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Image processing techniques were applied to SPECT brain im-
ages to aid in the localization of epileptic foci. Methods: Ictal and
interictal cerebral perfusion SPECT images were acquired from
12 epilepsy patients (6 temporal, 6 extratemporal) after injection
of 20 mCi ®*™Tc-HMPAO. Each ictal scan was registered to the
same patient’s interictal scan. Normalization of the three-dimen-
sional data was applied to account for global percent brain up-
take and total injected activity. After registration, normalization
and subtraction of the SPECT images and functional difference
images were computed. Difference images were calculated,
which give a quantitative measure of perfusion alterations during
ictus. The resulting difference images were also registered with
each patient's MRI scan which permits localization of perfusion
changes onto anatomical structures. Results: Areas in the brain
where significant perfusion increases occur correlate with areas
confirmed to be seizure foci. Four of the six patients with known
temporal lobe seizure foci exhibited significant perfusion in-
creases on the difference images. These areas demonstrate a
percent increase of perfusion larger than 40%. For the extratem-
poral seizure patients, four of the four confirmed seizure sites
were diagnosed with difference images. Results on the remain-
ing two patients were inconclusive. Conclusion: When com-
pared to side-by-side visual interpretation of the ictal and interic-
tal SPECT images, registration of SPECT and MR images
together with calculated difference maps greatly enhances the
ability to localize epileptic seizure foci. This offers the potential to
locate epileptic seizure foci using a noninvasive, inexpensive
imaging procedure and data processing algorithm.
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Up to 50,000 people in the United States could benefit
from surgical treatment for intractable epileptic seizures
(1). Accurate preoperative localization of the seizure focus
is essential for successful surgery. Epilepsy, defined as
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recurrent seizures, is a phenomenon of excessive neuronal
excitability which can be seen in the electrencephalo-
graphic (EEG) signals recorded from affected patients. Lo-
calized EEG abnormalities at the start of the epileptic
seizure are often considered the sine qua non for diagnosis
and localization of the epileptogenic zone. However, EEG
recording from the scalp may be unreliable and can provide
erroneous localization. For this reason, further confirma-
tion of this localization or additional demonstration of lo-
calized functional or structural abnormalities are used to
further define a cortical area as the source of seizures. In
20%-50% of patients with uncontrolled seizures consid-
ered for surgical treatment, scalp EEG (even when supple-
mented with conventional imaging studies) provides insuf-
ficient localizing information and intracranial electrodes
are implanted in intracerebral and subdural locations (2, 3).
These are used for chronic recording of up to 4 wk during
which the electrical manifestations of spontaneous seizures
can be better localized. Exact areas of placement of such
electrodes are determined by other localizing information
obtained from structural and functional studies.

It has been known for many years that cerebral blood
flow (CBF) increases during both generalized and focal
epileptic seizures (4-6). In 1939, Penfield et al. described
increased regional CBF ictally in humans (4). In 1968,
Plum et al. described increased mean CBF during experi-
mental seizures in animals (5). Both PET and SPECT have
demonstrated this phenomenon. In addition, PET has been
used to demonstrate parallel changes in metabolism in the
cerebral cortex. Interictal PET studies have consistently
demonstrated that discrete foci of hypometabolism occur
in approximately 70% of patients with complex partial sei-
zures and that these sites may be seen in more than one
brain region in the same patients (7-9). For unknown rea-
sons, this finding appears to occur more commonly in the
temporal lobes in patients with complex partial seizures
than it does in patients with extratemporal onsets of sei-
zure. Reports have been variable, but much fewer patients
with frontal seizure onsets will demonstrate focal hypome-
tabolism on interictal FDG-PET (10,11). Most of these
patients have structural lesions seen on MRI. The areas of
hypometabolism or hypoperfusion always appear to be
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larger than the area of structural abnormality (12,13).
There is a strong correlation between the area of hypome-
tabolism identified by PET and the site of electrophysio-
logical abnormality identified by a combination of electro-
physiological data (14).

