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Abstract

Background: Accurate projection of implanted subdural eleg&r@ontacts in presurgical
evaluation of pharmacoresistant epilepsy caseauasive EEG is highly relevant. Linear fusion
of CT and MRI images may display the contacts etinong position due to brain shift effects.
Objective: A retrospective study in five patients with phacuresistant epilepsy was performed
to evaluate whether an elastic image fusion algaritan provide a more accurate projection of
the electrode contacts on the pre-implantation BdRtompared to linear fusion.

Methods: An automated elastic image fusion algorithm (AE&)guided elastic image fusion
algorithm (GEF), and a standard linear fusion atgor (LF) were used on preoperative MRI
and post-implantation CT scans. Vertical correctadnvirtual contact positions, total virtual
contact shift, corrections of midline shift and ibreshifts due to pneumencephalus were
measured.

Results: Both AEF and GEF worked well with all 5 cases. @&rerage midline shift of 1.7mm
(SD 1.25) was corrected to 0.4mm (SD 0.8) after ABE to 0.0mm (SD 0) after GEF. Median
virtual distances between contacts and corticdlasarwere corrected by a significant amount,
from 2.3mm after LF to 0.0mm after AEF and GEF (Q84.). Mean total relative corrections of
3.1 mm (SD 1.85) after AEF and 3.0mm (SD 1.77)raBEF were achieved. The tested version
of GEF did not achieve a satisfying virtual corieatof pneumencephalus.

Conclusion: The technique provided a clear improvement imofusf pre- and post-implantation
scans, although the accuracy is difficult to evedua

Running Title: Elastic Fusion in Invasive Recording
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INTRODUCTION

In pharmacoresistant epilepsy cases, the decigiopetrform invasive investigation using
intracranial electroencephalography (EEG) elecsaderder to localize the epileptogenic locus
is often one of the last diagnostic options. Inhscases, patients and physicians are driven by the
hope of identifying a region of the brain whoseem®n might lead to significantly improved
seizure control or even complete seizure freedowh iaoreased quality of life. There are
currently several accepted surgical methods toepiectrode contacts on the brain surface to

identify such regions.

The first method involves performing an extensivaenotomy and positioning a multi-contact
grid on the cortex.The second but less invasive method involves stacéc implantation of
multiple electrodes inside the brain through aesenf trepanations, called stereo-EEGThe
third and least invasive method is the implantatdrd to 10 contact strip-electrodes on the
cortex through a small number (at least one pez)sid limited trepanation’s After electrode
implantation, the direct positioning of the contacin the cortex allows EEG recording with
excellent signal-to-noise ratios and minimal musaféfacts over several days, and leads to a
much better delineation of the epileptogenic zameampared to extracranially recorded EEG.
These EEG data can then be used for planning atpatg curative resective surgery, with the

aim to achieve freedom from seizures.

All technigues enable exact localization of thetashposition on the cortex, which is crucial for
interpretation of the EEG signals. However, an imgdechnology that allows visualization of
metal electrode contacts and brain tissue simudiasig would be preferable. Unfortunately,
MRI can cause tissue damage due to energy traimséeheat’ Furthermore, the contacts cause
artifacts in most imaging sequences that are farenmdensive than the signal of the contacts
themselves. On the other hand, in a CT scan th&acsncan be visualized easily and even
without image distortion, but due to artifacts arduhe contacts and inferior quality of soft-
tissue contrast, localization of the contacts itien to the brain surface is also difficfllt.

Combination of both techniques using image fusidnpeoperatively acquired MRI with



postoperative CT scans is common and provides é¢wogined spatial information, but is
susceptible to the effects of brain shift. Cerepmoal fluid (CSF) loss during electrode
implantation and air trapped subdurally may causeoasiderable dislocation of cortical
structures:® A linear image fusion, allowing only translatiomstations, scaling and skewness to
align two image datasets, might localize the cdstéw the wrong positioft’° Elastic image
fusion algorithms are a relatively new developmant are not yet standard in commercial
software used in neurosurgery. In addition to lirteanslations they allow local maodifications of
the image datasets to achieve a better alignméety ihay be helpful for solving this problem as
they theoretically can compensate for these brhift sffects and enable visualization of the
actual contact positions on the gyri. To analyze pheliminary results of such an innovative
approach, a retrospective study in five patienth ywharmacoresistant epilepsy was performed
to evaluate whether an elastic image fusion allgoritan provide a more accurate projection of

the electrode contacts on the pre-implantation B&h simple elastic fusion.

