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Abstract. In this paper, we present a quantitative comparison of
manual and computer-assisted preoperative pedicle screw placement
plans, obtained from three-dimensional (3D) computed tomography
(CT) images of 17 patients with thoracic spinal deformities. Manual plan-
ning was performed by two spine surgeons by means of a dedicated soft-
ware for planning of surgical procedures, while computer-assisted plan-
ning was based on automated 3D segmentation and modeling of vertebral
structures from CT images, and automated modeling of the pedicle screw
in 3D with maximization of the screw fastening strength. The analysis of
the size (diameter and length) and insertion trajectory (pedicle crossing
point, sagittal and axial inclinations) for 316 pedicle screws revealed a
statistically significant difference in the screw size and insertion trajec-
tory. However, computer-assisted planning did not propose narrower and
shorter screws, which was reflected through a higher normalized screw
fastening strength.

1 Introduction

Vertebral fixation by pedicle screw placement is one of the most widely used
stabilization techniques in spine surgery [1-3]. It is used for treating various
pathological conditions of the spine, such as deformities, tumors and fractures,
as well as for other degenerations that cause spinal instability. The procedure is
based on anchoring two (or more) vertebrae to each other by inserting screws
through vertebral pedicles from the posterior side so that they reach the inte-
rior of the vertebral body, and then bilaterally (i.e. on each side of the verte-
bra) attaching a stabilizing rod to the exterior part of the screws [4]. As such,
the procedure is considered complex and technically demanding with a steep
learning curve, because the visibility of anatomical structures is limited during
the surgery, and therefore a mental conceptualization of three-dimensional (3D)
spinal anatomical structures that are hidden from direct view is required.
Although pedicles are, from the biomechanical point of view, the hardest
part of the vertebra, their narrow anatomical shape poses a risk of injury to
the spinal cord, spinal nerve roots, vascular structures and vital organs that can
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be caused by pedicle wall breakthrough or other damage in the case of pedicle
screw misplacement [5]. For a safe pedicle screw placement, the spine surgeon
has to perform proper surgery planning by taking into account the morphom-
etry (shape and structure) of pedicles and vertebral bodies, and choosing the
appropriate size (i.e. diameter and length) and insertion trajectory (i.e. entry
point and inclinations) of each pedicle screw, which has proved valuable for
reducing the risk of screw misplacement. However, the accuracy of pedicle screw
placement is directly related to the expertise of the spine surgeon, and there-
fore several methods for computer-assisted surgery (CAS) have been developed,
where intraoperative navigation based on markers and adequate software is used
to visualize and track surgical instruments relative to the patient anatomy [6].
The advantages of CAS are reflected in a less invasive surgery, higher accuracy
of pedicle screw placement, lower costs from the point of view of screw misplace-
ment, and in allowing simulations, which help spine surgeons to gain experience.
On the other hand, the disadvantages of CAS are variable patient positioning
during the procedure, variable accuracy of surgical instrument tracking and a
relatively high cost of the system.

Preoperative surgery planning based on 3D images of the spine, which are
usually acquired by the computed tomography (CT) imaging technique [7] that
provides an accurate insight into the anatomical structure and shape of the spine,
has become essential for pedicle screw placement. In this paper, we present a
quantitative comparison of manual and computer-assisted pedicle screw place-
ment plans, obtained from CT images with thoracic spinal deformities.

