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Abstract Transpedicular screw fixation has been accep-
ted worldwide since Harrington et al. first placed pedicle
screws through the isthmus. In vivo and in vitro studies
indicated that pedicle screw insertion accuracy could be
significantly improved with image-assisted systems com-
pared with conventional approaches. The O-arm is a new
generation intraoperative imaging system designed without
compromise to address the needs of a modern OR like no
other system currently available. The aim of our study was
to check the accuracy of O-arm based and S7-navigated
pedicle screw implants in comparison to free-hand tech-
nique described by Roy-Camille at the lumbar and sacral
spine using CT scans. The material of this study was
divided into two groups, free-hand group (group I) (30
patients; 152 screws) and O-arm group (37 patients; 187
screws). The patients were operated upon from January to
September 2009. Screw implantation was performed dur-
ing PLIF or TLIF mainly for spondylolisthesis, osteo-
chondritis and post-laminectomy syndrome. The accuracy
rate in our work was 94.1% in the free-hand group com-
pared to 99% in the O-arm navigated group. Thus it was
concluded that free-hand technique will only be safe and
accurate when it is in the hands of an experienced surgeon
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and the accuracy of screw placement with O-arm can reach
100%.
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Introduction

Transpedicular screw fixation has been accepted worldwide
since Harrington et al. [5] first placed pedicle screws
through the isthmus. Studies have reported that transpe-
dicular screw fixation has gained an advantage over other
forms of spinal instrumentation [6, 20]. Safety concerns on
the violation of the spinal canal leading to potential harm to
neurovascular structures have been encouraging surgeons
to improve the accuracy of pedicle screw placement by
trying various approaches [1, 11, 12]. Through many
conventional methods, usually relying on anatomical
landmarks, pedicle screws were inserted with or without
fluoroscopy to localise the pedicle. However, studies have
reported high rates of cortical perforation [13, 19].

In vivo and in vitro studies indicated that pedicle screw
insertion accuracy could be significantly improved with
image-assisted systems compared with conventional
approaches [14]. Among them, computed tomography-
based navigation was the most popular. CT navigation
could provide precise anatomy of the pedicle as well as
reduced radiation exposure. However, new concerns about
system arose with a steep learning curve and excessive
preoperative preparation including computed tomography
with a specific protocol, data acquisition and transfer, and
patient registration [3, 4]. The development of intraopera-
tive two-dimensional and three-dimensional fluoroscopy-
based navigation appeared to tackle such issues [15, 22].
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The equipment did not require registration; it reduced
imaging time and radiation dosage, and avoided repeated
C-arm movements during surgery, because visualization of
the surgical instruments in relation to the patient’s anatomy
in the entire desired image plane was determined from the
beginning. Though a few studies implied that the accuracy
of fluoroscopy-assisted pedicle screw insertion was com-
parable with that of CT navigation [3, 4], different popu-
lation characteristics and assessment methods of placement
accuracy in various studies resulted in inconsistent
conclusions.

The O-arm is a mobile 2D and 3D imaging platform
designed to improve intraoperative decision making. It
allows supporting a multitude of applications in spine,
orthopaedics, neurosurgery ENT, maxillofacial and vas-
cular surgery in the close future.

The telescoping gantry section of the O-arm enables
lateral patient access and as this gantry system is enclosed,
the operative field remains sterile and safe. The iso-centric
positioning eliminates need to reposition the gantry for off-
axis imaging. The O-arm has high precision robotics for
real-time and preset positioning, as well as self propulsion.
The parking and imaging positions can be preset, resulting
in lower dose of radiation and faster imaging. The multi-
plane imaging eliminates manual repositioning and need
for a second system.

The O-arm interfaces seamlessly with the Medtronic
Navigation System eliminating time consuming registra-
tion steps and transferring acquired scans automatically
which greatly enhances navigation workflow providing the
surgeon with unprecedented visualization depth and capa-
bilities for complex orthopaedic and spine surgeries. Sur-
geons are not dependent on a preoperative CT where the
patient position may vary from surgical position in the OR.
The O-arm allows the surgeon to scan the patient in the
operative position and to obtain an updated scan whenever
needed. This ensures the most accurate imaging and nav-
igation possible ensuring the best possible surgical out-
come for the patient.

