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Xenon/CT Cerebral Blood Flow Studies during Continuous Depth
Electrode Monitoring in Epilepsy Patients

David W. Johnson,' Jeffrey P. Hogg,? Richard Dasheiff,> Howard Yonas,? Susan Pentheny,' and Asela Jumao-as®

PURPOSE: To observe and describe cerebral blood clow (CBF) alterations immediately following
depth electrode stimulation of the temporal lobe in patients with medically intractable epilepsy.
MATERIALS AND METHODS: Five patients with partial epilepsy undergoing presurgical evalua-
tion were chosen for xenon/CT cerebral blood flow (Xe/CT CBF) measurement immediately
following electrically stimulated seizures via stereotactically placed temporal lobe depth electrodes.
Each patient had a baseline Xe/CT CBF study. Four of the five patients had a total of seven
temporal lobe stimulations each followed by a Xe/CT CBF study. The other patient had right
temporal lobe electrical status epilepticus and was scanned without stimulation or electroenceph-
alogram monitoring. RESULTS: Of the four baseline or interictal scans, no areas of abnormally
low flow were detected, but one baseline scan had elevated flows of 115 mL- 100 g_‘-min_' in
the left temporal lobe. One stimulation elicited 8 seconds of afterdischarge potentials, but no
alteration of CBF was detected. One stimulation elicited an aura but no electrographic seizure was
detected. This resulted, however, in bitemporal lobe elevation of CBF. The other five temporal
lobe stimulations resulted in 17-63 seconds of afterdischarge potentials and all resulted in elevation
of CBF to 69-118 mL-100 g'-min~". One of these five stimulations resulted in seizure and
localized elevation of CBF. Following seizure activity, elevated CBF began to return to baseline
levels by 20 minutes. CONCLUSION: This study reveals a direct spatial and temporal relationship
of elevated CBF with seizures. This study provides the most direct data to date in human subjects
that focal seizure activity elevates CBF. Since seizures are known to increase metabolic activity ir.
the activated tissue, this data also supports the assumption of coupling between CBF and
metabolism during the pathologic process of a seizure.
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Accurate localization of seizure foci in patients
with medically intractable complex partial epi-
lepsy is often difficult to achieve. Multiple func-
tional and anatomical imaging modalities are
often employed in the workup with the hope that
the data from these different diagnostic modali-
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ties will converge upon the location of the seizure
focus. Many have studied alterations of cerebral
metabolism and/or blood flow as they relate to
ictus (1-6) but the study of local or global alter-
ations of cerebral blood flow (CBF) during ictus
has remained elusive because of the difficulty of
obtaining well-documented simultaneous electro-
encephalographic (EEG) and CBF data coincident
with the seizure. Anatomical imaging technolo-
gies such as computed tomography (CT) or mag-
netic resonance (MR) do not lend themselves to
imaging seizures but rather depend on imaging
structural abnormalities such as mesial temporal
sclerosis, tumor, or posttraumatic encephaloma-
lacia that may explain the cause of the seizures.
Frequently, there is no obvious anatomic abnor-
mality that identifies the seizure focus. Further-
more, seizures often last only a matter of seconds
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Fig. 1. Typical placement of depth electrodes.
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A and B, anteroposterior and lateral views of the skull, demonstrating typical location of the frontal (arrows) and temporal

(arrowheads) lobe depth electrodes.

C, Axial CT demonstrating location of temporal lobe electrodes. The electrode tips (contacts 1-2) (arrows) are placed in the amygdala
with the rest of the electrode extending posteriorly through the hippocampus.

to minutes and simultaneous CBF imaging is
difficult to obtain.

At our epilepsy center, the presurgical evalua-
tion of patients with medically intractable seizures
includes noninvasive imaging with CT, MR, '**Xe
CBF, and Xe/CT CBF measurements. Later, a
second phase of more invasive testing is done
including stereotactic placement of bitemporal
and bifrontal intracranial depth electrodes, allow-
ing continuous depth electroencephalography
(CDEEQ) to document location, frequency, and
type of seizure activity. These patients routinely
undergo electrical stimulation via depth elec-
trodes to localize neuronal dysfunction, and to
help identify the focus by recapitulating their
habitual seizures. A highly selected group of pa-
tients were subsequently chosen for simultaneous
CDEEG and Xe/CT CBF measurement prior to
and immediately following depth electrode stim-
ulation of seizure activity for the purpose of
studying the local and regional CBF changes
during and immediately following electrically in-
duced seizure activity.

