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Does three-dimensional preoperative planning 
improve accuracy of pedicle screw insertion?

Zlepšuje trojrozměrné předoperační plánování přesnost vložení 

pedikulárních šroubů?

Abstract
Aim: To evaluate the superiority of preoperative three-dimensional (3D) CT-based planning over 

two-dimensional (2D) planning in terms of pedicle screw placement accuracy. Materials and 
methods: In a virtual environment, three surgeons placed pedicle screws in the lumbar region of 

eight patients in the 2D group after conventional 2D planning. In the 3D group, they placed pedicle 

screws after 3D CT-based planning. Trajectory angles, distance of the wall breach and distance 

of the screw entry point deviation were recorded after virtual surgeries. Results: In the 2D group, 

69 screws (28.8%) penetrated the pedicle wall and 37 screws (15.5%) penetrated the pedicle wall 

in the 3D group. Comparing these two groups, preoperative 3D planning showed a signifi cant 

advantage (P = 0.003). In the 2D group, the mean angle of the screw trajectory preoperatively 

calculated was 19.65 ± 6.35°, and the mean angle of the inserted screws was postoperatively 

measured at 20.79 ± 5.95°. In the 3D group, the mean angle of the screw trajectory calculated 

preoperatively was 20.18 ± 5.67°, and the mean angle of the inserted screws postoperatively 

was 20.07 ± 5.85°. The screws were inserted in the similar orientation comparing to preoperative 

planning in the 3D group (P = 0.655), but a similar orientation could not be obtained postoperatively 

in the 2D group (P ≤ 0.001) for all levels. Conclusion: Preoperative 3D planning improves accuracy by 

helping determine the pedicle screw entry point and direction.

Souhrn
Cíl: Zhodnotit superioritu předoperačního trojrozměrného (3D) plánování pomocí CT nad 

dvojrozměrným (2D) plánováním z hlediska přesnosti umístění pedikulárních šroubů. Materiál 
a metody: Ve virtuálním prostředí umístili tři chirurgové osmi pacientům ve skupině 2D pedikulární 

šrouby do bederní páteře po konvenčním 2D plánování. Ve skupině 3D umístili pedikulární šrouby 

po 3D plánování na základě CT. Po virtuálních operacích byly zaznamenány úhly trajektorie, 

vzdálenost míst narušení pedikulární stěny a vzdálenost odchylek od místa vstupu šroubu. 
Výsledky: V 2D skupině pedikulární stěnu penetrovalo 69 šroubů (28,8 %) a v 3D skupině 37 šroubů 

(15,5 %). Porovnání těchto dvou skupin ukázalo významnou výhodu ve prospěch předoperačního 

3D plánování (p = 0,003). V 2D skupině byl průměrný úhel trajektorie šroubu vypočítaný před operací 

19,65 ± 6,35° a průměrný úhel vložených šroubů měřený po operaci byl 20,79 ± 5,95°. Ve skupině 

3D byl průměrný úhel trajektorie šroubu vypočítaný předoperačně 20,18 ± 5,67° a průměrný 

úhel vloženého šroubu změřený pooperačně byl 20,07 ± 5,85°. V porovnání s předoperačním 

plánováním ve skupině 3D byly šrouby vloženy v podobné orientaci (p = 0,655), ale pooperačně 

nebylo možné ve skupině 2D podobné orientace dosáhnout u všech úrovní (p ≤ 0,001). Závěr: 
Předoperační 3D plánování zlepšuje přesnost tím, že pomáhá určit bod vstupu pedikulárního 

šroubu a jeho směr. 
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Introduction
Stabilisation using the pedicle screw tech-

nique is one of the most common spi-

nal surgeries. It is a fusion surgery that is 

used to treat degenerative and oncologi-

cal diseases, traumatic injuries and deform-

ity. It prevents or improves neurological def-

icits, reduces pain and provides stability 

for the spine and early mobilisation for the 

patients [1,2]. 

