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Abstract

Background: Pedicle screws are biomechanically superior over other spinal fixation devices. When improperly positioned, they lose this
advantage and put adjacent structures at risk. Accurate placement is therefore critical. Postoperative computed tomography (CT) scans are
the imaging gold standard and have shown malposition rates ranging from 2% to 41%. The O-arm (Medtronic Navigation, Louisville,
Colorado) is an intraoperative CT scanner that may allow intervention for malpositioned screws while patients are still in the operating room.
However, this has not yet been shown in clinical studies. The primary objective of this study was to assess the usefulness of the O-arm for
evaluating pedicle screw position by answering the following question: What is the rate of intraoperative pedicle screw revision brought
about by O-arm imaging information? A secondary question was also addressed: What is the rate of unacceptable thoracic and lumbar
pedicle screw placement as assessed by intraoperative O-arm imaging?

Methods: This is a case series of consecutive patients who have undergone spine surgery for which an intraoperative 3-dimensional (3D)
CT scan was used to assess pedicle screw position. The study comprised 602 pedicle screws (235 thoracic and 367 lumbar/sacral) placed
in 76 patients, and intraoperative 3D (O-arm) imaging was obtained to assess screw position. Action taken at the time of surgery based on
imaging information was noted. An independent review of all scans was also conducted, and all screws were graded as either optimal (no
breach), acceptable (breach =2 mm), or unacceptable (breach >2 mm). The rate of pedicle screw revision, as detected by intraoperative
3D CT scan, was determined.

Results: On the basis of 3D imaging information, 17 of 602 screws (2.8%) in 14 of 76 cases (18.4%) were revised at the time of surgery.
On independent review of multiplanar images, 11 screws (1.8%) were found to be unacceptable, 32 (5.3%) were acceptable, and 559
(92.9%) were optimal. All unacceptable screws were revised to an optimal or acceptable position, and an additional 6 acceptable screws were
revised to an optimal position. Thus, by the end of the cases, none of the 602 pedicle screws in the 76 surgical procedures was in an
unacceptable position.

Conclusion: The new-generation intraoperative 3D imaging system (O-arm) is a useful tool that allows more accurate assessment of pedicle
screw position than plain radiographs or fluoroscopy alone. It prompted intraoperative repositioning of 2.8% of pedicle screws in our series.
Most importantly, it allowed identification and revision of all unacceptably placed pedicle screws without the need for reoperation.

© 2012 ISASS - International Society for the Advancement of Spine Surgery. Published by Elsevier Inc. All rights reserved.
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Over the past decade, pedicle screws have become the
preferred spinal fixation method, initially for the lumbar
spine and increasingly for the thoracic spine as well. They
have superior biomechanics over other fixation devices,'?
and clinical experience has yielded improved fusion rates
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and reduced need for postoperative immobilization.**
One drawback, however, is the possibility of screw mal-
position with consequent injury to vital structures, such
as the neural elements and major vessels.””’ A recent
meta-analysis of studies published from 1966 to 2006
showed that the median malposition rates for non-navi-
gated and navigated pedicle screws were 9.7% and 4.8%,
respectively.®

Screw malposition that produces neurologic deficit is a
clear indication for bringing the patient back to the operat-
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ing room, to either remove or reposition the screw. Fortu-
nately, only a small percentage of malpositioned screws are
symptomatic.”'® Nonetheless, a misplaced screw compro-
mises construct stability and may offset whatever biome-
chanical advantage pedicle screw fixation offers.'"'> More-
over, there is still potential for late complications, such as
when a screw abutting against a major vessel gradually
erodes through its wall.'*'* Although there are distinct
benefits to revising a malpositioned screw, these should be
weighed against the risks and added cost of a return trip to
the operating room.

The clinical standard for evaluating screw position is a
computed tomography (CT) scan.'> Compared with plain
radiographs, CT gives 3-dimensional (3D) information
(sagittal, coronal, and axial).lf”17 However, this modality is
not readily available in most operating suites, and only plain
radiography and C-arm fluoroscopy are usually available.
Often, a malpositioned screw is only detected on a postop-
erative CT study,'®'° thus presenting a dilemma of whether
to reoperate.

A new-generation intraoperative CT scanner (O-arm;
Medtronic Navigation, Louisville, Colorado) designed to
give 3D imaging information in a timely fashion has re-
cently become available.'® The imaging information given
by the O-arm system had been shown to be highly accurate
in terms of identifying screw malposition.'"® The major
potential advantage of this system in the context of pedicle
screw fixation is that the timeliness of the information given
allows the surgeon to revise nonoptimal screws in the same
surgical setting and without added risk to the patient. How-
ever, there have not yet been studies to substantiate this
claim.