Materials and Methods

Five patients with simple and/or complex partial epi-
lepsy, refractory to medical therapy, undergoing presurgi-
cal evaluation were chosen for Xe/CT CBF measurement
immediately following electrical stimulation of seizure ac-
tivity via the temporal lobe depth electrodes. During prior
electrical stimulation these patients demonstrated elec-
troencephalographically recorded seizures with either ab-

sent or only mild clinical symptoms without motion. Thus
this group of patients was felt to be most likely to lay
motionless during the Xe/CT CBF exam. All studies were
performed on the GE 9800 CT scanner. Patients inhaled a
mixture of 32% stable xenon and 68% oxygen and were
scanned during the first 4.5 minutes of inhalation. A more
complete description of the method is described by John-
son et al (7).

The electrode is a flexible cable with eight metallic
contacts, designed to spatially locate electrical activity
along the contact-bearing portion of the electrode. Each
neighboring pair of contacts can be used to stimulate or
detect electrical activity in tissue in the immediate vicinity.
The location of the electrodes is shown in Figure 1. The
very tip of the temporal lobe electrodes were placed in the
amygdala with the rest of the electrode extending poste-
riorly through the hippocampus. The very tip of the frontal
lobe electrodes were placed in the orbitofrontal cortex of
the frontal lobe.

The electrical stimulus consisted of 0.5 millisecond bi-
phasic square wave pulses, 50 Hz, for 10 seconds applied
at constant voltage through a Grass S11 stimulator and
two stimulation isolation units. Four subjects received a
CDEEG-monitored baseline Xe/CT CBF study prior to
depth electrode stimulation. Each of these subjects re-
ceived at least one (1) 10-second temporal lobe stimulation
followed immediately by another Xe/CT study for a total
of seven temporal lobe stimulations. In each study, only
two levels were imaged by Xe/CT (through the upper
temporal and lower frontal lobes above the temporal lobe
electrodes, avoiding the eyes). Time interval between the
studies was no less than 20 minutes to allow washout of
xenon from body tissues. The xenon inhalation was started
within seconds after the start of the electrographic seizure,
taking 4.5 minutes to acquire the wash-in data. In one



AJNR: 14, January/February 1993

patient, xenon inhalation was started 4 minutes following
a 45-second electrographic seizure. One patient had
CDEEG-documented electrographic status epilepticus re-
stricted to her right temporal lobe and so was not stimu-
lated. Blood flow maps were analyzed qualitatively, noting
geographic distribution of CBF and quantitatively with
cortically placed region-of-interest measurements, all 1 cm?
or larger. Error due to inherent noise of the system is
minimized when region-of-interest size is greater than
1 cm? (7). In order to highlight pictorially flows above an
arbitrary value, all images were computer-enhanced to
identify a threshold (Fig. 2). These data were then tabulated
and graphed.

Results

The five patients ranged in age from 21-48
years of age and had a 14- to 37-year history of
simple and/or complex partial epilepsy. Each
patient had a baseline scan. One patient had two
right temporal lobe stimulations and one left
temporal lobe stimulation. One patient had both
the right and left temporal lobe stimulated. Two
patients had one temporal lobe stimulation. Of
the four baseline, or interictal scans, where no
abnormal electrical activity was recorded, no fo-
cal areas of abnormally low flow were detected.
Average baseline flows were 54.8 £ 13 mL/100
g/min. Case 1, however, revealed flows of 115
mL/100 g/min in the left temporal lobe. One
stimulation elicited an 8-second duration of after-
discharge potentials but no alteration of CBF was
detected. One stimulation elicited an aura re-
ported by the patient (case 2) but no EEG-
monitored seizure activity was detected. This
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resulted in elevation of CBF in both temporal lobe
lobes to 74 mL/100 g/min on the left and 65
mL/100 g/min on the right. The other five tem-
poral lobe stimulations resulted in a 17- to 63-
second duration of afterdischarges and all re-
sulted in elevation of CBF to 69-118 mL/100 g/
min.

Table 1 summarizes our findings in this series.
Case 1 is a 27-year-old right hemisphere lan-
guage-dominant man with onset of epilepsy at
age 13. Seizures were simple partial, complex
partial, and convulsive. He had a prior right frontal
lobectomy for control of his seizures without
success, and was being reevaluated for a second
epilepsy surgery. Scalp EEG revealed independ-
ent right and left temporal lobe spiking. Analysis
of ictal depth EEG was complex, with seizures
starting from right temporal lobe and left orbito-
frontal areas.

His Xe/CT CBF images are illustrated in Figs.
3A-3F. Figure 3G depicts regional CBF (rCBF)
as a function of time over the course of his four
studies. The patient ultimately underwent a right
anterior temporal lobectomy that revealed severe
dentate and hippocampal sclerosis. Subse-
quently, his seizures have come under control
with relapses when he misses his antiepileptic
drugs.

