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Technical Note

Triple-Technique (MR Imaging, Single-Photon Emission
CT, and CT) Coregistration for Image-Guided Surgical

Evaluation of Patients with Intractable Epilepsy

R. Edward Hogan, Val J. Lowe, and Richard D. Bucholz

Summary: Ictal and interictal single-photon emission CT
(SPECT) play an increasingly important role in the surgi-
cal evaluation of patients with epilepsy. We present a meth-
od of coregistration of MR, SPECT, and CT images to cor-
relate structural data (MR imaging), blood flow changes
(SPECT), and location of subdural electrodes (CT) for pa-
tients undergoing image-guided surgical treatment of epi-
lepsy. MR-SPECT root mean square (rms) mismatch dis-
tances were 2.1 to 2.5 mm, and MR-CT rms mismatch
distances were 1.0 to 4.5 mm. Coregistration assisted in
image-guided placement of subdural electrodes and in sur-
gical resection of the suspected epileptogenic focus.

Ictal blood flow changes are related to the region
of the brain involved in epileptic seizures (1). We
integrated coregistered MR images and ictal single-
photon emission CT (SPECT) scans into a neuro-
surgical navigational system to guide stereotactic
placement of intracranial electrodes, then obtained
and coregistered a CT scan obtained after intracra-
nial electrode placement to correlate structural data
(MR imaging), ictal blood flow (SPECT), and in-
tracranial electrode placement (CT) for planning
epilepsy surgery. We describe our technique for
coregistration of these images and report prelimi-
nary results from five patients, correlating intracra-
nial electrographic recordings and interictal and ic-
tal SPECT studies.

Technique
Initial evaluation of five patients with refractory partial ep-

ileptic seizures included ictal and interictal SPECT and MR
imaging studies. CT scans were obtained postoperatively, after
placement of subdural electrodes. MR imaging was performed
on a 1.5-T Signa (General Electric, Milwaukee, WI) system.
Whole-brain acquisitions were obtained in the coronal plane
with a fast spoiled gradient-recalled imaging technique with
parameters of 14/3 (TR/TE) and a flip angle of 308. Voxel
dimensions were 0.859 3 0.859 3 1.5 mm. The field of view
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was 22 3 22 cm, and the matrix size was 256 3 256. SPECT
was performed on a Siemens Orbitor gamma camera, which
has an axial resolution of 4.4 mm at the center of the field of
view. The camera head has a diameter of 44.5 cm.

For ictal SPECT studies, 99mTc-ethyl cyteinate dimer (Tc-
ECD) (DuPont Merck, N. Billerica, MA) was injected at the
time of seizure activity. Doses from 555 to 1110 MBq were
administered. Tomography was performed within 2 hours after
injection, when the patient had stabilized and/or had been se-
dated. Interictal studies were performed at least 12 hours after
a seizure-free period, with injection of Tc-ECD as above.

Imaging was performed using 64 stops in a 3608 rotation.
Stop time was 30 seconds. No attenuation correction was per-
formed. Images were reconstructed using filtered back-projec-
tion with a Butterworth filter of 0.55 cutoff. Image pixel size
was 6.2 mm in a 64 3 64 array.

CT was performed on a General Electric CTi scanner. Whole
brain acquisitions were obtained in the axial plane. Voxel di-
mensions were 0.488 3 0.488 3 3 mm. The field of view was
25 3 25 cm, and the matrix size was 512 3 512.

Data from MR imaging and SPECT (ictal and interictal)
studies were incorporated into a dedicated workstation for co-
registration using the ANALYZE version 7.5 software system
(Biomedical Imaging Resource, Mayo Foundation, Rochester,
MN). The MR studies were converted to 8-bit images and re-
formatted to cubic voxel dimensions. Binary images were pro-
duced to best emphasize the cortical surface of the brain by
manually adjusting intensity thresholds. Interactive 3D seg-
mentation of the brain was then performed as described pre-
viously (2). ‘‘Erosion’’ and ‘‘autoconnect’’ program functions
were performed in one or two iterations, depending on the
presence of signal from extraparenchymal structures after the
first iteration. We then performed multiple ‘‘conditional dilate’’
operations, usually using one more iteration than the erosion
and autoconnect iterations. Whole brain volumes were record-
ed from the binary reformatted MR images.