SPECT has been used to image regional blood flow in
epilepsy for over a decade and generally demonstrates
hyperperfusion at the focus ictally and hypoperfusion in-
terictally (15). The pharmacokinetics of *™Tc-HMPAO
allow it to be effective for both ictal as well as interictal
SPECT imaging of perfusion. HMPAO is a lipophilic com-
pound that crosses the blood-brain barrier, is rapidly con-
verted to a hydrophilic form and is trapped within cells.
Extraction is complete within 2 min, at which time up to
approximately 7% of the injected dose remains bound in
tissue (I4). Since it is stable within cells, scans can be
obtained up to 6-8 hr after injection and still demonstrate
the perfusion state during the seizure.

Studies relating perfusion defects imaged by SPECT ce-
rebral blood flow agents in the baseline (interictal) state
have been reported by several investigators with variable
but not impressive yield (16-19). Others have reported
higher yield of accurate localization of the epileptogenic
region with perfusion alterations during the seizure (20-
23). The interictal hypoperfusion might obscure increases
during ictus, at least to visual inspection. By registering the
ictal and interictal SPECT data and applying a normaliza-
tion to account for variabilities in brain uptake and total
injected activity, we calculated a functional image describ-
ing changes in brain perfusion during the ictus. This result-
ing difference image contains more information than can be
perceived by viewing the reconstructed transverse slices
alone.

MATERIALS AND METHODS

Twelve patients with intractable partial seizures (six temporal
lobe, six extratemporal foci) received ictal and interictal injections
of approximately 20 mCi of *™Tc-HMPAO. For ictal studies,
patients received injections during EEG documented seizures;
two patients were injected within 6 min after the onset of seizure
but after cessation of epileptiform activity. Interictal injections of
99mTc-HMPAO were performed in patients who had no docu-
mented seizure activity in the previous 24 hr period. SPECT
images were acquired within 90 min after injection using a three-
headed Picker PRISM 3000 camera (Picker International, Cleve-
land Heights, OH). All patients received volumetric MRI scans
for coregistration with the SPECT scans.

Projection data were acquired on the PRISM 3000 mounted
with ultra high-resolution, parallel-hole collimators. Data were
acquired over 40 min, during which the gantry makes a complete
360° orbit. A 128 x 128 matrix resolution was used with a 1.6
magnification factor. Transverse slices are reconstructed using a
routine clinical filtered backprojection algorithm with Chang at-
tenuation correction. The available reconstruction package allows
prefiltering of the projection data using a selectable apodization
filter whose cut-off frequency can be set to the position at which
the image power spectrum is equal to the noise level in the pro-
jection images. Subsequently, approximately 30 to 40 transverse
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slices covering the whole brain were reconstructed using the ramp
filter. All images were attenuation corrected using an attenuation
coefficient which accounts for scattered events in the photopeak
(0.11/cm). These reconstructed transverse images were trans-
ferred over the university/hospital ethernet network to the Imag-
ing Science Research Laboratory where the registration, nor-
malization, reslicing and calculation of difference images was
carried out on a DEC-VAX 3500 (Digital Equipment Corpora-
tion, Maynard, MA).

The ictal perfusion scans and the MRI scan of each patient
were registered to the patient’s interictal perfusion scan using our
computer registration program. The co-registered ictal and interic-
tal perfusion scans were normalized according to total pixel
counts in the brain and were subtracted from each other to obtain
two sets of difference images. Positive difference images (showing
increases during ictus compared to interictal) and negative differ-
ence images (showing decreases during ictus compared to interic-
tal) were computed and displayed on the Ceraspect workstation
(Digital Scintigraphics, Inc., Waltham, MA).

We had initially used the registration software made available
from the University of Chicago (24). We have additionally inves-
tigated enhancements for this type of registration algorithm,
whereby additional physiological landmarks (midplane and inter-
nal brain structures) can be used to improve the registration ac-
curacy and reproducibility (25,26). Both of these available meth-
ods of coregistration are routinely used in our laboratory for
evaluating clinical brain images. The complete image fusion pro-
cess starting with reconstructed SPECT and MRI transverse im-
ages, resulting in coregistered difference images superimposed on
the MR image, requires approximately 2 hr of combined CPU
calculation and operator interactive data handling.

