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Abstract

Introduction Asymmetry in pedicle anatomy is most distinctly noted around the apex of the curve. The correlation of pedicle
dysmorphia with apical vertebral rotation (AVR) and coronal Cobb angle (CCA) has not been studied.

Objective To establish whether pedicle dysmorphism is linked to curve magnitude CCA and the AVR in adolescent idi-
opathic scoliosis (AIS).

Methodology Preoperative plain whole spine standing radiographs and non-contrast computed tomography (CT) scans of
25 AIS patients that were operated at a single centre from 2013 to 2019 were retrospectively reviewed by 3 independent
co-investigators. CCA was noted on the standing radiograph, whereas the AVR was measured on the axial cuts of CT scan.
Pedicle morphometric measurements were performed for apical and periapical pedicles. These included apical vertebra (when
present), 2 vertebrae above (U1 and U2) and below (B1 and B2) the apex vertebra/disc. The pedicle morphometric measure-
ments were performed on CT scans. We assessed the transverse pedicle diameter, transverse cancellous channel diameter,
sagittal pedicle diameter, pedicle length and pedicle axis length. Correlation tests between various pedicle morphometric
measurements, AVR and the curve magnitude (Cobb angle) was performed by the Pearson correlation test.

Results The apex of the major curve was in the thoracic spine in 20 patients, thoracolumbar in three patients and in the lum-
bar spine in two patients. The mean Cobb angle was 61.5 +9.3° and the mean AVR was 28.4 + 17.8°. A positive correlation
was noted with the AVR for Ul concave pedicle length (r=0.45, p=0.03), pedicle axis length of the U2 concave pedicle
(r=0.6, p=0.04), transverse pedicle diameter of the convex apical vertebrae (r=0.82, p=0.00009) and the convex apical
transverse pedicle diameter (r=0.80, p=0.002). A negative correlation with the AVR was noted for U2 convex pedicle length
(r=—0.51, p=0009), transverse cancellous channel diameter of the U2 concave pedicle (r=— 0.42, p=0.04) and apical
concave pedicle (r=— 0.78, p=0.002) and the sagittal pedicle diameter for the convex pedicle of U2 (r=— 0.45, p=0.03)
and apex(r=— 0.59, p=0.04). The Cobb angle did not show a significant correlation with any of the pedicle measurements
at any of the levels on the convex and the concave sides.

Conclusion Pedicle asymmetry and dysmorphism demonstrate a morphometric association with the apical vertebral rotation
than the curve magnitude. The pedicle length and the pedicle axis length increase on the concave apical and periapical region
with increase in AVR. The transverse cancellous channel diameter significantly decreases on the concave apical region with
the increase in AVR. The sagittal pedicle diameter decreases on the convex side with the increase in AVR.
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Introduction

Adolescent idiopathic scoliosis (AIS) is associated with
morbidity not only due to back pain and cardiopulmonary
issues but also the cosmetic deformity with the associ-
ated psychosocial problems in adolescents [1]. The use of
pedicle screw constructs for correction of these deformi-
ties is now considered standard [2, 3]. However, pedicle
screw fixation is limited by the anatomy of the pedicle.
Diameter, trajectory and length of pedicle can vary sig-
nificantly from the normal [4]. It has been established that
asymmetry exists between concave and convex pedicles of
structural curves in AIS [5]. These differences are more
pronounced at the apex and the periapical region of the
curve [5]. However, it is not clear how the pedicle dysmor-
phism and asymmetry correlate with Cobb angle and api-
cal vertebral rotation which are both considered markers
of the 3-dimensional deformity. Though pedicle types have
been described based on the differences in the cancellous
channels, there is no study that quantifies the morphol-
ogy of the apical pedicles. In the present study, we aim to
correlate the coronal Cobb angle and the apical vertebral
rotation with various pedicle measurements made on both
the convex and the concave side in apical and periapical
region in patients with AIS.