2 Methodology

2.1 Manual Pedicle Screw Placement Plans

Manual planning was performed by means of 3D visualization of the spine
anatomy from CT images and by using a dedicated medical software for trauma
and orthopedic surgery planning (EBS, Ekliptik d.o.o., Ljubljana, Slovenia),
which was divided into three steps. In the first step, the spine was segmented
by simple thresholding of CT image intensities to obtain the corresponding 3D
triangular mesh model, which enabled 3D visualization of the spine (Fig.1(a)).
In the second step, manual labeling of vertebrae (segments T1-T12) was first
performed based on the visualized 3D spine model and the CT image, and then
the initial pedicle screw insertion trajectory was determined by placing a 3D
pedicle screw model into the 3D spine model and the CT image, and through its
manipulation the virtual screw entry point into each observed pedicle and the
virtual screw exit point from the corresponding vertebral body were identified
(Fig. 1(b)). The final pedicle screw trajectory (i.e. entry point and inclinations)
was determined in the third step by moving the pedicle screw virtual entry and
exit points within the oblique cross-section, defined by the initial insertion tra-
jectory and the normal to the current view in the 3D space (Fig. 1(c)), while the
final pedicle screw size (i.e. diameter and length) was determined by a thorough
analysis of the anatomy of the observed pedicle and the corresponding vertebral
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Fig. 1. Manual ((a)—(c)) and computer-assisted ((d)—(f)) planning of the pedicle screw
size and insertion trajectory. (a) The 3D triangular mesh model of the spine, obtained
by thresholding the CT image. (b) Determination of the virtual entry point into the
pedicle and the virtual exit point from the vertebral body. (c¢) Determination of the
final pedicle screw trajectory within the predefined cross-section. (d) The 3D model
of the vertebral body, representing its segmentation from the CT image. (e) The 3D
models of the left and right pedicle, representing their segmentations from the CT
image. (f) The 3D models of the screws through the left and right pedicle.

body. The resulting pedicle screw sizes and insertion trajectories had to provide
a high level of safety for their insertion (i.e. preventing pedicle and/or vertebral
body wall breakthrough) considering the maximal allowable screw diameters and
lengths, which were consistent with the usage and availability of pedicle screws in
clinical practice, i.e. the screw diameter was determined by increments of 0.5 mm
and the screw length by increments of 5mm. In the case the pedicle anatomy
did not allow a safe insertion of the screw with a diameter of at least 3mm (the
smallest available diameter), the screw was excluded from the preoperative plan.

2.2 Computer-Assisted Pedicle Screw Placement Plans

Computer-assisted planning was performed by means of the method proposed
by Knez et al. [8] that first automatically segments the vertebral bodies and
pedicles from the CT image by 3D geometrical modeling, and then automatically
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determines the size and insertion trajectory of each pedicle screw by modeling
the screw in 3D and maximization of its fastening strength.

The initial 3D vertebral body model is represented in the form of an elliptical
cylinder, which is then deformed by introducing additional shape parameters
and aligned to the observed vertebral body in the CT image by maximizing the
similarity between the 3D model and the corresponding anatomy. The final 3D
vertebral body model (Fig.1(d)) is represented by 31 parameters, out of which
six represent its position and orientation in the 3D image, three represent its
3D size and the remaining 22 represent specific 3D anatomical deformations of
the vertebral body (i.e. the shape of the vertebral body at the location of the
left pedicle, right pedicle, vertebral foramen and anterior part of the vertebral
body; the concavity of the vertebral body wall at its anterior part and at the
vertebral foramen; the concavity and sagittal inclinations of vertebral endplates;
the increasing size and torsion of the vertebral body).

The obtained final 3D vertebral body model is used to define the location of
the initial 3D pedicle model, which is also represented in the form of an elliptical
cylinder, and is then again deformed by introducing additional shape parameters
and aligned to the observed pedicle in the CT image. The final 3D pedicle model
(Fig. 1(e)) is represented by 38 parameters, out of which six represent its position
and orientation in the 3D image, three represent its 3D size and the remaining
29 represent specific 3D anatomical deformations of the pedicle (i.e. the pedicle
wall concavity at its anterior, posterior, right and left parts; the shape of the
pedicle at its anterior, posterior, right and left tails; the teardrop and kidney
shape of the pedicle cross-section; the torsion of the pedicle).

Both the obtained final 3D vertebral body and pedicle models are then used
to model the corresponding pedicle screw in the form of a circular cylinder
(Fig. 1(f)). The pedicle screw size (i.e. diameter and length) is determined from
the geometrical properties of the corresponding anatomy, represented by the 3D
vertebral body and pedicle models, i.e. its diameter is determined as 70% of the
narrowest pedicle diameter [9], while its length as 80% of the anteroposterior
size of the vertebral body [2]. On the other hand, the pedicle screw insertion
trajectory (i.e. entry point and inclination angles) is determined from the struc-
tural properties of the corresponding anatomy by maximizing the screw fastening
strength, defined as the sum of the underlying CT image intensities. It was shown
that CT image intensities as well as the screw pull-out strength correlate with the
corresponding bone mineral density (BMD) [2,10], and consequently the screw
fastening strength is strongly related with its pull-out strength [11], which repre-
sents one of the most important biomechanical properties for pedicle screw place-
ment. For the computation of the fastening strength, only CT image intensities
within a relatively small neighborhood of the 3D pedicle screw surface, repre-
senting the surrounding volume around the screw thread, are taken into account
and additionally weighted according to the distance from the longitudinal pedi-
cle axis in order to reduce the potential impact of higher intensities close to the
pedicle screw surface. Moreover, the fastening strength is normalized with the
surrounding volume around the screw thread to avoid the influence of different
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Table 1. The number of the observed vertebral bodies (VBs) and pedicle screws for
each vertebral segment (T1-T12) and patient’s diagnosis, i.e. adolescent idiopathic
scoliosis (AIS) and Scheuermann’s kyphosis (SK) in CT images of the thoracic spine
from 17 patients.