Cases 2-5 are also summarized in Table 1.
Please note that clinical follow-up was limited in
case 4 because of her sudden unexplained death.
Sudden unexplained death is believed to be the
result of seizure-induced cardiac arrhythmia (8).

Fig. 2. Explanation of the identify
mode.

A, For the purpose of highlighting
blood flow differences, regions of interest
that identify specified blood flow values
are superimposed upon the blood flow
map. For this image, the specified value
level (SVL) is 40 and the specified value
range (SVR) is 9. This identifies all pixels
with all blood flow values above 44.5
mL-100 g~'-min”' as absolute white
(black arrows). Values below 35.5 mL-
100 g~'-min" are gray to black (curved
white arrows) and values between 35.6
and 44.4 are gray to white.

B, On the same image, the SVL/SVR
is now set for 60/9. This identifies all
pixels (black arrows) with a range of
blood flow values from 55.5-64.5 mL-
100 g~'-min~". Because a higher range
is selected, the gray to black areas
(curved white arrows) are larger than
in A.



TABLE 1: Summary of findings

rCBF (cc-100 g™'-

Patient Age/ Time Area CDEEG . min™") et S.euure Surgery Surgical Clinical
No. Sex (min) Stimulated  Findings EINRER) Foci by Performed Pathology Outcome
Rt Lt CDEEG
Temporal Temporal
1 27/M 0 Baseline No seizure 58 115 Rt temporal, Lt Anterior Rt Severe hippo- Seizure-free on
activity orbitofrontal temporal campal AEDs
lobec- sclerosis
tomy
40 Rtamygdala 8-sec AD 45 56
Rt tem-
poral
lobe
60 Lt amygdala 63-sec Also has 35 sec 76 88
AD of postictal
Lt tem- depression
poral and slurred
lobe speech
110 Rt amygdala 40-sec Numbness Lt 118 55 Lt temporal Anterior Lt  Diffuse astro- Aura's only on
seizure upper ex- temporal cytosis AEDs
Rt tem- tremity lobec-
poral tomy
lobe
2 48/F 0 Baseline Epilep- 49 55
tiform
dis-
charge
Lt tem-
poral
lobe
20 Rtant. 35-sec 10-15 second 74 65
hippca. seizure aura
Rt tem-
poral
lobe
40 Ltamygdala No seizure 1-2 minutes of 65 74
activity ~ auras and
visual hallu-
cinations
3 41/M 0 Baseline No seizure 55 53 Rt temporal Anterior Rt  Diffuse astro- Seizure-free on
activity temporal cytosis AEDs
lobec-
tomy
20 Rtamygdala 17 sec Interictal epi- 79 89
AD leptiform dis-
charges seen
in both tem-
poral lobes
following sei-
zure
4 37/F 0 Baseline Rt tem-  No stimulation 75! 57 Rt temporal,  Anterior Rt Severe hippo- Sudden unex-
poral study done Lt, Rt frontal  temporal campal plained
status lobec- sclerosis death
tomy
5 34/F 0 Baseline No seizure 38 39 Rt frontal, Anterior Rt Cortical gliosis Reduced sei-
activity Lt temporal, temporal zures on
Rt amygdala  lobec- AEDs
tomy
20 Rtamygdala 45-sec Also has 45 sec 69 43
seizure of clinical
in Rt symptoms
amyg-
dala

Note.—Rt, right; Lt, left; AED, antiepileptic drug; AD, afterdischarge.
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CASE #1 Fig. 3. Case 1.

A, Baseline scan. Average right temporal lobe blood flow is 58
mL-100 g~'-min~" and average left temporal lobe blood flow is

\ —=— cbln 115 mL-100 g~'-min™",

—p— aphi B, Baseline scan with specified value level and range included
SVL/SVR is 70/9. There are large areas in the left temporal lobe
that are above 75 mL-100 g~'-min~" with fewer areas above that
range on the right. The patient was known to have frequent seizures
in the morning and may have had an unmonitored seizure during

40 \ \ transport to the CT scanner while the EEG was disconnected.

C, CT demonstrates prior partial right frontal lobectomy (arrow).
sy side: of ‘activation Note also the metal artifact from the frontal electrodes (white
arrows).

D, Forty minutes after the first scan, the right amygdala is
stimulated. Average right temporal lobe blood flow is 45 mL-100
G g~ '-min”'. Average left temporal lobe blood flow has now de-

creased to 56 mL-100 g~'-min~'. SVL/SVR is 70/9. There are

fewer areas of flow above 75 mL-100 g~ -min~" in the left temporal

lobe. (Continued on page 250)
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Fig. 4. CBF versus length of time of after-discharge potentials.