The most important stage of this surgery 

is safe screw application. The anatomical 

variations in the vertebra make screw inser-

tion diffi  cult, and the presence of important 

neural and vascular organs in the area where 
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the screw is applied increases the risk of sur-

gical complications. Fluoroscopy, navigation 

systems, O-arm, electromyographic moni-

toring and three-dimensional (3D) image-

-guided templates have been developed to 

increase accuracy [3–5]. In addition to these 

improved methods, preoperational plan-

ning with radiological evaluation performed 

preoperatively can reduce incorrect appli-

cation and delivery, shorten the surgical 

time and facilitate surgery performed with 

navigation [6–8].

Preoperational planning is often con-

ducted on radiological images, such as con-

ventional radiography, CT and MRI. In two-

-dimensional (2D) images, it is diffi  cult to 

determine the exact pedicle insertion site 

and screw trajectory, especially in a verte-

bra with a complex anatomical structure. 

However, 3D anatomy of the spine structure, 

which is hidden from the surgeon’s direct 

view, needs to be mentally conceptualised 

and reconstructed. Recently, preoperational 

planning is possible on computer-based 3D 

reconstruction obtained from patient-spe-

cific CT images [7,9,10]. Although naviga-

tion systems have this functionality, some 

software is commercially available for this 

purpose.

This study performed virtual operations 

on the simulation and aimed to evaluate 

whether preoperative planning on CT-

-based 3D reconstruction increased the ac-

curacy by comparing the preoperative 

planning on CT images and postoperative 

measurements. 

Materials and methods
Eight patients, including four men and four 

women, aged between 42 and 75 years 

were randomly selected to process their 

lumbar vertebral CT scans from the radio-

logical database of our hospital. During se-

lection, CT scans of patients with an os-

teoporotic spine or advanced deformity 

were excluded. Spinal CT scans with 1- mm 

slice thickness were transferred to the free 

software 3D Slicer, version 4.10.2 (Surgi-

cal Planning Laboratory, Harvard University, 

Boston, MA, USA), and stereolithography-

-extended 3D fi le formats were maintained 

for each patient. Each fi le was applied to 

another free software Meshmixer (version 

3.5.474 (Autodesk, Inc., San Rafael, USA), 

and operative fields were virtually gener-

ated in silico. All possible visuals that could 

clue in screw trajectory were shadowed 

to provide realistic operating conditions 

(Fig. 1).

Three neurosurgeons without expe-

rience on pedicle simulation performed the 

procedures. In the 2D group, the surgeons 

planned the surgery by evaluating conven-

tional radiological scans, such as radiogra-

phy, CT and MRI (Fig. 2). They determined 

the entry points and noted the angles of the 

screw trajectories that they intended to in-

sert. Following the planning, the surgeons 

inserted 240 pedicle screws to eight patients 

virtually. Using the posterior view of the 3D 

Tab. 1. Distances of deviation of entry point and penetration (mm). 

Absent Present
P

Distance Distance after 
exclusion of absents P

N % N % mean SD mean SD

deviation of entry point

2D planning 99 41.2 141 58.8
0.101

0.97 1.08 1.65 0.92
0.005

3D planning 99 41.2 141 58.8 0.79 0.80 1.35 0.57

penetration

2D planning 171 71.3 69 28.8

0.003

0.46 0.83 1.61 0.75

0.001

medial – – 36 15 – – 1.61 0.80

lateral – – 33 13.8 – – 1.61 0.70

3D planning 203 84.6 37 15.5 0.19 0.46 1.19 0.40

medial – – 22 9.2 – – 1.18 0.39

lateral – – 15 6.3 – – 1.20 0.41

2D – two-dimensional; 3D – three-dimensional; N – number; SD – standard deviation 

Fig. 1. Virtual surgery can be performed 
by shading all anatomical structures that 
are not visible in surgery.
Obr. 1. Virtuální operace může být prove-
dena zastíněním anatomických struktur, 
které nejsou při operaci vidět. 

