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Abstract

Purpose In the field of spinal surgery, 3D-fluoroscopy navi-
gation-assisted pedicle screw (PS) insertion with intra-oper-
ative 3D-image control represents a modern application of
contemporary navigation technology. In literature, sectional
or vertebral accuracy limitations of this image-guidance
approach are not profoundly specified. This observational
study explicitly differentiates accuracy rates and misplace-
ment mode between spinal sections and single vertebrae from
T10 to S1 using a navigation-assisted approach.

Methods From February 2011 through July 2015, all 3D-
fluoroscopy navigation-assisted, 3D-image controlled PS
insertions from T10 to S1 were prospectively recorded and
evaluated for PS insertion depth, angulation, and entering-
point modifications after intraoperative O-arm control
scanning. Major complications requiring revision surgery
for neurological damage/major bleedings, and procedure-
related unintended violations of anatomical structures were
recorded.

Results In 1547 navigation-assisted PS insertions, thora-
columbar accuracy (96.4%) was significantly higher than
sacral accuracy (92.6%, p =~ 0.007) due to special
requirements to exact PS (insertion depth) in Sl1
(p < 0.001). Vertebrae with modification rates above
average were identified (T10, L5-S1) (p < 0.001). Major
complications did not occur, anatomical structures were
violated in 1.2% (19/1547 PS insertions).
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Conclusions In navigation-assisted O-arm-controlled PS
placements, correct PS insertion depths are less easily to
achieve than correct trajectory or entering-points, which is
important for bicortical PS anchorage in S1. Therefore,
post-instrumentation PS control by 3D-imaging or at least
intraoperative fluoroscopy is recommended for levels with
special requirements to exact PS insertion depths (e.g. S1).

Keywords Navigation - O-arm - Pedicle screw -
Accuracy - Misplacement

Introduction

Pedicle screw (PS) instrumentations of the thoracolumbar
spine and sacrum are generally performed using a single
C-arm. With this technique, undetected screw misplace-
ments can occur in considerable frequency. In a meta-
analysis, misplacement rates of 21% are reported for the
lumbar spine [1]. However, misplaced screws do not
always have consequences for the patient. Depending on
the definition of “misplacement”, “suboptimal” and
“harmful” positions have to be distinguished. Only harm-
ful screw positions need to be corrected. Revision surgery
rates due to PS fail positions account for about 5% [2].
Progressive technology, like computer-assisted navigation,
helps to improve insertion accuracy [3, 4]. In first-gener-
ation navigation systems, pre-surgical computed tomogra-
phy (CT) scans served as reference after intraoperative
surface matching, but time-consuming matching proce-
dures and technical requirements reduced their attractive-
ness. After years of technological innovations, the accuracy
of 3D-navigation with available C-arms still was limited by
artefact-related blurred imaging, which impeded clear
identification of secure pedicular corridors in contrast to
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closely neighbouring neurological structures of the spinal
canal. Furthermore, adequate positional PS control neces-
sitated a post-surgical CT scan [5-7], since the principle of
summation imaging in plain radiography or C-arm fluo-
roscopy only provided inaccurate information. Modern 3D-
fluoroscopy scanners, e.g. the O-arm, generate images of
almost CT scan quality in the operating theatre. Adequate
imaging quality helps to detect hazardous screw mis-
placements and is an important prerequisite to replace post-
surgical CT scans and decrease the number of implant-
related revision surgeries [8, 9]. But although advancing
technological progress helped to make surgical procedures
safer, PS misplacements are still an issue [9, 10]. Espe-
cially anatomically demanding spinal sections seem to
have an impact on accuracy in image-guided procedures.
Varying misplacement rates in thoracic and lumbar verte-
brae [1, 3, 9, 11, 12] may be due to characteristic
anatomical features affecting insertion accuracy or mis-
placement mode in navigated procedures. A thoracic ver-
tebra’s pedicle usually is narrow, curved, and sagittally
angulated in cephalad-caudad direction before it merges
with the rear of the vertebral body [13]. A lumbar verte-
bra’s pedicle is hardly curved, broader, and sagittally less
angulated. Sacral pedicles usually have bigger diameters,
and are convergently angulated in the axial plane.

