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ABSTRACT

Background: Standard fluoroscopic navigation and stereotactic computed tomography—guided lumbar pedicle
screw instrumentation traditionally relied on the placement of Kirshner wires (K-wires) to ensure accurate screw
placement. The use of K-wires, however, is associated with a risk of morbidity due to potential ventral displacement into
the retroperitoneum. We report our experience using a computer image—guided, wireless method for pedicle screw
placement. We hypothesize that minimally invasive, wireless pedicle screw placement is as accurate and safe as the
traditional technique using K-wires while decreasing operative time and avoiding potential complications associated
with K-wires.

Methods: We conducted a retrospective review of 42 consecutive patients who underwent a stereotactic-guided,
wireless lumbar pedicle screw placement. All screws were placed to provide fixation to a variety of interbody fusion
constructs including anterior lumbar interbody fusion, lateral interbody fusion, and transforaminal lumbar interbody
fusion. The procedures were performed using the O-arm intraoperative imaging system with StealthStation navigation
(Medtronic, Memphis, TN) and Medtronic navigated instrumentation. After placing a percutaneous navigation frame
into the posterior superior iliac spine or onto an adjacent spinous process, an intraoperative O-arm image was obtained
to allow subsequent StealthStation navigation. Para-median incisions were selected to allow precise percutaneous access
to the target pedicles. The pedicles were cannulated using either a stereotactic drill or a novel awl-tipped tap along with a
low-speed/high-torque power driver. The initial trajectory into the pedicle was recorded on the Medtronic
StealthStation prior to removal of the drill or awl-tap, creating a “virtual” K-wire rather than inserting an actual K-
wire to allow subsequent tapping and screw insertion. Accurate screw placement is achieved by following the virtual
path as an exact computer-aided design model of the screw traversing the pedicle is projected onto the display and by

using audible and tactile feedback. A second O-arm scan was obtained to confirm accuracy of screw placement.

Results:

A total of 20 women and 22 men (average age = 56 years) underwent a total of 182 pedicle screw

placements using the stereotactic, wireless technique. The total breach rate was 9.9%, with a clinically significant breach
rate of 0% (defined as >2 mm medial breach or >4 mm lateral breach) and a clinical complication rate of 0%.

Conclusions:

Wireless, percutaneous placement of lumbar pedicle screws using computed tomography—guided

stereotactic navigation is a safe, reproducible technique with very high accuracy rates.

Minimally Invasive Surgery

Keywords: MIS spinal fusion, neuro-navigation, K-wireless, percutaneous pedicle placement accuracy

INTRODUCTION

Posterior spinal instrumentation via pedicle
screw-rod fixation is the standard of care for various
spine diseases of degenerative, traumatic, infectious,
and neoplastic origin.' '? Minimally invasive surgi-
cal (MIS) placement of pedicle screws has become
increasingly common, offering benefits superior to
traditional open techniques including reduction of
postoperative pain, shorter hospital stay, minimal
disruption of the posterior stabilizing structures,

and decreased risk of infection and operative
time.'*>"'” Originally described in 1977 by Magerl
et al,'® percutaneous placement of pedicle screws is
now commonly used with MIS interbody fusion
techniques. Some of these include anterior lumbar
interbody fusion (ALIF), lateral interbody fusion
(LLIF, XLIF, OLIF), and transforaminal lumbar
interbody fusion (TLIF).'®

Minimally invasive spinal instrumentation tradi-
tionally relied on the use of Kirshner wires (K-wires)
to ensure accurate screw placement. However, K-
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wires are associated with the added morbidity of
potential violation of the retroperitoneum and
malfunctions such as bending, breaking, and dec-
annulating.'”° Recently, a “K-wireless” percutane-
ous pedicle screw placement technique was
published by Spitz et al*' that uses intraoperative
fluoroscopy for localization. This method is techni-
cally feasible and provides a safe alternative to the
use of K-wires.?!

At our institution, we have modified the Spitz
technique by using intraoperative image-guided
stereotactic navigation rather than fluoroscopy for
pedicle screw placement to provide increased speed
and precision, all while reducing the radiation
exposure of operating personnel. Information on
the K-wireless technique is limited, and, to our
knowledge, using intraoperative image-guided ste-
reotactic navigation has not been reported. The
purpose of this study is to review our experience
with K-wireless percutaneous pedicle screw place-
ment using intraoperative image-guided stereotactic
navigation.

