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Abstract

Objective To determine the ideal entry point for indi-
vidual pedicle screw in the surgical treatment of idiopathic
scoliosis using computed tomographic (CT) three-dimen-
sional (3D) reconstruction.

Methods Twenty patients with moderate or severe idiopathic
scoliosis from two groups received surgical treatment using
“Free Hand technique” and “Assisted Free Hand technique”.
Computed tomographic scanning with 3D reconstruction of
the thoracic and lumbar spine was conducted to determine
the entry point and to evaluate the placement accuracy.
Results The accuracy of placement was 88.2% in con-
vexity and 84.5% in concavity for the “Free Hand” group,
and 94.1% in convexity and 94% in concavity for the
“Assisted Free Hand” group. Evidence showed that
“Assisted Free Hand” group had higher accuracy when
screws were placed in the thoracic spine (P = 0.02), while
no obvious difference was seen in the lumbar spine
placement (P = 0.47).

Conclusions We conclude that in the surgical treatment
of severe scoliosis, individual screw placement guided by
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entry points determined by CT reconstruction can result in
improved accuracy and ease of the procedure.

Keywords Pedicle screw - Computed tomography - Entry
point - Scoliosis

CT Computed tomography
3D Three dimensional

VR Volume rendering

MPR  Multi-planar reformation

Introduction

In the treatment of spinal deformity, the use of the pedicle
screw has been gaining increasing acceptance among the
surgeons [1]. The implantation of pedicle screws with
spinal instrumentation has shown to have improved coro-
nal, sagittal and rotational deformity correction [2].
Because of the unique neurologic and vascular anatomy of
the spinal canal and thoracic cavity, optimal screw place-
ment is especially important for thoracic pedicle screws.
Consequences of screw malposition can be devastating
when it occurs in the proximity of neurovascular and vis-
ceral structures [3, 4].

Methods to aid the surgeon in appropriate screw place-
ment include the funnel technique, [5] the anatomical
landmark technique, [6] intraoperative fluoroscopy and/or
radiography, [7] and computer-assisted image-guided
techniques [8]. Most of these studies, however, describe
different entry points at different levels as well as different
insertion techniques. In our department, we used the method
reported by Kim et al. [9] to determine thoracic entry point,
and the method reported by Magerl [10] to determine the
lumbar entry point. This resulted in a high accuracy rate and
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a low complication rate in placement of screw in patients
with moderate scoliosis. In patients with severe spinal
deformity, however, the situation was different. Because of
possible significant abnormality in size and shape of the
transverse process and/or pars due to rotation and wedging,
a precise method of evaluating every individual pedicle is
needed to ensure safe pedicle screw placement.

Computed tomography (CT) scan has also been used for
preoperative measurement and postoperative assessment in
spine surgery [11, 12]. With advances in equipment and
scanning parameter settings, single-dose radiation has
reached an acceptable range [13]. Multi-planar reformation
(MPR) is used to determine the entry point and to obtain the
length and diameter along with the sagittal transverse angles
of the pedicle, thus increasing the surgeon’s confidence
level [14]. We conducted a study of spiral CT scanning with
three dimensional (3D) reconstruction to determine the
ideal entry point of each individual pedicle. The proposed
advantages of this technique are easy identification of the
entry point, feasible transverse screw angles and a very low
incidence of medial and/or lateral pedicle wall breach.

Materials and methods

This study consisted of two different phases: determination
of the ideal entry point by preoperative CT reconstruction
and comparison of the different methods for screw
placement.

Patients

From 2006 to 2008, patients admitted to our department with
the diagnosis of moderate to mid-severe idiopathic scoliosis
were enrolled in this study and divided into “Free Hand”
group and “Assisted Free Hand” group for surgery, accord-
ing to arandom table designed by a statistician. For the “Free
Hand Group,” the pedicle entry point was determined from
known data describing how it changed as the vertebral seg-
ment for the insertion moved upward along the spine. In the
“Assisted Free Hand Group”, the entry point was determined
from a 3D CT reconstruction scan that determined the path
where the screw was accurately inserted into the pedicle
would intersect the pedicle surface. In each group, the first
five patients with moderate scoliosis and the first five with
mid-severe scoliosis were collected for placement accuracy
analysis. The ten patients in the “Free Hand” group consisted
of three males and seven females, with a mean age of
16.4 years (range, 13-21 years) and a mean Cobb angle of
58.2° (range 48°—78°). The ten patients in the “Assisted Free
Hand” group consisted of four males and six females, with a
mean age of 17.2 years (range, 14-20 years) and a mean
Cobb angle of 58.1° (range 42°-77°). The types of scoliosis