This study evaluates the accuracy and safety of 3D-
navigation-assisted O-arm-controlled PS applications from
the lower thoracic spine to the lumbosacral transition with
regard to rate and mode of screw misplacements to detect
section- or vertebra-specific differences.

Materials and methods

From February 2011 to July 2015, all thoracic and lum-
bosacral levels with at least 20 PS applications using the
combination of navigation unit plus O-arm (StealthStation
S7 Surgical Navigation System, O-arm®, Surgical Imaging
System, Medtronic Sofamor Danek, Memphis, TN, USA)
for image-guided screw insertion and post-instrumentation
control were included in this clinical cohort study accord-
ing to a prospective non-blinded study design. Surgeries
were performed by the two authors in almost equal con-
tribution. Only the second author had prior experience with
navigated procedures (Iso-C-3D fluoroscopy). All subjects
gave their written informed consent after having obtained
information about the use of an O-arm and navigation unit
for inserting PSs.

Surgical technique

Patients were in prone position under general anaesthe-
sia. After soft tissue dissection, the navigation reference

clamp was fixed to a spinous process in the caudad end
of the surgical field. For navigation data acquisition,
ventilation was interrupted during O-arm scanning to
prevent poor image quality due to minor trunk move-
ments and to obtain a high level of accuracy. In our
approach, real-time tool tracking in the sagittal,
transaxial, and coronal plane plus fluoroscopic antero-
posterior view was used for preparing PS beds with the
navigated awl and probe. The navigated probe helped to
determine screw diameters and lengths by calibrated
virtual display on the StealthStation monitor. In cases of
osteosclerosis, additional non-navigated thread cutting
was performed. For PS application a non-navigated
screwdriver was used (navigation-assisted technique). PS
instrumentations were performed without the assistance
of K-wires. After spinal instrumentation, a second scan
was performed for finally controlling PS positions. When
the surgeon detected relevant implant malpositions in
two- or three-dimensional visualization, screw modifi-
cations were performed, instantly. Only after PS
replacement or modification of a screw’s starting point
or angulation (=trajectory), another scan was carried out
as final control.

Criteria for intraoperative PS modifications

General criteria for performing PS corrections were an
insufficient vertebral anchorage with the risk of subse-
quent instability of the whole instrumentation (<75% of
maximum trajectory length, missed bicortical sacral
anchorage, extrapedicular/extravertebral screw position
(axis of screw body outside the pedicle/vertebra)), or the
harmful violation of anatomical structures, i.e. unin-
tended (cephalad) facet joint lesions, perforations into
the spinal or a nerve root canal, or the non-respect of a
vertebra’s anterior cortical limit with potentially haz-
ardous effects for big retroperitoneal vessels. Concrete
criteria for the decision making process on whether to
perform PS modifications are given in Table 1. Screw
corrections were recorded post-surgically concerning
modifications of a screw‘s vertebral entering point, its
angulation, insertion depth into the vertebra, or combi-
nations of these.

For this observational study, the STROBE statement
was followed.

Statistical analysis

Values were expressed as mean and standard deviation of
the mean. Student’s ¢ test was used for comparing contin-
uous variables, and Chi-square test for categorical variables
(significant at a p < 0.05 level). SPSS 15.0.1 for Windows
was used for analyses.
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Table 1 Classification of pedicle screw misplacements and their potential hazardous effects including criteria for screw position modifications

Mode of error

Structural damage due to... [tissue at risk]

Instability due to...

