. Gstoettner M, Lechner R, Glodny B, Thaler M, Bach CM. Inter- and intraobserver reliability assessment of computed tomographic 3D measurement
of pedicles in scoliosis and size matching with pedicle screws. Eur Spine J.
2011;20:1771–9. https://doi.org/10.1007/s00586-011-1908-1.
12. Watanabe K, Lenke LG, Matsumoto M, Harimaya K, Kim YJ, Hensley M,
et al. A novel pedicle channel classification describing osseous anatomy:
how many thoracic scoliotic pedicles have cancellous channels? Spine
(Phila Pa 1976). 2010;35:1836–42. https://doi.org/10.1097/BRS.0b013
e3181d3cfde.
13. Brink RC, Homans JF, de Reuver S, van Stralen M, Schlösser TPC, Viergever
MA, et al. A computed tomography-based spatial reference for pedicle
screw placement in adolescent idiopathic scoliosis. Spine Deform.
2020;8:67–76. https://doi.org/10.1007/s43390-020-00032-5.
14. Knez D, Vrtovec T. Computerized three-dimensional pedicle morphometry from computed tomography images of the thoracic spine. Image
Anal Stereol. 2020;39:101–9. https://doi.org/10.5566/ias.2349.
15. Mohanty SP, Pai Kanhangad M, Bhat SN, Chawla S. Morphometry of the
lower thoracic and lumbar pedicles and its relevance in pedicle fixation. Musculoskelet Surg. 2018;102:299–305. https://doi.org/10.1007/
s12306-018-0534-z.
16. Vaccaro AR, Rizzolo SJ, Allardyce TJ, Ramsey M, Salvo J, Balderston RA,
et al. Placement of pedicle screws in the thoracic spine. Part I: morphometric analysis of the thoracic vertebrae. J Bone Joint Surg Am.
1995;77:1193–9. https://doi.org/10.2106/00004623-199508000-00008.
17. Yu CC, Bajwa NS, Toy JO, Ahn UM, Ahn NU. Pedicle morphometry of
upper thoracic vertebrae: an anatomic study of 503 cadaveric specimens.
Spine (Phila Pa 1976). 2014;39:E1201–9. https://doi.org/10.1097/BRS.
0000000000000505.