@ Springer

were randomized in both groups, with six patients of Lenke I,
one of Lenke II, two of Lenke III, and one of Lenke V in the
“Free Hand” group and five patients of Lenke I, one of Lenke
11, three of Lenke III, and one of Lenke V in the “Assisted
Free Hand” group. No case with transitional vertebra, hem-
ivertebra, or abnormality of the ribs or spinal canal was
observed. All patients provided written informed consent
before enrollment in the study, which was approved by the
appropriate institutional review board.

CT scanning with 3D reconstruction of the thoracic and
lumbar spine was conducted with the assistance of a radi-
ologist, using Siemens SOMATOM Sensation 64-slice CT
(Siemens, Munich, Germany). Scanning power settings
were 120 kV and 60 mA, thickness 1 mm, interval 1 mm,
and scanning pitch 1. According to the radiation dose
setting, the CTDIvol (CT dose index volume) was
4.59 mGy, which was one half of that used in routine lung
scanning. CT reconstruction was performed with Syngo
Somaris/5 software (Siemens, Munich, Germany).

Determination of entry point
“Free Hand” method

In the “Free Hand” group, the entry point was established
by the method proposed by Kim and lenke [15] and Magerl
[10], using the following guidelines. The entry points of the
Ist and the 12th thoracic vertebrae are at the junction of the
bisected transverse process and lamina at the lateral border
of the pars. At the mid-thoracic region, the point tends to
move slightly medial and cephalad. The entry point of
lumbar spine lies at the junction of the lateral border of the
superior articular process and the bisector of the transverse
process. Using these guidelines and working upwards from
lumbar to thoracic vertebrae, the base of the pedicle in
question was then probed with a gearshift pedicle probe to
locate the exact entry point.

“Assisted Free Hand” method-determination of entry point
guided by 3D reconstruction

The “Assisted Free Hand” method (details of which are
given below) determined the entry point through computer-
assisted manipulation of the 3D CT reconstruction of the
vertebral segment in question. A transverse plane repre-
sented by line T was first determined on a sagittal section
image and another vertical plane represented by line V was
also determined on a cross sectional image. The “intersec-
tion” of these two planes projecting on the posterior vertebra,
as shown in the coronal image, was then recorded as the entry
point of the pedicle screw. This entry point was mapped on a
grid drawn on the pedicle surface and its location on the grid
used to provide accurate guidance for the surgeon.
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The reconstruction result was shown as four MPR
images displayed on the workstation screen: a sagittal
plane image (Fig. la), a cross-sectional plane image
(Fig. 1b), and two 3D-rotatable dorsal volume rendering
(VR) images, one of the vertebra in question (Fig. 1c) and
one of the total spine (Fig. 1d). The first three images had
three lines (blue-colored transverse line T: represents a
plane vertically dividing the sagittal image, red-colored
vertical line V: represents a plane vertically dividing the
cross-sectional image, and green-colored line C: represents
coronal sectioning) that could be moved and/or rotated by
the operator (Fig. la—c).

1. Image adjustment: The dorsal plane VR image
(Fig. 1d) was zoomed into focus on an entire individ-
ual vertebra and the articular processes of the adjacent
vertebrae, and this image was then derotated to reduce

Fig. 1 a-d The figure shows the sagittal, cross-sectional, and two
dorsal views of the vertebra. The lines shown are transverse (7) in
blue, vertical (V) in red, and coronal (C) operator-controlled lines.
a The transverse plane represented by line 7 on this sagittal image has
been positioned parallel to and bisecting the pedicle. The coronal line
C represents coronal sectioning of the image. b The vertical plane
represented by line V on this cross-sectional image has been

observation error (Fig. 1c). The cross-sectional and
sagittal plane images of the vertebra obtained were
adjusted to moderate size for measurement

2. Tangent line adjustment: The transverse line T on the
sagittal image and the vertical line V on the cross
sectional image were adjusted so that they were
parallel to the direction of the pedicle and divided
the isthmus equally (Fig. 1a, b). At the same time, the
transverse line (T) on the dorsal VR image was rotated
to become perpendicular to the vertical line (V) to
ensure that the pedicle was perpendicularly bisected on
two planes (Fig. 1c)