Insertion depth error
a) Deviating contact to tissue (1)

b) Non-deviating contact to tissue (2)

c) Contact to tissue is likely (2)

Angulation error Convergence [spinal canal]

a) Centre of screw axis in spinal canal (1)
b) Centre of screw axis intrapedicular (2)

Caudalisation [nerve root canal]

Extensive insertion depth [retroperitoneal vessels]

Insufficient insertion depth

a) <75% of maximum trajectory length (1)
b) >75% of maximum trajectory length (2)
Missed bicortical sacral anchorage (1)
Divergence

a) Centre of screw axis extravertebral (1)
b) Centre of screw axis intravertebral (2)

a) Centre of screw axis extrapedicular (1)

b) Centre of screw axis intrapedicular (2)

Cranialisation [intervertebral disc]

a) Centre of screw axis extrapedicular (1)

b) Centre of screw axis intrapedicular (2)

Entering error Starting point [facet joint]

a) Screw body in contact with joint line (1)

b) Screw body perforates articular process (2)

Pedicular deviation
a) Centre of screw axis extrapedicular (1)

b) Centre of screw axis intrapedicular (2)

(1) Modification obligatory, (2) modification optional
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Fig. 1 Distribution of 1547 navigated pedicle screws (T10-S1).
Percentages display modification rates per vertebral level, absolute
figures show number of screws modified per screws inserted in single
vertebrae. Modification rates of T11-L4 are significantly lower than
those of T10 and L5-S1 (p < 0.001). T indicates thoracic vertebra,
L lumbar vertebra, S sacral vertebra

Results

A total of 306 patients with a gender ratio of 188:118
(female:male), and an average age of 61.1 &+ 12.5 years
were treated using O-arm based 3D-image-guidance for
inserting 1547 PSs (Fig. 1). Baseline characteristics and
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Table 2 Baseline characteristics of 306 patients

Age (years) 61.1 £ 12.5¢
Sex (female/male) 188/118
Underlying diagnoses” n (%)
Degenerative disc disease 196 (64.0)
Spondylolisthesis 81 (26.4)
Spinal stenosis 69 (22.5)
Scoliosis 39 (12.7)
Kyphosis 24 (7.8)
Fracture 17 (5.6)
(Spondylo-)discitis 5 (1.6)
Tumor 2 (0.6)
Revision surgery 108 (35.3)

% Mean =+ standard deviation

® Multiple diagnoses were possible. Therefore, the percentages do not
add up to 100

underlying diagnoses are given in Table 2. Screws were
inserted either primarily to stabilize spinal pathologies
[1059/1547 screws (68.5%)] or secondarily to address
postoperative sequelae of previous surgeries, e.g. adjacent
segment pathologies, spinal canal re-stenosis requiring
stabilization, etc. [488/1547 screws (31.5%)]. Intraopera-
tive data acquisition for navigation was successfully per-
formed in all cases. After having controlled PS positions
with a 3D-scan, 30 additional post-modification scans were
conducted in 306 surgeries, indicating a control-scan rate
of 1.1 per surgery. All modifications were done during the
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Table 3 Overall number and rate of screw misplacements specified into kind of misplacement and instrumented spinal section

Total 1547 (100 %)
Correct placement 1481 (95.7 %) T10-T12 L1-L6 S1
Misplacements 66 (4.3 %) 2/91 (2.2 %) 45/1198 (3.8 %)  19/258 (7.4 %)
Insertion depth error 38 (57.6 %) 23 (1.9 %)° 15 (5.8 %)°
Too deep 14 (212 %)* 4(0.3 %)° 10 (3.9 %)°
Too short 24 (36.4 %) 19 (1.6 %)° 5(1.9%)°
Angulation error 23 (34.8 %)? 1(1.1%)° 19 (1.6 %)° 3(1.2%)°
Too divergent 21 (31.8 %) 1(1.1 %) 17 (1.4 %)° 3(1.2%)"
Too cranial 1(1.5%)" 1(0.1%)°
Too caudal 1(1.5%)" 1(0.1%)°
Entering point error 5 (7.6 %)* 1(1.1%)° 3(0.3 %)° 1(0.4)°
Sectional accuracy 97.8 % 96.2 % 92.6 %
| | | |
p~0.44 p~0.01
| |
p=0.07

Bold values indicate Significance was reached at a p < 0.05
T indicates thoracic vertebra, L lumbar vertebra, S sacral vertebra
* The percentages are based on the total number of modified screws

® The percentages are based on the total number of inserted screws

same procedure. Revision surgeries for PS corrections were
not indicated.