Some problems arise in trying to determine the difference be-
tween the ictal and interictal condition of the brain in epilepsy
patients from image data. The SPECT images represent the dis-
tribution of radiopharmaceutical in the brain which is an indirect
measure of perfusion. Ideally, areas of the brain not associated
with the seizure focus would contain the same distribution of the
radiopharmaceutical in both the ictal and interictal state, and the
seizure focus would contain an elevated concentration of radio-
pharmaceutical, which would highlight its location. Due to extra-
neous influences, normal brain areas contain different concentra-
tions of radiopharmaceutical in the ictal and interictal images. The
radiopharmaceutical concentration is influenced by: (a) the total
injected dose, which is not identical for both imaging sessions; (b)
the time between preparation of dose and injection time, since the
radiopharmaceutical undergoes a chemical decay process which is
significant over minutes; (c) the general condition of the patient
and; (d) uptake characteristics of the brain are not consistent since
imaging sessions are conducted on separate days. We have as-
sumed that the total brain uptake should vary only insignificantly
between the ictal and interictal scans. On the other hand, areas of
the brain associated with seizure focus should vary strongly be-
tween interictal and ictal states but usually occupy a compara-
tively small percentage of the total brain volume. For that reason,
we normalized the total counts in all brain slices of the ictal scan
to the total counts in all slices in the interictal scan.

Figure 1 shows the result of our registration and image pro-
cessing technique for a patient. The top row, labeled ictal, shows
selected equally spaced transverse slices of the patient’s SPECT
perfusion scan acquired after injecting HMPAO during seizure.
The next row labeled interictal shows the corresponding SPECT
slices acquired in the same patient at a later time after no seizures
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FIGURE 1. Transverse siices showing
the SPECT images acquired during seizure
(ictal) and between selzures (interictal). After
nommalization and subtraction, images dem-
onstrating areas of increased perfusion (pos
diffy and decreased perfusion (neg diff) are
calculated and displayed using a yellow
color table. The same patient's MRl scans
are registered to the interictal images and
shown in the bottom of the figure using gray
levels.

pos diff

neq diff

had occurred for 24 hr. These two slice sequences were registered
to each other using the coregistration techniques described. The
third row of data labeled “‘pos diff”’ are a series of slices which
correspond to the perfusion slices but whose intensity values are
a measure of the percent increase of perfusion in the brain during
ictus when compared to the interictal state. The third row of
images labeled “‘neg diff’” are registered images whose intensities
correspond to perfusion decreases during seizure. Perfusion dif-
ferences are seen outside of the region of the brain and correspond
to the subcutaneous regions outside the cranium. The final row of
gray level images in Figure 1 show the MRI scans of the same
patient. All five sets of images in the figure are registered to each
other and contain insightful information concerning perfusion
changes and their anatomical location. All patients analyzed in our
preliminary study group were processed and viewed in a manner
described in this example.

Once the transverse slices have been resliced and normalized
for proper registration, two separate difference images are com-
puted. On a pixel-per-pixel basis, the difference in pixel values is
divided by the pixel value from the interictal scan and then is
multiplied by 100. This new value is written into one of two
functional image matrices. Positive values are written into a pos-
itive difference image, and negative values are written into a
separate negative difference image. In this way increases and
decreases of blood perfusion can be viewed separately on a slice
per slice basis. These difference images can be superimposed on
MRI scans for localization onto anatomy (Figs. 2, 3). Since the
values stored in the difference images numerically correspond to the
percent change in perfusion, regions of interest can be drawn on the
difference images in order to quantify the perfusion changes.

Independent determination of each patient’s seizure focus was
diagnosed by intracranial EEG or scalp EEG with concordant struc-
tural imaging using MRI. When available, successful surgical out-
come (cessation of seizure occurrence after removal of the diag-
nosed seizure site) serves as a final localization of the seizure site.