After the position of the transverse line on the sagittal
image was set, the coronal line C was moved so that it
intersected the transverse line at posterior border of the
lamina or superior facet (Fig. 1a). In the same manner, the

positioned parallel to and bisecting the pedicle. The coronal line
C represents coronal sectioning of the image. ¢ R shows the
intersection of transverse and vertical planes as represented by lines
T and V on the dorsal VR image and represents the entry point of
pedicle. d This image shows a dorsal overview of spine. The current
segment (Fig. 1c) was T7
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coronal line on the cross-sectional image was moved to
intersect the vertical line on this image at the posterior
border of the vertebra (Fig. 1b). The intersection (R) of
lines T and V as displayed on the dorsal VR image was the
ideal entry point of the pedicle as determined by CT 3D
reconstruction (Fig. 1c). The location of the entry point
was then mapped onto a grid drawn on the pedicle surface
on the CT scan, using the following process. The transverse
process was transversally divided into three parts by the
upper edge and bisected axis of transverse process, and the
superior facet was vertically divided into three parts by the
trisected axis of superior facet. Because the entry point was
determined by the invariant vertebral skeletal structure, the
entry point would not vary whether patient was lying
supine or prone on the table. The entry point decided by
preoperative CT scan could then be marked in one of the
nine areas (Al ~ C3) (Fig. 2a, b). In this way, observation
error could be minimized.

Pedicle morphological measurement

The width and length of the pedicle isthmus were measured
on the sagittal and cross-sectional images, with a precision
of 0.01 cm. Width was defined as the distance between the
bilateral outer edges of the cortex at the isthmus on the
sagittal and cross-sectional planes (Fig. 3). The lesser of
the two values was considered the minimum diameter of
the pedicle. At the same time, the length of pedicle tra-
jectory was measured and used to determine the appro-
priate screw length.

Clinical application

The spine was exposed to the tips of the transverse pro-
cesses bilaterally. The facet joints were thoroughly cleaned
of soft tissue. The inferior facet was removed after iden-
tifying the entry point, if necessary. The entry points were

Fig. 2 The nine areas system was used to help locating the reconstructional entry point. a The entry point was decided preoperatively locating at
A2 area. b The A2 area of the in vivo spine was identified as the entry point. ¢ The evaluation of screw placement using MPR with CT scan

Fig. 3 The pedicle width and height were defined, respectively, as
the distance between the outer edge of the cortex at the isthmus on the
cross-sectional and sagittal plane. a The measurement of the pedicle
width on the cross sectional plane. Since a hollowed-out cortex
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appears, we take the
Width = 0.60 cm. b The measurement of the pedicle height on
sagittal plane. Height = 0.85 cm. The smaller of the two values
(0.60 cm) would be defined as the minimum diameter of the pedicle

proximal pedicle into concern.
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burred starting from the neutrally rotated and most distally
instrumented vertebra. After the burring of entry point, a
gearshift pedicle probe was used to make the entrance
trajectory into the cancellous bone at the base of the ped-
icle. A probe was used to palpate the pedicle tract to make
sure that the five osseous borders were intact. The pedicle
tract was under tapped using a tap with a diameter 0.5 mm
smaller than that of the intended screw. After tapping and
re-palpation, screws of appropriate size were placed in
predetermined segments (Fig. 2b). After surgery, all
patients received a postoperative CT scan of the treated
segment, using the same dose protocol as that used in the
preoperative scan. MPR images were obtained to evaluate
the placement accuracy.

Statistical analysis

Statistical analysis was performed by a statistician with
SPSS for Windows, version 16 (SPSS Inc., Chicago, IL,
USA), and Microsoft Office Excel 2003 (Microsoft Corp.,
Redmond, WA, USA) to evaluate the accuracy of screw
placement. To simplify the analysis of screw placement
accuracy, we neglected the diameter discrepancy of the
screws. Breach was defined as the axis of pedicle screw
penetrating the outer cortex of the pedicle or vertebrae
(Fig. 2¢).