Efficacy outcomes

Sixty-six navigated PSs were modified after identifying
harmful positions or insufficient vertebral anchorage in
control scans, representing an accuracy of 95.7%. Number,
rate, and misplacement mode of modified screws are given
in Table 3 including a subdivision into spinal sections and
sectional accuracy rates. Chi-square test showed depen-
dency of modification rates on spinal sections (p =~ 0.02)
with statistically significant differences between lumbar
and sacral accuracies (p =~ 0.01). Comparison of mis-
placement mode and spinal section revealed significant
dependencies only for insertion depth errors (p < 0.001,
Table 4).

Modification rates below average (p =~ 0.02) were seen
in the thoracolumbar transition (T11: 3.1%, T12: 0.0%, L1:
2.9%, 1.2: 2.6%), and mid-lumbar spine (L3: 2.9%, L4:
2.2%). Modification rates above average (p ~ 0.04) were
identified in T10 (4.5%), and the lumbosacral transition
(LS5: 5.8%, L6: 4.5%, S1: 7.4%, Fig. 1). Misplacement
rates were significantly different between these groups

(p < 0.001) due to insertion depth errors, that occurred
significantly more often in vertebrae with misplacement
rates above average (p < 0.001, Table 5).

Safety outcomes

Implant-related neurological damage or major bleedings
were not seen. Violations of anatomical structures occurred
in 1.2% of PS insertions, reflecting 29% of modifications
[14/38 insertion depth modifications with 10 conversions to
shorter screws and 4 insertion depth reductions, 2/23
angulation corrections for penetrations into the cephalad
adjacent disc or a nerve root canal, and 3/5 starting point
alterations for penetration into the spinal (n = 2), or a
nerve root canal (n = 1)], without clinical impact accord-
ing to postsurgical neurological deterioration, relevant
blood loss or revision surgery. Seventy-one percent of
modifications were performed to enhance a screw’s pull-
out strength (24/38 insertion depth modifications, 21/23
angulation corrections, 2/5 entering point alterations).
Procedure-specific complications, like intraoperative col-
lisions of patient and O-arm, or neurological deficits related
to the duration of breath-arrest while scanning the surgical
field, were not observed.
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Table 4 Contingency tables on dependencies between misplacement mode and spinal sections. Only for misplacements concerning insertion

depth significance results from Chi-square tests

Misplacement mode T10-T12 S1 L1-L6
Misplaced screws 0 15 23
Insertion depth error 1<0.001
Correct screws 91 243 1175
l l |
p=0.02 p<0.001
Misplaced screws 1 3 19
Angulation error p~0.84
Correct screws 90 255 1179
[ | |
p=0.96 p=0.61
Misplaced screws 1 1 3
Entering point error ~0.38
Correct screws 90 257 1195
| l |
p=0.44 p=0.70

Bold values indicate Significance was reached at a p < 0.05
T indicates thoracic vertebra, L lumbar vertebra, S sacral vertebra

Table 5 Number and rate of misplaced and correctly placed pedicle screws in groups of vertebrae with high/low modification rates (HMR/LMR;
above/below average of 4.3%). Significant differences between groups were found for the rate of insertion depth errors