METHODS

Patients

Twenty-three patients (6 males, 17 females) suiferirom pharmacoresistant epilepsy
underwent an invasive recording phase between dararad December 2011 at the Bern
University Hospital (Inselspital). All patients hadeviously undergone a non-invasive recording
phase, but the epileptogenic brain areas couldb@ais precisely localized as required to directly
proceed to resective surgery.

Application of the elastic image fusion requiredanplete imaging dataset, which is described
in detail below. A subgroup of five patients, twales and three females, with an average age of

19 years (SD 2.9), ultimately fulfilled these ragunents.

Pre- and postoper ative neuroimaging

For the stereotactic implantation of additional pupampal depth electrodésall patients
received pre- and postoperative CT scans. Preapsgatthe patients underwent a T2 MRI scan
(T2 weighted spin echo sequence: TR=2200 ms, S=1(gap 0), FOV=256 mm, matrix=
256x256 on a 3 T Magnetom Verio MR system, Sientégethcare, Erlangen, Germany) and a



native CT scan (tube current = 180 mA, kvp = 12Q k¥andard kernel, slice thickness 1 mm
(supratentorial/infratentorial), and FOV = 220 mm & GE Lightspeed 8-row detector scanner,
GE Healthcare, Milwaukee, Wisconsin, USA). Postapeely (day of surgery) all patients

received an additional native CT scan as descibede.

Electrode implantation technique

To reduce morbidity and to allow maximal coveragi¢he brain surface we implanted multiple
4 to 6-contact strip electrodes in a star-like nerfrom frontal and frontotemporal regions via
14-mm-trepanations. To minimize the risk of infeatithe patient’'s head was shaved and iv
antibiotics were given perioperatively. The idealsipions of the trepanations were localized
using a neuronavigation system (VectorVision2, Blrab, Feldkirchen, Germany). Under
general anesthesia, trepanation was performedhandura was opened. Four to eight contact
strip electrodes (Ad-Tech medical instrument coaion, Racine, USA) were implanted under
neuronavigation and fluoroscopic guidance (TableDEpending on the clinical presentation of
the patient, one burr hole was placed uni- or @ity over the Sylvian fissure with 3 to 4 strips
going around the temporal lobe and 2 to 4 stripgegnog the frontal and frontoparietal lobes. To
reduce CSF loss, the trepanation was sealed uging fjlue after implantation of the final
electrode. The cables were subcutaneously tunmelddexternalized through the skin at least 4
cm distant from the trepanation site to reduceciind@. Postoperatively, the position of the
electrode contacts and absence of potential subdenaatomas were confirmed on a native CT

scan.

I mage co-registration

The most common method used for co-registratiamofimage datasets is the so-called mutual
information (MI) method. It originates from the armation theory and measures the statistical
dependency between two datasets and was shownféorpevell in co-registration of CT and
MRI.*2%3In linear co-registration the alignment of the tdatasets is achieved by translation,
rotation, scaling and skewness, each along thrgeds of freedom (DOF), adding up to 12
DOF altogether. Elastic co-registration should bke @0, in addition to the linear translation,
apply changes only locally and thus deliver moexjse results, especially when the image

acquisition time is different or even when pre- @odtoperative datasets are to be fused.



Linear image fusion

All image fusions were performed using a pre-redeasrsion provided by Brainlab iPlan
(Brainlab, Feldkirchen, Germany). The algorithm lioear image fusion (LF) applies 12 DOF
and is identical with that included in the commaldoftware version iPlan 3.0. The region of
interest is automatically defined and covers théirenskull of the patient. In all fusion

procedures the postoperative CT scan was fusedioaforeoperative MRI scan.

Elastic image fusion

The elastic image fusion was performed using twibedint versions of the elastic fusion
algorithm. The first one, referred to as automasddstic fusion (AEF), tries to find a
corresponding position in the first dataset forheatructure in the second. The algorithm runs
fully automated.