The primary objective of this study was to assess the
usefulness of the O-arm for evaluating pedicle screw posi-
tion by answering the following question: What is the rate
of intraoperative pedicle screw revision brought about by
O-arm imaging information? A secondary question was also
addressed: What is the rate of unacceptable thoracic and

lumbar pedicle screw placement as assessed by intraopera-
tive O-arm imaging?

Methods

Between October 2006 and January 2008, 105 consecu-
tive spine surgeries were performed with intraoperative O-
arm imaging. Of these, 76 cases performed by 2 orthopaedic
spine surgeons underwent pedicle screw fixation (602
screws), wherein the O-arm was used to assess screw posi-
tion. Cases were identified by a prospective surgical data-
base maintained since acquisition of the O-arm system. A
review of operative reports and intraoperative images was
conducted after we obtained institutional review board ap-
proval for review of existing records.

The new-generation intraoperative 3D imaging system
(O-arm) is a multidimensional surgical imaging platform
with an O-shaped gantry that allows for 2-dimensional
fluoroscopy and 3D imaging. The gantry has a telescop-
ing feature that opens to 70 cm, enabling lateral patient
access. The ring has an inner diameter of 97 cm, outer
diameter of 172 cm, and width of 54 cm (Fig. 1). The
gantry can be positioned with robotic control within a
range of 45.8 cm mediolaterally, 35.6 cm craniocaudally,
and 45.8 cm anteroposteriorly, with reference to the pa-
tient lying on the table. It allows programming of up to 5
views to memory, including a “park” position. A digital
flat-panel detector provides image quality with 2.0 K X 1.5
K of resolution and a field of view of 40 cm X 30 cm for
fluoroscopy and 20 cm in diameter X 15 cm in length for
3D imaging. Image acquisition for 3D scans takes 13 sec-
onds in standard-definition mode (391 projections around a
360° circumference) or 26 seconds in high-definition mode
(750 projections around a 360° circumference). It takes an
additional 13 seconds (standard definition) or 35 seconds
(high definition) for processing and image reconstruction.
The software enables the surgeon to perform multiplanar

Fig. 1. Left, New-generation intraoperative CT imaging system (O-arm) designed to provide 3D imaging information in a timely fashion. (Used with
permission from Medtronic Navigation.) Right, Snapshot of imaging system workstation screen showing ability to assess spinal elements and pedicle screws

in all 3 planes (axial, coronal, and sagittal).
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reformatting on the workstation screen; thus the viewing
plane is not limited to the projection plane.

The mean patient age was 48.8 years (range, 9 months to
94 years). Of the patients, 9 were aged younger than 18
years and 2 were aged younger than 10 years. There were 30
male and 46 female patients. The most common diagnoses
were degenerative conditions (disk disease, degenerative
spondylolisthesis/scoliosis, stenosis, and acquired kypho-
sis), comprising 42 cases. The other diagnoses were defor-
mities (16), postsurgical complications (9), fractures includ-
ing osteoporotic compression fractures (4), tumors or
tumor-like conditions (3), and infection (2). The 16 cases of
deformities included adolescent idiopathic scoliosis (6),
congenital scoliosis (4), dysplastic spondylolisthesis (2),
Iytic spondylolisthesis (1), neurofibromatosis with dystro-
phic scoliosis (1), Scheuermann kyphosis (1), and spinal
dysgenesis (1) (Table 1).

Of the 602 pedicle screws, 34 were placed at the upper
thoracic levels (T1-4), 84 at the midthoracic levels (T5-8),
117 at the lower thoracic levels (T9-12), 132 at the upper
lumbar levels (L1-3), and 235 at the lower lumbar/sacral
levels (L4-S1) (Fig. 2).

The following different methods of screw placement
were used: (1) 2-dimensional C-arm or O-arm fluoroscopy
(37 cases), (2) computer navigation (23 cases), (3) anatomic
landmarks (9 cases), and (4) previous screw tracks in revi-
sions (14 cases). In 7 cases more than 1 placement method
was used (eg, previous screw tracks at levels where screws
were previously placed, as well as anatomic landmarks for
additional levels) (Table 2, Fig. 2).