SPECT scans were converted to binary, again using thresh-
olding to best approximate the cortical brain surface, followed
by an ‘‘autoconnect’’ step. The SPECT brain volume was then
measured. The steps were repeated, changing threshold values
as needed, until the binary SPECT volume matched the MR
volume to within 3%.

Binary MR and SPECT 3D-rendered studies were then sur-
face matched using the binary MR as the base volume and the
binary SPECT as the match volume. This coregistration uses
a champher matching technique. Champher matching is ac-
complished by performing a distance transformation that con-
verts a binary-level image into a gray-level image. This tech-
nique has been fully described previously (3). Pixel dimensions
from both images were considered during the fit. Default pa-
rameters were used for surface matching, with the exception
of increasing the number of points sampled to 250. The final
voxel dimension of the processed SPECT scans matched the
MR imaging voxel dimension, which was 0.859 mm. This
method of surface matching coregistration has been described
previously (4).
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FIG 1. A, CT scan shows segmentation to illustrate the external surface.
B, Same scan as A reformatted by thresholding to include only the upper 15% of gray-scale intensities to depict a representation of

the subdural grid and strip electrodes.

Coregistered ictal and interictal SPECT scans, as well as
initial video scalp EEG telemetry results, were carefully re-
viewed for planning intracranial electrode placement. For in-
traoperative intracranial electrode placement, MR and coregis-
tered ictal SPECT studies were integrated into a neurosurgical
navigational system (StealthStation, Sofamor Danek Inc,
Memphis, TN). This system provides intraoperative positional
information using imaging data obtained preoperatively. The
navigational system uses a registration probe and surgical in-
strumentation, which have light-emitting diodes (LEDs) that
emit infrared light. The position of these LEDs on the various
instruments is tracked by an array of three charge-coupled de-
vices (CCDs) suspended from the ceiling of the surgical suite.
The infrared light is focused onto the CCDs and the position
of the LEDs is determined by triangulation. A reference arc,
with five LEDs, is attached to the clamp holding the head and
allows independent tracking of head position during surgery.
Positional information from all components is transmitted to
the workstation, which correlates the position of the instru-
ments to that of the head (5).

The image data sets are registered to the surgical field by
correlating the position of the fiducials in the operating room
to their position on the image data sets. This is performed
intraoperatively after inducing general endotracheal anesthesia
or injecting a local anesthetic, applying a head clamp, and
attaching the reference arc to the head clamp. The fiducials are
then touched with a registration probe while indicating which
fiducial is being registered using the workstation software. This
process is repeated for each fiducial. Once registered, the po-
sition of either the probe or the surgical instrument can be
continuously displayed by the workstation using images ori-
ented in three orthogonal planes as well as a 3D view of the
entire preoperative image data set. A surgical planning pro-
gram permits the selection of entry and target points, with the
resultant approach indicated on the 2D and 3D images.

The system can also display positions on two oblique views,
which depict the current position of the instrument and what
is ahead of the instrument. The triorthogonal views provide
standard positional information while the navigational views
enable the surgeon to travel a predetermined surgical path to
the desired target.

After intracranial electrode placement, patients underwent
CT. Voxel dimensions were 0.590 3 0.590 3 3 mm. CT data
were transported to an independent computer workstation. Us-
ing ANALYZE version 7.5 software, scans were converted to
8-bit images and reformatted to cubic voxel dimensions. Cubic
voxel, 8-bit MR, and CT data were then converted to binary
images, using thresholding to best emphasize the skin surface.
Binary MR and CT studies were then surface matched using

the binary MR as the base volume and the binary CT as the
match volume. The surface matching coregistration algorithm
was as described for the MR-SPECT coregistrations. Final
matched CT voxel dimensions were 0.859 mm. For 3D visu-
alization of intracranial electrodes, CT scans were thresholded
to incorporate approximately only the upper 15% of gray-scale
intensities. Figure 1A shows a volumetric CT scan segmented
to depict the external surface. Figure 1B is the same scan re-
formatted by thresholding to include only the upper 15% of
gray-scale intensities, which shows the 3D representation of
subdural grid and strip electrodes.