Results

In total, there were 169 screws placed in the two groups,
without the occurrence of any anterior breach. Twenty-
three screws breached the pedicle in “Free Hand” group: 8
in the thoracic convexity, 12 in the thoracic concavity, 2 in
the lumbar convexity, and 1 in the lumbar concavity. In the
“Assisted Free Hand” group, ten screws breached the
pedicle: four in the thoracic convexity, four in the thoracic
concavity, one in the lumbar convexity, and one in the
lumbar concavity (Table 1). Seven patients in the “Free
Hand” group and four patients in the “Assisted Free Hand”
group had screw breaching, and the amount of breaching
was measured (Table 2). No complication was observed
from misplaced screws in either group, and no patient
returned to the operating room. The accuracy of placement
was 88.2% in convexity and 84.5% in concavity for the
“Free Hand” group, and 94.1% in convexity and 94% in
concavity for the “Assisted Free Hand” group (Fig. 4a, b).
It seemed that the “Assisted Free Hand” group had higher
accuracy (93.2, 93.1%) in the thoracic segment than the
“Free Hand” group (8.7, 80%). According to the chi-
square test, the “Assisted Free Hand” group had signifi-
cantly higher accuracy (P = 0.01) in general. No signifi-
cant difference was found with the accuracy of screws

Table 1 Accuracy of screw placement in both groups. (intact/
violation)

Groups “Free Hand” group “Assisted Free Hand”
group
Sides Convexity  Concavity Convexity  Concavity
Thoracic 52/8 M2,  48/12 (M10, 55/4 M2, 54/4 (M3,
L6) L2) L2) L1)
Lumbar 23/2 M1,  23/1 (M1) 25/1 (L1) 25/1 (L1)
L1)
Sum of 75/10 71/13 80/5 79/5
sides
Sum of 146/23 (M14, L9) 159/10 (M5, L5)
group

M medial breach, L lateral breach

placed in different curve sides. Evidence showed that the
“Assisted Free Hand” group had higher accuracy when
inserting screws in thoracic spine (P = 0.02), and no sig-
nificant difference when inserting in the lumbar spine
(P = 047).

Discussion

Pedicle screw fixation can be dangerous because of the
maximum permissible translational error of less than 1 mm
and rotational error of less than 5° [16] in the scoliotic
spine, especially the mid-thoracic spine because of the
small pedicle diameter, limited space between the spinal
cord and the medial pedicle, and the morphological
deformity of the pedicle [17]. A freehand thoracic pedicle
screw insertion technique with no radiographic guidance or
intraoperative tracking devices has been reported to be safe
and reliable [15]. In patients with severe scoliosis, how-
ever, the ideal entry point of the pedicle screw may vary
among patients, possibly resulting in screw malposition
due to severe vertebral rotation, pedicle deformation, and
transverse process dysplasia [18]. Therefore, individual
determination of each entry point is necessary to overcome
the difficulties of pedicle screw placement caused by the
complexity and variability of spinal anatomy deformation.

Preoperative CT scanning is increasingly used for
patients with moderate to severe scoliosis to evaluate ver-
tebral dysplasia and rotation. Advances in equipment and
settings of scanning parameters have allowed single-dose
radiation to reach an acceptable range [13]. In our study,
the tallest patient who received the axis length of scanning
was 52.29 cm. The dose-length product (DLP) was
4.59 x 52.29 = 240 mGycm during the scanning. When
the same patient had a lung CT scan in routine power
setting with the axis length of 34 cm, the DLP was
13.78 x 34 = 469 mGycm. In our groups, the radiation
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Table 2 Screw breaching in 20

patients (Breach in mm) Patient no.  Thoracic Lumbar

Convexity Concavity Convexity Concavity

Medial Lateral Medial Lateral Medial Lateral Medial Lateral
“Free Hand” group
1 1(2.8) 1 (1.6) 1(2.5) 0 0 0 0 0
2 1(2.0) 1 (1.5 1(1.9) 121 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 1(1.6) 222,17 0 0 0 113 0
5 0 0 0 0 0 0 0 0
6 0 227,14) 125 120 0 1(1.7) 0 0
7 0 0 213,18 0 113 0 0 0
8 0 0 0 0 0 0 0 0
9 0 1(1.3) 2(1.8,1.6) O 0 0 0 0
10 0 0 1.7 0 0 0 0 0
“Assisted Free Hand” group
1 0 0 0 0 0 0 0 0
2 0 0 2(1.0,08) 0 0 0 0 0
3 220,18 0 1 (0.9) 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 1(1.1) 0 1(1.6) O 0 0 1 (0.6)
6 0 1(1.2) 0 0 0 120 0 0
7 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0

