
Folia Morphol. 
 Vol. 76, No. 3, pp. 426–432

DOI: 10.5603/FM.a2017.0003 
Copyright © 2017 Via Medica

ISSN 0015–5659 
www.fm.viamedica.pl

O R I G I N A L    A R T I C L E

426

Applications of digital technology for the  
morphological study of C3–C7 vertebral  
arch pedicle in children
S. Zhang1, 2, X. Wang1, 2, X. Ren3, Z. Li1, Y. Zhang2

1Teaching and Researching Department of Human Anatomy, Basic Medical College of Inner Mongolia Medical University, 
Inner Mongolia, China 
2Digital Medical Centre of Inner Mongolia Medical University, Inner Mongolia, China 
3Department of Endocrinology, Affiliated Hospital of Inner Mongolia Medical University, Inner Mongolia, China

[Received: 8 November 2016; Accepted: 7 December 2016]

Background: This study aims to investigate the morphological characteristics and 
developmental patterns of the vertebral arch pedicle (VAP) in the lower cervical 
vertebrae of children, and to subsequently help guide the implantation of the 
pedicle screw.
Materials and methods: The cervical vertebral multi-slice computed tomography 
(MSCT) data of 60 paediatric patients aged 4–12 years were collected and grou-
ped. A reconstructed 3-dimensional model measured the following: pedicle width 
(PW), pedicle height (PH), pedicle osseous channel (POCL), pedicle transverse angle 
(PTA, namely the E angle), and pedicle sagittal angle (PTA, namely the F angle).
Results: We calculated the ratio of PW/PH (I value) to assess the statistical dif-
ference between age groups and segments. The PW, PH, POCL, and E angles 
exhibited an overall increasing trend with increasing age. The PW, PH, and POCL 
of each vertebra in group C showed statically significant differences compared 
to groups A and B (p < 0.05). The PW of different vertebral sequences in each 
group showed a gradually increasing trend. The intervertebral F angle among 
different groups showed the biggest difference, a change from positive values to 
negative values gradually, among which the negative value of C7’s F angle was 
the largest. The I value exhibited an overall decreasing trend with increasing age.
Conclusions: The morphological characteristics and development of the different 
pedicle segments exhibited obvious patterns. In the lower cervical vertebrae of 
children over 7 years of age, the vertebrae had the feasibility for the implantation 
of pedicle screws. (Folia Morphol 2017; 76, 3: 426–432)

Key words: lower cervical vertebrae, vertebral arch pedicle, digital 
measurement, children

INTRODUCTION
In recent years, the pedicle screw internal fixa-

tion technology, characterised by its stable and firm 
biomechanical features, has been used in the treat-

ment of vertebral injuries and diseases in paediatric 
patients. Paediatric vertebral injuries occur mostly in 
the cervical vertebrae [12] as the vertebral arch pedicle 
(VAP) of paediatric cervical vertebrae is more fine and 
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fragile. In addition to this, the vertebrae of paediatric 
patients are in the growth and development stage, 
making the applications of this technology on pae-
diatric cervical vertebrae limited. Currently, research-
ers hypothesized that the C2 VAP in children under  
10 years of age has the morphological feasibility of 
implanting 3.5-mm pedicle screws [7]. Clinical reports 
provide more details about the internal pedicle screw 
fixation in the upper cervical vertebrae of children  
[2, 4]. Treatments in lower cervical vertebral injury and 
cancer reconstruction in children mainly use such con-
ventional methods as trans-lateral mass screw fixation 
or translaminar screw fixation [3, 5]. However, these 
traditional methods show no obvious biomechanical 
advantages. Previous studies examined whether the 
morphologies of the lower cervical vertebrae in children 
are suitable for screw implantation [7, 18]. However, 
these studies normally used cadavers or the methods for 
2-dimensional (2D) image acquisition. The applications 
of 3-dimensional (3D)-reconstructed digital technology 
for VAP anatomic morphology, development pattern, 
and screw implantation feasibility in the lower cervical 
vertebrae of different-age children are rarely used. Based 
on the computed tomography (CT) thin-layer imaging 
data in the lower cervical vertebrae of children 4–12 
years of age, the purpose of our study was to use the 
MIMICS (Materialise’s Interactive Medical Image Control 
System) software to reconstruct a 3D cervical vertebral 
model, measure the pedicle screw implantation-related 
parameters, and summarise its morphological features 
and development patterns. The results of our study can 
provide the morphological basis for the pedicle screw 
implantation in the lower cervical vertebrae of children 
and assess the feasibility of the 3.5-mm screws.