HMR vertebrae

LMR vertebrae Significance

(T10, L5, L6, S1) (T11-L4) (Chi-square test)
Fail screw positions 47 (6.3%) 19 (2.4%) p <0.001
Correct screw positions 705 (93.7%) 776 (97.6%)
Insertion depth error 29 (3.9%) 9 (1.1%) p < 0.001
Angulation error 16 (2.1%) 7 (0.9%) p = 0.06
Entering point error 2 (0.3%) 3 (0.4%) p = 0.70

Bold values indicate Significance was reached at a p < 0.05
T indicates thoracic vertebra, L lumbar vertebra, S sacral vertebra

Discussion

The classification most commonly used for describing PS
accuracy is the 2-mm increment deviation classification
[4, 14]. Tt describes pedicular screw misplacements, but is
not appropriate to classify other misplacement modes like
angular or insertion depth errors, and it does not inform
about the quality of PS anchorage in the vertebral body.
Authors, who used this classification system concentrated
on the description of a screw’s location relative to the

@ Springer

pedicle or on the degree of “tip-out” misplacement related
to the anterolateral vertebral margin. Under these condi-
tions, image-guided techniques have proven to offer lower
PS malposition rates compared to non-navigated approa-
ches [1, 3, 8, 12, 15-19]. Furthermore, with the evolution
of 3D-navigation excessive PS deviation from the safe
pedicular corridor has become a rare event [20]. Although
it is not yet validated, the classification in our study
(Table 1) goes beyond a mere rating scheme for pedicular
malpositions, as navigated screw insertions need a more
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complex contemplation. We could show that insertion
depth errors (n = 38) were a major part of misplacements
that have occurred even more frequently than pedicle
breaches (n = 17) in our approach of navigation-assisted
pedicle screw insertions from T10 to S1. Compared to a
meta-analysis on the accuracy of different image-guidance
systems for lumbar PS insertions comprising 7533 navi-
gated screws [14], our accuracy of 95.7% still excelled CT-
based image-guidance, and matched the results of other
3D-fluoroscopy-based navigation techniques. Silbermann
et al. found an accuracy of 99% with an O-arm based
navigation technique for lumbar and sacral vertebrae in 37
patients, but considered pedicular perforations of up to
3 mm still being inside the “safe zone” [8]. This shows
how difficult accuracy comparisons are, as generally
accepted thresholds or definitions for accuracy calculations
do not exist, yet.

Evaluating misplacement rates in every single vertebra
from T10 to S1 helped to define vertebrae with low (T11-
L4), and high misplacement rates (T10, LS, L6, SI).
Between those two groups, significant differences con-
cerning the rate of insertion depth errors (p < 0.001) were
found (Table 5) similar to those between S1 and thoracic/
lumbar sections (Table 4). This results in statistical
dependency not only between modification rate and ver-
tebrae/spinal sections, but also between modification mode
(insertion depth error) and spinal sections/a group of ver-
tebrae in our approach of navigation-assisted PS insertions.
Vertebra-specific misplacement rates similar to ours were
reported in a series of 2422 navigated PSs from T10 to L4,
with lower rates being reported for L5-S1 due to a pedicle-
breach-specific definition of “misplacement” [19]. Rivkin
and Yocom reported on higher misplacement rates in L5
during 3D image-guided PS insertions and identified
insertion depth errors to make up 80% of their L5-mis-
placements which we did not experience in this extent [21].

A multicenter study on O-arm based StealthStation
navigation reports a misplacement rate of 2.5% after
insertion of 1922 thoracic, lumbar, and sacral PSs in 353
patients [18]. Only 1.8% of screws were revised during the
same procedure. The authors used a navigated screwdriver
after navigated tapping and probing with an insertion depth
misplacement rate of only 0.26%. None of these needed
correction. With our technique of using a non-navigated
screwdriver, however, a major part of corrections was due
to insertion depth errors (57.6%) showing highest fre-
quencies in S1 (Table 4). As only in sacral levels bicortical
screw placement was a pre-defined criterion for acceptable
PS positions (Table 1), insufficient insertion depth required
correction until bicortical screw fixation was attained.
Therefore, insertion depth modifications were always
obligatory corrections in S1 (n = 15), whereas in lumbar
levels, 19 of 23 insertion depth modifications were