Fig. 2. Preoperative planning with 
2D images.
Obr. 2. Předoperační plánování pomocí 
2D snímků.
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spine model generated in the simulator, the 

surgeon preoperatively identified the entry 

point that was determined on the surface 

of a vertebral pedicle for each screw. The 

surgeon began positioning the tip of each 

screw at the entry point and proceeded by 

rotating each screw to an intended trajec-

tory. During the procedure, when requested 

by the surgeon, lateral and anterior poste-

rior lumbar fl uoroscopic images were pro-

vided to be observed on the 3D simulator 

as in the realistic operating conditions (Fig.  

3a, b). After the insertion, the surgeons were 

blinded to the results. In the 3D group, the 

surgeons examined the 3D views to plan the 

surgeries to determine the specifi cs for each 

patient (Fig. 4). After planning, pedicle screw 

insertions were executed in the same 3D 

simulator considering the information ob-

tained via 3D planning under the same op-

erating conditions.

After virtual surgeries were completed, 

shadings on the resultant images in the 

simulator were uncovered and rendered 

for assessment of the screw positions. Sim-

ilar to spinal CT, images were evaluated in 

the axial slices to calculate the angle of the 

screw trajectory and exhibit the wall breach 

of the screw (Fig. 5). Trajectory angles, exist-

ence of the wall breach and distance of the 

wall breach (mm) were recorded. Moreo-

ver, the existence of deviation of the screw 

entry point and distance of the devia-

tion (mm) were recorded by another sur-

geon who was blinded to the aim of the 

study.

Statistical analysis

Data distribution was assessed using skew-

ness and kurtosis tests. Categorical variables 

were analysed using the Chi-squared test. In-

teractions between the variables were exam-

ined using a logistic regression test. Paired 

sample t-test, Mann-Whitney’s U test and 

Kruskal-Wallis test were performed to com-

pare the means. All statistical analyses were 

performed using SPSS version 20.0 (IBM, Ar-

monk, NY, USA). A P-value < 0.05 indicated 

statistical signifi cance.

Results
A total of 240 pedicle screws were placed in 

the simulator after planning on the conven-

tional radiological images and 240 pedicle 

screws after planning on the 3D images. In 

the 2D group, 69 screws (28.8%), 33 (13.8%) 

to the lateral wall and 36 (15%) to the me-

dial wall penetrated the pedicle wall. In 

the 3D group, 37 screws (15.5%), 15 (6.3%) 

to the lateral wall and 22 (9.2%) to the me-

dial wall penetrated the pedicle wall. In the 

comparison of the two groups, preoper-

ative 3D planning showed signifi cant ad-

vantage (P = 0.003). The mean distance of 

penetration was signifi cantly less in the sec-

ond group (P = 0.001, 0.46 ± 0.83 mm and 

0.19 ± 0.46 mm). After excluding the screws 

that did not breach the wall, the mean dis-

tance of penetration demonstrated the 

Fig. 4. 3D preoperative planning and training; selecting the appropriate screw location 
to protect the facet joint, screws, rods and interconnections that can be applied.
Obr. 4. Předoperační 3D plánování a nácvik; výběr vhodného umístění šroubů tak, aby 
byly chráněny fazetové klouby, šrouby, tyče a spoje, které mohou být aplikovány.

Fig. 5. Postoperative penetration control, 
screw angle measurements, and entry po-
int measurement.
Obr. 5. Kontrola pooperační penetrace, 
měření úhlů šroubů a měření bodů pro 
vstup.

Fig. 3. Creating fl uoroscopy-like anteroposterior (a) and lateral (b) images with 
3D reconstruction.
Obr. 3. Vytváření fl uoroskopii podobných anteroposteriorních (a) a laterálních (b) snímků 
s 3D rekonstrukcí.

a b

proLékaře.cz | 1.5.2025



DOES THREEDIMENSIONAL PREOPERATIVE PLANNING IMPROVE ACCURACY OF PEDICLE SCREW INSERTION?