We attempted to find a quantitative relation-
ship between the duration of afterdischarge and
rCBF. Figure 4 is a scatterplot of the relevant
data. It is technically not possible to record the
depth EEG during the 10-second electrical stim-
ulus. However, the stimulus itself is equivalent to
an afterdischarge and should be capable of alter-
ing CBF, therefore, 10 seconds were added on to
the time of each afterdischarge potential we re-
corded to reflect the total duration of brain acti-
vation. Because we believe that case 1 did expe-
rience an unmonitored seizure in the left temporal
lobe prior to the baseline scan, we felt we could
exclude that data point. We also excluded data
from case 4, because her right temporal lobe was
in status epilepticus. Focal status represents a
qualitatively different phenomena from the dis-
crete seizures the other patients had, either spon-
taneously or evoked by our stimulation.

Discussion

Electrical, drug-induced, or psychophysiologi-
cal seizure activation studies have long been
considered a useful tool in epileptology. Early
studies documented an increase in cerebral cir-
culation that accompanied the electrical dis-
charge (9, 10). Observations of altered CBF dur-
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ing and after electrical stimulation of seizures in
animals and human subjects were also described
by Penfield et al in 1939 (11). Through a crani-
otomy, a heated thermocouple was placed into
the cortex or basal ganglia. Because arterial blood
is cooler than brain parenchyma, regional in-
creases in blood flow will cause cooling of the
thermocouple. Blood flow could not be quantified
but the observation of flow alteration could be
documented and the elapsed time for return to
baseline parenchymal temperature could be re-
corded. Time for parenchymal temperature to
return to baseline was about 3 minutes. Type and
duration of seizure activity were not clear from
Penfield et al's description (11). They concluded
that circulatory increase began shortly after the
onset of local neuronal discharge and was prob-
ably secondary to increased ganglionic activity.
Jasper and Erickson studied alterations of local
CBF and pH in response to metrazol (pentame-
thylenetetrazol) and electrical stimulation of sei-
zure activity using a similar technique and also
found that local CBF closely followed EEG
changes but preceded changes in pH (12).

Ueno et al used '“C-antipyrine as a tracer of
CBF in monkeys and showed changes in rCBF in
response to intracortically injected penicillin-in-
duced seizures (13). Hougaard et al measured
regional CBF with '**Xenon correlated with si-
multaneous EEG changes in four patients during
clinical seizure activity (6). Three showed marked
focal hyperemia in those areas where EEG was
also abnormal but one patient had focal hypere-
mia and a normal EEG. Interictal flows were also
measured in three of the four and in another six
patients. Focal hyperemia was observed either
spontaneously or in response to intermittent light
stimulation, but EEG recordings showed parox-
ysmal activity in only four of the nine. They felt
the lack of correlation between the EEG and rCBF
findings was due either to the focus localizing to
a deeper structure not involving cells contributing
to the scalp EEG recording or the fact that some
paroxysmal activity originated in the superficial
cortex that was not recorded by EEG.

Fig. 3—Continued. E, Sixty minutes after the first scan, the left amygdala was stimulated. Average right temporal lobe blood flow is
76 mL-100 g~'-min~'. Average left temporal lobe blood flow is 88 mL-100 g~'-min™'. SVL/SVR is 70/9.
F, One hundred and ten minutes after the first scan, right amygdala was again stimulated. Blood flow in the left basal ganglia just

above the amygdala is 118 mL-100 g~'-min~". Blood flow in the right basal ganglia just above the amygdala is 55 mL-100 g~'-min~".

1

Blood flow in the lateral right temporal lobe cortex has decreased to 43 mL-100 g~'-min™' and the left lateral temporal lobe cortex has

decreased to 67 mL-100 g~'-min~'. SVL/SVR is 70/9.

G, Graph of CBF versus time of case 1. Notice that elevated CBF returns to near normal baseline levels in the left temporal lobe

after the first and third scans.
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Sakai et al also correlated rCBF measurements
with EEG in epileptic patients who underwent
multiple psychophysiological (motor speech and
audiovisual) activation (14). These results, com-
pared with a normal control group, revealed that
epileptogenic foci are often accompanied by re-
gional hyperemia interictally or in response to
activation. Eleven patients with partial seizures
showed substantial regional flow increases in an-
atomical areas of the brain that correlated with
the EEG focus. Another nine showed flow in-
creases in response to psychophysiological acti-
vation. They observed regional hyperemia with a
surrounding border of decreased flow which they
attributed to a primary inhibition of surrounding
neuronal activity, a phenomena known to occur
rendering this borderzone refractory to excitation.
They felt that rCBF measurement may have
some usefulness in localization of epileptogenic
foci in those whom the EEG may be normal or
equivocal and that activation studies may reveal
otherwise quiescent epileptogenic foci.

