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BACKGROUND: Intraoperative cone-beam computed tomography (iCBCT) allows for
rapid 3-dimensional imaging. However, it is currently unknown whether this imaging
technique offers sufficient accuracy for stereotactic registration during deep brain stimu-
lation (DBS) procedures.
OBJECTIVE:Todetermine theaccuracyof iCBCT,with theO-armO2 (Medtronic), for stereo-
tactic registration by comparing thismodality to stereotacticmagnetic resonance imaging
(MRI).
METHODS: All DBS patients underwent a preoperative non-stereotactic 3 Tesla MRI,
stereotactic 1.5 Tesla MRI, stereotactic O-arm iCBCT, postimplantation O-arm iCBCT,
and postoperative conventional multidetector computed tomography (CT) scan. We
compared stereotactic (X, Y, and Z) coordinates of the anterior commissure (AC), the
posterior commissure (PC), and midline reference (MR) between stereotactic MRI and
iCBCT. For localisation comparison of electrode contacts, stereotactic coordinates of
electrode tips were compared between the postoperative multidetector CT and iCBCT.
RESULTS: A total of 20 patients were evaluated. The average absolute difference in stereo-
tactic coordinates of AC, PC, and MR was 0.4 ± 0.4 mm for X, 0.4 ± 0.4 mm for Y, and 0.7 ±
0.5 mm for Z. The average absolute difference in X-, Y-, and Z-coordinates for electrode
localisation (N= 34) was 0.3± 0.3 mm, 0.6± 0.3 mm, and 0.6± 0.6 mm. These differences
were small enough not to be considered clinically relevant.
CONCLUSION: Stereotactic MRI and O-arm iCBCT yield comparable coordinates in
pre- and postoperative imaging. Differences found are below the threshold of clinical
relevance. Intraoperative O-arm CBCT offers rapid stereotactic registration and evalu-
ation of electrode placement. This increases patient comfort and neurosurgical workflow
efficiency.
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D eep brain stimulation (DBS) is a
surgical technique applied for both
movement disorders and psychiatric

disorders.1-4 Therapy success is closely linked
to accuracy of electrode placement. Placement
accuracy is determined by the total error of
individual contributing procedural compo-
nents. In a contemporary DBS workflow, at

ABBREVIATIONS: AC, anterior commissure; CT, computed tomography; DBS, deep brain stimulation; FOV, field
of view;HD, high definition; iCBCT, intraoperative cone-beam computed tomography; kV, kilo voltage;MPRAGE,
magnetization-prepared rapid gradient-echo; MR, midline reference; MRI, magnetic resonance imaging; PC,
posterior commissure; PD, Parkinson’s disease; SD, standard deviation; TE, echo time; TR, repetition time; TSE,
turbo spin echo

least the following contributing factors must
be taken into account: the platform used for
placement (stereotactic frame), stereotactic
imaging, co-registration, and intraoperative
imaging.5 Due to imaging advancements, DBS
teams have the possibility to adapt these factors.
Although improvement of surgical workflow
and patient comfort is pursued by these
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adaptations, stringent evaluation before definite implementation
is mandatory.
We recently implemented the use of cone-beam computed

tomography (O-arm O2 Imaging System; Medtronic Inc,
Dublin, Ireland) during DBS procedures. In recent years, the
O-arm system has shown to provide sufficient accuracy for intra-
operative electrode localisation.6-8 However, stereotactic imaging
using the O-arm for frame-based procedures was hampered by
the narrow field of view (FOV) of 20 cm, not allowing capturing
of the complete localising box. The new generation O-arm
Imaging System, the O-arm O2, is equipped with a FOV of
40 cm. This enables conducting stereotactic registration, poten-
tially offering rapid stereotactic acquisition.8 So far, the accuracy
of O-arm for stereotactic imaging during frame-based procedures
has not been reported. To address this issue, we compared our
conventional workflow using preoperative stereotactic magnetic
resonance imaging (MRI) with that of intraoperative stereotactic
O-arm scanning. We compared the localization of key structures
in stereotactic space between the two imaging modalities and the
differences in workflow.