In ANALYZE 7.5 (for the final 3D reconstruction of core-
gistered MR, SPECT, and CT scans), MR images were refor-
matted by using program functions ‘‘image algebra, gray-
file*binfile,’’ with the original MR images as ‘‘grayfile’’ and
the previously segmented MR images (used to match the MR
and SPECT scans) to best define the cortical surface as ‘‘bin-
file.’’ This produced a gray-scale image with a surface corre-
sponding to the cortical surface. Coregistered SPECT scans
were manually thresholded to best outline the areas of perfu-
sion changes. MR images were loaded in ‘‘volume render,’’
with ‘‘multiple objects 5 on.’’ Within multiple objects, MR
images were used as originals and coregistered SPECT and CT
scans as objects. Display for both objects was on. Binary CT
representations of the intracranial electrodes were set ‘‘opacity
5 1.00’’ and ‘‘opacity thickness 5 all.’’ ‘‘Transparency’’ was
changed to ‘‘on.’’ Other settings were default positions. After
planning the neurosurgical resection using the 3D triple-tech-
nique coregistered images, which included correlating electro-
corticographic studies with intracranial electrode placement,
these images were again integrated into the neurosurgical nav-
igational system for intraoperative guidance during resections
for epilepsy surgery.

Case Material

During coregistration of the images, the root mean square
(rms) distances of matched binary images were as in Table 1.
Table 2 shows the regions of SPECT perfusion change, EEG
seizure onset, region of epilepsy surgery resection, and results
of seizure control after surgery.

Figure 2 depicts a triple-technique coregistration from pa-
tient 1, showing the left frontal convexity from a lateral po-
sition. This 16-year-old patient had a 4-year history of epileptic
seizures that had been refractory to antiepileptic drugs. Epi-
leptic seizures involved both episodes of arrested activity and
tonic posturing of the right upper extremity. Interictal EEG
showed left frontal epileptiform discharges. Ictal scalp surface
EEG recordings showed nonlateralizing desynchronization at
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TABLE 1: Root mean square (rms) distances of matched binary
images in five partients

Patient
MR-CT coregistration

Mismatch (rms, in mm)

MR-SPECT
Coregistration

Mismatch (rms, in mm)

1
2
3
4
5

1.0
4.5
3.0
1.5
4.1

2.5
2.1
2.3
2.5
2.2

FIG 2. Triple-technique (MR imaging, ictal SPECT, and CT) co-
registered image for patient 1. Subdural grid electrodes cover the
area of ictal hyperperfusion in the triangular region of the left
inferior frontal gyrus.

TABLE 2: Regions of SPECT perfusion change, EEG seizure onset, region of epilepsy surgery resection, and postoperative results of seizure
control

Patient
Region of SPECT
Perfusion Change

Region of EEG Seizure
Onset

Region of Epilepsy
Surgery Resection

Seizure Control after Epilepsy
Surgery (Postoperative

Follow-up Period)

1 Left inferior frontal gyrus (tri-
angular region)

40% from left inferior frontal
gyrus, 60% diffusely

Left inferior frontal topectomy
anterior to frontal operculum

50% reduction in seizure fre-
quency (24 mo)

2 Right frontotemporal 100% right lateral temporal Right anterior temporal
lobectomy

Seizure free (20 mo)

3 Right temporal 100% right mesial temporal Right anterior temporal lobecto-
my and amygdalohippocam-
pectomy

Seizure free (18 mo)

4 Right temporal 100% right mesial temporal Right anterior temporal lobecto-
my and amygdalohippocam-
pectomy

Seizure free (26 mo)

5 Right superior frontal Propagation to right inferior
frontal*

Right inferior frontal topectomy No change in seizure frequency
(19 mo)

* No localizing electrical change at ictal onset.

seizure onset. The area of hyperperfusion on SPECT scans,
acquired after Tc-ECD injection during an episode of arrested
activity, was anatomically located in the triangular portion of
the inferior frontal gyrus. There was correlation between the
ictal subdural EEG recordings with the area of hyperperfusion
in only 40% of recorded seizures. Postsurgical outcome, after
left frontal topectomy of the inferior frontal gyrus anterior to
the frontal operculum, resulted in a 50% decrease in seizure
frequency during 24 months of postoperative follow up.

