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ABSTRACT

Background: For complex spinal cases, especially when robotic guidance is used, preoperative planning of
pedicle screws can be helpful. Transfer of these preoperatively planned pedicle screws to intraoperative 3-
dimensional imaging is challenging because of changes in anatomic alignment between preoperative supine and

intraoperative prone imaging, especially when multiple levels are involved. In the spine, where each individual
vertebra is subject to independent movement from adjacent level, rigid image fusion is confined to a single
vertebra and can display fusion inaccuracies on adjacent levels. A novel elastic fusion algorithm is introduced to

overcome these disadvantages. This study aimed to investigate image registration accuracy of preoperatively
planned pedicle screws with an elastic fusion algorithm vs. rigid fusion for intraoperative placement with image-
guided surgery.

Methods: A total of 12 patients, were selected depending on the availability of a preoperative spinal

computed tomography (CT) and an intraoperative AIRO CT scan (BrainLAB AG, Munich, Germany) of the
same spinal region. To verify accuracy differences between rigid fusion and elastic fusion 76 bilateral screw
trajectories were virtually defined in the preoperative CT image, and they were transferred via either rigid fusion

or elastic fusion to the intraoperative CT scan. Accuracy of the transferred screws in the rigid and elastic fusion
group was determined by measuring pedicle breaches on the intraoperative CT.

Results: In the rigid fusion group 1.3% of screws showed a breach of less than 2 mm, 9.2% showed

breaches between 2 and 4 mm, and 18.4% of the screws showed an error above 4 mm. The elastic fusion group
showed no breaches and provided high accuracy between preoperative and intraoperative screw placement.

Conclusion: Elastic fusion provides high registration accuracy and represents a considerable step towards
efficiency and safety in CT-based image-guided surgery.

Level of Evidence: 3.

New Technology

Keywords: screw placement, 3D-NAV, pedicle screw, AIRO, intraoperative CT, navigated spine surgery, image-guided
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INTRODUCTION

For complex spine cases with challenging anato-

my it may be beneficial to preplan screws on a

preoperative computed tomography (CT) scan and

then transfer by coregistering these screws to the

intraoperative CT scan for navigated or robotic

placement of screws. This can accelerate the

intraoperative workflow, because the surgeon does

not have to plan or assess the pedicle screw position

in the OR and can rely on a preoperative plan.

Especially for robotic navigation systems preoper-

ative planning is used routinely. Rigid image fusion
is linked to static anatomic structures. Due to
different patient positioning in the preoperative
(supine) and the intraoperative (prone) stages, the
accuracy of this software can be diminished.
Therefore, the user has to perform several image

fusions for the different segments of the spine to
gain an accurate coregistration of the preoperatively
planned screws. This is time-consuming, and there-
fore, not applicable for most surgeries. BrainLAB
has developed an elastic fusion software, which can
fuse 2 data sets accurately over the whole spine and
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thereby compensate for different patient positioning
in the preoperative and the intraoperative setting.
The software is capable of fusing the preoperative
data set to the intraoperative data set and thereby
transforming the curvature so that it matches over
all the vertebrae along the spine with the patient
position of the intraoperative data set. Until now,
this coregistration was performed with rigid fusion
software, which can fuse 2 data sets in a predefined
region of interest (ROI). The aim of the study is to
compare the performance of the rigid fusion
software to the elastic fusion software. With this
comparison, we want to evaluate if elastic fusion
would allow for an accurate, reliable, and efficient
coregistration and transfer of preoperatively
planned screws to the intraoperative setting, to be
used for image-guided surgery.

METHODS

Data Collection

A retrospective single-center study of 12 (3
female, 9 male) patients who underwent instrument-
ed fusion was performed (Weill Cornell Medical
College Institutional Review Board/Ethics Commit-
tee approval protocol number 0806009851).

The indication for surgery was spondylolisthesis
and spinal canal stenosis. Patients were positioned
prone onto a Jackson table. The median age of our
patients was 71 years (range, 36–84 years) and the
average body mass index was 27 kg/m2.