MATERIALS AND METHODS
General information

Between September 2008 and June 2013, we col-
lected MSCT data from paediatric patients from the De-
partment of Radiology in the First and Second Affiliated 
Hospitals of Inner Mongolia Medical University. We in-
cluded patients who met the following inclusion criteria: 
(1) the scan used the GE Light QX/I 64-slice spiral CT;  
(2) the scanning range included the area encompassing 
the paropia to the superior aperture of the thorax (in-
cluding the skull base to T1); (3) the scanning lines were 
vertical to the body’s central axis; and (4) the scanning  
parameters included the following: layer thickness:  
1.25 mm; pitch: 1.25 mm; reconstruction slice thickness 
and spacing: 0.625 mm; FOV: 30 × 30 cm; and matrix: 

512 × 512 dpi. We excluded patients with cervical verte-
bral trauma, deformity, and significant neurological signs 
and symptoms. Using the eligibility criteria, the authors 
identified a total of 60 paediatric patients, between 4 
to 12 years of age. We divided the patients into three 
groups with an age interval of 3 years: 4-year-old group 
(group A), 7-year-old group (group B), and 10–12-year-
old group (group C), with 20 patients in each group. The 
authors measured both pedicle sides of each patient, for 
a total of 40 sets of data. The mean value of multiple 
measurements was used to avoid artificial errors. This 
study was conducted in accordance with the declara-
tion of Helsinki. This study was conducted with approval 
from the Ethics Committee of Inner Mongolia Medical 
University. Written informed consent was obtained from 
all participants’ guardians.

Measurement indexes

We defined pedicle width (PW) as the shortest 
distance between the outer edges of the lateral and 
interior cortex at the VAP gorge. Pedicle height (PH) 
is the shortest distance between the outer edges of 
the superior and inferior cortex at the pedicle gorge. 
The pedicle osseous channel (POCL) is the shortest 
distance between the vertebral posterior cortex and 
the vertebral anterior cortex along the pedicle axis. 
The E angle is the angle between the pedicle axis 
and the corresponding vertebral sagittal plane. The 
F angle is the angle between the pedicle axis and the 
corresponding vertebral plane at the caudal. When 
the pedicle axis pointed to the superior endplate, 
the F angle was positive; otherwise, it was negative.

Measurement methods

Data were imported into MIMICS (Materialise 
Co., Belgium) with the DICOM format for 3D recon-
struction with the appropriate Hounsfield unit (HU) 
window. The corresponding pedicle axis was then 
selected and adjusted in the reconstruction model. 
From the three axial views the intersections with the 
vertebral anterior cortex and the vertebral posterior 
cortex were calibrated (namely point A and B, re-
spectively). Using the 3D measurement tools, PW, PH, 
and POCL were measured on the reconstructed 3D 
model. The cross and sagittal VAP planes were then 
selected to measure the E and F angles, respectively. 
If these angles could not be measured, the model was 
imported into the 3-Matic software (Materialise Co., 
Belgium) and projected onto the cross and sagittal 
pedicle planes for measurement (Fig. 1).
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Statistical methods

All data were imported into Microsoft Excel (Mi-
crosoft, Redmond, WA) and SPSS 16.0 (IBM Inc., New 
York, NY) for sorting and statistical analysis. Data 
are expressed as the mean ± standard deviation.  
A one-way ANOVA was used to identify any differ-
ences between the groups. The Student-Newman-
Keuls (SNK) method was used to identify significantly 
different sample means. A p-value < 0.05 was con-
sidered statistically significant.

RESULTS
Pedicle width

The overall PW exhibited an increasing trend 
with increasing age. Patients in group C showed 
statistically significant differences compared to 
groups A and B (p < 0.05). There was no difference 
between groups A and B (p > 0.05). PW in each 

group exhibited a gradually increasing trend with 
the vertebral sequence. There was a significant dif-
ference between C4 and C7 in group A (p < 0.05);  
in group B, there were significant differences  
between C3 and C5/6/7 and between C4 and C6/7 
(p < 0.05); in group C there was a significant dif-
ference between C4 and C7 (p < 0.05). The values 
of C3 and C4 in each group were relatively smaller 
(Table 1).

Pedicle height

The overall PH exhibited an increasing trend with 
increasing age. There were significant differences 
between C3, C5, and C6 in groups A and B (p < 0.05). 
While there was a difference in each vertebra between 
groups C and A/B, this difference was not significant 
(p > 0.05). There were no differences between the 
vertebrae in the same group (p > 0.05) (Table 1).