RESULTS

We performed preliminary patient studies assessing the
feasibility and utility of calculating ictal, interictal blood
flow difference images for localizing putative seizure foci in
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12 complex partial seizure patients. This technique was
compared with conventional visual assessments of ictal
and interictal perfusion scans.

For temporal lobe focus patients, six patients had local-
ization to medial temporal lobe using all available data
exclusive of SPECT scans. Visual analysis of ictal images
was concordant with final localization in only two of the six
temporal seizure patients. The area with greatest increase

di fference

Rverage

overlay

FIGURE 2. Selected slice of a patient showing ictal and interictal

SPECT transverse slices (two top left images). The yeliow
color scale is used to highlight areas of increased perfusion during
selzure in the positive difference image (top right). These foci cir-
cumscribe the heterotopic tissue responsible for initiating the sei-
zures. ROIs are drawn on the three brightest difference foci. ROI
analysis (average counts per pixel) gives a measure of the average
percent change in perfusion within these regions. The results are
listed under the title “Average” and are coded to their respective
reglons by color. The difference image is shown superimposed onto

the comresponding MRI image (bottom left). The original MRI refer-
ence siice is shown in the bottom right.
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FIGURE 3. Selected siices of the same patient in Figure 2 show
the ictal and interictal SPECT transverse slices and highlighted per-
fusion decreases (white arrows) shown as yeliow overiaid highlights
on the corresponding MRI images. ROI analysis gives quantitative
measure of percent perfusion decreases. Noteworthy is the area of
temporal lobe (top arow), which comresponds to an area of hypo-
perfusion adjacent to the heterotopia during ictus. Contralateral hy-
poperfusion is also noted in the cerebellum (bottom arrow).

on SPECT difference images were concordant with the
final localization in five of these patients and inconclusive
in the remaining patient. Extratemporal seizure patients
had localized foci in frontal (two patients) and parietal (two
patients) cortices using all available clinical data, exclusive
of SPECT scans. Visual analysis of ictal and interictal
images was concordant with final localization in two pa-
tients, discordant in one patient and inconclusive in one
patient. Difference images were concordant with final lo-
calization in all four patients. Additionally, the difference

images provided more precise information regarding the
location of the seizure focus (Table 1).

Figures 2-3 illustrate detailed findings of a sample sei-
zure focus in a 23-yr-old female patient with a history of
intractable seizures in the context of right parietal hetero-
topia. The patient had persistent seizures despite limited
surgical resection of the right parietal cortex. Both ictal and
interictal *™Tc-HMPAO brain SPECT blood flow scans
revealed a small photopenic defect at the resection site
with an annular zone of increased flow consistent with
prior surgery. On the positive difference images (Fig. 2),
there are more discrete regions of increased flow, limited to
a smaller margin of the resection site, anterior and lateral to
the heterotopia, suggesting residual hyperexcitable tissue.
Regions of interest (ROI) drawn on the difference images
reveal that the three suspected foci exhibit perfusion alter-
ations of approximately 73%, 30% and 25%. The negative
difference images (Fig. 3) show an area of decreased per-
fusion contralateral to the right parietal lesion and an ipsi-
lateral region of decreased ictal blood flow in the right
temporal cortex consistent with a zone of surrounding hy-
poperfusion. The two separate areas of decreased perfu-
sion were analyzed by applying ROIs and are shown to
correspond to values of 21% and 43%, respectively.

These images are representative of the quantitative ROI
analysis applied to all 12 patients studied. The two areas
exhibiting the highest percent increased perfusion were
determined and entered in the column ““pos-diff.”” The
same was done for quantitative perfusion decreases in the
column ‘“neg-diff.”