Materials and methods

A total of 25 AIS patients that had been operated at our
centre from 2013 to 2019 were included. The patients with
deformity due to other causes or with incomplete radio-
logical records were excluded. All patients underwent a
posterior spinal fusion with pedicle screw constructs and
preoperative low-dose CT scans were obtained in these
patients for preoperative planning and pedicle screws siz-
ing. The scans were done in supine position from T1 to S1
(Somatom Definition FLASH, Siemens Healthcare, Forch-
heim, Germany). The highest estimated radiation dose for
the scans in the present study was 2.4-3.6 mSV. For each
patient, age, gender, apex of the deformity, coronal Cobb
angle, and apical vertebral rotation were recorded. Pedicle
morphology was assessed by measuring transverse outer
cortical pedicle diameter, transverse cancellous channel
diameter, sagittal pedicle diameter, pedicle length and
pedicle axis length. The parameters were recorded at
the apical vertebra (when present) and 2 vertebrae above
(apex-2=U1 and apex-1="U2) and 2 vertebrae below
(apex + 1=B1 and apex + 2 =B2) on both the convex and
the concave sides. The coronal Cobb was measured on
standing anteroposterior radiographs between the two end
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vertebrae. The vertebral rotation was measured by the
Aaro—Dahlborn method on computed tomography scan
[6]. Transverse outer cortical pedicle diameter, transverse
cancellous channel diameter, sagittal pedicle diameter,
pedicle length and pedicle axis length or chord length
were measured as described previously by Vaccaro et al.
and Liljenqvist et al. [5, 7, 8]. Representative images for
measurements are presented in Fig. 1. All measurements
were performed by three independent co-investigators and
average of the three values was used.

SPSS 20 software was used to perform statistical analysis.
Mean and standard deviation were calculated for parameters
following normal distribution, whilst the other was described
using median and interquartile range. Inter-class correlation
(ICC) coefficient was used to measure reliability across radi-
ological measurements. A Pearson correlation coefficient (r)
was calculated for Cobb angle and AVR with various pedicle
morphometric measurements for the apical/peri-apical pedi-
cles. A p value <0.05 was considered significant. The value
of r>0.7 was considered a strong correlation, 0.7>r>0.3
was considered a moderate correlation and < 0.3 was con-
sidered a weak correlation [9]. The interclass correlation
coefficient (ICC) was used to measure reliability across radi-
ographic measurements. ICC > 0.9 was considered excellent,
0.9>1CC >0.75 was considered good [10].

Results

A total of 25 patients were analysed in this study. These
included 23 females and 2 males. The mean age was
14.4+2.1 years. The apex of major curve was T9-T10
disc in 4 cases, T8 in 3 cases and T7, T7-T8, T8-T9, T9,
T10-T11, T12 in 2 cases each. One case each had an apex
at T5-T6, T12-L1, L2, L2-L3 levels. The apex of the major
curve was in the thoracic spine in 20 patients, thoracolum-
bar in 3 patients and in the lumbar spine in 2 patients. The
mean Cobb angle was 61.5+9.3 (CI95% -57.8-65.1). The
mean apical vertebral rotation was 28.4+17.8 (CI 95%
22.7-34.1). The interclass correlation coefficient for all
radiographic measurements showed good to excellent reli-
ability (0.80-0.96).

The mean measurements along with standard deviation
for transverse outer cortical pedicle diameter, sagittal pedicle
diameter, pedicle length and pedicle axis length for U1, U2,
apex B1 and B2 pedicles are represented in Table 1.

The Pearson correlation coefficient and the p values for
the comparison of Cobb angle and apical vertebral rota-
tion with various pedicle measurements are represented in
Table 2. The Cobb angle did not show a significant correla-
tion with any of the pedicle measurements in any of the api-
cal and the periapical vertebrae. The pedicle length showed
a significant positive correlation at Ul concave pedicle
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Fig. 1 Figure showing the
representative measurement of
a Transverse pedicle diameter
(AB) b Inner cancellous chan-
nel diameter (CD) ¢ pedicle
length(EF) and pedicle axis
length(EG) d Sagittal pedicle
diameter (HI) at the apical

vertebrae in AIS

Table 1 Table summarising the mean and standard deviation values for various pedicle measurements for periapical vertebrae of the major curve