METHODS

Patients
Prospective data were collected from all patients who underwent

DBS surgery at our institution between July 2017 and February 2018
and for whom a complete set of preoperative 1.5 Tesla and 3.0 Tesla
MRI and intraoperative O-arm scanning was performed. The surgical
technique was discussed with all patients, and all gave informed consent.
The Medical Ethics Committee of our institution reviewed the study
protocol and confirmed that the Dutch Medical Research Involving
Human Subjects Act (WMO) is not applicable. Access to an X-ray
shielded operating theatre was obligatory for O-arm imaging and was
available to a limited extent during data collection. A complete set for the
current study consisted of preoperative volumetric T1-weighted 3 Tesla
MRI, stereotactic T1-weighted 1.5 Tesla MRI, and stereotactic O-arm
imaging, postimplantation intraoperative cone-beam computed tomog-
raphy (iCBCT), and postoperative multidetector computed tomog-
raphy (CT) scan. Electrode placement was done using stereotactic
MRI. Stereotactic O-arm iCBCT was conducted additionally to enable
current postoperative comparison. The rationale for implementing
O-arm imaging for intraoperative electrode localisation during our DBS
procedures was discussed with all patients.

Surgical Procedure
Our surgical procedure of DBS placement is described in detail

in previous work.1,9,10 Patients were operated under local anesthesia
or general anesthesia depending on their indication for undergoing
DBS, necessity of intraoperative macrostimulation, and the capability to
withstand DBS under local anesthesia. Both the Leksell R© Coordinate
Frame G (Elekta AB, Stockholm, Sweden) and Leksell R© VantageTM
(Elekta) system were used. All patients received direct placement of the
infraclavicular stimulator under general anesthesia.

DBS Using Stereotactic MRI
The stereotactic frame was placed either with local anesthesia on

the neurosurgical ward or under general anesthesia in the operating

theatre. The patient was then transported to the 1.5 Tesla MRI to
perform stereotactic imaging. The stereotactic 1.5 Tesla MRI was co-
registered with the preoperative 3 Tesla MRI with the use of SurgiPlan
(Elekta AB, Stockholm, Sweden). The 2 sequences and parameters used
with the 3T MRI (Philips, Eindhoven, The Netherlands) are (a) 3D
sagittal T1-weighted magnetization-prepared rapid acquisition gradient
echo (MPRAGE), slice thickness: 0.9 mm, FOV: 256 × 256 mm,
SENS: 2.5, repetition time (TR): 8,8 ms, echo time (TE): 4.0 ms,
and acquisition time: 4.18 min, and (b) T2-weighted 2D axial and
coronal Turbo spin echo (TSE), slice thickness: 2.2 mm, FOV: 230 ×
230 mm, TR: 5014 ms, TE: 88 ms, and acquisition time: 3.83 min.
For the 1.5T MRI (Siemens, Malvern, Pennsylvania), the parameters
included the following: (a) 3D sagittal T1-weighted MPRAGE, slice
thickness 1.0 mm, FOV: 256 × 256 mm, TR: 1900 ms, and TE:
2.92 ms, and (b) T2 axial and coronal 2D TSE, slice thickness:
2.0 mm, TR: 5750 ms, TE: 99 ms, FOV: 256 × 256 mm, and acqui-
sition time: 4.43 min. In Surgiplan, each non-stereotactic imaging set is
to be co-registered separately to the stereotactic imaging set.

Two members of the neurosurgical team visually inspected the co-
registrations, at least one of whomwas a DBS surgeon (P.R.S. or P.v.d.M).
Multiple structures were used for verification, including the anterior
commissure (AC) and posterior commissure (PC), ventricles, outlines
of the mesencephalon, gyri, and sulci, and the course of blood vessels.
Planning performed on 3 Tesla imaging was then verified on 1.5 Tesla
imaging, and frame coordinates of the targets and entry point were calcu-
lated. The patient was then transported to the operating theatre. During
surgery, electrode implantation was verified with anterior-posterior and
lateral O-arm fluoroscopy. On the postoperative day, a multidetector CT
scan was performed. This CT scan was co-registered with the intraop-
erative stereotactic 1.5 Tesla MRI to evaluate electrode position. Co-
registration was visually inspected using the cranium for verification.