Fig. 4 Accuracy of screw
placement in scoliosis patients,
classified by different
techniques, segments and
curvature sides. a Accuracy of
screw placement in “Free
Hand” group. b Accuracy of
screw placement in “Assisted
Free Hand” group
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exposure was only one half of a lung scan. Due to the
underdevelopment of the spinal bone cortex, MRI is not an
appropriate option for measurement and mapping.
Although recently developed, image-guided techniques
have been associated with increased accuracy. Screw
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placement guided by CT-based navigation has been
reported to have an accuracy rate of up to 96.1% [19]. This
technique, however, requires expensive equipment and is
associated with prolonged operative time and potential
navigational failure due to image drift [20].
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The results of this study indicate that the use of fixed
criteria to guide screw placement, as in conventional
methods, may lead to deviation in the determination of the
entry point at different pedicles. The result may be a higher
risk of breach in the concave side and in the mid-thoracic
section, where severe vertebral rotation and dysplasia often
occur [21]. The efficacy of determination of ideal entry
points varies among the surgeons, indicating not only the
instability of the conventional methods but also the need
for continuous education. Because the entry point deter-
mined by CT reconstruction is the point of intersection of
three fixed planes, it can easily be identified preoperatively
and intraoperatively. Moreover, it does not change while
rotating VR image or the patient’s posture. The inferior
facetectomy can help identifying the entry point especially
when there is no guidance facility. In the study, no matter
whether the entry point is located on the inferior facet or
not, it is already established according to the reconstruction
image. The CT reconstruction point can help reduce the
risk of screw malposition due to vertebral rotation and
deformation. Considering the X-ray exposure, we recom-
mend the routine preoperative CT scanning and recon-
struction for the entry point in severely deformed cases.

The transverse angle of the pedicle is another major
factor affecting the screw placement [22]. Many reports
have been published achieving a reliable transverse angle
as a result of CT-based measurement [23]. This study
shows that auxiliary transverse angles corresponding to the
established entry points can be measured by CT during
reconstruction, which can facilitate screw placement. In a
Free Hand technique, the entry points established by our
method are located at the central axis line of individual
pedicles so that the ideal trajectory can be more easily
achieved and the largest safe range obtained with screw
insertion at different transverse angles. When the pedicles
are not large enough to allow a true intraosseous position,
which means the screw breaching could not be avoided, an
“in—out—in” trajectory or a juxta pedicular technique may
be necessary. The ideal entry point and trajectory can be
determined preoperatively by the radiologist during
reconstruction. This can increase the surgeon’s level of
confidence and avoid repeated determination of entry
points, as well as lowering the rupture rate and reducing the
operative time.

High accuracy rates have been reported for the method
proposed by Lenke and Magerl for guidance of pedicle
screw placement [5, 10]. Our clinical experience has
yielded the same conclusion but has also revealed the
need for continuous education and the risk of screw
malposition in severely rotated regions, especially on the
concave side. In patients with severe scoliosis, placing
screws in these regions may carry a significantly higher
risk of breach. The results of the present study show that

the two techniques for determining the entry point are
comparable with respect to the accuracy of screw place-
ment and the feasibility of the procedure. Assisted tech-
nique is recommended for the purpose of safety and
shortening the learning curve.

According to the result, screw breaching was more often
observed in the thoracic concavity of the “Free Hand”
group, particularly with respect to breaching of the inner
wall; while breaching of the outer wall often tended to
occur at the thoracic convexity. In the “Assisted Free
Hand” group, the incidence of both inner and outer wall
screw breaching was significantly lower than in the “Free
Hand Group”, and the positions of the breaches were more
evenly distributed. We found that the entry point usually
lies more lateral in the concavity side and more medial in
the convexity side in mid-severe scoliosis. Although no
significant difference was found with the accuracy of
screws in different curve sides, we found that more screws
in thoracic concavity breached the pedicle in “Free Hand”
group in this study (12 versus. 8). More data about specific
differences between the two methods and segments are
being collected to explain the variance. Additional clinical
studies are needed to improve the accuracy of this tech-
nique, determine the best insertion trajectory, and evaluate
the efficacy and feasibility of the procedure in various
clinical situations. In our clinical treatment, with the help
of preoperative planning, the technique evaluated is
reproducible and predictable.

Conclusion

Since pedicle dysplasia often occurs in the patients with
severe scoliosis, placing screws in guidance with the same
criteria is unreliable and would possibly result in mis-
placement. Spiral CT scanning and 3D reconstruction can
be used preoperatively to increase the precision of the
screw placement and decrease the risk of screw malposi-
tion in severely deformed vertebrae.
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