The second one, referred to as guided elastic Hu$®EF), allows manual definition of
corresponding structures in both images; duringati®mated fusion process, these manually-
defined structures may have no counterpart in therodataset. Examples for such structures
would be tumors in pre- and postoperative imagemtoacranial air, which are not present in
preoperative images. In the present study we segahéniracranial air for GEF.

Both algorithms allow deformation of an underlyiggd in three dimensions to achieve an
optimal fit of the anatomical structures. Figurstows a deformation map indicating direction
and intensity of deformation for each positiontod grid. Just like in the linear fusion processes,

the postoperative CT scans were elastically fused the preoperative MRI.

Assessment of the effect of elastic image fusion on virtual brain shift

CSF loss and resulting pneumocephalus often lead tateral shift of the midline to the
contralateral side. Therefore, as the most stranghérd parameter, the lateralization of the
midline at the level of the foramen of Monroe wasasured in millimeters both after linear and
after elastic image fusion using the two differsoftware versions, AEF and GEF.



Second, the size of frontally trapped subdurairvas judged in the postoperative CT after linear
and after elastic image fusion. The maximum thiskngn an axial slice and the volume of

trapped air were measured.

After linear image fusion the electrode contactsGdnare sometimes virtually projected inside
the cortex or even subcortically. An optimal fusgimould enable visualization of the electrode
contacts correctly on the cortical surface and Eha@ompensate for brain shift effects. To
examine the ability of both elastic fusion algomit (AEF and GEF) to achieve this, we
measured the distances of the virtual contactstipas and the brain surface, and compared the
results with the position of the contacts afteedinimage fusion. The distances are given in
millimeters and measured separately in the froqatietal and temporal regions. Furthermore,
the shortest distance between electrode contatés lfiear and elastic image fusion were

measured to judge the dimension of the elastiofusieffect.

Statistics and ethics

All patient data were anonymized before import itke iPlan software. The local ethics
committee approved this retrospective analysidisfital analyses included Welch two-sample
t-test and Wilcoxon non-parametric test using “Ritistics programming languad&A p-value

of less than .05 was considered significant. Aluga were not normally distributed (Shapiro-
Wilk Normality test).

RESULTS

Midline shift correction

Correction of the midline shift was one of the nmgarameters used to evaluate elastic fusion’s
accuracy. As a point of reference, to measure shig we defined an axial slice through the
septum pellucidum directly above the foramen of kdowWhile the median midline shift in the
postoperative CT (evaluated by LF) was 1.9 mm,asworrected to a median of 0 mm by both
AEF and GEF. Due to the small number of patientsusted in the study, the result was not

statistically significant (Table 2).

Pneumencephalus correction



The second task for elastic fusion algorithms visg@scorrection of pneumencephalus in the fused
images. Neither AEF nor GEF corrected sufficienftyr this problem, as shown for
measurements of frontal air thickness (Table 3) amdvolumetry (Table 4). Therefore, the
elastic fusion algorithms used in the present stutimately provided no significant reduction of

pneumencephalus.

Electrode contact position

Both AEF and GEF achieved an effective reductiothefelectrode — cortex distance, as shown
in Figure 2. This result was achieved in all testeelas: frontal, temporal and parietal regions.
The reduction of distance compared to the lineaiofuwas statistically significant (Wilcoxon;
p<.001; Table 5).

Relative virtual electrode contact position correction

Elastic image fusion led to relevant virtual shiftisthe electrode contact positions by median
distances of 2.9 mm (AEF) and 2.8 mm (GEF), respalgt (Table 5). Differences between the

two fusion algorithms tested in this study were statistically significant. However, statistically

significant regional differences were found for fhental versus temporal cortices (p=.031) and

the frontal versus parietal cortices (p<.001).

