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Abstract
Background The clinical value of pedicle screws in spi-
nal deformity surgery is well known; however, screw
insertion is demanding and sometimes associated with
complications. Navigation systems based on intra-
operatively obtained three-dimensional (3-D) images
were developed to minimize pedicle screw misplace-
ments. However, there is a lack of data confirming su-
periority of navigation above other techniques. There are
also concerns regarding increased radiation used during
the procedure.

Questions/purposes The purposes of this study were (1) to
compare accuracy of the two methods of pedicle screws
placement: intraoperative 3-D image navigation versus
a freehand technique in patients with idiopathic scoliosis;
and (2) to assess the radiation dose received by patients
with both methods.
Methods Between 2014 and 2016, 49 patients underwent
posterior spinal fusion with all pedicle screw constructs for
idiopathic scoliosis performed by two surgeons. The study
design involved alternating the use of the freehand
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technique and navigation to position pedicle screws in
consecutive patients, forming groups of 27 patients with
451 navigated screws and 22 patients with 384 screws
positioned freehand. The two groups did not differ in age,
sex, or magnitude of deformity. Two observers not in-
volved in the treatment evaluated the position of the
screws. The pedicle breach was assessed on intra-
operatively obtained 3-D O-arm® scans according to
a grading system: Grade 0 = no pedicle wall violation;
Grade 1 = perforation # 2 mm; Grade 2 = 2 to 4 mm; and
Grade 3 = perforation > 4 mm. Grades 0 and 1 were con-
sidered properly positioned and Grades 2 and 3 represented
malposition.
Results In terms of accuracy, we found no differences,
with the numbers available, between the freehand and
navigated groups in terms of the proportion of screws that
were properly positioned (96% freehand and 96% in the
navigation group, respectively; p = 0.518). Grade 3 pedicle
screws were observed only in the freehand group and were
all located in the upper thoracic spine. Patients undergoing
navigated pedicle screw placement received a greater mean
radiation dose than those whose screws were placed free-
hand (1071 6 447 mGy-cm versus 391 6 53 mGy-cm;
mean difference, 680 mGy-cm; 95% confidence interval,
217-2053 mGy-cm; p < 0.001).
Conclusions In patients with moderate idiopathic scolio-
sis undergoing primary surgery, we did not observe bene-
fits of pedicle screw placement with CT-based navigation,
but the patients experienced greater exposure to radiation.
Level of Evidence Level III, therapeutic study.

Introduction

Pedicle screws are helpful in the surgical treatment of
spinal deformities, and they offer some advantages relative
to hooks or wires [13, 33], particularly with respect to the
biomechanics of spinal deformity correction; pedicle
screws also are associated with a high likelihood of solid
fusion [15, 17, 19]. However, placing these screws is de-
manding, and misplaced screws are associated with re-
duced biomechanical strength of the construct and less
frequent but potentially severe complications like neuro-
logic, visceral, or vascular injuries [8, 10]. Pedicle screw
positioning in scoliosis surgery is particularly challenging
because pedicles usually are smaller, sclerotic, and the
spinal cord is in direct proximity to the pedicle on the
concave side. Some prior research suggests that in-
appropriately placed implants occur more frequently in
spinal deformities in the thoracic spine [10]. To prevent or
at least minimize screwmisplacements, navigation systems
based on intraoperatively obtained three-dimensional
(3-D) imaging were developed and seem promising [35].

However, available data are insufficient to confirm the
superiority of navigation above other techniques [14].
Moreover, there are concerns regarding increased surgery
time, costs of the necessary equipment, and particularly
increased radiation to the patient [3, 14, 32]. This is a par-
ticular concern for patients with scoliosis, who are exposed
to extensive radiation during deformity treatment owing to
repetitive plain radiographs, intraoperative fluoroscopy, or
CT. Although this is a concern for patients treated either
nonsurgically or surgically, the patients having surgery
receive particularly high doses of radiation [25]. Conse-
quently, the question has been raised whether patients with
scoliosis have an elevated risk of cancer developing [31].

The objectives of this study therefore were to (1) com-
pare accuracy of two methods of pedicle screw placement:
intraoperative 3-D image navigation versus a freehand
technique in patients with idiopathic scoliosis; and (2) to
assess the radiation dose for the patients with both
methods.