Segment T1 T2|T3|T4 | T5|T6 |T7| T8 T9 T10|T11|T12| Al

No.of VBs |3 |10 |12 |13 |14 |15 |14 |17 |16 |17 |17 |16 |164
AIS 3 10 |11 |11 |12 ‘11 |13 |13 |13 |13 |12 |130
SK 0 2,212,333, 4| 3|4 4 4 34
No. of screws |6 |20 |22 |23 |27 |28 |27 |33 |31 |33 |34 |32 |316
AIS 6 |16 |19 |19 |22 |22 |21 |25 |25 |25 |26 |24 |250
SK 0 4,3/ 4,566 8] 6|8 8 8 66

screw sizes. Besides structural, also geometrical properties of the corresponding
anatomy are taken into account for the determination of the pedicle screw inser-
tion trajectory, i.e. each screw has to be completely inside the corresponding
3D vertebral body and pedicle models, and the intersection point between the
screw insertion trajectory and the plane of sagittal symmetry of the vertebral
body has to be outside the corresponding 3D vertebral body model. Therefore,
computer-assisted planning automatically determines the optimal pedicle screw
size and insertion trajectory with the highest possible screw fastening strength
according to the structure of the observed vertebra while limiting both the screw
size and insertion trajectory by the anatomical shape of the observed pedicle and
the corresponding vertebral body.

3 Results

Quantitative comparison of pedicle screw placement plans was performed for 17
patients (males: 12; females: 5; mean age: 17.6 years; age range: 12—-14 years)
with thoracic spinal deformities (adolescent idiopathic scoliosis: 13; Scheuer-
mann’s kyphosis: 4). All patients were appointed for the pedicle screw placement
surgery at Orthopaedic Hospital Valdoltra, Slovenia, between 2013 and 2016. For
the purpose of surgery planning, preoperative CT images of the thoracic spine
were acquired, usually between the first (T1) and last (T12) thoracic vertebra
(GE LightSpeed VTC; pixel size: 0.25-0.38 mm; slice thickness: 0.6 mm). For
all patients, a spine surgeon manually defined preoperative pedicle screw place-
ment plans that were used to construct patient-specific drill guides, which were
intraoperatively laid over the visible part of the spine. Pedicle screws with pre-
defined sizes were then placed along these guides, which defined their insertion
trajectory.

For the purpose of quantitative comparison, manual planning was addition-
ally performed by two experienced spine surgeons, who independently deter-
mined pedicle screw sizes and insertion trajectories as described in Sect. 2.1
(first surgeon: My; second surgeon: Ms), while computer-assisted planning was
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performed by the automated method of Knez et al. [8] as described in Sect. 2.2
(computer: C) with an estimated modeling accuracy of 0.39 & 0.31 mm for ver-
tebral bodies and 0.31 &+ 0.25mm for pedicles [8] in terms of the mean absolute
difference (MAD) and corresponding standard deviation (SD). The results were
obtained for CT images of all 17 patients, where the parameters for 316 pedi-
cle screws through 158 left and 158 right pedicles of 164 vertebral bodies were
determined (Tablel). The obtained pedicle screw parameters consisted of the
screw size (i.e. diameter D and length L), insertion trajectory (i.e. pedicle cross-
ing point p. = [Z., Y, 2¢, sagittal w, and axial w, inclinations) and normalized
fastening strength F,, (Fig.1(f)). For each parameter of the pedicle screw, three
values (M7, My and C) were independently obtained and further used for quan-
titative comparison and statistical analysis (Student ¢-test; significance level:
p < 0.05). The results are presented in Tables2 and 3, while Fig. 2 shows exam-
ples of the obtained pedicle screw placement plans.