Vertebrae Side Transverse pedicle Inner cancellous Sagittal pedicle Pedicle length (mm) Pedicle axis
diameter (mm) channel diameter diameter (mm) length (mm)
Ul Concave 43+2.1 23+15 10.5+24 209+1.5 31.2+3.1
Convex 5.8+2.1 34+15 11.5+29 214+1.7 31.7+£3.3
U2 Concave 4.8+24 25+1.6 10.5+3.0 204+1.0 31.6+3.5
Convex 57+25 3.6+23 10.3+2.8 21.7+2.1 31.3+£3.7
Apex Concave 39+1.5 1.9+1.0 10.7+1.3 20.6+1.5 31.8+22
Convex 51+19 3.0+1.5 12.7+1.8 21.7+1.3 324422
B1 Concave 4.8+2.1 28+1.8 12.7+2.6 20.6+1.2 32.1+2.7
Convex 6.0+2.0 38+1.5 13.9+2.6 21.5+1.3 332427
B2 Concave 6.1+2.1 40+19 13.6+2.5 20.9+2.0 33.5+3.7
Convex 7.0+2.1 48+20 14.8+2.7 21.2+1.3 34.6+3.4

All measurements are described as mean + standard deviation (Ul Upper 1, U2 Upper 2, Bl Below 1, B2 Below 2)

(r=0.45 p=0.03) and a negative correlation at U2 convex
pedicle (r=—0.51, p=0009) with apical vertebral rotation
(AVR). The pedicle axis length showed a positive correlation

with AVR at U2 concave pedicle (r=0.6, p=0.04). The
transverse pedicle diameter significantly correlated with
AVR at convex apical vertebrae (r=0.82, p=0.00009). The
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Table 2 Table summarising the Pearson correlation coefficient and p values for comparison of coronal Cobb and apical vertebral rotation with
various periapical pedicle measurements

Vertebral level Side Parameter Coronal Cobb angle Apical vertebral rotation
Pearson correlation p value Pearson correlation p value
coefficient coefficient

Ul Concave Transverse pedicle diameter 0.05 0.80 —0.03 0.89

Transverse cancellous channel diameter 0.03 0.87 -0.07 0.73
Sagittal pedicle diameter -0.03 0.87 0.08 0.70
Pedicle length 0.15 0.47 0.45 0.03
Pedicle axis length -0.03 0.86 0.04 0.84
Convex Transverse pedicle diameter 0.18 0.39 0.37 0.07
Transverse cancellous channel diameter 0.18 0.38 0.23 0.28
Sagittal pedicle diameter 0.20 0.34 -0.32 0.12
Pedicle length 0.36 0.13 —0.15 0.47
Pedicle axis length 0.18 0.37 —0.08 0.76
U2 Concave Transverse pedicle diameter 0.07 0.74 —0.17 0.41
Transverse cancellous channel diameter —0.02 0.92 —0.42 0.04
Sagittal pedicle diameter —0.05 0.82 0.18 0.40
Pedicle length —0.08 0.67 0.30 0.15
Pedicle axis length 0.05 0.81 0.13 0.53
Convex Transverse pedicle diameter 0.13 0.53 -0.19 0.36
Transverse cancellous channel diameter 0.11 0.61 0.24 0.24
Sagittal pedicle diameter 0.15 0.47 - 045 0.03
Pedicle length - 0.09 0.65 —0.51 0.009
Pedicle axis length 0.08 0.69 - 0.10 0.61
Apex Concave Transverse pedicle diameter - 0.09 0.76 —0.37 0.24
Transverse cancellous channel diameter 0.13 0.69 -0.78 0.002
Sagittal pedicle diameter -0.29 0.35 0.49 0.10
Pedicle length -0.33 0.29 0.12 0.69
Pedicle axis length —043 0.15 0.60 0.04
Convex Transverse pedicle diameter 0.24 0.45 0.82 0.0009
Transverse cancellous channel diameter 0.22 0.49 0.80 0.002
Sagittal pedicle diameter —0.04 0.64 -0.59 0.04
Pedicle length -0.53 0.08 -0.23 0.46
Pedicle axis length —-0.52 0.08 —-0.21 0.51
Bl Concave Transverse pedicle diameter —0.04 0.83 -0.10 0.62
Transverse cancellous channel diameter -0.02 0.91 —0.08 0.71
Sagittal pedicle diameter 0.18 0.38 0.05 0.80
Pedicle length —-0.10 0.64 0.02 0.91
Pedicle axis length 0.05 0.80 - 031 0.13
Convex Transverse pedicle diameter 0.13 0.50 0.04 0.83
Transverse cancellous channel diameter 0.07 0.71 0.11 0.58
Sagittal pedicle diameter 0.27 0.18 0.04 0.83
Pedicle length —0.02 0.91 0.13 0.53
Pedicle axis length 0.30 0.14 -0.30 0.16
B2 Concave Transverse pedicle diameter 0.09 0.66 -0.12 0.55
Transverse cancellous channel diameter 0.06 0.77 -0.05 0.82
Sagittal pedicle diameter 0.22 0.27 0.04 0.82
Pedicle length -0.23 0.26 0.13 0.51
Pedicle axis length —0.11 0.58 0.06 0.77
Convex Transverse pedicle diameter 0.08 0.71 -0.12 0.57
Transverse cancellous channel diameter 0.10 0.62 -0.13 0.53
Sagittal pedicle diameter 0.19 0.35 0.05 0.80
Pedicle length -0.18 0.39 0.01 0.96
Pedicle axis length 0.13 0.53 —0.07 0.74