Patients and Methods

Forty-nine patients were included in this study from among
the cohort of patients treated operatively for progressive
idiopathic scoliosis between 2014 and 2016 in the De-
partment of Orthopedics, University Hospital Wroclaw.
Any of the following criteria excluded patients from the
study: previous spinal surgeries, nonidiopathic curves,
curves < 40° and > 95°, and applications of implants other
than screws (hooks, wires, universal clamps). The patients
whomet the inclusion criteria, at the stage of addition to the
surgeon’s waiting list (usually 3-6 months before the op-
eration), were assigned to one of the two groups: screw
insertion with a freehand technique or screw insertion with
the aid of navigation. The patients were divided evenly, one
assigned to freehand and the following to the navigated
group until even groups of 30 patients were formed. Sev-
eral dropouts in both groups appeared mostly resulting
from intraoperative O-arm availability, rescheduling the
patients’ operations for either medical or personal reasons.
Therefore, in total 22 patients who had pedicle screws
inserted freehand and 27 patients with navigated insertion
of the screws were analyzed.

All pedicle screws were introduced exclusively by two
orthopaedic surgeons experienced in spinal deformity (WU,
WJ). Before the trial, both were confident in pedicle screw
placement either with aid of navigation or freehand with
each having performed > 50 surgeries per year in patients
with adolescent idiopathic scoliosis. The distribution of
cases was similar for both surgeons with either technique. In
all cases, intraoperative neuromonitoring (motor-evoked
potentials) was used and no pedicle screw-related
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disturbances of traces were noted in the series. Hardware
constructs had a similar screw distribution in all patients
regardless of the group: densely implanted concave side
(90%-100%) and the convex side with pedicle screws at the
bottom, the top, and apical levels.

In the navigation group, to cannulate the pedicles,
a navigation system (StealthStationTM Surgical Navigation
System; Medtronic, Minneapolis, MN, USA) based on 3-D
imaging obtained with an O-arm® Multi-dimensional Sur-
gical Imaging System (Medtronic) was used. The imaging
was acquired after exposure of posterior elements of the
spine in the operating room. A navigated straight pedicle
finderwas used to cannulate the pedicle. Then the tunnelwas
checked with a ball-tipped feeler to confirm whether the
walls were intact and the screw eventually was mounted on
a standard (nonnavigated) screwdriver and introduced.

In the freehand group, the technique popularized by
Kim and Lenke [11] was used. A small hole was drilled
with a matchstick-ended burr in the cortical bone. Sub-
sequently, the pedicle was cannulated with a curved pedicle
finder all the way down to the anterior vertebral body
cortex. The integrity of the tunnel was confirmed with
a ball-tipped feeler. In both groups, pedicles were rarely
tapped when necessary (eg, sclerotic pedicles).

Two observers not involved in the treatment (MW, GM)
conducted radiographic assessments. They independently
assessed screw accuracy according to a grading system
described by Gertzbein and Robbins [9] and in the case of
disagreement, they discussed the criteria until a common
consensus was reached. The pedicle wall violation was
evaluated on CT scans obtained intraoperatively with the
O-arm. The accuracy was described for each screw in
sagittal (upper and lower wall breach) and horizontal
(medial and lateral wall violation) planes (Fig. 1). The
screws were assigned to one of four grades of pedicle
breach: Grade 0 = no pedicle wall breach; Grade 1 = pedicle
perforation of # 2 mm; Grade 2 = wall perforation #
4 mm; or Grade 3 = complete perforation of the pedicle ($
5 mm) [9]. Grades 0 and 1 were considered properly po-
sitioned screws and Grades 2 and 3 represented substantial
wall violation resulting in screw malpositioning (Fig. 1)
[1]. The pedicle screw accuracy, distribution of accuracy
among levels, and distribution of breach localization were
analyzed and compared between groups.

Patients in the navigated group were slightly younger
than in the freehand group and the average curve magni-
tude was greater in the freehand group. Curve patterns
according to the Lenke classification were similar in the
freehand and navigated groups (Table 1) [18].

In general, 835 pedicle screws were assessed in 49
patients. Four hundred fifty-one pedicle screws (27
patients) were introduced with the aid of navigation and
384 (22 patients) with the freehand technique. Six hundred
thirty-one pedicle screws (298 freehand, 333 navigation)

were placed in the thoracic vertebrae (T1-T12) and 204 (86
freehand, 118 navigation) in all lumbar levels.