DBS Using Stereotactic O-arm
After the stereotactic MRI and transport to the operating room, a

stereotactic iCBCT was performed using the O-arm O2. For this, the
‘stereotactic mode’ was applied (40 cm FOV, 192 slices, 120 kilovolt
[kV] and 150 milliampere [mAs]). The gantry was orientated in line
with horizontal plane of the localising box. The head is fixated to the
operating room table with an angle varying between 10 to 30 degrees
to the horizontal, depending on the comfort of the patient during
awake surgery. The Leksell R© Coordinate Frame G is fixated to the table
using a custom-build 3-point fixation. The Leksell R© VantageTM frame
is fixated to the table using the Leksell R© VantageTM Frame Holder
and the DORO R© (Pro Med Instruments GmbH, Freiburg im Breisgau,
Germany) base unit and swivel adaptor. The stereotactic iCBCT was co-
registered with the preoperative 3 Tesla MRI. The assessment of regis-
tration accuracy is described in the previous paragraph. After placement
of both electrodes, a second iCBCT was performed in ‘high definition
(HD)’ mode (20 cm FOV, 192 slices, 120 kV, and 150 mAs). The
gantry was orientated in line with the cranium, enabling complete
depiction. The HD iCBCT was co-registered with the stereotactic
iCBCT.

Comparison of Stereotactic Registration
The O-arm registration accuracy was verified by comparison of

stereotactic coordinates defined by MRI and O-arm in Surgiplan. The
X-, Y-, and Z-coordinates of the AC, PC, and midline reference (MR)
were used for comparison. These reference points were visually defined
based on anatomy using preoperative T1 weighted 3 Tesla MRI. The
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FIGURE 1. Imaging workflow in four stages for DBS using stereotactic MRI A and DBS using O-arm iCBCT B, from left to right: A, (1) Definition of AC-PC
line on T1-weighted 3 Tesla MRI; (2) stereotactic 1.5 Tesla MRI; (3) co-registration of stereotactic imaging to T1-weighted 3 Tesla MRI; and (4) localisation of the
electrode tip after co-registration of the postoperative multidetector CT scan with preoperative stereotactic imaging. B, (1) Definition of AC-PC line on T1-weighted 3
Tesla MRI; (2) stereotactic iCBCT; (3) co-registration of stereotactic imaging to T1-weighted 3 Tesla MRI; and (4) localisation of the electrode tip after co-registration
of the HD iCBCT with preoperative stereotactic imaging.

3 Tesla MRI was then (separately) co-registered to the stereotactic 1.5
Tesla MRI and stereotactic O-arm iCBCT. The definition of these
points and the co-registration was done by the neurosurgeon performing
the DBS surgery (P.R.S. or P.v.d.M.). In this way, stereotactic coordi-
nates resulting from both stereotactic techniques could be compared. An
example of the workflow implemented for current comparison is shown
in Figure 1.

Comparison of Electrode Localisation
Comparison of electrode localisation described both registration

accuracy as co-registration accuracy of postimplantation imaging. For
this, the postoperative multidetector CT scan was co-registered to the
stereotactic 1.5 Tesla MRI and the HD iCBCT was co-registered to the
stereotactic iCBCT. The X-, Y-, and Z-coordinates of the electrode tip
were defined for both techniques, enabling comparison. An example of
determination of the electrode tip is shown in Figure 1. The determi-
nation of these points and the co-registration was done by the neuro-
surgeon who performed the DBS surgery (P.R.S. or P.v.d.M.). All were
reviewed by the first author and M.B.

Euclidean Distance
For all complete imaging sets, the differences between the AC, PC, and

MR coordinates based on the stereotactic MRI and stereotactic iCBCT
were calculated. These differences (errors) were used to calculate the
Euclidean distance:

√
((x1 − x2)2 + (y1 − y2)2) + (z1 − z2)2

Statistical Analysis
The average, standard deviation (SD), minimum, and maximum

differences between AC, PC, MR, and electrode tip coordinates were
calculated for absolute, directional, and Euclidean differences. A paired
students’ T test or Wilcoxon Signed Rank test was used accordingly in

order to compare the difference in stereotactic registration and between
electrode localisation. Results with a P< .05 were considered statistically
significant.

RESULTS

After conducting 20 DBS cases (40 electrodes), the
current analysis was performed. The average age in
the sample of 12 males and 8 females was 59 (range
23–76) yr. The target for DBS was the subthalamic nucleus
for Parkinson’s disease (PD) (N = 16), the internal globus
pallidus for dystonia (N = 2), the ventral intermediate nucleus
for essential tremor (ET) (N = 1), and the ventral part of the
anterior limb of internal capsule for Obsessive Compulsive
Disorder (N = 1). Awake surgery was performed in 11 cases
(1 ET, 10 PD), and implantation under general anesthesia was
performed in nine cases. Fifteen patients were operated using the
Leksell R© Coordinate Frame G (Elekta) and five patients with the
Leksell R© VantageTM (Elekta) frame.

