
ORIGINAL ARTICLE

Accuracy and efficacy of thoracic pedicle screws in scoliosis
with patient-specific drill template

Sheng Lu • Yuan Z. Zhang • Zheng Wang •

Ji H. Shi • Yu B. Chen • Xing M. Xu •

Yong Q. Xu

Received: 14 December 2011 / Accepted: 17 March 2012 / Published online: 31 March 2012

� International Federation for Medical and Biological Engineering 2012

Abstract With the rapid increase in the use of thoracic

pedicle screws in scoliosis, accurate and safe placement of

screw within the pedicle is a crucial step during the sco-

liosis surgery. To make thoracic pedicle screw placement

safer various techniques are used, Patient-specific drill

template with pre-planned trajectory has been thought as a

promising solution, it is critical to assess the efficacy,

safety profile with this technique. In this paper, we develop

and validate the accuracy and safety of thoracic transpe-

dicular screw placement with patient-specific drill template

technique in scoliosis. Patients with scoliosis requiring

instrumentation were recruited. Volumetric CT scan was

performed on each desired thoracic vertebra and a 3-D

reconstruction model was generated from the CT scan data.

The optimal screw size and orientation were determined

and a drill template was designed with a surface that is the

inverse of the posterior vertebral surface. The drill template

and its corresponding vertebra were manufactured using

rapid prototyping technique and tested for violations. The

navigational template was sterilized and used intraopera-

tively to assist with the placement of thoracic screws. After

surgery, the positions of the pedicle screws were evaluated

using CT scan and graded for validation. This method

showed its ability to customize the placement and the size

of each pedicle screw based on the unique morphology of

the thoracic vertebra. In all the cases, it was relatively very

easy to manually place the drill template on the lamina of

the vertebral body during the surgery. This method sig-

nificantly reduces the operation time and radiation expo-

sure for the members of the surgical team, making it a

practical, simple and safe method. The potential use of

such a navigational template to insert thoracic pedicle

screws in scoliosis is promising. The use of surgical nav-

igation system successfully reduced the perforation rate

and insertion angle errors, demonstrating the clear advan-

tage in safe and accurate pedicle screw placement of sco-

liosis surgery.
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1 Introduction

Pedicles are the strongest part of the vertebra, and pedicle

screw fixation affords multidimensional control, providing

greater rigidity with an improved fusion rate. In 1995, Suk

et al. [39] first described the use of thoracic pedicle screws

in the treatment of adolescent idiopathic scoliosis (AIS).

More recently, the use of thoracic pedicle screws has

become increasingly popular in addressing deformity

constructs due to its numerous advantages over other

methods of spinal fixation [17, 20, 30]. These advantages

include three-column fixation, immediate rigidity, better

coronal and sagittal correction, shorter fusion length in

scoliosis surgery, lower pseudo arthrosis rates, lower

implant failures, and fewer post-operative bracing

requirements as compared to conventional hook and wire
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constructs [9, 14, 22, 41]. However, the use of thoracic

screws in scoliosis remains controversial. It is technically

difficult with a high risk of potential complications such as

neurologic and vascular complications associated with

misplaced pedicle screws, which could impair the pull-out

strength of the implants and increase the chances for

implant failure [7, 8, 18, 19, 23, 36, 40]. Thus, the accurate

and safe placement of screws within the pedicle is a crucial

step during scoliosis surgery.

Various techniques have been used to facilitate safer

thoracic pedicle screw placement. These techniques can be

broadly classified into four types: (1) free-hand technique

which rely on anatomical landmarks and averaged angular

dimensions, (2) techniques with direct exposure of the

pedicle such as through laminotomy, (3) CT-based com-

puter-assisted surgery (CAS), and (4) fluoroscopy-based

CAS technique.