DISCUSSION

Invasive recording workup for patients sufferingnfr pharmacoresistant epilepsy is often a
stressful and demanding procedure for both theepiaind the attending physician. Though the
procedure can be considered safe, effective armidasgandard, implantation of electrodes into
the skull and brain exclusively for diagnostic pases is an option that only patients desperate
for treatment of their seizures will undergo. Thiakes it especially important that everything is
done to make the results optimally useful for tmesit planning. Accurate projection of the
implanted electrode contacts on the brain surfacg crucial step, especially when it involves
resection planning in or close to eloquent cort®ih grid implantation through craniotomy, the
brain surface can be photographed and images casuperimposed onto a cortical MRI

reconstructiort>?° Combinations of photography and 2-D radiographyehizeen described,as



have linear superpositions using a 3-D visualizatigstent. Contacts under the margins of the
craniotomy or placed through burr-holes cannot @suchented photographically; these contacts
are also subject to brain shift, which can be ate@mathematicall{?°

Using the anatomical information of the CT scan aadhbining this with the high spatial and
contact soft-tissue resolution of MRI provides aeptial new option to handle this situation.
Modern computers allowing highly complex calculagptogether with newly developed elastic
fusion algorithms, can be used to compensate fnlshift effects in the future. The algorithms
tested and presented here performed the fusiontonl® minutes per case on a BrainLab iPlan
server (HP ProLiant DL360p Gen 8: 2xIntel Xeon EB®2, 2.9 GHz, 32GB RAM, 4x300 GB
HDD). One possible use is the fusion of postopeea@T after subdural electrode implantation

with preoperative MRI for contact superposition.

Display of electrode contacts on the brain surface

Linear fusion of pre- and postoperative images roftecalizes the position of the electrode
contacts incorrectly, often inside the cortex orerevsubcortically (Figures 3A and 3C).
Automated elastic image fusion (AEF) led to a dagpdf the contacts that was clearly distant
from where they were shown after linear fusion. €fect was stronger in the temporal than in
the frontal region, and also affected contacts anf@d parietally. Some of the subgroups of
contacts in different brain regions are very sraatl allow only limited interpretation.

After elastic fusion (both AEF and GEF) the congadisplayed were clearly closer to the brain
surface (Figures 3B and 3D). However, a clear sopgrof the GEF over the AEF could not be

shown.

Plausibility of the results

Because there are usually few landmarks visibleath CT and MRI to evaluate the quality of
the elastic fusion, correction of major shift eflegvas used to validate the fusion results. The
interhemispheric midline should normally be locaiedhe middle of the skull. However, shifts
to either side can occur after trepanation of thdlsloss of CSF, intracranial trapping of air,
brain swelling, or resection of space-occupyingples or epileptogenic brain tissue. Both elastic

fusion algorithms completely compensated for thelimeé shift.



Originally our purpose was to develop a simple m#ted fusion algorithm. Unfortunately, the
elastic fusion algorithms were not accurate enotggfcompensate for the shift caused by
pneumencephalus. The finding that this algorithrd dot sufficiently deal with additional
volumes or non-existing volumes in either of theef images led to the idea of creating an
additional guided algorithm. The GEF has the adagtthat it utilizes corresponding points or
structures in both image sets to support the autmmatructure detection. Furthermore, a
function was added to define a volume in one ofithege sets that might undergo major change
or might not be present in the other image setefRial examples therefore might be a tumor
removed, a hematoma evacuated, or intracranial@iulated.

Validation of elastic image fusion results is vehfficult in cases where there is no way to
document the electrode contact positions visually.photographic documentation of the
electrode contact positions would have been priefera as shown by Tao et ¥lLaViolette et
al'® and Pieters et &,in cases where a grid was implanted through aia@my. Dykstra et
al?® faced the same problem as we do with localizirertebde contacts that are implanted
through burr-holes. Not being able to compare witraoperative photographs, they simply shift
the electrode contacts to the level of the pia.

CONCLUSION

We demonstrated that elastic fusion can produce mplausible results than the linear fusion, but
the available algorithms must be developed furtibedeal with complex situations, such as
fusing pre- and postoperative images.

The technique is fast, fully automated, and offargh flexibility. The scope of possible
applications of the presented software is not gohito epilepsy surgery. Another possible field
of application would be fusion of pre- and postepige images after tumor resection to better

identify the position of tumor remnants in the pertive MRI.