MATERIALS AND METHODS

Retrospectively collected data from our institu-
tion were reviewed, consisting of the first 42
consecutive patients who underwent lumbosacral
instrumentation using the stereotactic, K-wireless
technique between 2012 and 2014. Chart review
included patient demographics, indication for sur-
gery, type of operation, number of levels fused,
screw placement accuracy, and complications.
Pedicle screw placement accuracy was determined
using either intraoperative postplacement O-arm
scans or outpatient follow-up computed tomogra-
phy (CT) studies. In all cases, either single or
multilevel interbody fusion was performed using
ALIF, OLIF, XLIF, LLIF, or TLIF interbody
fusion technique (Table 1).

Surgical Technique

All cases were performed using the O-arm cone-
beam CT intraoperative imaging system integrated
with the StealthStation navigation system (Med-
tronic, Memphis, Tennessee) and Medtronic instru-
mentation. All pedicle screws were inserted
following interbody graft placement during the
same operation. A percutaneous, fixed navigation
frame was placed in the posterior superior iliac
spine. Alternatively, the navigation frame can also

Table 1. Description of patients’ baseline characteristics, level fused, and
interbody placement approach.

Variable Value
Patients 42
Mean age in y (range) 56 (20-77)
Men, n (%) 22 (52)
Women, n (%) 20 (48)
Number of screws at vertebral level (%)
L1 0 (0)
L2 422
L3 16 (8.8)
L4 59 (32.4)
L5 59 (32.4)
S1 44 (24.2)
Total 182 (100)
Number of procedures
ALIF 24
LLIF 11
TLIF 4
OLIF 3

Abbreviations: ALIF, anterior lumbar interbody fusion; LLIF, lateral interbody
fusion; OLIF, oblique lateral interbody fusion; TLIF, transforaminal lumbar
interbody fusion.

be attached to a spinous process, above or below the
levels of instrumentation. Next, the O-arm intraop-
erative imaging system was brought into the field. A
360° spin was performed and the images were
transferred to the Medtronic StealthStation for
stereotactic screw guidance. Symmetric para-median
incisions were made on the basis of number of levels
to be instrumented and positioned to allow a
convergent trajectory through the pedicle into the
vertebral body (Figure 2A). The pilot holes are
drilled with a long matchstick burr within a
navigated universal drill guide. The trajectory plan,
or “virtual K-wire,” was saved on the Medtronic
StealthStation prior to removal of the drill bit.
Rather than inserting a K-wire at this point, the drill
and drill guide were removed. Using the saved plan
as a visual cue along with tactile feel, the pilot holes
were easily re-entered and tapped with an image-
guided tap. Alternatively, our preferred technique
now uses a novel “awl-tipped tap” (Figures 1 and
2B), which allows for penetration of the cortical
bone at the screw entry site, initial passage into the
pedicle, and tapping through the pedicle into the
vertebral body. This tap changes from a small to
larger diameter along its shaft; we prefer 4.5 to 5.5
mm for lumbar pedicle screws. This instrument was
inserted using a low-speed/high-torque Powerase
driver (Medtronic) that (Figure 2D and E) optimizes
navigation accuracy by limiting the displacement of
the spine associated with advancement through the
pedicle. The screws were then inserted using a
navigated screwdriver, aided by the saved trajectory
plan (Figure 2C). At this point, percutaneous rods
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Figure 1. Schematic and equipment for “K-wireless” navigated minimally
invasive pedicle screw placement: “awl-tipped tap” that allows for penetration of
the cortical bone at the screw entry site, initial passage into the pedicle, and
tapping through the pedicle into the vertebral body. This tap changes from a

were placed and any indicated compression, dis-
traction, and/or reduction maneuvers were per-
formed. A second O-arm CT scan was performed
to confirm accurate screw placement prior to
tightening of locking caps. Last, the wound was
irrigated copiously and closed in layers in standard
fashion.

Accuracy Assessment

The Gertzbein classification was used by a senior
neuro-radiologist, blinded to patient data and
outcomes, to analyze the degree of pedicle screw
accuracy (Table 2). Postinstrumentation axial views
of the lumbosacral spine along with sagittal and
coronal reconstruction images were analyzed using
OsiriX Imaging Software (Geneva, Switzerland).
Pedicles were inspected medially, laterally, superi-
orly, and inferiorly for presence of cortical breach.
Screw placement accuracy and pedicular breaches
were assessed and subdivided into Grades 0 through
3, depending on the extent of breach: 0, completely
within the confines of the pedicle; 1, pedicle wall
breach of less than 2 mm; 2, pedicle wall breach
between 2 and 4 mm; and 3, pedicle wall breach
greater than 4 mm. There were no specific inclusion
or exclusion criteria; all patients deemed appropri-
ate for placement of posterior lumbosacral percu-
taneous pedicle screws were included in our study.