Most studies have shown that the rates of misplacement

for the free-hand technique are usually between 28 and

43%, while only a few studies have shown rates of \5%

[3, 11]. Hence, the screw breach rate may be dangerously

high when the anatomy is altered as in scoliosis. Lonner

et al. [23] suggested that there should be a considerable

learning curve for using the pedicle screws in scoliosis

surgery to avoid complications. The need for improved

accuracy and consistency in the placement of thoracic

pedicle screws has led to investigations on the application

of computer-navigated spine surgery. Computer-assisted

pedicle screw installation allows for an increased accuracy

in using screws, thus decreasing the incidence of misplaced

screws [10, 15, 16, 29, 35, 43]. Although better results have

been uniformly reported with the use of navigation, pre-

operative CT scans are usually performed in supine posi-

tion, and the prone position required for surgery can lead to

an alteration in the intervertebral anatomic relationships

within the curve. This leads to the need for surface regis-

tration of each vertebra, leading to an increase in regis-

tration-based errors and surgical time, as well as high

equipment cost.

Considering these difficulties, surgeons must use what-

ever techniques they find helpful to create a safe environ-

ment when placing thoracic pedicle screws into the

deformed pediatric spine. We developed a patient-specific

navigational template technique which has been proven in

cadaver and clinical studies in the cervical and lumbar

spine [25–27]. However, there has been no report on its

accuracy in the vivo conditions of thoracic pedicle screw

insertion in scoliosis. This study, therefore, introduces an

ingenious, custom-fit navigational template for the place-

ment of pedicle screws in the deformed thoracic spine and

validates it in a clinical setting. Based on this technique,

the trajectory of the thoracic pedicle screws was first

identified based on the pre-operative CT scan model. The

drill template was then specifically designed for the patient

so that it can maintain close contact with the postural

surface of the thoracic vertebra and provide the best sta-

bility for drilling. To the best of our knowledge, there has

been no report in the literature on the use of a navigational

template for transpedicular screw placement at the

deformed thoracic spine.

2 Methods

From June 2006 to September 2009, 16 patients (12

females, 4 males, age 5–18 years) with scoliosis (14 AIS, 2

congenital scoliosis) undergoing spinal deformity correc-

tion surgeries using posterior pedicle screw instrumentation

of the thoracic spine formed the study group. Titanium

implants were used in all patients as they produce less

scatter artifact when performing post-operative imaging

studies.

2.1 Manufacture of navigational template

Before the operation, a spiral three-dimensional (3-D) CT

scan (LightSpeed VCT, GE, USA) was performed on the

thoracic spine of each patient with 0.625 mm slice thick-

ness and 0.35 mm in-plane resolution. The images were

stored in DICOM format and transferred to a workstation

running MIMICS 10.01 software (Materialise company,

Belgium) to generate a 3-D reconstruction model for the

desired thoracic vertebra (Fig. 1a). The 3-D vertebral

model was then exported in STL format and opened in a

workstation running Reverse Engineering (RE) software

UG imageware12.0 (EDS, USA) to determine the optimal

screw size and orientation. A screw with a diameter of

5 mm was placed virtually into the 3-D spinal model on

both sides. The virtual screw’s entry point and the trajec-

tory were placed at the center of the pedicle without vio-

lating the cortex (Fig. 1b).

The template surface was created to be the inverse of the

spinous, laminar, and transverse process, thus potentially

enabling a fit in a lock-and-key fashion similar to a phys-

ical casting of the vertebral surface, and specifically

avoiding overlap onto adjacent segments (Fig. 1c). The

inner diameter of the hollow cylinder was created to

accommodate the pre-planned trajectory for drilling. Once

these were done, a drill template was constructed with a

surface designed to be the inverse of the vertebral surface.

The computer model was then exported into STL for-

mat. The biomodel of the corresponding navigational

template was produced through acrylate resin (Somos

14120, DSM Desotech Inc, USA) using stereolithography

rapid prototyping (RP) technique. The accuracy of the

navigational template was examined through visual
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inspection before the surgery. The biomodel and its cor-

responding template were placed together, and a standard

electric power drill was used to drill the screw trajectory

into the biomodel at the pre-defined placement. Visual

inspection was conducted to check for violations of the

pedicle.