The aim of our study is to check the accuracy of O-arm
based and S7-navigated pedicle screw implants in com-
parison to free-hand technique described by Roy-Camille
at the lumbar and sacral spine using CT scans.

Materials and methods

One hundred and fifty-two pedicle screws were implanted
in 30 patients (15 males and 15 females) using the free-
hand technique (group I) and 187 screws were implanted in
37 patients (21 males and 16 females) using the O-arm
navigated technique (group II). The mean age was
60.1 years in group I and 64.41 years in group II. Both
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groups were operated upon in our spine centre in the period
between January and September 2009. This was performed
during PLIF or TLIF mainly for spondylolisthesis, osteo-
chondritis and post-laminectomy syndrome. Distribution of
screws with regard to the lumbo-sacral vertebrae in both
groups is shown in Table 1. All surgeries were done by two
senior surgeons (Silbermann and Allam).

In the free-hand group (group I), the screws were
implanted according to the technique of Roy-Camille [16—
18]: identification of the entry point, opening with the awl
then drilling of the pedicle and probing of the drill canal.
After tapping and screw placement, the position of screws
was assessed by C-arm (AP and lateral). When the position
of one or more of the screws was not optimal, the screw
will be revised and the new position will be checked again
by the C-arm. All the patients were subjected to postop-
erative CT scan to evaluate the position of the screws. The
CT examination was carried out using the Briliance CT
64-channel scanner (Philips medical systems, PC Best,
Netherlands).

In the O-arm group (group II), after the reference clamp
was screwed to one of the spinous processes in the area of
fixation, 2D (AP and lateral) as well as 3D fluoroscopy
were done. This was followed by screws placement using
the O-arm navigation system. After insertion of all screws,
control 2D (AP and lateral) as well as 3D fluoroscopies
were done to evaluate screw position. When the position of
all screws was optimal, the 3D scans were transferred to the
hospital own PACS system to evaluate the position of
every single screw.

The CT scans (axial and sagittal) of both groups were
examined independently by a surgeon and a radiologist to
evaluate the position of screws according to the classifi-
cation of Learch [10] and Wiesner [23]. In this classifica-
tion, there are four main categories for screw
misplacement:

1.  Encroachment If the pedicle cortex could not be
visualised.

2. Minor penetration When the screw trajectory was
<3 mm outside the pedicular boundaries.

Table 1 Distribution of screws with regard to the lumbo-sacral
vertebrae in both groups

Level Free-hand group O-arm group
S1 22 28
L5 42 67
L4 35 54
L3 30 28
L2 14 8
L1 9 2
Total 152 187
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Fig. 1 Ideal position of the screw (a) axial (b) sagittal CT images
;zﬁzfgi?;??s;z&ﬁg‘:cegw Screw malplacement Free-hand group (n = 152) O-arm group (n = 187) P
malplacement No. Percent No. Percent
Lateral axial
Encroachment 14 9.2 7 3.7 9.56
FP < 3 mm 4 2.6 0 0.0 0.008*
Medial axial
Encroachment 34 22.4 2 1.1
FP < 3 mm 4 2.6 0 0.0 22.65
FP 3-6 mm 0.7 0 0.0 0.0001%*
Anterior axial
Encroachment 10 6.6 10 53
FP < 3 mm 4 2.6 0 0.0
FP 3-6 mm 0.7 1 0.5 0.65
FP > 6 mm 1 0.7 1 0.5 0.31
Caudal sagittal
Encroachment 23 15.1 12 6.4
FP < 3 mm 2.6 0 0.0
FP 3-6 mm 2 1.3 0 0.0 1.32
FP > 6 mm 0.0 0 0.0 0.108
Cranial sagittal 0.99
Encroachment 10 6.6 11 5.9 0.388

* Statistical significance

3. Moderate penetration When the screw trajectory was
3—6 mm outside the pedicular boundaries.

4. Severe penetration When the screw trajectory was
>6 mm outside the pedicular boundaries.

It is worthy to mention that the ideal position of the
screw is achieved when the screw lies in the middle of the
pedicle in both axial and sagittal reconstruction CT scans

(Fig. 1)

Results

Overall inter-observer agreement in the free-hand group
was 93.6% compared to 96.3% in the O-arm group
including both axial and sagittal reconstruction images.