The quantitative comparison of the obtained pedicle screw sizes and insertion
trajectories between manual plans M; and manual plans Ms (Tables2 and 3)

Table 2. Quantitative comparison of manual (M; and M2) and computer-assisted (C)
preoperative planning of the size (i.e. diameter D and length L) and insertion trajectory
(i.e. pedicle crossing point pe, sagittal inclination angle w, and axial inclination angle
w;) for 316 pedicle screws in CT images of the thoracic spine (segments T1-T12)
from 17 patients in terms of the mean absolute difference (MAD) and corresponding
standard deviation (SD).

Segment T |12 |13 |14 |T5 |T6 |T7 |18 |T9 |Ti0 |T11 |T12 |AN

D{M; vs. My} (mm) | 0.8 |05 |03 |02 |03 |03 |03 |06 |05 |06 |04 |04 |o0.4
0.5) |(0.5) [(0.3) [(0.2) [(0.4) |(0.4) |(0.3) [(0.5) [(0.4) [(0.5) |(0.4) [(0.4) |(0.4)
D{M; vs. C} (mm) 1.0 |06 |03 [04a |03 [04a [03 |06 |04 |07 |08 |06 |05
0.7) |(0.5) |(0.4) [(0.4) [(0.4) |(0.5) |(0.4) [(0.6) [(0.4) [(0.6) |(0.5) |(0.4) |(0.5)
D{M2 vs. C} (mm) 0.4 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.5 0.5 0.4
(0.4) |(0.3) [(0.3) [(0.3) [(0.3) |(0.3) |(0.4) [(0.3) [(0.3) [(0.3) |(0.4) [(0.4) |(0.3)
L{Ml vs. M2} (mm) 1.7 3.0 2.5 3.0 2.0 2.5 2.6 2.8 3.4 2.7 2.6 4.2 2.9
(2.6) |(3.0) [(2.6) [(29) [(3.2) (25 |32 [(2.8) [(3.3) [(2.5) [(3.3) [(3.4) [(3.0)

L{M; vs. C} (mm) 2.3 3.2 3.7 4.1 2.7 3.4 4.3 4.1 4.5 3.8 3.5 6.7 | 4.0
(1.9) [(2.4) [(2.5) [(3.2) [(2.1) |(4.0) [(3.9) |(3.7) [(3.7) |(3.5) [(2.6) |(3.8) |(3.4)
L{Mg vs. C} (mm) 2.0 2.3 4.0 3.3 2.4 3.3 3.0 3.0 4.3 3.7 3.6 5.0 3.5

(1.8) [(1.5) |(4.4) [(3.2) [(1.5) |(3.1) [(2.3) |(4.0) |(4.1) [(3.4) |(3.0) [(3.3) |(38.3)
pe{Mj vs. Mg} (mm)| 1.2 1.3 1.3 14 | 1.3 1.4 1.4 1.4 14 |20 |28 |20 1.7
(0.9) [(1.0) [(0.7) [(0.9) [(1.0) |(1.0) |(1.4) |(1.1) |(1.2) |(1.6) |(2.2) |(1.2) |(1.4)
pe{My vs. C} (mm) | 2.0 1.3 1.5 1.3 | 1.1 1.2 1.2 1.5 1.4 1.6 | 2.3 | 2.1 1.6
(1.1) [(1.1) [(1.0) [(1.0) [(0.8) [(0.9) [(0.9) |(1.2) [(0.8) [(0.9) |(1.3) |(1.1) |(1.1)
PC{MZ vs. C} (mm) 1.4 1.3 1.1 1.0 1.3 1.3 1.3 1.4 1.4 1.9 2.1 1.9 1.5
(1.2) |(1.1) [(0.7) [(0.6) [(1.0) |(0.7) |(0.7) [(0.9) [(0.9) |(1.5) |(1.2) |(1.4) |(1.1)
wz{Mp vs. Mg} (°) | 53 |36 |31 |39 |41 37 |43 |35 |33 |37 |50 |37 |38
(2.8) [(2.9) [(3.3) [(3.4) [(3.3) |(3.2) [(3.2) |(2.8) [(2.8) [(2.7) |(3.7) |(3.4) |(3.2)

we {M7 vs. C} (°) 18.6 | 7.7 8.5 8.4 |[11.3 | 9.7 |10.3 |[10.5 [10.7 |[12.1 [11.7 | 9.7 |10.4
(7.4) |(6.8) |(4.0) [(5.6) [(6.0) |(5.9) [(5.8) |(4.5) [(5.7) |(5.4) [(6.6) |(5.9) |(5.9)
we {Mg vs. C} (°) 17.1 | 7.6 8.6 8.0 [10.1 [10.1 [10.8 [10.3 [10.2 [12.0 [13.5 | 8.9 |10.6