RESULTS

A total of 182 pedicle screws were placed in 42
consecutive patients (22 men, 20 women) using the
stereotactic, wireless technique. Screw accuracy was
assessed using intraoperative postinstrumentation
O-arm scans in 34 patients, whereas postoperative
CT scans performed at follow-up visits were used in
8 patients. A total of 44 screws were placed in the
sacral spine (S1) and 138 in the lumbar spine (Table
3). Patient age ranged from 20 to 77 years, with a
mean age of 56 years. Radiologic assessment of
pedicle screws revealed 13 screws with a minimal
cortical breach of less than 2 mm (Grade 1), 5
screws with 2 to 4 mm (Grade 2), and no screws with
greater than 4 mm (Grade 3), whereas 164 screws

=
small to larger diameter along its shaft, and we prefer the 4.5- to 5.5-mm option
for lumbar pedicle screws. This instrument is inserted with a low-speed/high-
torque Powerase driver. All cases were performed using the O-arm cone beam
computed tomography intraoperative imaging system integrated with the
StealthStation navigation system and Medtronic instrumentation. Registration
is automatic with this system.
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Figure 2. Intraoperative pictures and with corresponding neuronavigation for “K-wireless” navigated pedicle screw placement. (A) Navigation is used to mark the
incision providing the desired convergent trajectory through the pedicle, minimizing the size of the incision needed. (B) The “awl-tipped tap” is used to make a
trajectory plan or “virtual K-wire,” followed by tapping of the pedicle, aided by the saved trajectory plan, without the need for pilot holes. (C) Screw placement is aided
by the saved trajectory plan. (D) This is repeated for each subsequent pedicle screw. (E) Percutaneous rod placement.
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Table 2. Gertzbein classification.

Grade Breach Distance
0 0 mm (no breach)
1 <2 mm

2 2-4 mm

3 >4 mm

were placed completely within the pedicle (Grade 0).
All breaches involved the lateral wall of the pedicle;
none resulted in clinically significant patient mor-
bidity immediately postoperatively or at 9-month
follow-up. The total breach rate was 9.9%, with a
clinically significant breach rate of 0% (defined as
>2-mm medial or inferior breach, or > 4-mm
lateral or superior breach). If Grade 1 breaches were
excluded, the breach rate was 2.7%. In cases where
the instrumentation scatter associated with intraop-
erative O-arm scans made the presence of a breach
questionable, the case was downgraded to simulate
the worst-case scenario for data analysis.

DISCUSSION

Pedicle screw-rod fixation was first introduced in
the 1950s by H. Boucher,?> was popularized in the
1980s, and is now the standard in adult spinal
fusion due to superior biomechanical pullout
strength and powerful segmental corrective forces,
allowing for enhanced deformity correction.?® The
traditional open pedicle screw insertion technique
requires extensive soft tissue and muscle dissection
to expose necessary bony structures and to
accommodate the angles required for screw place-
ment. In the last 15 years, minimally invasive or
percutaneous pedicle screw placement has allowed
surgeons to segmentally fixate the spine through
smaller incisions with minimal soft tissue dissec-
tion”*; multiple studies have demonstrated the
safety, efficacy, and accuracy of this technique for
internal spinal fixation.! *7:8:10:16.25°31 pereytane-
ous techniques demonstrate significant benefits to
patients via decrease in overall operative times,

Table 3. Number, degree, and direction of pedicle screw breach at each level.