In the axial images (Table 2), 34 (22.4%) screws
showed medial (Fig. 2) and 14 (9.2%) screws showed lat-
eral encroachment in Group I in comparison to 2 (1.1%)
and 7 (3.7%) screws, respectively in group II (Fig. 3). The
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Fig. 2 Axial CT image showing medial encroachment in the free-
hand group

Fig. 3 Axial O-arm image showing lateral encroachment in the
O-arm group

difference was proved to be statistically significant
(p < 005). Frank penetration <3 mm was found in 8§
(5.2%) screws in group I, in comparison to group II which
showed no frank penetration <3 mm either medial or lat-
eral. One screw (0.7%) in group I showed medial frank
penetration 3—-6 mm but with no symptoms, that is why
there was no need to revise it.

Regarding anterior encroachment and penetration in
axial images, in each group 10 screws showed encroach-
ment which was intended to get better screw purchase (S1).
Frank penetration was found in 6 (4%) screws in group I in
comparison to 2 (1%) screws in group II. One screw (0.7%)
in group I showed frank penetration in S1 >6 mm (Fig. 4)

@ Springer

Fig. 4 Axial CT image showing anterior frank penetration of the left
S1 screw in the free-hand group

Fig. 5 O-arm sagittal reconstruction image showing caudal

encroachment of the left L4 screw in the O-arm group

and was accompanied by L5 radiculopathy (pain and
hypoesthesia). The screw was revised the second day after
surgery with no residual neurological deficits.

In the sagittal images (Table 2), 23 (15.1%) screws
showed caudal and 10 screws (6.6%) showed cranial
encroachment in Group I in comparison to 12 (6.4%) and
11 (5.9%) screws, respectively in group II (Fig. 5). The
difference was proved to be statistically insignificant.
Frank penetration was found in 6 (4%) screws in group I in
comparison to group II which showed no frank penetration
either caudal or cranial.

In group I, 4 (2.6%) screws were revised intraopera-
tively after making the C-arm control. After screw revision,
the C-arm control showed good position of the screws. Of
these 4 screws, 3 (2%) screws were lateral in L5 and one
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Table 3 Comparison between the two groups regarding accuracy of
screw positioning

Malplacement Free-hand technique O-arm
(152 screws) (187 screws)
Encroachment 91 42
Minor penetration (<3 mm) 16 0
Moderate penetration (3—-6 mm) 4 1
Severe penetration (>6 mm) 1 1
Intraoperative screw revision 4 0
Accuracy 94.1% 99%

screw (0.7%) was encroaching on the upper end plate of
L2. These patients did not suffer from any neurological
deficits postoperatively.

In our study, encroachment and frank penetration
<3 mm in axial and sagittal images were considered to be
still in the safe zone for implanting the pedicular screws
because they do not endanger the efficacy of spine stabil-
ization as well as the neurovascular structures. Accord-
ingly, the screw penetration more than 3 mm in any
direction was considered as a screw malposition.

The accuracy rate in our work was 94.1% in the free-
hand group compared to 99% in the O-arm navigated
group. No residual neurological deficits were reported in
both groups (Table 3).

Discussion

Insertion of pedicle screws is a demanding technique and
carries the potential risks of neurological structures injury.
The accuracy of placing pedicle screws using the classical
open techniques has been the subject of several imaging
studies.

Our accuracy rate in the free-hand technique was 94.1%
which is better than the rates reported for screw mis-
placement that range from 10 [18] to 40% [2]. We did not
report a single case of severe medial penetration (>6 mm)
in comparison to Castro et al. [2] who reported 5.7% in a
series of 123 lumbar pedicle screws. In this series, the
incidence of neurological deficit attributed to screw mal-
position was 16.6% (5 out of 30 patients) in comparison to
3.3% (one out of 30 patients) in our study.