All patients had preoperative CT scans. Screw
positioning was planned on preoperative CT scans.
Screws were then coregistered with the 2 different 3D
navigation software programs. Each screw was
coregistered with rigid fusion (Elements Image Fusion
3.0) and with elastic fusion (Elements Curvature
Correction Spine 3.0). Please note that we were using
2 CT scans (preoperative and intraoperative) in order
to have the same ROI from the same patient. Between
2 and 4 levels have been planned virtually on the
thoracolumbar spine. The study was conducted with
virtually planned screws in order to understand the
clinical difference of rigid fusion (Elements Image
Fusion 3.0) and elastic fusion (Elements Curvature
Correction Spine 3.0).

Steps of Approach

We collected preoperative CT scans and intraop-
erative CT scans from 12 patients who underwent
spinal surgery unrelated to this study

1. Pedicle screws were preplanned manually in
the preoperative CT scan

2. The preoperative CT scans (including screws)
were fused to the intraoperative CT scan:
a. With rigid fusion
b. With elastic fusion

3. Screw accuracy of the planned and then
virtually transferred pedicle screws in the
intraoperative CT scan was analyzed with
DICOM Viewer

4. To quantify the measured breach, we used the
Gertzbein1 criteria:
a. In the rigid fusion plan
b. In the elastic fusion plan

The basic difference between elastic and rigid
fusion is that the methods used to determine the
elastic fusion encompass the methods used to
calculate the rigid fusion for each vertebra. Similarly
to rigid fusion, each region of interest in elastic
fusion is considered separately but will also take the
results of the adjacent previous ROIs into account.

The fusion calculation acquired for a certain
vertebra assists as contribution for the following fusion
of the adjacent vertebra. This method gives a number
of vertebra-specific rigid fusions which are necessary to
define a nonrigid deformation field in elastic fusion.2,3

Radiologic Evaluation

We performed a blinded evaluation of all
coregistered CT scans. The 3-dimensional (3D)
navigation system was used to determine the
accuracy of the virtually planned pedicle screws.
The images have been constructed in the axial,
sagittal, and coronal planes. The CT scans were
evaluated using the grading system described by
Gertzbein et al1,4 previously: grade 0: perfect screw.
The screw is within the cortical margins. Grade 1:
for perforation distance between 0 and 2 mm. Grade
2: perforation distance between 2 and 4 mm. Grade
3: perforation distance greater than 4 mm. The
accuracy of each individual screw was graded in
rigid fusion and elastic fusion (Figure 1).

Lateral perforation distance is the distance in the
axial plane between the lateral cortex of the pedicle
and the outer lateral margin of the screw threads.
Medial perforation distance is the distance in the
axial plane between the medial cortex and the
medial outer margin of the screw threads. Coronal
perforation distance is the distance of the pedicle to
the outer margin of the screw threads.
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RESULTS

Between 2 and 4 levels were evaluated (2 levels: n¼1

[8%], 3 levels: n ¼ 8 [67%], 4 levels: n ¼ 3 [25%]).

Screws were placed in thoracic and lumbar spine. The

76 pedicle screws in our 12 patients were visualized on

CT scans with the DICOM viewer to enable an
accuracy assessment.

Rigid Fusion

Based on the grading system described by
Gertzbein et al,1 in the rigid fusion group 54 screws

Figure 1. Flowchart describing our technique in comparing rigid and elastic fusion. First, screws are planned using a preoperative computed tomography (CT) scan,

then the planned screws are transferred to the intraoperative AIRO CT scan with rigid fusion and with elastic fusion. There is a 71% accuracy rate of preoperative

planned screws in rigid fusion and a 100% accuracy rate of preoperative planned screws in elastic fusion.

Schmidt et al.
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(71%) were grade 0, 1 (1.3%) was grade 1, 7 (9.2%)
were grade 2, and 14 (18.4%) were grade 3 breaches.
We differentiated between medial and lateral as well
as cranial and caudal breaches. Screw perforation
occurred medially 3 times and laterally once. A total
of 16 screws had a caudal breach and 6 a cranial
breach (Table).

Elastic Fusion

In the elastic fusion group no breach occurred in
the sagittal, coronal, or axial plane. Each of the 76
screws reached grade 0 (Table).