(4.3) [(4.7) [(3.8) |(4.4) [(5.4) |(6.0) |(4.8) |(4.3) |(6.3) |(6.0) |(7.8) (5:5) (5.9)
wy{M; vs. Mg} (°) | 37 |69 |53 |32 |37 |37 |47 |43 |45 |41 4.0 | 32 | 4.2
(2.4) [(3.4) |[(4.2) [(2.8) [(2.8) |(2.9) [(3.5) [(3.0) |(2.8) [(3.1) |(3.3) [(3.0) |(38.3)

wz{Mj vs. C} (°) 29 |79 |56 |42 |49 |53 |58 |59 (61 |64 |56 |62 |58
(3.0) [(5.0) [(3.9) [(3.0) |(4a.4) |[(3.6) |(4.5) |(4.2) |(3.5) |[(4.0) |(4.1) |(4.6) |(4.1)
wz{Mg vs. C} (°) 4.0 |38 |44 |41 42 |42 |47 |44 |40 |50 |52 |58 |46

B (29 |4.6) (26 |31 |28 |(3.6) |(3.0) |(26) (3.8 [(43) |(5.1) |(3.6)
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Table 3. Quantitative comparison of manual (M; and Ms) and computer-assisted (C)
preoperative planning of the normalized fastening strength F,, for 316 pedicle screws
in CT images of the thoracic spine (segments T1-T12) from 17 patients in terms of
the mean absolute difference (MAD) and corresponding standard deviation (SD).

Segment T1 |[T2 |T3 |T4 |T5 |T6 |T7 |T8 |T9 |T10 |T11 T12 |All
Fo{M; vs. Mo} (%) 47 |19 |16 |12 |12 |11 |10 |8 |8 |8 |10 |12 |11
(5) [(25) |(22) |(19) |(12) |(16) [(8) [(6) |(7) |(10) |(6) |(16) |(14)
Fn{M; vs. C} (%) |11 |26 |12 |18 |13 |14 |15 |18 |17 [18 |15 |15 |16
(10) |(36) | (14) |(32) |(12) [(9) |(15) |(17) |(19) |(23) |(15) | (16) | (20)
Fo{Ms vs. C} (%) |12 |22 |14 |24 |21 |20 (21 |20 |10 |18 |16 |16 |19
(9) [ (44) [(21) |(30) | (19) |(23) |(16) |(19) |(16) |(21) |(12) |(15) | (22)

revealed that the differences between M; and M, are on average 0.4 + 0.4 mm
for diameter D and 2.9 4+ 3.0 mm for length L related to the pedicle screw size,
1.7+1.4 mm for pedicle crossing point p., 3.8£3.2° for sagittal inclination w, and
4.3+3.3° for axial inclination w, related to the insertion trajectory, and 11+14%
for normalized screw fastening strength F),. Statistically significant differences
were observed for planning of the pedicle screw size (p < 0.001) and inclinations
(p < 0.05), where, in comparison to My, manual planning My proposed narrower
(p < 0.05) and longer (p < 0.05) screws with a smaller corresponding normalized
fastening strength (p < 0.05). The comparison among both manual plans M; and
Mo, and computer-assisted plans C (Tables 2 and 3) revealed that the differences
between M; and C are on average 0.5+ 0.5 mm for diameter D and 4.0+ 3.4 mm
for length L related to the pedicle screw size, 1.6 + 1.1 mm for pedicle crossing
point p., 10.4+5.9° for sagittal inclination w, and 5.8 £4.1° for axial inclination
w, related to the insertion trajectory, and 16420% for normalized screw fastening
strength F;,. The differences between My and C are on average 0.4 + 0.3 mm for
diameter D and 3.5 + 3.3mm for length L related to the pedicle screw size,
1.5 + 1.1 mm for pedicle crossing point p., 10.6 £+ 5.9° for sagittal inclination w,
and 4.6 £+ 3.6° for axial inclination w, related to the insertion trajectory, and
19 £ 22% for normalized screw fastening strength F,,. Statistically significant
differences were observed for planning of the pedicle screw size (p < 0.001) and
inclinations (p < 0.05), where, in comparison to M; and Mz, computer-assisted
planning C did not propose narrower (p < 0.05) and shorter (p < 0.001) screws,
but the corresponding normalized fastening strength was higher (p < 0.001).