All patients had ionizing radiation during surgery, either
from a C-arm (BV Pulsera; Philips, Amsterdam, the
Netherlands) or O-arm (Medtronic). Radiation doses were
collected as dose reports obtained from both devices
working in two-dimensional (2-D) imaging mode (C-arm
and O-arm, mGy) and in 3-D imaging mode (O-arm,
mGy-cm). Accuracy of the radiation exposure was tested
routinely annually and the difference between measured and
indicated values is < 20%. In the freehand group, the C-arm
was used to check the instrumented levels and occasionally
to observe the pedicle finder or feeler position in very nar-
row, deformed pedicles. In the navigated group, O-arm
scans were obtained for navigation purposes. The number of
3-D scans performed depended on the patient’s size and
instrumented spinal region. Usually one spin allows for
comfortable navigation of four levels in the lumbar and
lower thoracic spine and five to six levels in the middle and
upper thoracic spine. Therefore, in smaller patients with
Lenke Type 1A or 1B adolescent idiopathic scoliosis, only
one scan was required. The majority of the patients had two
spins, rarely three, and only one patient had four spins (tall,
male patient with a Lenke Type 4 curve). Usually the same
number of spins was necessary to observe the instrumented
area and assess pedicle screw accuracy.

Once all the pedicle screws were inserted with either
method, the protocol was the same in both groups. All
patients underwent 3-D scans with the O-arm to check
pedicle screw positions and to assess the accuracy of screw
placement. Subsequently if malposition occurred, reposi-
tions were performed, but no additional 3-D scans were
obtained (pedicle screws were checked with fluoroscopy if
necessary). After corrective maneuvers, at the end of the
operation, 2-D images were obtained using the O-arm to
check spinal balance in all patients.

Malposition rates among levels, breach direction, radi-
ation doses, and comparison between the freehand and
navigated groups were statistically analyzed using Stu-
dent’s t-test and Mann-Whitney tests. The U value of the
Mann-Whitney test was used when both groups had < 20
measurements each, whereas the Z value of the Mann-
Whitney test was used when one group had $ 20 meas-
urements. In the situation of noncompliance, homogeneity
of variance, and/or normal distribution (p > 0.05), Stu-
dent’s t-test could not be used and thus the Mann-Whitney
test was selected. A p value < 0.05 was considered statis-
tically significant. The power analysis of presented mate-
rial was performed. When true population effect size h is$
0.2, an experiment based on two groups with sample sizes
of 384 and 451 achieves at least 80% power to reject the
null hypothesis of zero effect size between freehand and
navigation using a two-sided Z test and significance level
(a) is 0.05 (performed with software G*Power 3.0.10 [6]).
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Results

Pedicle Screw Accuracy
Of 384 pedicle screws inserted freehand, 315 were posi-
tioned with the whole screw in pedicle Grade 0. Fifty-five
pedicle screws were considered Grade 1, still properly
positioned, but there was minor pedicle wall breach (< 2
mm). Ten pedicle screws were assigned Grade 2 and four

Grade 3. All Grade 3 pedicle screws were immediately
repositioned. In the navigation group, of 451 pedicle
screws, 374 were assigned to Grade 0, 58 to Grade 1, and
19 to Grade 2. There were no Grade 3 screws (Fig. 2).
Therefore, with the numbers available, we observed no
differences in accuracy of pedicle screw placement be-
tween the navigated and freehand groups (96% versus
96%; p = 0.5).

Fig. 1A-D Images from the O-armwere obtained after pedicle screw introduction with examples of misplaced screws. Axial (A) and
coronal (B) views are presented with medial breech of the screw by 3.5 mm—Grade 2. Axial (C) and coronal (D) views show right-
sided complete lateral screw misplacement—Grade 3 and left-sided medial breech by < 2 mm—Grade 1.

Table 1. Epidemiology

Parameter Freehand (n = 22) Navigated (n = 27) p value

Age (years; range) 24 (12-48) 20 (11-45) 0.057

Sex 3 males/19 females 5 males/22 females 0.976

Main curve magnitude (degrees;
range)

67 (42-98) 61 (43-95) 0.151

Apical rotation (degrees; 6 SD) 23.22 (6 10.11) 22.29 (6 7.88) 0.696

Number of instrumented levels (6 SD) 11.68 (6 2.55) 11.26 (6 2.15) 0.540

Screw density (%; 6 SD) 75.39 (6 8.86) 74.73 (6 8.80) 0.797

Lenke classification Number Number 0.655

1 15 17

2 - 2

3 4 3

4 - 1

5 1 2

6 2 2
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Most of the pedicle screws in Grade 2 in both groups
were repositioned. Occasionally Grade 2 pedicle screws
were left in place, for example, if the pedicles were very
narrow, screw-related symptoms were unlikely, or the
pedicle screws were laterally misplaced. Neither of the
pedicle screws in the current series were symptomatic or
required revision postoperatively.