Sato et al. BMC Musculoskeletal Disorders

(2022) 23:847

18. Yu CC, Yuh RT, Bajwa NS, Toy JO, Ahn UM, Ahn NU. Lower thoracic pedicle
morphometry: male, taller, and heavier specimens have bigger pedicles.
Spine (Phila Pa 1976). 2015;40:E323–31. https://doi.org/10.1097/BRS.
0000000000000760.
19. Xiong B, Sevastik B, Sevastik J, Hedlund R, Suliman I, Kristjansson S. Horizontal plane morphometry of normal and scoliotic vertebrae. A methodological
study. Eur Spine J. 1995;4:6–10. https://doi.org/10.1007/BF00298410.
20. Risser JC. The iliac apophysis; an invaluable sign in the management of
scoliosis. Clin Orthop. 1958;11:111–9.
21. Lenke LG, Betz RR, Harms J, Bridwell KH, Clements DH, Lowe TG, et al.
Adolescent idiopathic scoliosis: a new classification to determine extent
of spinal arthrodesis. J Bone Joint Surg Am. 2001;83:1169–81.
22. Aaro S, Dahlborn M. Estimation of vertebral rotation and the spinal and rib
cage deformity in scoliosis by computer tomography. Spine (Phila Pa 1976).
1981;6:460–7. https://doi.org/10.1097/00007632-198109000-00007.
23. Takeshita K, Maruyama T, Chikuda H, Shoda N, Seichi A, Ono T, et al. Diameter, length, and direction of pedicle screws for scoliotic spine: analysis
by multiplanar reconstruction of computed tomography. Spine (Phila Pa
1976). 2009;34:798–803. https://doi.org/10.1097/BRS.0b013e3181895c36.
24. Albanese K, Ordway NR, Albanese SA, Lavelle WF. Effect of pedicle fill on
axial pullout strength in spinal fixation after rod reduction. Orthopedics.
2017;40:e990–5. https://doi.org/10.3928/01477447-20170925-02.
25. Brantley AGU, Mayfield JK, Koeneman JB, Clark KR. The effects of pedicle
screw fit. An in vitro study. Spine (Phila Pa 1976). 1994;19:1752–8. https://
doi.org/10.1097/00007632-199408000-00016.
26. Simpson V, Clair B, Ordway NR, Albanese SA, Lavelle WF. Are traditional radiographic methods accurate predictors of pedicle morphology? Spine (Phila
Pa 1976). 2016;41:1740–6. https://doi.org/10.1097/BRS.0000000000001628.
27. Tsirikos AI, Mataliotakis G, Bounakis N. Posterior spinal fusion for adolescent idiopathic scoliosis using a convex pedicle screw technique: a novel
concept of deformity correction. Bone Joint J. 2017;99–B:1080–7. https://
doi.org/10.1302/0301-620X.99B8.BJJ-2016-1351.R1.
28. Cahill P, Rinella AS, Ghanayem A, Rinella SA, Sartori M, Havey R, et al. P8.
Thoracic pedicle expansion after pedicle screw insertion in a pediatric
cadaveric spine: a biomechanical analysis. Spine J. 2004;4(Suppl):93.
https://doi.org/10.1016/j.spinee.2004.05.189.
29. Yazici M, Pekmezci M, Cil A, Alanay A, Acaroglu E, Oner FC. The effect of
pedicle expansion on pedicle morphology and biomechanical stability
in the immature porcine spine. Spine (Phila Pa 1976). 2006;31:E826–9.
https://doi.org/10.1097/01.brs.0000240759.06855.e6.
30. Palmisani M, Dema E, Cervellati S, Palmisani R. Hybrid constructs pedicle
screw with apical sublaminar bands versus pedicle screws only for surgical correction of adolescent idiopathic scoliosis. Eur Spine J. 2018;27:150–
6. https://doi.org/10.1007/s00586-018-5625-x.
31. Yilmaz G, Borkhuu B, Dhawale AA, Oto M, Littleton AG, Mason DE, et al.
Comparative analysis of hook, hybrid, and pedicle screw instrumentation
in the posterior treatment of adolescent idiopathic scoliosis. J Pediatr
Orthop. 2012;32:490–9. https://doi.org/10.1097/BPO.0b013e318250c629.
32. Jeswani S, Drazin D, Hsieh JC, Shweikeh F, Friedman E, Pashman R, et al.
Instrumenting the small thoracic pedicle: the role of intraoperative computed tomography image-guided surgery. Neurosurg Focus. 2014;36:E6.
https://doi.org/10.3171/2014.1.FOCUS13527.
33. Ruffilli A, Fiore M, Martikos K, Barile F, Pasini S, Battaglia M, et al. Does use of
preoperative low-dose CT-scan in adolescent idiopathic scoliosis improve
accuracy in screw placement? Results of a retrospective study. Spine
Deform. 2021;9:1403–10. https://doi.org/10.1007/s43390-021-00343-1.
34. Sarwahi V, Sugarman EP, Wollowick AL, Amaral TD, Lo Y, Thornhill B. Prevalence, distribution, and surgical relevance of abnormal pedicles in spines
with adolescent idiopathic scoliosis vs. no deformity: a CT-based study. J
Bone Joint Surg Am. 2014;96:e92. https://doi.org/10.2106/JBJS.M.01058.
35. Kotwicki T, Napiontek M. Intravertebral deformation in idiopathic scoliosis: a transverse plane computer tomographic study. J Pediatr Orthop.
2008;28:225–9. https://doi.org/10.1097/BPO.0b013e3181647c4a.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 11 of 11

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