2.2 Pre-operative planning

According to the type of scoliosis, the fusion level is

determined, and the instrumentational vertebra is chosen.

The design and development of the drill template for each

vertebra are also made according to the instrumentational

vertebra. The vertebral rotation, axes, length, and diameter

of the pedicle were measured from the pre-operative CT

scan. Thus, the length and diameter of every pedicle screw

were decided upon before operation. The concave periap-

ical (T5–8) pedicles are often deformed and are considered

to be the most difficult area to work on during pedicle

screw placement [6, 20, 33, 38]. If the pedicle is very

narrow, an in-out-in technique can be chosen. (Fig. 2).

2.3 Operation procedure

The spine was exposed subperiosteally on both sides, up to

the tips of the transverse processes. For the thoracic spine, the

soft tissues on the facet joints were thoroughly cleaned off to

ensure better visualization of the bony landmarks. The drill

template was then placed on the spinous, lamina, and trans-

verse processes. The drill template and the corresponding

spinous process were fitted well. A high-speed drill was used

along the navigational channel to drill the trajectory of each

pedicle screw. Using a hand drill, the trajectory of the pedicle

screw was carefully drilled to a depth in accordance with the

pre-operation plan. The pedicle screw, the diameter and

length of which had been chosen pre-operatively, was

Fig. 1 Trajectory of the pedicle screw and design of the navigational template a Three-dimensional model of the scoliosis vertebra; b planned

screw trajectory (blue). c The navigational template was created as the inverse of the posterior vertebral surface fitting with the vertebra perfectly

Fig. 2 3D reconstruction of a single vertebra and the biomodel of the

drill template a The best trajectory of the pedicle screw and

measurement of the length of the pedicle; b In–out-in technique in

the concave side; c The navigational template fits the vertebra

perfectly; d The template can show the location, diameter, and length

of the pedicle screw; e The navigational template fits the RP model of

the vertebra very well
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carefully inserted along the same trajectory. After screw

placement and correction of deformity, all exposed laminar

surfaces were decorticated, and the autologous iliac crest bone

was grafted.

2.4 Accuracy of the pedicle screw

In each case, post-operative CT scans were obtained to

assess the accuracy of screw placement in all patients by an

independent observer (Dr. Yu B. Chen). The radiographs

and CT scans were analyzed with respect to the breach of

the pedicle wall by the screw either medially, laterally,

inferiorly, or superiorly. Screw placement was graded on

CT as follows: grade 0, no pedicle perforation; grade 1,

only the threads outside the pedicle (less than 2 mm); grade

2, core screw diameter outside the pedicle (2–4 mm); grade

3, screw entirely outside the pedicle [24]. The time taken

for the insertion of each screw was then measured Fig. 3.

3 Results

Using a virtual 3-D model, the optimal entry point for the

drill can be chosen, thus determining the entry point and

direction for the thoracic pedicle screw. The accuracy of

the drill template was examined by drilling a K wire tra-

jectory into the vertebra biomodel before operation. During

the operation, the best fit for positioning the template can

easily be found manually because no significantly free

motion of the template occured when it was pressed

slightly against the postal part of the thoracic spine.

Therefore, the navigational template was used as in situ

drill guide. To achieve this, exact preparation of the bone

surface was essential, including meticulous exposure of the

posterior elements through removal of the attached muscle

and fat tissue without damage to the bony surface. The

individual navigational template technique had the capa-

bility to customize the placement and size of each screw

based on the unique morphology of each patient’s pedicle

and to pre-operatively prepare the surgical plan.