pain, blood loss, risk of infection, and length of
hospital stay.!'?16:3

Whereas fluoroscopic guidance is used for accu-
rate placement of percutaneous screws, the 2-
dimensional (2D) nature of this imaging modality
is a major drawback. Pedicle screw placement, using
intraoperative navigation, provides accurate loca-
tion of the screw relative to the canal and ventral
vascular structures, in addition to medial and lateral
pedicle borders. Image-guided navigation is increas-
ingly used in the setting of spinal operations to
visualize unexposed anatomy.>*** Image-guided
spinal navigation techniques are an alternative to
the traditional use of fluoroscopy to improve
accuracy, decrease operative time, and minimize
radiation exposure.’ > Multiple studies have
shown 3-dimensional CT-based navigation to be
more accurate than traditional 2D fluoroscopic
guidance of pedicle screw placement. Steinmann et
al*” initially looked at the benefit of axial imaging in
pedicle screw placement in cadaver specimens
combining fluoroscopic 2D images with CT axial
images. They demonstrated an error rate of 5.5%
compared with 21% to 31% in numerous contem-
porary studies.’” Given that the use of CT
navigation has increased over recent years, a large
body of clinical data highlights the advantages of
CT-navigated pedicle screw placement compared
with traditional fluoroscopy.**** Waschke et al**
compared 2422 screws placed with CT navigation
with 2002 placed with fluoroscopy in the thoraco-
lumbar spine. In the lumbar spine, they showed a
statistically significant increase in accuracy from
93.9% to 96.4% in the CT-navigation group (P =
.001). Their results were even more dramatic in the
thoracic spine, where accuracy improved from
79.0% to 95.5% in the CT-navigated group (P <
001).** Luther et al* likewise demonstrated a
statistically significant increase in accuracy from
82% to 88% with CT navigation in a series of 1434
pedicle screws in 260 patients (P < .001). A recent
meta-analysis of 68 pertinent studies, including 3442

Vertebral Level Screws per Vertebral Level No. of Breaches

Direction of Breach (n) Grade of Breach (n) Breach Rate (%)

L1 0 0
L2 4 2
L3 16 3
L4 59 9
L5 59 4
S1 44 0
Total 182 18

N/A N/A 0
Lateral (2) 1(1),2(1) 50
Lateral (3) 1(1),2(2) 19
Lateral (9) 1(7),2(2) 15.3
Lateral (2), inferior (2) 14 6.8
N/A N/A 0
9.9

Abbreviation: N/A, nonapplicable.
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patients, 60 cadavers, and 43 305 pedicle screws,
came to similar conclusions. Pedicle screw accuracy
(defined as <2-mm breach) improved from 91.4%
with fluoroscopy to 97.3% with CT navigation (P <
.001).%

Percutaneous pedicle screw placement techniques
typically rely on the fluoroscopic placement of
Jamshidi (Becton, Dickinson and Company, Frank-
lin Lakes, New Jersey) needles through the pedicle
with subsequent placement of bendable K-wires to
maintain the proper path for subsequent placement
of taps and screws. K-wires, however, create some
unique technical challenges in screw placement as
well as operative risks to the patients. Although
injury via K-wire misplacement, fracture, or migra-
tion is uncommon, the potential for catastrophic
vascular or visceral injury exists and is likely
underreported. Complications reported in the liter-
ature include cerebrospinal fluid leak, retroperito-
neal hematoma, ileus, paraplegia, and one instance
of fatal cardiac tamponade.”®***® Fessler et al*’
reported K-wire fracture in 6 of 513 patients
retrospectively reviewed. Of those 6 patients, one
had a cerebrospinal fluid leak and another had
postoperative ileus, requiring a reoperation for
hardware removal. Heini et al'® reported 7 anterior
vertebral body breaches in 525 placed pedicle
screws, resulting in retroperitoneal hematoma and
ileus in 2 patients. In addition to risk to patients,
inadvertent bending and displacement of K-wires is
fairly common and can lead to prolonged surgical
time and surgeon frustration. Although data are
very limited, new K-wireless techniques are emerg-
ing that maintain the accuracy provided by K-wires
while removing their associated limitations and
risks. Spitz et al*' recently described confident
results using this K-wireless technique with a total
breach rate of 3.6%, a clinically significant breach
rate of 1.1% (Gertzbein grade 2 or 3), and a clinical
complication rate of 3.6% in a series of 100 pedicle
screws placed in 28 patients. The results of the
present study are comparable, with a total breach
rate of 9.9%, a clinically significant breach rate of
2.7% (or 0% if lateral breaches are considered
clinically significant only when >4 mm), and a
clinical complication rate of 0% in a series of 182
pedicle screws placed in 42 patients.