To appreciate the significance of these levels of perfu-
sion changes measured by ROI analysis, we placed ROIs
positioned away from foci which highlight large percent
differences. The average pixel value in these nonaffected
areas of the brain measure approximately 5%. We consider

TABLE 1
Seizure Site Localization Data
Age at
Patient onset Depth Surgery Surgery  Visual pos-diiff neg-diff
no. () ScapEEG EEG MRI Location Outcome Analysis (%) (%)
1 9 Unlocalized LFT bi F heterotopia — —_ L hem RF= 51,LF=40 RPM=368, LM=30
2 12 Unlocalized notdone  Earlier RT resection — — RF RF= 51,LF=47 LP=53, RMF=26
3 13 RT RT and LT bi HC atr LT E RC RT=126,LT=95 F=33, RP=31
4 16 BiateralT LMT LHC and T2 LT E Nomal LO= 62,LP=32 LP=31, RT=30
5 18 RT notdone RHC atr and T2 RT E LT RT=295,LT=234 RP=45 LP=27
6 28 RT notdone nr — — RC C= 53, C=45 LT=48, F=35
7 1  Multifocal notdone LHC atrand T2 LT E Lc LF= 42,LP=28 LT=47, F=35
8 38 LT,0 LMT RCatr - - LT LT= 57,RP=45 C=29, FM=29
9 16 LT LMT LHC atr LT G RT RP= 56,L0=33 LP=57,LPLO=25
10 1 LT notdone RHC atr and T2 — — RC RF=342, LF=153 RP=35 LP=27
1 6 Rhem RMF nd RMF E RF RMF= 90,LO=90 RF=49, LF=48
12 8 LpostT LT,O LO lesion Lo SR Nomal RSP= 46,RF=30 LP=55 LC=25

R = right; L = left; S = superior; atr = atrophy; bi = bilateral; E = excellent—no seizures; G = good—less than three seizures after surgery;
SR = >75% seizure reduction; HC = hippocampus; F = frontal; T = temporal; P = parietal; O = occipital; M = medial; C = central/midbrain; hem

= hemisphere.

Calculation of Ictal and Interictal HMPAO-SPECT Scans * Zubal et al.
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this 5% to be a typical error in renormalizing, registering
and ROI placement of our analysis technique and corre-
sponds to a measure of no change in perfusion between the
interictal and ictal states.

DISCUSSION

Experience with depth electrode recordings shows that
the lateralization of ictal and interictal changes on scalp
EEG can sometimes be completely misleading and local-
ization, or even lateralization, of frontal lobe foci on ictal
scalp EEG is particularly unreliable (27). In addition, in-
terobserver variability may be significant. In a study with
54 patients with localized, multifocal or unlocalized depth
EEGs, blind analysis of 144 ictal scalp EEGs by three
independent observers revealed an average of only 67%
(50% when corrected for chance) agreement between ob-
servers for hemisphere of seizure onset and only 59% (40%
when corrected for change) agreement between observers
for lobe of seizure onset (28). In the same study, ictal scalp
EEG and depth EEG studies agreed on hemisphere of
seizure onset in 48% (27% when corrected for chance) and
lobe of seizure onset in 29% (3% when corrected for
chance). When grouped by lobe of seizure onset, ictal scalp
EEG and depth EEG studies agreed on lateralization in
58% (38% when corrected for chance) of studies from
patients with temporal seizure onset (n = 56) and in 18%
(0% when corrected for chance) of studies from patients
with frontal seizure onset (n = 24). Structural lesions are
better characterized by x-ray computed tomography (CT)
and MRI than by scalp EEG. Although scalp EEG is often
abnormal in such cases, it is seldom as specific or sensitive
as the imaging techniques (27,28).

Although depth and subdural EEG can detect and local-
ize deeper foci than scalp EEG, they can sample only
limited areas of the brain. These procedures are also inva-
sive and are associated with surgical risk. The risk of major
complications, including infection and intracranial hemor-
rhage, is 1%-4%, with seven cases of permanent neuro-
logical deficits and two fatalities reported in the literature
(29). A noninvasive procedure which would help to direct
or streamline the initial procedure for implanting depth
electrodes (or ideally would obviate its need) is highly
desirable. Additionally, a screening technique which could
be conducted outside of the few existing epilepsy specialist
centers would improve patient care and deliver earlier di-
agnosis.