The diameter of the screws used ranged from 4.0 to

6.5 mm. The length of screws was 30–50 mm. The average

blood loss was 700 ml (range 500–1,200). In this study, the

average pre-operative and post-operative Cobb’s angle

measured was 54.2� (range 45�–82�) and 15.3(4�–41�),

respectively, with 71.7% correction rate. The average

screw insertion time was 1.24 min (range 1.16–2.5 min)

per screw.

3.1 Accuracy of the pedicle screw

A total of 168 screws were placed from T2 to T12 in the 16

cases, and post-operative CT scans were obtained in all 16

patients. About 157 screws were considered intrapedicular,

while 11 screws were considered to have a 0–2 mm breach

(1 medial, 10 lateral in which 8 belonged to the planned in-

out-in screws, the misplacement of pedicle screw is 1.8%).

No pedicle screw breached more than 2 mm, and the

overall screw accuracy (\2 mm breach is safe) was 100%.

No screws penetrated the inferior or superior cortex in the

sagittal plane.

4 Discussion

More recently, some authors have reported on the use of

pedicle screws in the thoracic spine to enhance the cor-

rection rate and to minimize the fusion area despite

potential risks, including pedicle dimension and vertebral

rotation. Screw malposition increases the risk of injury to

neural, vascular, and visceral structures [7, 28, 42]. In

scoliosis patients, several unique morphometric character-

istics such as an intravertebral asymmetry of the vertebra,

smaller diameter of the concave side pedicle around the

apex, and significant vertebral rotations appear. On the

other hand, in severe deformities, the pedicles are fre-

quently thinner, sclerosed, and waisted, allowing easy

canal perforation and thereby significantly increasing per-

foration risk [21, 31, 37]. In particular, the concave apex

carries the highest risk of spinal cord injury with medially

placed screws [5, 7]. Pedicle morphology in patients with

AIS was studied by O’Brien et al. [31] using radiographs

and CT scans. A total of 512 pedicles from T1 to T12 were

analyzed. The mean concave pedicle diameters ranged

from 5.2 (T7) to 8.5 (T12) mm. The single smallest

diameter was 3.4 mm at T7. Parent et al. [33] analyzed the

vertebrae in 30 scoliotic specimens where the vertebrae

were all separate, thus not allowing information on the

curve size to be known. These were compared with 30

matched but nonscoliotic specimens. A three-dimensional

digitizing protocol was used for the reconstructions. The

minimal width for both scoliotic and control specimens

was found in the T4–T7 region. The mean concave width

was 2.60 mm at T4, 3.64 mm at T5, 3.78 mm at T6, and

4.00 mm at T7. Gilbert et al. [12] confirmed the findings of

other authors that the concave pedicles can be so small that

pedicle screw insertion is impossible. We also found that

these findings can be confirmed pre-operatively through

thin-section CT scanning. In such situations, extrapedicular

screw placement should be considered.

Belmont et al. [2] reported on the clinical accuracy of

thoracic pedicle screws in 40 scoliosis and kyphosis

patients, demonstrating 43% screw perforation rate at T1–

T12. In this study, the medial and lateral perforation rates of

14 and 29% were demonstrated without neurologic and

vascular complications; however, two screws were
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subsequently removed due to their proximity to the aorta.

Liljenqvist et al. [21] reported on 33 patients with thoracic

pedicle screw insertion in idiopathic scoliosis, demonstrat-

ing 25% perforation rate without neurovascular and pul-

monary complications; however, one screw was replaced

due to its direct proximity to the thoracic aorta. In terms of

serious complications, Minor et al. [28] reported on an

iatrogenic aortic injury at T5, in which the thoracic pedicle

screw penetrated the descending aortic wall without a

hemodynamically unstable condition. The endovascular

Fig. 3 A 12-year-old male with a 62� pre-operative curve; thoracic

pedicle screw was inserted using the drill template; a AP X-ray; b 3-D

model of the spine; c pedicle screw trajectory and design of the

navigational template; d RP model of the navigational template, e The

navigational template fits the posterior part of the thoracic perfectly in

the operation; f drill the trajectory by a power drill. g, h, i, j X ray and

CT scan show that the screws were fully contained within the pedicle

and body; corrected to 11� 1 year after surgery, giving 82.3%

correction of the major curve
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treatment was successfully conducted in association with

simultaneous implant removal without any consequences.