Further software development

We thank BrainLab, Germany for kindly providing ttve elastic fusion algorithms used in this
study. The software applied in the present study weanstantly refined. The results presented
here do not necessarily represent the abilitiegh@imost recent software version, as experiences

and results driven from our work directly influedate further development of the software.
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FIGURE LEGEND

Figure 1: Three-dimensional deformation map of elastic image fusion between an MRI and
acCrT.

Green color shows areas of minor deformation wisered color indicates those with strong
deformation. A) Axial section at the level of tlertporal lobes. The artifact of subdurally
implanted electrode contacts is shown (b). B) As&dtion at the level of the frontal lobes. A

relevant right frontal pneumecephalus and its éfbecthe brain tissue are shown (a).

Figure 2: Distance between electrode contact center and cortex surface

The figure shows a highly effective reduction oé ttistance between the electrode contact
centers and the cortical surface, from a media@.®fmm to 0 mm after AEF and GEF in the
frontal region. Reductions were also measured m tdmporal and parietal regions. All
reductions are significant (GEF in temporal regipr= .03; all others: p < .001). Thick lines
indicate medians, boxes indicate the interquamaege, and whiskers indicate the *1.58x

interquartile range. Outliers are shown as operiesr

Figure 3: Projection of electrode contactson the brain surface after linear and elastic

image fusion

The figure shows the temporal electrode contactwofillustrative cases after linear (A and C)
and after elastic fusion (B and D). After lineasifitn some of the contacts are virtually buried in
the tissue. Elastic fusion provides a more plaesibbjection of the contacts onto the brain

surface.
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Table 1: Electrode contactsimplanted

Patient

Laterality

Region

Number of

Contacts

1

left

right

temporo-polar
posterior temporal
temporo-polar
anterior temporal
posterior temporal

left

right

temporo-polar
anterior temporal
medial temporal
posterior temporal
temporo-polar
anterior temporal
medial temporal
posterior temporal

left

right

temporo-polar
anterior temporal
medial temporal
posterior temporal
temporo-polar
anterior temporal
medial temporal
posterior temporal

left

right

temporo-polar
anterior temporal
medial temporal
posterior temporal
inferior frontal
superior frontal
fronto-parieta
parietal
temporo-polar
anterior temporal
medial temporal
posterior temporal
inferior frontal
superior frontal
fronto-parieta
parietal

left

right

temporo-polar
anterior temporal
medial temporal
posterior temporal
temporo-polar
anterior temporal
medial temporal
posterior temporal

Total number of contacts implanted

Legend: The table shows the positions and numbers of contacts per electrode implanted in each patient.

2
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Table 2: Midline shift correction

No correction AEF GEF
Median (mm) 1.90 0 0
IQR 0.75 0.4 0
P .14 (RF/AEF) .07 (RF/GEF)
P .39 (AEF/GEF)

Legend: The table shows the midline shift measured at the septum pellucidum after AEF and GEF and
the results compared with the non-corrected CT.



Table 3: Reduction of frontal pneumencephalus measur ed as cortex-bone distance

No correction AEF
Median 9.8 9.2
IQR 5.2 4.88
p .68

Legend: The table shows the maximum thickness of frontal intracrania air measuredin an axia dlice.
The AEF did not lead to a sufficient correction of the brain shift effect.



Table 4: Volumetric reduction of frontal pneumencephalus

No correction Elastic fusion
Median (mm) 19.49 19.1
IQR 20.7 17.18
Y .86

Caption: As a measurement of the pneumencephalus’ thickness, the volumetric

measurement does not show a satisfying correction of the brain shift effect.



Table5: Relative correction of electrode contact position by elagtic fusion

Region: All Frontal Temporal Parieta

AEF GEF AEF GEF AEF GEF AEF GEF
Median 29 2.8 2.45 245 2.8 2.6 4.3 45
IQR 2.53 25 21 1.88 2.53 2.45 18 2.45
0 ] L . |

55 .99 42 .96
.031
<.001
<.001

Legend: Elastic fusion led to localization of the electrode contacts relative to their origina position in
the postoperative CT. AEF and GEF achieved nearly identical shifts in al regions. The shift was
significantly higher in the tempora than in the frontal region and was greatest in the parietal region.
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