Cesk Slov Ne urol N 2022; 85/ 118(3): 228– 234 231

same feature in favour of the 3D group 

(1.61 ± 0.75 mm and 1.19 ± 0.40 mm; P = 0.001) 

(Tab. 1). To assess the factors that could be af-

fected by individual variables, logistic regres-

sion test was performed separately for both 

groups. It revealed that the surgeon, pa-

tient and side did not infl uence penetration 

through the pedicle wall. Conversely, as the 

spine level to which the screw inserted be-

came higher, the penetration rate increased 

in both groups (P ≤ 0.001 for both groups), 

mainly due to narrower pedicle thickness. 

Likewise, the mean distance of penetra-

tion increased as the spine level became 

higher within each group (P ≤ 0.001 for both 

groups) (Tab. 2). The number of deviations 

of the entry point seemed to be the same 

for both groups, and the mean distances of 

the deviations were not statistically diff er-

ent between the groups (N = 141/ 240 and 

N = 141/ 240; P = 0.101 for 2D and 3D groups; 

0.97 ± 1.08 mm and 0.79 ± 0.80 mm; 

P = 0.245 for 2D and 3D groups). Excluding 

the screws that did not deviate from the de-

termined entry point, the mean distances 

of deviations were statistically signifi cant in 

favour of 3D planning (1.65 ± 0.92 mm and 

1.35 ± 0.57 mm; P = 0.005) (Tab. 1).

In the 2D group, the mean angle of 

screw trajectory calculated preoperatively 

was 19.65 ± 6.35°, and the mean angle of 

the inserted screws postoperatively was 

20.79 ± 5.95° (Tab. 3). In the 3D group, the 

mean angle of screw trajectory calculated 

preoperatively was 20.18 ± 5.67°, and the 

mean angle of the inserted screws postop-

eratively was 20.07 ± 5.85° (Tab. 4). Statisti-

cal analyses revealed that the screws were 

inserted in the similar orientation planned 

preoperatively when 3D planning was ex-

ecuted (P = 0.655), but a similar orienta-

tion could not be obtained postoperatively 

when 2D planning was executed (P ≤ 0.001) 

for all levels. When each level was separately 

evaluated, no level presented any differ-

ence between preoperative planning and 

postoperative measures for 3D planning 

(P = 0.948 for L1; P = 0.946 for L2; P = 0.625 for 

L3; P = 0.317 for L4 and P = 0.099 for L5). 

The bottom two levels also did not show 

any statistical difference for 2D planning 

(P = 0.743 for L4 and P = 0.982 for L5). Con-

versely, preoperatively planned and post-

operatively measured trajectory angles 

were 15.33 ± 2.78° and 17.04 ± 2.94° in the 

L1 vertebrae (P = 0.003), 15.38 ± 2.11° and 

17.13 ± 3.27° in the L2 vertebrae (P = 0.002), 

and 18.27 ± 4.01° and 20.29 ± 5.34° in the 

L3 vertebrae (P = 0.003), respectively, for 

2D planning (Tab. 3, 4).

Discussion
Pedicle screw fi xation of the lumbar spine 

has been performed for decades in neuro-

surgical and orthopaedic interventions. The 

surgical technique described by Camille, 

which defines the pedicle entry point, 

angle and screw thickness and length, 

continues to be relevant and applied in 

a similar way [11–13]. As technological ad-

vances occur, contemporary tools and sys-

Tab. 3. Mean and standard deviation measures of angles of screw trajectory after 2D planning.

2D Planning
All levels L1 L2 L3 L4 L5

mean SD mean SD mean SD mean SD mean SD mean SD

preoperative planning 19.65 6.35 15.33 2.78 15.38 2.11 18.27 4.01 20.38 4.28 28.88 5.61

postoperative measures 20.79 5.95 17.04 2.94 17.13 3.27 20.29 5.34 20.65 4.81 28.85 3.82

P ≥ 0.001 0.003 0.002 0.003 0.743 0.982

2D – two-dimensional; L – lumbar; SD – standard deviation

Tab. 2. Distribution of 2D and 3D group penetrations to the pedicle wall.