Papin et al. [7] reported a case of spinal cord complication

associated with the thoracic pedicle screw in posterior

scoliosis surgery. In this case, the medially perforated screw

caused persistent abdominal pain and tremors in the legs,

requiring removal after 6 months and thus proving that the

pedicle screw could be dangerous for deformed spines.

At present, various techniques are being used to insert

the thoracic pedicle screw in scoliosis, including the free

hand technique, intraoperative C-arm image intensifier,

direct visualization of the medial wall after laminotomy,

3D fluoroscopy, and CT-based computer-assisted naviga-

tional systems. Some surgeons opt for intraoperative fluo-

roscopic guidance. This requires the fluoroscope tube to be

tilted and rotated to obtain an axial view of the concerned

pedicle. It may even be impossible in a few cases where the

pedicle may be severely deformed. Image-guided tech-

niques result in the use of expensive equipment and pro-

longed operating time, as well as radiation exposure to both

the surgical personnel and the patient. Another important

factor during the operation was the inaccuracy of the

fluoroscopic lateral spine images. The significant vertebral

tilt in scoliosis disturbed the clear visualization of lateral

vertebral images, causing possible misdirection of screws

in the cephalad and caudal directions.

The use of computer-assisted navigation has emerged in

an attempt to obviate the chance of pedicle screw malpo-

sitioning in difficult deformity correction surgeries.

Rajasekaran et al. [35] compared the accuracy of non-

navigation and Iso-C-based navigation in pedicle screw

fixation in thoracic spine deformities. They reported that

there were 54 (23%) pedicle breaches in the non-navigation

group compared with only 5 (2%) in the navigation group.

Iso-C navigation increases accuracy and reduces surgical

time and radiation in thoracic deformity correction sur-

geries. Amiot and Poulin [1] analyzed and compared the

results of CT-based navigation-guided thoracic, lumbar,

and sacral pedicle screws with those of the control group

treated surgically with conventional techniques. The his-

torical controls had no pedicle screws placed in the upper

thoracic spine. Post-operative screw placement was mea-

sured using MRI in both study groups. They found that

computer navigation could significantly reduce the inci-

dence of incorrectly positioned pedicle screws. The time

required to insert the pedicle screws was significantly

shorter in the navigation group as compared to the non-

navigation group. Computer-assisted navigation surgery is

superior to the use of the fluoroscopic technique alone in

thoracic deformity correction surgeries using pedicle screw

instrumentation as it reduces radiation exposure and pedi-

cle perforations, and it increases accuracy. However, the

increased set-up time and registration-related errors are the

drawbacks of CT-based navigation systems, which rely on

acquired data before surgery. The change in intervertebral

anatomic relationship in unstable situations was also

reported with navigation systems using pre-operative CT

scans. In navigation, the surgeon can be away from the

operating field while screening the spine using a surgical

fluoroscope; this increases surgical time as well as the risk

of infection.

The use of drill templates was initially demonstrated in

hip and knee surgeries [34]. Several studies have also

described their use in spine surgeries including the cervical

spine [13, 32]. Berry et al. [4] used a three V-shaped knife

design to support the drill template. Goffin et al. [13]

designed a template with clamps to interface with the

posterior course of the cervical vertebra. More recently,

Owen et al. [32] introduced a drill template which was

designed to match the posterior surface of the cervical

vertebra around the entry point, providing a greater contact

area with the vertebra and thus offering better stability.