Comparison of Stereotactic Registration
The average absolute differences in X-, Y-, and Z-coordinates

for reference points AC, PC, and MR between the frame-based
MRI and frame-based O-arm iCBCT were all less than 1 mm, as
shown in Table 1. The average absolute difference± SD in X-, Y-,
and Z-coordinates of all reference points together was 0.4 ± 0.4
mm, 0.4 ± 0.4 mm, and 0.7 ± 0.5 mm. Euclidean distances
(±SD) were 1.0 ± 0.6 mm, 0.9 ± 0.5 mm, and 1.3 ± 0.6 mm
for AC, PC, and MR, respectively.
A statistically significant difference is found between the AC

Z-coordinates (P = .006) and Euclidean distance (P = .031).
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TABLE 1. Average Differences± SD in Stereotactic Coordinates for AC, PC, andMR

Reference point Coordinate Absolute distance± SD (mm) Range (mm) P valuea

AC X 0.3 ± 0.2 0.0-0.7 >.85
Y 0.3 ± 0.3 0.0-1.0 >.75
Z 0.8 ± 0.6 0.0-2.2 .006

Euclidean 1.0 ± 0.6 0.1-2.5 .031
PC X 0.3 ± 0.2 0.0-0.9 .086

Y 0.4 ± 0.3 0.0-1.1 >.64
Z 0.7 ± 0.5 0.0-1.7 .053

Euclidean 0.9 ± 0.5 0.2-2.1 .057
MR X 0.6 ± 0.5 0.0-1.9 >.56

Y 0.6 ± 0.5 0.2-1.9 .018
Z 0.7 ± 0.5 0.1-1.7 .038

Euclidean 1.3 ± 0.6 0.6-2.8 .024

AC: anterior commissure; PC: posterior commissure; MR: midline reference; SD: standard deviation.
aPaired T test or Wilcoxon Signed Rank test used accordingly.

Furthermore, a significant difference is found between MR
Y-coordinates (P = .018), Z-coordinates (P = .038), and
Euclidean distance (P = .024).

Electrode Localisation
In 17 cases, a postimplantation iCBCT and amultidetector CT

scan was made for comparison. In one awake DBS case for PD,
the postimplantation iCBCTwas notmade due to patient fatigue.
In the last 2 cases, adequate electrode placement was confirmed
on the iCBCT and, at the discretion of the surgeon, the multide-
tector CT scan on the postoperative day was not performed. The
average absolute differences (±SD) in X-, Y-, and Z-coordinates
of electrode tips were 0.3± 0.3mm, 0.6± 0.3mm, and 0.6± 0.6
mm, respectively. All absolute differences are shown in Table 2.
A statistically significant difference is found between the Y-

coordinates (0.030) and Z-coordinates (P = .005) of the left
electrode. Furthermore, a significant difference is found between
the Z-coordinates (P = .003) and Euclidean distance (P = .032)
of the right electrodes.
The directional error in electrode tip differences, calculated by

subtracting the iCBCT coordinates from the multidetector CT
coordinates, is shown in Figure 2. The largest difference is found
in the Z-axis, the craniocaudal direction: electrode tips are more
inferiorly defined on the postimplantation iCBCT in comparison
to the postoperative multidetector CT. Furthermore, electrode
tips are more anteriorly defined on the iCBCT in comparison to
the multidetector CT.

DISCUSSION

We compared stereotactic registration using MRI and O-arm
iCBCT in frame-based DBS procedures and showed that both
techniques deliver a very similar coordinate space after stereotactic
registration. O-arm stereotactic registration together with 3 Tesla
co-registration provides sufficient accuracy for performing DBS

surgery. To our knowledge, this is the first study comparing these
different DBS workflows.
Absolute mean differences in stereotactic registration points

in our study were ≤0.8 mm. Placement error of the Leksell R©
(Elekta) system exceeds found differences; hence, we feel that
these differences in registration, despite statistical significance,
are not clinically relevant.9,11 Foremost, any clinically important
differences are corrected by the micro-electrode recordings
performed before placement of the definitive electrode is accom-
plished. Absolute mean differences in lead representation were
≤0.7 mm. As mentioned before, despite found statistical signifi-
cance, we consider these differences not clinically relevant.