The direction of misplacement also was assessed. In the
freehand group, Grade 2 misplacements occurred in nine
pedicle screws and only one pedicle screw breeched me-
dially. Two pedicle screws were laterally displaced, one
was medially displaced, and one was inferior to the pedicle
in Grade 3 in the freehand group. Ten (55.5%) Grade 2
pedicle screws in the navigated group were displaced lat-
erally, six were medially displaced, one was above the
pedicle, and one was below the pedicle.

The lowest pedicle screw accuracy was across the upper
thoracic spine (T1-T5, 82% navigated and 92% freehand
screws were properly positioned) compared with the rest of
the spine (T6-S1) (Fig. 3). For the navigated group, T1-T6
had a reduced accuracy of 17% (95% confidence interval
[CI], 14%-18%; p = 0.047) and the freehand group had
reduced accuracy of only 4% (95% CI, 4%-25%; p = 0.09).

Intraoperative Radiation

The radiation dose was higher in patients who underwent
navigated pedicle screw placement than in the freehand
group. The navigation group usually had two times more
O-arm 3-D scans than the freehand group, which was
reflected in higher radiation of 10716 447mGy-cm versus
391 6 53 mGy-cm, respectively (mean difference, 680
mGy-cm; 95% CI, 217-2053 mGy-cm; p < 0.001). In ad-
dition, with 2-D imaging, patients were exposed to higher
radiation in the navigated group (mean difference, 10mGy;
95% CI, 2-40 mGy; p < 0.001) (Table 2).

Discussion

Proper placement of pedicle screws in posterior scoliosis
surgery is critical to avoid screw-related complications and

to provide good fixation in the bone and stable spinal fixa-
tion. Proper insertion of pedicle screws is a demanding
technique, particularly difficult in patients with scoliosis in
whom anatomic landmarks often are distorted and in whom
the pedicles are narrow and deformed owing to vertebral
rotation [23, 29]. Therefore, various guidance systems have
been introduced to facilitate pedicle screw placement and
improve its accuracy. Intraoperative 3-D image-based nav-
igation seems to have great potential and is becoming in-
creasingly popular in spinal surgery [2, 16, 26, 30, 35].
However, it is associated with increased exposure to ioniz-
ing radiation, which is known for its adverse effects [28, 32].
Therefore, questions have been raised by the authors and
other surgeons about how to balance the accuracy of pedicle
screw introduction andminimize the necessary radiation and
in what sort of situations it is justified to implement the
technology [25, 31, 32]. In the current study, we assessed
accuracy of pedicle screw insertion with 3-D based-image
navigation and the freehand technique in patients with mild
and moderate idiopathic scoliosis. We observed no advan-
tage of navigation over the freehand method in terms of
pedicle screw accuracy. Moreover, navigation substantially
increased radiation exposure to the patients.

This study had several limitations. The assessed cohort
consisted of a consecutive series of patients who had
a preplanned method of screw introduction at the stage of
being added to the waiting list. However, discrepancies in
the numbers of patients between groups were attributable
to patient dropouts as a result of surgery cancellations or
rescheduling because of intraoperative O-arm availability
on the day of the operation. Therefore, patients receiving
the freehand technique without O-arm 3-D scans or who
had cancelled or postponed operations had to be excluded
and we felt adding patients not according to the study
protocol, to make the groups even, might bias the results.
However, ultimately the reduced number of patients in the
groups did not result in underpowering the statistical
analysis. The power analysis of the test based on presented
sample sizes in both groups when significance level a =
0.05 showed that this kind of test can be used to distinguish
true population differences between freehand and naviga-
tion with power of $ 80% if effect size h is $ 0.2.

Fig. 2 The percentage representation of pedicle screws in all grades is shown.
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The radiation dose collection using reports from the
device (C-arm, O-arm) is not a very precise method of
a patient’s exposure to radiation, and this may be consid-
ered a limitation. However, the considerable differences in
radiation exposure between the groups provide solid con-
firmation of a substantial increase in radiation in the nav-
igation group compared with the freehand group. Two
observers independently assessed screw position for all
patients in both groups; however, no intra- and in-
terobserver reliability testing was performed, which may
be considered a methodologic weakness.