Compared with other template designs, this study suc-

cessfully introduced a novel, custom-fit navigational tem-

plate for the placement of pedicle screws in the scoliosis

thoracic spine and further validated the technique in a

clinical setting by applying it to 16 patients requiring

cervical pedicle screw insertion. The clinical application of

this technique demonstrated its high accuracy. A pre-

operative CT scan was also obtained in this study to cus-

tomize the placement of each screw based on the unique

morphology of the patient’s thoracic vertebra. The use of a

high-resolution CT scanner and advanced technologies

facilitated the high geometric accuracy of the drill tem-

plate. The Mimics software used in this study to reconstruct

the 3-D model of the vertebra from the CT scan data

provided fast, easy, and powerful 3D image processing and

editing. Moreover, rapid prototyping technology, which is

based on building the model by stacking thin layers, was

also used. Rapid prototyping can reproduce more complex

designs due to its high accuracy and versatility. The reso-

lution of the rapid prototyping machine is well above the

0.35 mm resolution of the template model and thus the

accuracy of reproduction is not a limiting factor.

There are several advantages in using a patient-specific

drill template design. First, the surgeon can decide on the

location, orientation, and size of each screw based on the

unique morphology of the deformed thoracic vertebra even

before going to the operating table. The observations in this

study have demonstrated that the pedicle may differ widely

from patient to patient. Therefore, pre-operative CT eval-

uation is suggested as a mandatory step for precise planning

of the surgical procedure. The diameter of the screw should

be appropriately selected for the individual pedicle. The use

of patient-specific drill templates has helped us in the suc-

cessful handling of even abnormal cases by helping us
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choose the right screws and decide on the best orientation of

the screw insertion for each pedicle. Second, the technique

is simple to use because it does not require much expertise

on the surgeon’s part, and the pre-operatively prepared drill

template can be used intra-operatively to assist in the sur-

gical navigation and precise placement of the instrumen-

tation. Third, in contrast to the image-guided technique, the

use of a patient-specific drill template design eliminates the

need for complex equipment and time-consuming proce-

dures in the operation, thereby reducing the duration of the

surgical procedure. Fourth, the accuracy of screw place-

ment can be accomplished without perforating the spinal

canal or the blood vessels. In abnormal cases with very

narrow pedicles, this technique also allows for flexibility to

examine the accuracy of the drill templates by inserting the

screws into the biomodel of the vertebra. Thus, the tech-

nique has a potential role to play in scoliosis surgery where

the radiographic landmarks can look distorted and

obscured. Finally, the need for fluoroscopy during screw

insertion is eliminated, which considerably reduces the

radiation exposure to the members of the surgical team.

However, there are also some potential sources of errors

for this technique. First, it requires clean preparation of the

bone surface, including thorough removal of the attached

muscle and fat tissue without causing damage to the bony

surface structure to ensure proper fit of the drill template on

the lamina. Second, in the clinical setting, a template

should be capable of being used as an in situ drill guide,

and any movement between the bone and the template due

to vibration while drilling will greatly affect accuracy.

Therefore, the template has to be firmly placed in position

by the surgeon while drilling.

Nevertheless, the template design is unique in that it is

created based on computer-assisted design and thus can

match the postural surface of the thoracic vertebra per-

fectly. After the preparation of the bone surface with

thorough removal of the attached muscle and fat tissue

without damaging the bony surface structure, all our tem-

plates can be easily and securely held in place by the

surgeon’s free hand. The drill template can avoid regis-

tration-related errors and shorten the surgical time. As

proof of its effectiveness, there have been increasing

reports on the simplicity of navigated spine surgery owing

to the use of the patient-specific drill template design.

This study has introduced a novel navigational tem-

plate for use in scoliosis thoracic pedicle screw place-

ment and has clinically validated its viability in 16

patients. The preliminary clinical trials have demon-

strated that this design can improve the accuracy and

safety of pedicle screw placement in the deformed spine.

With its wide applicability, high accuracy, and cost-

effectiveness, this design is expected to enjoy widespread

use in the future.
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