Figure 1. A. Pedicle osseous channel (POCL) and pedicle width (PW) measurement using three-dimensional measurement tools; B. E angle 
measurement on the cross pedicle plane; C. Pedicle height (PH) and F angle measurement; D. Changes of F angle showed by the projection 
of C3~C7 on the pedicle axial plane (C3 and C4 were positive, C5~C7 were negative).
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Pedicle osseous channel

The overall POCL exhibited an increasing trend 
with increasing age. There were significant differences 
among the three groups (p < 0.05); however, there 
were no significant differences between the vertebrae 
in the same group (Table 1).

E angle

The overall E angle exhibited an increasing trend 
with increasing age; however, the differences among 
the three groups were not statistically significant. 
There were significant differences in C3 and C4 be-
tween groups A and C/B (p < 0.05), and in C5 be-
tween groups C and A/B; however, there were no 
differences between the vertebrae in the same group 
(Table 2).

F angle

The overall F angle did not change much with 
increasing age. There were significant differences in 
C3 between groups B and A/C (p < 0.05) and there 
were differences in C5 between groups A and C. The 
biggest differences occurred between the vertebrae 
in the same group. The vertebrae gradually decreased 
from C5 to C7; changing from positive to negative. 
The biggest negative value occurred at the F angle 
at C7 (Table 2, Fig. 1).

I value

The overall I value exhibited a decreasing trend 
with increasing age. There were significant differences 
in C3 between groups A and B/C (p < 0.05) and there 
were differences in C4 to C7 between groups C and 
A/B. The I values in C3 to C7 in each group changed 
from bigger than 1.0 to smaller than 1.0 gradu-
ally; however, there were no significant differences 
between the vertebrae in the same group (Table 3).

DISCUSSION
The pedicle screw internal fixation technology, 

characterised by its stable and firm biomechanical 
features, is widely used in treating cervical vertebral 
injuries in adults [9, 10, 20]. Ruf and Harms [15] 
performed the hemivertebral resection plus pedi-
cle screw internal fixation in 28 paediatric patients 
with congenital scoliosis (1–6 years old) and achieved 
satisfactory results. In another study, 19 paediatric 
patients (1–2 years old) underwent pedicle screw 
internal fixation for their thoracic and lumbar inju-
ries [16]. Thus, this technology is used in paediatric Ta
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patients. In recent years, this technology has been 
widely used in the vertebral injuries of paediatric 
patients and has proven to be feasible [11]. However, 
reported studies discuss the thoracolumbar internal 
fixation of paediatric patients [17, 19] and rarely 
address the cervical vertebral injury. When treating 
cervical vertebral diseases, the pedicle screws internal 
fixation might exhibit better biomechanical stability 
than traditional methods. However, there are more 
difficulties when pedicle screws are implanted on 
the cervical vertebrae of paediatric patients [6, 8]. 
Furthermore, because children are in the growth 
and development stage, their pedicles are fine and 
fragile. Thus, to identify development patterns, 3D 
morphological studies should be performed to as-
sess the features of pedicles at different ages. Once 
identified, we can investigate the feasibility of 3.5-mm 
pedicle screw implantation.

In this study, the overall values of PW, PH, and 
POCL exhibited an increasing trend with the vertebral 
sequence increasing; however, the intervertebral dif-
ferences were not significant. The overall conditions 
showed an increasing trend with increasing age. PW, 
PH, and POCL of each vertebra in group C were statis-
tically bigger than those in groups A and B. This may 
indicate that the cervical vertebrae in children grow 
faster between the ages of 10 to 12 years. PW and 
PH showed an increasing trend with increasing age, 
with PH exhibiting faster growth than PW. The I value 
gradually changed from > 1.0 to < 1.0; therefore, 
PW in group A was greater than PH. The shape of the 
cross section was transverse oval or near round. PW in 
group B and C were smaller than PH, thus the shape 
of the cross section was round or longitudinal oval. 

Table 3. I values in different groups (x ± s, min~max)

Vertebral 
no.

Group A Group B Group C

C3 1.15 ± 0.11 
(1.03~1.31)

0.95 ± 0.11 
(0.81~1.14)#

0.87 ± 0.09 
(0.68~0.97) #

C4 1.09 ± 0.07 
(1.01~1.22)

1.04 ± 0.12 
(0.87~1.27)

0.85 ± 0.08 
(0.70~0.99) #&

C5 1.13 ± 0.10 
(1.01~1.30)

1.07 ± 0.65 
(0.94~1.19)

0.91 ± 0.09 
(0.68~0.99) #&

C6 1.12 ± 0.10 
(1.03~1.28)

1.06 ± 0.07 
(0.94~1.16)