In comparison to the free-hand technique, the O-arm
based navigation technique showed an accuracy of 99%.
Only two out of 187 screws showed anterior penetration
more than 3 mm. This was not accompanied by any neu-
rological or vascular injury and both screws were screwed
backward after making the intraoperative control 3D scan.
Although we have a long experience with the free-hand

technique and our accuracy rate approaches the results of
2D fluoroscopy-based navigation technique, the O-arm
based navigation technique showed a high better accuracy
rate.

The O-arm based navigation technique showed also a
higher accuracy rate compared to the CT and 2D fluoros-
copy-based navigation techniques and a comparable accu-
racy rate to the 3D fluoroscopy-based navigation technique.
In a meta-analysis of image-guided pedicle screw insertion
accuracy in lumbar spine including 7,533 pedicle screws
[21], the 2D fluoroscopy-based navigation showed a med-
ian accuracy of 86.96% (maximum 90.74% and minimum
72.73%) while the CT-based navigation showed a median
accuracy of 90.32% (maximum 95.68% and minimum
72.03%). The 3D fluoroscopy-based navigation had a
median accuracy of 97.16% (maximum 99.29% and min-
imum 80.85%) which is comparable to our results. How-
ever, the O-arm is an interesting alternative as it interfaces
seamlessly with the Medtronic Navigation System elimi-
nating time consuming registration steps and transferring
acquired scans automatically which greatly enhances nav-
igation workflow providing the surgeon with unprece-
dented visualization depth and capabilities for complex
spine surgeries. Surgeons are not dependent on a preoper-
ative CT where the patient position may vary from surgical
position in the OR. The O-arm allows the surgeon to scan
the patient in the operative position and to obtain an
updated scan whenever needed. This ensures the most
accurate imaging and navigation possible ensuring the best
possible surgical outcome for the patient. On the other
hand, the robotic control of the O-arm and the presetting of
imaging and parking positions save time and lower the
dose of radiation.

To our knowledge, this is the first in the literature that
compares the accuracy of screw placement between free-
hand and O-arm navigated technique. There is no question
that the O-arm navigation-based technique has the best
accuracy of pedicle screw placement. On the other hand, it
is known that the CT navigation-based techniques prolong
the operative time [7-9] as well as the hazards of radiation
compared to the C-arm control after the free-hand
technique.

We have calculated the time from putting the patient in
the prone position till the skin incision (Fig. 6) and there
was a statistical difference between the two groups
(34.5 min in the free-hand group and 53 min in the O-arm
group). In the O-arm group more time was required to
adjust the O-arm to the patient, presetting the imaging
and parking position, together with draping of the O-arm.
We have also calculated the operative time for a single-
level PLIF in the two groups (Fig. 7). The mean operative
time in the free-hand technique was 183 min in compar-
ison to 193 min in the O-arm group and this was not
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Fig. 6 Comparison between

free-hand and O-arm techniques
regarding the presurgical patient 60
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Fig. 7 Comparison between
free-hand and O-arm techniques
regarding the operative time 194 —

192
190 +
188

186

min

184

182

180

statistically significant. It is clear that the operative time
is more prolonged in the O-arm group but when the team
is familiar with the computer system and instruments, the
screw navigation time can be reduced and be insignificant
when compared to screw placement by the free-hand
technique.

Regarding the radiation hazards, each O-arm 3D scan is
equal to 60% of an ordinary CT scan according to the
radiation measurement carried by the manufactured com-
pany (Medtronic, USA). For the operative team, the
exposure in nearly zero because the whole surgical team
leaves the theatre during the 3D scan.

We think that implanting the screws using the free-hand
technique in the lumbar spine is accurate and safe but
O-arm based navigation is more accurate and accordingly

@ Springer
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safer. Further studies are needed to evaluate the efficacy of
O-arm based navigation technique in implanting the pedi-
cle screws in the thoracic as well as the cervical spine.

Conclusions

Pedicle screw placement with the free-hand technique is
accurate, reliable and safe. Free-hand technique will only
be safe and accurate when it is in the hands of an experi-
enced surgeon. The accuracy of screw placement with
O-arm can reach 100%. The learning curve of O-arm is
high when compared to the free-hand technique which has
a steep learning curve and needs a lot of training to get a
high accuracy rate.
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