DISCUSSION

Our quantified analysis of the screw positions
showed that 29% of the rigid fusion patients
experienced suboptimal screw trajectories in the
intraoperative CT scan. Therefore, these screw
trajectories could not be used for image-guided/
robotic surgery and would have to be replanned in
the operating room (OR), leading to additional OR
time. This screw misplacement rate did not appear
in line with the numbers quoted in previous
reports.5–8 However, elastic fusion showed an
accuracy rate of 100%, with none of the screws
demonstrating a significant breach.

In this study, we demonstrated that rigid fusion
can only be applied in a local ROI. Thereby only
preplanned screws within this ROI are coregistered
accurately, whereas screws outside of this ROI can
be coregistered inaccurately (Figures 2 and 3). The
resulting inaccuracy is a function of the difference of
spinal curvature between the 2 data sets. Curvature
between 2 data sets can differ mainly because of
positioning (supine position in the preoperative
imaging and prone in intraoperative imaging). If
the curvature does not differ greatly, the surgeon
might be able to coregister screws outside the
defined ROI. However, if the curvature does differ,
this is no longer possible, and multiple ROIs have to
be defined. Furthermore, multiple fusions have to be
performed to transfer all screws. This is time-
consuming and most likely not feasible within

clinical practice. To measure this effect and to

analyze the benefit of the elastic fusion method, we

fused several pairs of data sets with the rigid fusion

using only 1 ROI. Subsequently, the breaches of the

screws after coregistration were measured. We

subsequently found that breaches of the screws are

a function of the difference in the curvatures

between the preoperative and intraoperative data

sets. This further highlights the utility of the elastic

fusion method for preoperative screw planning for

navigation.

Elastic fusion provides fusion of preoperative

magnetic resonance imaging or CT scans and

intraoperative CT image data with a median error

below 1.34 mm.9,10 In contrast to rigid fusion,

elastic fusion automatically calculates individual

rigid fusions for each vertebra and from these results

interpolates a single 3D deformation field that

simultaneously matches all vertebrae in the fused

images.2,3 This leads to a level-by-level coregistra-

tion.11

The real benefit of elastic fusion hinges on its

efficiency. Preoperative position planning of the

screws is feasible and more attractive especially in

longer constructs (Figure 4). In our experience,

elastic fusion with the intraoperative CT was

efficient and easy to implement. The fact that screws

could be planned preoperatively supports shorter

OR time and improved workflow. The future in

navigation will continue to evolve over the coming

years. Software improvements, such as the one

described here, will be instrumental in advancing the

field of spinal navigation.

LIMITATION

This paper outlines an initial, single-institution

evaluation of virtually planned screws, relying on

quantitative analyses of retrospective patient data.

The results are based on a single output value,

breach accuracy. A comprehensive, prospective

cohort study with more patients to determine screw

accuracy will be needed.

Table. Type and direction of pedicle breaches in rigid fusion (note: a breach could have more than 1 direction).

Breach Axial Breach Coronal Breach Sagittal Breach Medial Lateral Cranial Caudal Total, No. (%)

Grade 0 — — — — — — — —
Grade 1 1 2 2 1 — — 2 1 (1.3)
Grade 2 2 9 6 2 — 3 4 7 (9.2)
Grade 3 — 6 13 — 1 3 10 14 (18.4)
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Figure 2. Figure showing coregistration of planned screws to intraoperative computed tomography (CT) scan for navigation with rigid fusion. Accuracy is not shown

in every level.

Schmidt et al.
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Figure 3. Figure showing coregistration of planned screws to intraoperative computed tomography (CT) scan for navigation with elastic fusion. Accuracy is shown

throughout all levels.

Figure 4. Flowchart illustrating the workflow of preoperative screw position planning with elastic fusion. Step 1: preoperative computed tomography (CT) acquisition

in supine. Step 2: preoperative screw planning on CT on office computer. Step 3: intraoperative AIRO CT in prone. Step 4: coregistration/transfer of planned screws to

intraoperative AIRO CT scan for navigation.
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CONCLUSION

The elastic fusion software enables reliable,
accurate, and fast coregistration of preplanned
screws. In our series of virtually planned screws it
shows the potential to increase the efficiency and
accuracy in the OR and make preoperative planning
more beneficial for image-guided surgery and
robotic surgery.
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