In this study, similar accuracy of pedicle screw place-
ment was observed in the navigated and freehand groups
with a mean 96% of properly placed pedicle screws in
either group (in the pedicle or < 2 mm breech). According

to previous studies, use of 3-D imaging merged with nav-
igation improves accuracy of pedicle screw placement in
the deformed thoracolumbar spine with misplacement rates
of 3% to 6% in navigated cases versus 9% to 24% for the
freehand technique [2, 5, 10, 16, 21, 22, 27, 34, 35].
However, unlike our series, these studies often included
patients with severe deformities [22] and different back-
grounds of scoliosis [16], and multiple surgeons each using
different methods or an imprecise system of screw position
assessment [35]. It may all bias the results showing supe-
riority of navigation. We have not found any report com-
paring screw introduction with navigation and freehand in
a fairly homogenous group of patients operated on by the
same surgeons with both methods. Moreover, greater ac-
curacy with navigation compared with the freehand

Fig. 3 The accuracy of pedicle screw on each instrumented level is shown. Percentage representation of each grade in both groups
is shown.

Table 2. Intraoperative radiation doses

Method Radiation dose Freehand Navigation p value

O-arm 3-D mode (mGy-cm) 391 6 53 1071 6 447 > 0.001

2-D mode (mGy) 6 19 6 11

C-arm mGy 2 8 6 4 > 0.001

Values are mean 6 SD; 3-D = three-dimensional; 2-D = two-dimensional.
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technique does not mean higher complication rates using
the latter technique [14, 16, 30]. The incidence of pedicle
screw placement-related complications in patients with
scoliosis per screw is usually < 1% (most common are
nerve root and dura injuries) [4, 7]. We observed a high
misplacement rate in the upper thoracic spine (T1-T5 lev-
els) of 17%with navigation versus 8% (nearly 3% in Grade
3) with the freehand technique. Thoracic pedicles in idio-
pathic scoliosis tend to be more anatomically variable and
narrow [20], which might explain the reduced precision of
placement. This also was reported by other authors [24,
26]. We believe there are two distinct reasons that may
contribute to this observation: the first is related to diffi-
culties in imaging of the upper thoracic region and the
second concerns so-called “juxtapedicular” positioning. It
signifies that large-diameter pedicle screws (we did not use
pedicle screws < 5 mm in diameter in this series) in often
small and narrow pedicles did not allow for true intra-
osseous positioning [12]. The reason for the poor outcome
in the navigation group also may be the long distance from
the reference frame and working area. The frame was
mounted at the T8-T9 spinous processes, which resulted in
up to 15 cm distance from the frame to the instrumented T2
level.

In this study, increased ionizing radiation was observed
in the group of patients having navigated pedicle screw
placement versus the freehand technique. Dabaghi et al. [3]
and Su et al. [32] reported analogous results, showing
substantially higher mean effective radiation doses when
intraoperative CT-based navigation was used compared
with the freehand technique. However, the use of naviga-
tion reduces radiation exposure to the surgeon and oper-
ating room staff [36]. Adverse effects of radiation are well
known and it has been shown that radiation may cause
infertility, spontaneous abortion, and also increase the risk
of cancer [28, 31]. Simony et al. [31] reported a five times
higher incidence of cancer development (mainly breast and
endometrial) in patients with adolescent idiopathic scoli-
osis treated either surgically or with a brace. Ronckers et al.
[28] reported increased cancer risk and an 8% higher
mortality rate from cancer in patients with scoliosis.

In the current study, in patients withmoderate idiopathic
scoliosis, accuracy of pedicle screw introduction was not
different with navigation and the freehand technique, and
overall accuracy of screw placement was high in both
groups of patients. We observed an increased radiation
dose in patients whose procedures were navigated and that
appeared to provide at least a radiographic benefit, because
Grade 3 screws were observed only with the freehand
technique. However, intraoperative CT-based navigation
does not eliminate misplacement. A noticeable risk still
was observed, particularly in the upper thoracic spine.
Therefore, it is essential to balance between the accuracy of
placing pedicle screws and the increase in adverse ionizing

radiation. We believe that use of CT-based navigation is
only slightly justified in patients with mild or moderate
idiopathic scoliosis during primary surgery. Further re-
search is needed to confirm the usefulness of CT-based
navigation in complex spinal cases (eg, severe deformity,
revisions, congenital abnormalities), because additional
substantial radiation may be acceptable in these cases. It
alsomay have a role in education of spine surgeons, but this
will need to be established in future studies, and the in-
creased radiation dose to patients may be difficult to justify
in the name of education.
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