Figure 3 shows coregistered ictal and interictal SPECT scans
in patient 2. Interictal scans show hypoperfusion in the right
temporal region (Fig 3A), while ictal scans show symmetrical
perfusion of the temporal lobes (Fig 3B). There was an area
of ictal hyperperfusion in the right frontal region; therefore,
the SPECT scans suggested perfusion changes in both the right
temporal and right frontal regions. Triple-technique coregistra-
tion (Fig 3C), segmenting the ictal SPECT scan to highlight
the area of hyperperfusion in the right frontal region, shows
placement of subdural strip electrodes over the areas of per-
fusion change in the right temporal and frontal regions and a
64-electrode subdural grid over the right frontotemporal re-
gion. EEG results showed all seizures originated from the right
subtemporal subdural strip electrodes with fast propagation to
the right anterior frontal region. After partial temporal lobec-
tomy, the patient has remained seizure-free during 20 months
of postoperative follow-up.

Discussion
Because correlation of anatomic and functional

information is of critical importance in the local-
ization of epileptogenic foci, coregistration of
structural MR images with other imaging studies is

especially valuable for patients with epilepsy. We
describe a technique for coregistering MR, SPECT,
and CT data to better correlate structural imaging
findings, blood flow changes during epileptic sei-
zures, and placement of intracranial electrodes for
electrocorticographic recordings.

Others have described coregistration techniques
for functional and structural imaging studies (6, 7).
Use of coregistered MR and ictal SPECT studies
within our neurosurgical navigational system has
been helpful in stereotactic placement of intracra-
nial electrodes and has allowed placement of elec-
trodes near areas of ictal blood flow changes.

MR-CT coregistration mismatch showed rela-
tively high rms distances in some cases, as com-
pared with previous results (8, 9). However, visual
inspection of the coregistrations showed close
matching of anatomic structures. Because the skin
surface was used for MR-CT coregistration, the
high rms values were most likely due to variability
of the amount of extracranial structures (ie, neck)
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FIG 3. A, Interictal coregistered MR-SPECT scan with right temporal hypoperfusion.
B, Ictal coregistered MR-SPECT scan shows symmetrical bitemporal perfusion. This represents a relative increase in cerebral blood

flow to the right temporal region during the seizure. There was ictal hyperperfusion in the right frontal region as well.
C, Triple-technique coregistration shows subdural strip electrodes over the right temporal and frontal regions in relation to the area

of ictal hyperperfusion in the right frontal region. EEG recordings localized all seizures to the right temporal region.

in the field of view in each image. We made no
attempt to segment extracranial structures, beyond
best defining the skin surface, during the MR-CT
coregistration.

We relied on visual interpretation of interictal
and ictal SPECT scans to determine the area of
hyperperfusion. We then manually segmented the
region of involvement using intensity thresholding.
Recent studies indicate that computer-aided sub-
traction of the interictal from the ictal SPECT scans
significantly improves the usefulness of SPECT in
localizing the surgical seizure focus (10, 11). This
technique effectively shows differences in interictal
and ictal perfusion patterns. Patient 2 (Fig 3) rep-
resents a case in which differences in interictal and
ictal perfusion patterns localized the area of seizure
onset. The interictal study showed a hypoperfused
right temporal region, while the ictal study showed
normal symmetrical perfusion. The right frontal re-
gion showed ictal hyperperfusion, which correlated
with EEG propagation to that area. Use of com-
puter-aided subtraction of the interictal from ictal

SPECT scans with our technique, rather than using
visual SPECT interpretation alone, may allow for
more accurate placement of subdural electrodes to
confirm the epileptogenic zone.

Conclusion
The preliminary results of our technique for co-

registering MR, SPECT, and CT studies showed ex-
cellent correlation of ictal SPECT findings and
EEG recordings in three of five patients (patients
2–4) with intractable epilepsy. The plan for EEG
monitoring was altered after examining the SPECT
studies in patient 2 to include coverage of the right
temporal region, which eventually proved to be the
epileptogenic focus. In patients 1 and 5, we did not
obtain consistent localizing correlation between ic-
tal SPECT and EEG findings, and their postoper-
ative seizure control was poor. The results in pa-
tients 1 and 5 suggest that SPECT-measured
perfusion changes may represent propagation pat-
terns of seizures rather than the initial seizure focus
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in some patients. This reemphasizes the need for
comprehensive evaluation of patients in planning
epilepsy surgery. A larger series of patients will be
necessary to better determine the relationship be-
tween EEG and SPECT changes using this coreg-
istration technique.
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