DBSWorkflow
Intraoperative stereotactic O-arm CBCT enables DBS surgery

to start immediately after co-registration of MRI-based non-
stereotactic planning. This offers advantages for both awake and
asleep DBS. For awake DBS, patient endurance is optimally used
due to the immediate start of DBS surgery after stereotactic regis-
tration. For both awake and asleep DBS, the surgical workflow
is simplified by omitting transport to the MRI or CT suite for
stereotactic imaging.

Postimplantation Imaging
When adding the step of co-registration of postimplantation

imaging, the equivalent accuracy between the two techniques
persists. The O-arm provides sufficient accuracy for electrode
evaluation. Other groups evaluating O-arm for electrode local-
isation found similar results.6-8,11-16 Intraoperative evaluation
enables direct electrode adjustments when indicated. During
awake DBS, intraoperative evaluation of electrode placement
offers additional anatomical insights; for asleep DBS, this is
essential.
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TABLE 2. Average Differences± SD in Stereotactic Coordinates for Electrode Tips

Electrode Coordinate Absolute distance± SD (mm) Range (mm) P valuea

Left X 0.3 ± 0.3 0.1-1.1 >.37
Y 0.7 ± 0.4 0.1-1.4 .030
Z 0.7 ± 0.5 0.0-1.7 .005

Euclidean 1.1 ± 0.5 0.4-2.2 .055
Right X 0.3 ± 0.6 0.0-1.3 >.38

Y 0.6 ± 0.3 0.0-1.0 .060
Z 0.6 ± 0.6 0.0-2.1 .003

Euclidean 1.0 ± 0.5 0.3-2.3 .032

aPaired T test or Wilcoxon Signed Rank test used accordingly.

FIGURE 2. Directional electrode tip differences. Boxplot showing the median, interquartile range, confidence interval
(whiskers), outliers (dots), and extreme cases of individual variables (stars).

Asleep DBS
Asleep DBS is increasingly being performed, and it is the way

forward in terms of patient comfort and optimizing neurosurgical
workflow efficacy. The O-arm can be well implemented in this
workflow. In our experience, O-arm implementation accelerated
our DBS workflow, currently enabling performing two asleep
DBS cases per day. Currently, we are waiting for the results of
our randomized controlled trial comparing awake vs asleep DBS
in PD patients.10

O-arm Limitations
The dose profile of O-arm is comparable to a multidetector

CT scanner. Nevertheless, care must be taken to limit the
number of O-arm scans performed, thereby reducing effective

radiation exposure.17,18 A disadvantage of the O-arm iCBCT
in comparison to the multidetector CT scan is the disability
of good soft tissue reference.13 This is further reduced due to
scattering of frame pins and electrodes. Therefore, it is subop-
timal for detection of ventricle penetration or an intracerebral
haemorrhage during DBS procedures.14 An additional multide-
tector CT is, in our view, indicated in patients with neurological
deficit after electrode placement, in order to rule out intracerebral
complications.

Study Limitations
The current study has several limitations. First, the group of

patients studied was small. However, our group size is compa-
rable to other published reports.6-8,11-16,19 The level of evidence
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needed to implement the O-arm iCBCT for stereotactic regis-
tration is, in our view, sufficiently met by our data. Second,
there was considerable heterogeneity among the (small group of )
patients with respect to underlying disease, stereotactic target,
awake vs asleep surgery, and the choice of stereotactic frame. A
more homogeneous population might have been more appro-
priate for a study with such small sample size. Third, localisation
of electrode tips on postimplantation iCBCT and postoper-
ative multidetector CT scan was performed in separate Surgiplan
(Elekta) sessions. The observed differences in X-, Y-, and
Z- coordinates of electrode tips may have been confounded by this
method. Finally, the use of two different stereotactic frames may
have influenced the data found.We did not perform any subgroup
analyses because no conclusion can be drawn when no statistically
significant difference is found in these small subgroups.

CONCLUSION

Stereotactic MRI and O-arm iCBCT produce comparable
definition of coordinates in stereotactic coordinate space. Differ-
ences found are below the threshold of clinical relevance. Intra-
operative O-arm CBCT offers rapid stereotactic registration and
evaluation of electrode placement. This increases patient comfort
and increases neurosurgical workflow efficacy.
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