optional, performed to “perfect” the surgical result after
O-arm scanning which certainly motivates for expendable
amendments [12]. A navigated screwdriver or intraopera-
tive fluoroscopy, therefore, are dispensable in lumbar
levels, but should be recommended for S1-PS insertions.
Kleck et al. did not find significant differences in accuracy
with or without a navigated screwdriver in 158 thora-
columbar PS insertions, but they did not investigate sacral
screw applications [22].

As thoracic vertebrae generally have small pedicle
diameters with a “curved design” [13], pedicular malpo-
sitions were estimated to occur more frequently in thoracic
than in, e.g. sacral vertebrae. In our approach, the proba-
bility of missing thoracic pedicles due to angulation or
entering point errors was not significantly higher than
missing the broader sacral pedicles (1/91 versus 3/258,
p =~ 0.96, and 1/91 versus 1/258, p ~ 0.43), indicating
safe navigation-assisted screw insertions despite narrow
pedicles due to high angulation and entering point accu-
racy. The weak point of navigation-assisted PS placement
is an insufficient control over correct insertion depth (=-
longitudinal PS positioning) which is required in S1 to
guarantee bicortical fixation.

Further analysis did not show correlations between
screw misplacement rates and preoperative diagnosis.

Similar to our revision surgery rate for misplaced screws
of 0%, reliable image-guided screw insertions were
reported by Zausinger et al. after iCT (intraoperative
Computed Tomography) image-guided surgery in a volume
of 414 navigated screws [23], by Amiot at al. who inserted
294 PSs with computer assistance [15], by Shin et al. using
O-arm based navigation to place 106 PSs [17], by Larson
et al. inserting 984 O-arm navigated PSs from T1-S1 in
pediatric patients [12], by Tormenti et al. after CT-based
image-guidance of 164 thoracolumbar PSs [11], and by
Mathew et al. after insertion of 104 PSs using O-arm based
navigation [24].

We did not experience neurological or vascular com-
plications. In literature, neurovascular damage is reported
to be a rare event in navigated procedures. Shin et al.
reported on one screw-related neurological deficit in 106
O-arm navigated thoracic, and lumbosacral PSs [17]. In a
retrospective study including 1084 3D-image-guided tho-
racolumbar PS insertions, no vascular complications, and
two nerve root injuries occurred in 220 consecutive
patients [25].

A limitation of our study is that observations are
restricted to posterior instrumentations from T10 to SI.
These vertebrae were the ones most frequently instru-
mented in our institution during the recruiting period. To
avoid false conclusions due to small sample sizes we
excluded levels with less than 20 navigated and O-arm
controlled PS insertions from considerations. This was the
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case for all cervical and thoracic vertebrae above T10.
Another limitation is the fact, that assessment of images for
identifying misplaced screws was performed by the sur-
geons themselves.

Conclusions

This is the first clinical study with a large volume of image-
guided PS insertions in T10 to SI that delineates limita-
tions of a navigation-assisted approach for PS placement. It
highlights that an exact longitudinal positioning of pedicle
screws—as required, e.g. in bicortical applications in sacral
levels—is dependent on intraoperative radiological control
by fluoroscopy or 3D-scanning after navigation-assisted PS
application, whereas trajectory and entering point naviga-
tion are reliably performed with this approach. In thoracic
or lumbar vertebrae, exact insertion depth is less crucial
than finding the correct trajectory and entering point, which
makes navigation-assisted PS application a safe procedure
in this field. For sacral applications, however, this approach
seems less suitable. Whether a navigated screwdriver may
help to reliably find correct insertion depths without radi-
ological control has to be investigated in further studies.
This may lead to the general recommendation to use a
navigated screwdriver for S1-applications in image-guided
PS instrumentations.
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