4 Discussion

In this paper, we present a quantitative comparison and analysis of manual
and computer-assisted preoperative planning of the pedicle screw size and inser-
tion trajectory. Although modern software enables 3D visualization of medical
images, navigation through 3D images and manipulation with 3D pedicle screw
models, the above described manual planning of the pedicle screw size and inser-
tion trajectory is still a relatively time-consuming procedure. Moreover, by man-
ual planning it is impossible to take into account all parameters, which are
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(a) (b) (c)

Fig. 2. Manual planning M (in red), manual planning M2 (in blue) and computer-
assisted planning C (in gray) of the pedicle screw size and insertion trajectory for
(a) patient 1: segment T7, (b) patient 4: segment T3 and (c) patient 12: segment T10.
From top to bottom are displayed the sagittal CT cross-sectional view through the
right pedicle, the sagittal CT cross-sectional view through the left pedicle, the axial
CT cross-sectional view through both pedicles, and a 3D view. (Color figure online)
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important for the insertion of pedicle screws, such as the screw pull-out strength
and the corresponding screw fastening strength. On the other hand, computer-
assisted planning is a relatively fast procedure, as it can be performed without
the presence of a spine surgeon and/or a second observer, while still allow-
ing to perform some eventual manual adjustments or other settings. An impor-
tant advantage of computer-assisted planning is its repeatability and reliability,
because it is based on the optimization of the parameters that are important for
pedicle screw placement, i.e. searching for the highest possible screw fastening
strength for the observed structure and shape of the vertebral body and pedicle.

The differences between manual plans (M; vs. M), obtained from two
experienced spine surgeons, were on average relatively small, however, surgeon
M; proposed narrower and longer pedicle screws with a smaller corresponding
normalized fastening strength. The size and the related fastening strength of
manually planned pedicle screws are consistent with the findings of Chapman
et al. [12] and Bianco et al. [13], who reported that the screw pull-out strength is
mainly affected and in fact increases by its diameter. However, the pedicle screw
length, compared to its diameter, does not largely affect its pull-out strength,
which additionally confirms the findings of Hirano et al. [14], who reported that
approximately 60% of the pedicle screw pull-out strength is within the pedicle
and the remaining 40% is within the vertebral body. The differences between
manual and computer-assisted plans (M; vs. C and My vs. C) are comparable
according to the order of magnitude, which is consistent with previous finding
that the differences between both manual plans are relatively small. Further-
more, the average differences between both manual plans and computer-assisted
plans (M; vs. C and My vs. C) are in most cases relatively small and compara-
ble to the differences between manual plans (M; vs. M), except for the sagittal
inclination of the screw insertion trajectory, where on average higher differences
occurred because vertebral morphometry allows a greater range of pedicle screw
inclinations in the sagittal plane. As a result, two techniques of pedicle screw
insertion are established in clinical practice, i.e. the anatomical technique with
the screw insertion trajectory parallel to the longitudinal axis of the pedicle [15],
and the straight-forward technique with the screw insertion trajectory parallel to
the superior endplate of the vertebral body [16], where a difference of up to 25°
in sagittal screw inclinations can occur between both insertion techniques [2].
The average differences in sagittal screw inclinations between the obtained man-
ual and computer-assisted plans are within the above mentioned range (i.e.
10.4 £+ 5.9° for M; vs. C and 10.6 £ 5.9° for My vs. C), and the analysis of
non-absolute differences in sagittal inclinations revealed that computer-assisted
plans were more consistent with the anatomical technique, while manual plans
were more consistent with the straight-forward technique. The statistical analy-
sis of the obtained results also revealed that, at higher screw fastening strength,
computer-assisted plans did not result in narrower and shorter pedicle screws
when compared to both manual plans, which is in accordance to the above men-
tioned findings that the pedicle screw length does not largely influence the screw
pull-out strength in comparison to the screw diameter.
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