P values <0.05 were considered statistically significant
Ul Upper 1, U2 Upper 2, Bl Below 1, B2 Below 2
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transverse cancellous channel diameter showed a signifi-
cant negative correlation at U2 concave pedicle (r=— 0.42,
p=0.04) and apical concave pedicle (r=— 0.78, p=0.002)
and positive correlation at convex apex pedicle (r=0.80,
p=0.002) with AVR. A representative case is presented
in Fig. 2. A diagrammatic representation of the statically
significant results is presented in Fig. 3. The sagittal pedi-
cle diameter showed a significant negative correlation with
AVR at convex pedicle of U2 (r=— 0.45, p=0.03) and apex
(r=-0.59, p=0.04). The AVR did not correlate signifi-
cantly with any pedicle measurements for periapical verte-
brae below the apex (Table 2).

Discussion

An increased acceptance of the pedicle screw-based con-
structs has led to an increased popularity of the posterior
approach for the treatment of AIS. The three-dimensional
control afforded by the pedicle screws has provided a supe-
rior biomechanical control and led to more powerful cor-
rections. However, placement of the pedicle screws can be
difficult in dysplastic pedicles. Liljenqvist et al. in their
MRI-based study on patients with AIS were the first to
establish that distinctive morphology in the form of thin-
ner pedicles in the concavity along with shifting of the
dural sac to the concavity occurred in the apical region

Fig.2 A 14-year-old female
with A Coronal cobbs angel of
58°, B Apical vertebral rotation
of 61° showing C negligible
cancellous channel on the con-
cave (left) pedicle

and it normalised significantly near the neutral vertebrae
[5]. A CT-based study compared AIS patients with healthy
controls and noted a significantly narrower pedicle on the
concave side. They also noted that the highest prevalence
of dysplastic pedicles was at the apex of the structural
curve [4]. Davis et al. reported a CT-based assessment of
pedicles in AIS patients, noting that the apical concave
pedicles had a smaller height and width compared with the
convex pedicles. They also noted a more ‘acute trajectory’
of the convex pedicles in comparison to the concave pedi-
cles [11]. The dysmorphic pedicles in our study are noted
to be more commonly located in the thoracic spine, in the
concavity, at or near the apex of the curve. This could be
linked to the incidence of misplaced screws being nearly
three times higher in these pedicles [12]. In an MRI-based
study, the progressive changes in pedicle parameters were
compared in AIS patients with non-scoliotic patients. It
was seen that the dural sac was more closely approximated
to the medial wall of the pedicle on the concave side in the
AIS group. The chord lengths and the transverse pedicle
angle increased more on the concave side in the AIS group
creating further asymmetries. This study emphasised that
asymmetrical growth of posterior vertebral elements
occurs in AIS [13].

Besides the differences in the pedicle morphology, the
vertebral body morphology has also been compared between
AIS patients and controls. It was noted that patients with

4 1.48 mm
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CONCAVE

POS:U1; AVR correlates with concave pedicle
length (r=0.45 p=0.03)

-

POS:U2; AVR with pedicle axis length(r=0.6,
p=0.04)

NEG: U2; AVR with transverse cancellous channel
diameter (r=-0.42,p=0.04)

CONVEX

NEG: U2; AVR with convex pedicle
length (r=-0.51,p=0009).