0.91 ± 0.10 
(0.78~1.10) #&

C7 1.11 ± 0.09 
(1.01~1.30)

1.06 ± 0.04 
(1.01~1.13)

0.89 ± 0.10 
(0.70~1.06) #&

Note: Compared with group A, #p < 0.05; compared with group B, &p < 0.05
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As age increased, the cross section shape appeared 
closer to a longitudinal oval shape. The overall POCL 
showed an increasing trend with increasing age. The 
differences in each cervical vertebra between the 
three groups were statistically significant, indicating 
that the overall growth of the vertebrae was obvious 
with increasing age. The overall E angle increased 
as the vertebral sequence increased; however, the 
intervertebral differences were not significant. The 
changes in the F angle were large, which gradually 
changed from positive to negative. This increase may 
be due to the formation of cervical curvature and 
protrusion in this age segment.

Successful implantation of the pedicle screw re-
fers to the correct position and orientation of the 
screw(s), the confirmed depth of the screw(s), and the 
selection of the pedicle screw(s) with the appropri-
ate diameter. The ratio of the screw diameter to the 
pedicle diameter determines the stability and safety. 
The gripping force of the pedicle screw is positively 
proportional to the diameter and length of the pedi-
cle screw implanted. In adults, it is believed that the 
ratio of 4/5 could achieve more stable biomechanical 
effects of the internal fixation. Too thick of a screw 
might break through the pedicle and injure the sur-
rounding tissues due to the fragility of adult bones. 
However, the cortical flexibility in children is strong. 
Polly et al. [13] reported that the pedicle elasticity 
of children is good, and therefore, the pedicle screw 
diameter could be 115% of the transverse diameter of 
the target pedicle. Rinella et al. [14] gradually increased 
the pedicle screw diameters in 9-year-old children by 
continuously implanting different types of screws. 
The pedicle screw diameter in paediatric patients was 
increased by 74% and 24%, respectively, in the inner 
and outer transverse. Thus knowing the corresponding 
pedicle can help determine the ideal screw diameter. 
Meanwhile, the “slightly thicker” screw(s) can be used 
according to such characteristics of paediatric pedicles, 
bigger flexibility and expansion can increase the anti-
withdrawal and anti-distortion force.

The PW in group B was larger than PH. Thus, the 
screw diameter depended primarily on its PH; the 
mean PH values ranged from 3.53 mm to 3.91 mm 
from C3 to C7. Because of the ductility and elasticity of 
the paediatric pedicle, screw implantation is feasible. 
However, the risks are also high. In addition to this, 
individual differences are also significant. Therefore, 
preoperative carefully designed screw programmes 
and intraoperative technical skills are necessary. PW 

in group C was smaller than PH. Hence, the screw  
diameter depended on PW; the mean PW values ranged 
from 3.81 mm to 5.08 mm. Thus, implanting the  
3.5-mm screw(s) in our population is feasible. However, 
additional studies are recommended to determine the 
generalisability of this study. Fujimori et al. [1] collected 
data on a large number of clinical surgeries and con-
firmed the feasibility of pedicle screw implantation in 
infants and children. However, the surgical complica-
tions in the younger-age group (0–10 years) were more 
than those in the older-age group (10 years).

When the pedicle screw reaches 80% of the POCL, 
the fixation strength of the screw is sufficient. The mean 
POCL of C3 to C7 in children ranges from 25.54 mm  
to 28.13 mm; therefore, it could be estimated that 
the lower cervical vertebrae could use 20.4 mm to 
22.5 mm screw(s).

In this study, the E angle and the F angle were 
the angles between the pedicle axis and the vertebral 
sagittal/horizontal plane, respectively. However, these 
angles did not represent the best angle for the pedi-
cle screw implantation, especially the F angle, which 
varied greatly within the same pedicle. Since the exist-
ence of the superior and inferior cartilage endplate in 
children’s cervical vertebra and the vertebrae in the 
younger-age group still has the ossification centre, 
the selection of the screw implantation angle should 
avoid these important structures as much as possible.

CONCLUSIONS
In summary, the pedicle screw implantation for chil-

dren under 4 years of age was feasible morphologically. 
However, the lower the age, the higher the risk; therefore, 
this surgery should be recommended for children over 
7 years of age. Furthermore, because their vertebrae are 
still in the developing stage, the pedicle structures are still 
fine and fragile. In addition to this, the morphologies of 
different segments are different together with complex 
extension directions and important adjacent structures; 
thus, requiring higher surgical accuracy. It is essential 
to perform preoperative 3D observation and precisely 
design the screw channel to the pedicle of the child.
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