Although these early results regarding the accu-
racy of K-wireless technique are very promising,
direct comparison is difficult considering the limited
published data on the K-wireless technique and that

the reported breach rates for open and percutaneous
K-wire dependent techniques vary greatly within the
literature. Contributing to this challenge is the lack
of a standard for screw misplacement and postplace-
ment evaluation.** Reported breach rates for the
traditional open technique are as high as 39%. With
use of 2D fluoroscopy, breach rates via the open
technique have been reported between 5% and
23%. Breach rates for percutaneous K-wire—depen-
dent screw placement have been reported between
6.2% and 23%. The clinical complication rate, or
neurological injury, from misplaced screws using the
percutaneous K-wire method is between 2% and
12.5%, comparable with the results from the 2 K-
wireless datasets available (3.6% previously pub-
lished and 0% in the present study).*>*

In the present study, there were 18 total breaches
out of 188 pedicle screws placed, representing a
breach rate of 9.9%, or 90.1% accuracy. It is
generally accepted that lateral and superior pedicle
breaches are safer than medial and inferior breaches
due to the greater distance between neural elements
and the lateral and superior pedicle borders.
Multiple morphometric studies of lumbosacral
pedicles have helped define these anatomical rela-
tionships. A 2-mm “safe zone” in the lumbar spine
represents the epidural space, which can be reason-
ably extended to 4 mm for lateral pedicle wall
breaches given the larger mean distance between the
lateral pedicle wall and the lateral exiting nerve
root.”>>7 Of the 18 pedicle breaches in this study,
16 were lateral. The remaining 2 breaches were
inferior. Both occurred in the same patient and both
were within the safe zone (grade 1 or <2 mm).
Intraoperative O-arm imaging identified these and
corrected them at the time of surgery; the patient
did not suffer any immediate postoperative or
delayed morbidity. Of the lateral breaches, 11 were
<2 mm, 5 were between 2 and 4 mm, and none were
outside the 4-mm lateral safe zone. Planned lateral
breaches in 2 of the 4 L2 screws, frequently smaller
diameter pedicles, were likely due to the senior
surgeon’s preference to maximize screw diameter at
the expense of small lateral breaches, similar to the
“in-out-in” approach for placement of screws in the
thoracic spine. Moreover, the senior author believes
that the lateral breaches at the rostral end of
constructs can help avoid frank violation of the
adjacent facet joint or mechanical impingement of
the joint by the screwhead in extension. Future
cadaveric studies are needed, however, to provide
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objective data regarding added stability by inten-
tional Gertzbein 1 lateral breaches in the upper end
of fusion constructs. Given that our experience with
this technique continues to evolve, we believe the
accuracy of screw placement and reproducibility in
surgeons less experienced with navigation will
improve. Our routine use of the Powerease (Med-
tronic) to cannulate the pedicles with the awl-tipped
tap allows the initial passage into the pedicle with
the least amount of downward pressure and
minimal displacement of the spine, relative to the
reference frame, and therefore higher accuracy level.

This study has multiple limitations. Data were
collected prospectively from a single institution
including only one attending surgeon’s experience
using this technique. The primary surgeon special-
izes in MIS; therefore, our results might not be
representative of a broader group. Factors mitigat-
ing this limitation are as follows: half of the screws
in this series were placed by residents learning the
technique, and the patients included in this dataset
represent the first 42 patients to undergo this
technique, with presumed improvement in technique
with time and experience. A comparison with both
open and K-wire—based MIS techniques was not
made because this technique has largely replaced the
aforementioned ones in our practice. Whereas our
experience is consistent with other reports indicating
faster screw placement and overall surgery times
with both spinal navigation and K-wireless tech-
nique, screw placement time and overall operative
time data were not collected as part of our dataset.
Finally, we did not collect data regarding radiation
exposure of the patients by CT-guided navigation.
The median number of O-arm spins was 2 (range, 1
to 3) per case and radiation exposure of the patient
varied depending on patient size and corresponding
O-arm radiation setting (ie, low versus standard
versus high dose). Future studies involving CT-
guided navigation will focus on the extent of
radiation exposure compared with traditional fluo-
roscopy because this remains an important health
hazard for patients and surgeons in navigated spinal
instrumentation.

CONCLUSIONS

Percutaneous pedicle screw placement techniques
have previously relied on the use of fluoroscopy for
targeting the pedicle and subsequent tapping and
screw placement. We describe our method of
wireless screw placement using O-arm intraopera-

tive imaging and StealthStation navigation. Our
review of 182 pedicle screws placed in the first 42
patients at our institution undergoing this technique
reveals a safe, accurate, and reproducible method
with a total breach rate of 9.9%, a clinically
significant breach rate of 0%, and no complications.
Proposed benefits of this technique include elimina-
tion of the risks and technical difficulties of K-wires
and improved accuracy provided by stereotactic
navigation.
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