Structural neuroimaging is more accurate at defining the
seizure onset zone than scalp EEG (30); the location of
space-occupying lesions is highly correlated with seizure
onset, as judged by very high rates of seizure cessation
when the structural lesion is resected (31,32). Recently,
volumetric analysis of hippocampal size on MRI showing
atrophy has been found to correlate highly with medial
temporal lobe seizure onset recorded with depth elec-
trodes. This imaging technique has thus allowed increasing
sensitivity and accuracy in the diagnosis of temporal lobe
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epilepsy without the necessity for intracranial EEG (in
certain patients) as well as in other patients with extratem-
poral epilepsy when a space-occupying lesion is present.
Patients without hippocampal atrophy or space-occupying
lesions seen on MRI, often with extratemporal seizure
onset, remain a difficult diagnostic challenge.

SPECT perfusion scans are traditionally analyzed by
visually comparing each cerebral region with the homolo-
gous region of the contralateral hemisphere. This method
has the immediate drawback that diffuse, monotonic, bilat-
eral changes or focal, symmetric, monotonic, bilateral
changes in perfusion cannot be appreciated. Hence, perfu-
sion scans performed in some patients with partial seizures
do not demonstrate localizing or lateralizing features when
analyzed in this manner. In some cases, areas of hypo- and
hyperperfusion are found in areas remote from the site of
an EEG abnormality (I4). The potential difficulties that
arise when ictal, or postictal, and interictal perfusion scans
are compared in the conventional manner include: (a) the
lack of normalization of the two studies, arising from dif-
fering quantities of injected radiopharmaceutical in the two
studies or differences in the amount of time that has
elapsed between injection of the radiopharmaceutical and
acquisition of the scan; (b) the inability to accurately com-
pare slices slice by slice, arising from differences in patient
positioning during the two studies; (c) the lack of a quan-
titative assessment of the difference between the two sets
of images; and (d) the limited ability of perfusion scans to
demonstrate anatomy.

Interictal SPECT often shows hypoperfusion and an ic-
tal study is expected to reflect increased blood flow to the
area of seizure onset. These changes might be inaccessible
to visual scrutiny because of their degree or distribution, or
because comparison of unnormalized scans is not appro-
priate. We reasoned that a method to demonstrate the
functional change in perfusion from the interictal to ictal
state should result in increased sensitivity of diagnosis.

The change observed between ictal and interictal scans
of a patient are stored in the difference image whereby each
pixel value corresponds to the percent change measured
between these two patient conditions. ROI analysis indi-
cates that the brightest areas noted in the difference images
exhibit perfusion changes of 50% or larger. In many cases,
these areas correspond to primary seizure sites as con-
firmed by depth electrodes and can be interpreted as areas
which exhibit the largest change in perfusion. Five percent
changes, which correspond to most areas of the brain, can
apparently be interpreted as an area of no change or rep-
resent the error in calculating perfusion differences.

It is not clear, however, that normalization based on
total counts in the brain is the best method for preprocess-
ing the SPECT data before calculating difference images.
This normalization is complicated by the fact that extrac-
tion fraction of HMPAO becomes nonlinear to flow rates
above 55 mli/min/100 g (33). We propose to investigate
other normalization schemes which may improve the final
analysis. In one proposed normalization scheme, we will
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normalize the SPECT data according to the ratio measured
in the white matter. The white matter has a concentration
level of approximately 25% of that in the grey matter, and
it could be argued that white matter uptake levels are not
strongly affected by perfusion changes in the grey matter.
This normalization scheme may give improved results. A
second normalization scheme normalizes the data accord-
ing to concentration levels found in the cerebellum. Yet a
third scheme suggests that the brain stem may be the struc-
ture to which radiopharmaceutical uptake can be best nor-
malized.

The preliminary data suggest ictal-interictal subtraction
image sets may enhance the utility of brain perfusion
SPECT studies for localization of seizure foci. In the tem-
poral lobe group, localization by use of difference images
compared favorably with MRI and electrode methods. In
extratemporal patients, difference image methods im-
proved the ability to locate seizure foci as well as provided
more precise anatomical location than visual comparison
of ictal and interictal scans.
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