Regardless of the screw placement method, an intraop-
erative 3D O-arm scan taken after screw placement was
used in all cases included in this review for the purpose of
evaluating screw position. The images were reviewed by the
surgeon on the O-arm workstation screen as soon as they

Table 1
Diagnoses of 76 surgical cases with pedicle screw placement and with
screw position verified by intraoperative 3D imaging

No. of cases

Degenerative spine disease (eg, degenerative disk 42
disease, degenerative
spondylolisthesis/scoliosis, acquired
kyphosis)

Spine deformities

Adolescent idiopathic scoliosis

Congenital scoliosis

Dysplastic spondylolisthesis

Lytic spondylolisthesis

Neurofibromatosis with dystrophic scoliosis
Scheuermann kyphosis

Spinal dysgenesis

Postsurgical complications

Fractures, including osteoporotic compression
fractures

Spine tumors or tumor-like conditions

Infection 2

Total 76

B0 = === 0O

[5%)

Pedicle Screw Distribution
250
229

200 |

150 1 -navi
8 Non-navigated

1M1 H Navigated
100 |

ae Non-navigated | 349

50 g o Navigated 223
TOTAL 572
0

T1-T4 T5-18 T9-T12 L1-13 L4-51

Fig. 2. Graph showing pedicle screw distribution according to anatomic
region (T1-4, T5-8, T9-12, L1-3, and L4-S1) and further broken down
based on whether navigation was used in screw placement. Two findings in
this graph are worth noting: (1) A greater number of pedicle screws in this
series were placed at the more distal (lumbar) levels. (2) Although the
absolute number of screws placed with navigation remained fairly constant
across different spinal regions, the proportion of navigated screw place-
ment was much higher at more proximal levels.

became available. The standard screen format shows 3 win-
dows: a large left window showing the axial plane image
and small upper right and lower right windows showing the
coronal and sagittal plane images, respectively (Fig. 1).
Using a sterile infrared control device, the surgeon can
scroll through the images in one window and can jump from
one window to the next. Scout lines show the location of the
image in relation to other planes. An unscrubbed assistant
can also alter the orientation of the image planes using the
keyboard control on the workstation. This feature allows
viewing the screws along specific planes (eg, along the
longitudinal axis of the screw) as desired.

Images and operative reports were reviewed to look for
evidence of intraoperative screw revision (removal or repo-
sitioning) that was influenced by information gleaned from
the O-arm scan.

An independent observer (J.N.S.), who was not involved
in any of the surgeries, likewise reviewed all the 3D images
and graded each pedicle screw, regardless of whether it was
subsequently revised. A modification of the grading system
of Gertzbein et al. was used: optimal (no breach), acceptable
(breach =2 mm), and unacceptable (breach >2 mm).

Results

Of the 602 screws placed, 17 (2.8%) were revised based
on O-arm imaging information (Table 3). Nine laterally

Table 2
Methods used for placement of 602 pedicle screws verified by
intraoperative 3D imaging

No. of cases
2-Dimensional fluoroscopy (C-arm or O-arm) 37
Computer navigation (O-arm image guidance) 23
Anatomic landmarks 9
Previous screw tracks 14
Total 76 (7 cases used

>1 method)
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Table 3
Details on 17 of 602 screw revisions (2.8%) performed based on 3D
imaging information

Table 4
Results of independent review of 3D scans for assessment of position of
602 pedicle screws

Direction of

No. of screws Intraoperative action

Spine level malposition Action performed Grade (%) performed

T6 Lateral Repositioned medially Optimal (no breach) 559 (92.9) None revised

T6 Medial Repositioned laterally Acceptable (breach 32 (5.3) 6 of 32 (19%) revised to
T7 Lateral Repositioned medially =2 mm) optimal position

T7 Lateral Repositioned medially Unacceptable (breach 11 (1.8) All revised to optimal/

T7 Medial Repositioned laterally >2 mm) acceptable position

T8 Lateral Repositioned medially Total 602 (100)

T8 Lateral Repositioned medially

T12 Medial Removed

L2 Lateral Repositioned medially

L2 Medial Repositioned laterally an optimal position. None of the optimal screws was re-
L3 Lateral Repositioned medially vised.

L4 Lateral Removed

L5 Lateral Repositioned medially

L5 Lateral Repositioned medially Discussion

L5 Medial Repositioned laterally

S1 Medial Repositioned laterally To achieve optimal biomechanics and to avoid injury to
S1 Medial Repositioned laterally surrounding structures, accurate placement of pedicle

malpositioned screws (one each at T6, L2, and L3 and two
each at T7, T8, and LS5) were redirected medially (Fig. 3),
and six medially malpositioned screws (one each at T6, T7,
L2, and L5 and two at S1) were redirected laterally. One
laterally malpositioned screw (L4) in a patient with neuro-
fibromatosis and dystrophic scoliosis and one medially mal-
positioned screw (T12) in a patient with a fracture-disloca-
tion at the thoracolumbar junction were removed altogether.
In both instances the surgeon deemed that the aberrant
anatomy precluded safe and optimal screw repositioning.
Overall, revision of at least 1 screw was performed in 14 of
76 cases (18.4%).