2D group 3D group
left right left right

L1 8 12 7 5

L2 12 8 6 6

L3 7 5 3 5

L4 7 5 2 1

L5 2 3 – –

2D – two-dimensional; 3D – three-dimensional; L – lumbar

Tab. 4. Mean and standard deviation measures of angles of screw trajectory after 3D planning.

3D Planning
All levels L1 L2 L3 L4 L5

mean SD mean SD mean SD mean SD mean SD mean SD

preoperative planning 20.18 5.67 16.04 2.43 15.98 2.48 18.98 3.43 20.92 3.71 28.98 3.01

postoperative measures 20.07 5.85 16 4.06 15.94 3.78 19.17 3.81 21.38 3.04 27.85 4.57

P 0.655 0.948 0.946 0.625 0.317 0.099

3D – three-dimensional; L – lumbar; SD – standard deviation
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tems have been developed to assist in the 

surgery.

In the phase of planning for the surgery, 

the spine of individuals is conventionally 

evaluated with 2D radiological workups. It 

provides an indirect assessment to concep-

tualise the 3D anatomy and might be de-

ceptive to estimate the accurate placement 

of the pedicle screws. The determination of 

the entry point and trajectory closest to real-

ity should be procured preoperatively to fa-

cilitate the surgery and increase the accu-

racy since only the posterior surface of the 

spine could be viewed during surgery and 

the inserted screws extend to the part of the 

structure that is invisible to the surgeon. To 

achieve this goal, 3D visualisation could be 

considered to comprehend the surgical en-

vironment of the spine during the prepara-

tion for the surgery.

Various types of software are available for 

preoperative planning in the 3D environ-

ment, and there are previous studies that in-

tended to exhibit the contribution of evalua-

tion with this software preoperatively. To 

provide previous examples, Xiang et al [7] 

focused on training with patient-specifi c im-

ages in their study on 3D simulation with 

two junior and two experienced surgeons. 

They found that pre-insertion training short-

ened the operative time and decreased the 

penetration. Rambani et al [14] worked with 

12 surgeons and focused on training and 

performed the evaluation by scoring those 

who trained and those who did not. The 

scores of those who trained were better. In 

another study, Hou et al [15] trained a group 

of inexperienced surgeons for screw place-

ment with simulation and pedicle screws 

inserted into cadavers. The penetration 

rate was lower in the trained group com-

pared to others. In this study, we conducted 

preoperative planning on 3D reconstruction 

with software. We evaluated the results of 

both 2D and 3D planning and investigated 

whether 3D planning aff ected the outcome. 

Including multiple surgeons and working on 

the same patients in the simulation allowed 

us to standardise the study. We could analyse 

whether there was an anomaly in the detec-

tion of the screw insertion point or angling. 

Consistent results that were not aff ected by 

the factors caused by the surgeons or pa-

tient-specifi c anatomical variation were ob-

tained, as demonstrated by the logistic re-

gression test. Thus, we could conveniently 

compare the contributions of two preopera-

tive planning methods that we analysed.

Anatomic landmarks were used in 2D 

planning to determine the entry point. In ad-

dition to using anatomical signs in 3D plan-

ning, it was possible to virtually identify the 

entry points on the surface image preoper-

atively. Pedicle screw angles were studied in 

both planning methods. Assessing our re-

sults, we observed that 3D planning pro-

vided a better survey to the surgeon to un-

derstand the surgical site. Preoperative and 

postoperative results in the 2D group were 

different for the entry point and/ or axial 

angle that was planned and applied by the 

surgeon. Moreover, breaching the pedicle 

wall was observed more in surgeries after 

2D planning. 