NEG U2; AVR with sagittal pedicle
diameter (r=-0.45,p=0.03)

NEG: Apex: AVR with apical concave pedicle (r=-
0.78,p=0.002)

A O

¢ NEG: Apex: AVR correlates with sagittal
pedicle diameter (r=-0.59,p=0.04)
POS:Apex: AVR with transverse
cancellous pedicle diameter
(r=0.80,p=0.002)

POS:Apex: AVR with transverse pedicle
diameter (r=0.82p=0.00009)

4

Fig.3 Figure showing a diagrammatic representation of statistically
significant correlations of apical vertebral rotation (AVR) with vari-
ous pedicle measurements on the concave and convex side. (Ul—

AIS have significant differences in apical vertebral rotation,
axial vertebral body asymmetry and frontal vertebral body
rotation compared to controls which was most pronounced
at the apical vertebrae [14]. Whilst the occurrence of pedicle
asymmetry and dysmorphism has been established, various
studies as discussed above the factors associated with or
leading to this are not yet established. Hence, in the present
study, we tried to investigate the correlation of Cobb angle
and apical vertebral rotation with various pedicular param-
eters in the apical and periapical region of major curve in
patients with AIS.

Coronal Cobb angle of the major structural curve in AIS
is a radiographic marker of the curve severity. Larger curves
are associated with larger Cobb angles, longer surgical dura-
tion, higher blood loss and increased hospital costs [15].
However, there are no studies which have correlated Cobb
angle with pedicle dysmorphism parameters. Our study was
designed to compare the correlation of Cobb angle with vari-
ous pedicular parameters of concave and convex pedicles in
apical and periapical region. We did not find any significant
correlation between the Cobb angle and the various pedicle
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Upper 1, U2—Upper 2, Bl1—Below 1, B2—Below 2, NEG—Nega-
tive correlation, POS—Positive correlation)

parameters. Whilst increasing Cobb angle denotes increas-
ing severity of the curve in AIS, it does not correlate with
abnormal pedicle morphology.

Scoliotic deformities being three-dimensional deform-
ities are associated with significant vertebral rotation
besides coronal and sagittal plane deformities. The apical
vertebra is often the most rotated vertebra also for the
majority of major curves in AIS [16]. The AVR signifi-
cantly correlated with various pedicle parameters in the
apical and the periapical region in the present study indi-
cating that the pedicle dysmorphism may be more a func-
tion of vertebral rotation than the magnitude of the curve.
In the present study, we found that pedicle length and
pedicle axis length significantly increased on the concave
side with increase in in AVR. It was also noticed that the
pedicle length showed a negative correlation with periapi-
cal convex pedicle (U2) with respect to AVR.

The narrow diameter of transverse cancellous chan-
nels in patients with AIS especially on the concave side
has been well documented in various studies [8, 12, 17].
It has been seen that the abnormal pedicles with narrow
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cancellous channel are significantly more in the concav-
ity, the apical and the periapical region [12]. In the pre-
sent study, we noticed the cancellous channel diameter
at concave apical and upper periapical vertebrae (U2),
which showed a significant moderate negative correlation
with the AVR. It indicates that the cancellous channel
becomes narrower as the AVR increases in the apical and
the periapical region. Another interesting finding in the
present study was that sagittal pedicle diameter correlated
negatively at the convex upper periapical (U2) and apical
region with AVR. The above findings indicate that the cau-
tion must be exercised during pedicle screw insertion on
the apical and the periapical concave side in cases of high
apical vertebral rotation due to increased risk of medial
and lateral breach. Similar caution must be exercised on
the convex apical and the periapical region in the cranio-
caudal direction in case of high AVR due to decreased
sagittal pedicle diameter.

Small sample size, heterogeneity of the patient popula-
tion and data acquisition from a single centre are some of
the limitations of the present study. However, this is the
first study that has studied the correlation of coronal Cobb
angle and AVR with the various pedicle measurements in
the periapical region of the major curve. Our study shows
that the AVR correlates well with various pedicle meas-
urements and may be one of the main drivers of pedicle
dysmorphism in AIS.

Conclusion

Pedicle asymmetry and dysmorphism are better linked to
the apical vertebral rotation than to the curve magnitude.
The pedicle length and the pedicle axis length increase on
the concave apical and periapical region with the increase
in AVR. The transverse cancellous channel diameter sig-
nificantly decreases on the concave apical region with the
increase in AVR. The sagittal pedicle diameter decreases
on the convex side with the increase in AVR. Further stud-
ies in different patient populations and larger sample size
are required to validate these results.
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