On independent review of the 3D scans to evaluate
individual screw position, 559 screws (92.9%) were judged
optimal, 32 (5.3%) were acceptable, and 11 (1.8%) were
unacceptable (Table 4). All unacceptable screws turned out
to have been subsequently revised by the surgeon. In addi-
tion, 6 screws that were deemed acceptable were revised to

—)

screws is critical. Several methods of screw placement are
widely used: anatomic landmarks, %! intraoperative fluo-
roscopy,”? and computer navigation.”*** Adjunctive meth-
ods, such as palpation of the screw track® and electrical
stimulation with neurologic monitoring,26 have also been
shown to be useful. Nonetheless, a meta-analysis by Kos-
mopoulos and Schizas®’ showed overall malposition rates
of 4.8% for navigated screw placement and 9.7% for non-
navigated placement.

CT has been shown to be a more accurate and reliable
imaging method for evaluating screw position than plain
radiography.'®'” However, this modality is not readily
available in most operating rooms. Early-generation mo-
bile CT scanners have suffered from difficulty of use and
poor image quality.”®?° The O-arm is an example of a
new-generation intraoperative imaging system that is capa-
ble of providing 3D images. We set out to assess its use-
fulness in spine surgery, specifically in the setting of pedicle
screw fixation, by determining the intraoperative screw re-
vision rate brought about by O-arm imaging information.

Fig. 3. Example of a malpositioned pedicle screw with significant breach of the anterolateral vertebral body wall (left), which was detected
intraoperatively with the CT scanner. This timely information allowed prompt repositioning of the screw to an optimal position (right) without the

need for reoperation.
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Our results show that in a series of 602 pedicle screw
placements, intraoperative screw revision was performed in
2.8%. Most reports on the accuracy of pedicle screw place-
ment graded the screws based on imaging assessment.
Those that included data on screw revision have reported
revision rates of 0.3% to 4.3%.'°*°>! Although our rate of
2.8% falls well within this range, it should be kept in mind
that ours were all intraoperative revisions. It could be hy-
pothesized that a surgeon’s threshold for revising a screw in
this setting would be much lower than if a second surgical
procedure and a possible readmission will be required. Fur-
thermore, although most of the revisions reported in the
literature were performed for symptomatic and thus griev-
ous screw malpositions, it is difficult to determine whether
the screws that were revised in our series would have caused
symptoms otherwise. No screw-related complications de-
veloped in any of our patients who had screw revision. It
may well be that at least some of these 14 patients would
have been asymptomatic and not have required a second
procedure anyway. Nonetheless, in light of the low risk
involved in revising a screw, acceptance of an unacceptable
screw position detected intraoperatively is not justified.

When we looked at the action taken by the surgeon in
relation to the results of screw position grading by an
independent reviewer, 11 of the screws (1.8%) were unac-
ceptable and they were all revised. In addition, 6 of the 32
acceptable screws were revised to an optimal position. Al-
though it would be very difficult to prove the benefit of
revising an acceptable screw to an optimal screw, it is
intuitive that any difference between the two, if such a
difference exists, would be in favor of the latter.

The limitations of our study relate to its retrospective and
nonrandomized study design. In particular, a meaningful
comparison of screw revision rates between navigated and
non-navigated screws, as well as between thoracic and lum-
bar regions, cannot be reliably made. Although more screws
in the navigated group were revised compared with the
non-navigated group (10 of 243 [4.1%] vs 7 of 359 [1.9%]),
this is not a fair comparison because navigation was pref-
erentially used for cases where screw placement was
deemed more difficult, such as thoracic spine placement, as
well as cases with deformities or congenital abnormalities.
In addition, although revision rates between thoracic and
lumbar screws were similar (8 of 235 [3.4%] vs 9 of 367
[2.5%]), any potential difference may have been tempered
by the fact that more thoracic screws were placed using
navigation.

In addition to the use of the O-arm system as an intra-
operative advanced imaging device for assessment of pedi-
cle screw position, the O-arm system has been used in
conjunction with navigation or image guidance systems for
pedicle screw placement. Recently published clinical stud-
ies have shown increased screw placement accuracy using
intraoperative 3D (O-arm) image-guided navigation.®*—**
Although this method of pedicle screw placement was used
in some of the patients in our series, mainly in the latter

portion of the study, the accuracy of navigated screw place-
ment is not the focus of this particular study.

In summary, the results of this study indicate that the
O-arm imaging system is useful in spine surgery, particu-
larly in the setting of pedicle screw fixation. Use of the
O-arm allowed timely identification and revision of all un-
acceptably positioned screws. In addition, acceptably but
non—optimally placed screws may be revised to an optimal
position, with minimal added risk to the patient.
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