When we evaluate the measurements 

for each level, penetration was more com-

monly noted in the upper lumbar vertebrae 

in our study. Parker et al [16] also reported 

that pedicles of L1 and L2 vertebrae were 

breached in screw insertion with a higher 

rate compared to other lumbar levels. Zhao 

et al [17] reported that most poor pedicle 

screw misplacements were caused by a nar-

row vertebra pedicle. The pedicles of the 

upper lumbar vertebrae were more vulner-

able to breach during pedicle screwing be-

cause of the narrower size and more per-

pendicular angle with a closer margin. Thus, 

a better way of preoperative planning is im-

portant for the upper levels of the lumbar 

vertebrae. 

As in a similar way of assessing the entry 

point, Archavlis et al [18] studied upper facet 

joint violation during percutaneous pedicle 

screwing. They showed a lower rate of viola-

tion after 3D planning. Penner et al [19] exam-

ined preoperative 3D planning for transcor-

tical screwing. They focused on determining 

the entrance location visually in the simula-

tion and identifying the exact point during 

surgery. One of the benefi ts of preoperative 

3D planning is positioning on the 3D sur-

face. In the 2D evaluation, CT sections that 

do not cross parallel to the endplate could 

become a limitation and make it diffi  cult to 

determine the entry location. In our study, 

the number of deviations in entry points 

were similar in both groups, but the diff er-

ence in the mean distances between precal-

culated and applied entry points showed us 

that better results were maintained for iden-

tifying the entry points.

Determining the entry point shows an 

importance in the lower lumbar verte-

bra. Although the variations of posterior el-

ements rarely occurred in the upper lev-

els, the entry point diff ers particularly in the 

L5 vertebra. Castellvi et al [20] defi ned dif-

ferent types of transverse processes in par-

tial sacralisation of the L5 vertebra. Initially, 

they defi ned a transverse pedicle wider than 

19 mm as type 1 variation, and more signifi -

cant variations were specified in other three 

types. In another study, excluding the Cas-

tellvi type 3 and 4 transitional variations, 

Su et al [21] recognised two diff erent mor-

phologies of L5 vertebra pedicles accord-

ing to the relationship between the trans-

verse process and pedicle. They calculated 

that the entry point of the type 2 pedicle 

was localised more laterally than expected. 

These variations that could aff ect the entry 

point and screw trajectory angle should be 

well identified preoperatively. A 3D study 

might be better to adapt in individuals with 

variative anatomy. Hereinbefore, surgeons 

were able to achieve the previously calcu-

lated angle during surgery in a more pre-

cise way considering all preoperative angle 

measurements and postoperative screw 

angles. 

Preoperative planning is required for both 

freehand and navigational systems [22,23]). 

Programmes such as Brainlab (Brainlab, 

Westchester, IL, USA), Surgimap (Surgimap 

Spine Software, Nemaris Inc., New York, 

USA), and 3D Slicer pedicle simulators are 

paid and do not provide pedicle screw sim-

ulation, but they are not practical and sen-

sitive [7,9,10,14,15,18,24–27]. Navigational 

systems have 3D planning, but these are ex-

pensive and decentralised systems.

Wi et al [27] developed a simulation soft-

ware, in which the entry point, screw direc-

tion, convergence angle and screw length 

could be determined. Another engineering 

study reported a simulation showing the 

loading of a patient-specifi c CT and creat-

ing a 3D model, producing fl uoroscopy im-

ages, simulating the surgical procedure and 

preoperative planning, and by compar-

ing it with a specialist’s plan, the surgeon’s 

preoperative plan has been profession-

ally evaluated. Functions were combined 

in a single software, and feedback was pro-

vided on the joystick; however, it was not 

an open source [6]. Xu et al [28] conducted 

preoperative planning with 3D printing in 

patients with vertebral trauma. Augustine et 

al [9] also conducted preoperative planning 

of patients with scoliosis in the 3D environ-

ment. Additionally, they performed not only 

3D printing of vertebrae for planning but also 

trial operations on it. 3D printing is a prom-
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