Lee et al performed ictal studies in 16 patients
with intractable epilepsy with HIPDM-SPECT,
correlating these findings with simultaneously re-
corded EEGs (2). They were able to localize
epileptic foci in 13 of 14 patients with a unilateral
temporal lobe focus. There were, however, two
patients with bitemporal foci that showed only
slightly increased regional cerebral perfusion in
bilateral multifocal regions. They felt that ade-
quate interpretation was hampered by the inabil-
ity to measure rCBF quantitatively, speculating
that bilateral multifocal epileptic foci may require
smaller increases of cerebral metabolic rate and
subsequently smaller increases of CBF.

Valmier et al studied 40 epileptic and 10 normal
patients with '**Xenon (15). Studied interictally,
he found that during intermittent light stimula-
tion, in epileptic patients without lesions seen by
CT, the suspected seizure focus showed signifi-
cant rCBF increase and in those patients who had
a lesion by CT, significant rCBF increases were
not in the region of suspected epileptic focus but
in adjacent or contralateral areas. There were five
patients that had a seizure several hours before
their activation study. Resting studies showed
increased rCBF that corresponded to the site of
the seizure focus suggesting a “subictal phase.”
Activation studies showed a variable flow pattern,
but usually a flow decrease in the region of resting
hyperemia. They concluded that activation stud-
ies in this subictal phase will yield different flow
patterns. They also felt that activation testing is
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useful in improving the accuracy of epileptic
focus localization.

Electroencephalography remains the gold
standard in seizure localization. Continuous mon-
itoring for extended periods of time is quite fea-
sible but there are important limitations as well.
Scalp EEG recordings cannot localize foci origi-
nating in deeper structures and depth EEG is
invasive and carries with it a low but not insignif-
icant probability of morbidity or mortality. The
literature suggests that activation studies can
reveal quiescent foci. Cross-sectional CBF eval-
uation may be a useful alternative if it is repeat-
able and if it lends itself conveniently to activation
testing. Our method of CBF testing has the
unique advantage of being able to quantitatively
measure blood flow in cross-section and can be
repeated within as little as 20 minutes. It is,
however, limited by radiation dose, and cannot
survey more than 2-3 levels of the brain.

Several observations may be made from our
series. First is that baseline flows were normal,
averaging about 55 mL-100 g~'-min~'. Second,
we could not localize seizure foci based on inter-
ictal flows. Third, we estimated the temporal
nature of blood flow elevation with seizure activ-
ity. Case 1 illustrates this observation. Making
the assumption that elevated flows on the base-
line scan in the left temporal lobe were indeed
secondary to a prior unmonitored seizure, one
can see that elevated flows returned to baseline
levels twice in a 110-minute period, each time
dropping to normal levels by 40-50 minutes (Fig.
3Q). In case 2, elevated flows in the right temporal
lobe drop 9 mL-100 g~ '-min~" in 25 minutes
after stimulation of that lobe. Return to baseline
may occur in less time. Dymond and Crandall,
using depth electrodes and monitoring intracere-
bral temperature changes to follow local CBF
changes in patients with spontaneous seizures
found that elevated flows following seizure re-
turned to baseline levels by about 10 minutes
(16). Fourth, our case 1 also illustrates the tight
spatial linking of seizure activity and CBF eleva-
tion. The seizure caused by the final stimulation
did not generalize and in fact was limited to the
immediate vicinity of the right amygdala (Fig.
3F). The section location is immediately above
the amygdala and posterior hippocampus, in or-
der to avoid artifact from the metal probe, and
shows localized increased flow.It also shows de-
creasing flows in the superficial temporal cortex
on the right, suggesting that the seizure did not
generalize beyond the mesial structures.
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A fifth observation from this study is the direct
relationship between the length of afterdischarge
and the degree of elevation of CBF (Fig. 4). We
are not aware of any other literature that reflects
this relationship. The one exception is case 4 who
was in electrical status epilepticus where blood
flow is only moderately elevated. There is some
speculation that status epilepticus is not the same
disease as simple or complex partial epilepsy. For
this reason we excluded this data point from the
graph.

Although stable Xe/CT proved reliable and
accurate in identifying an actively firing seizure
focus (an ictal event), it proved insensitive in
identifying the habitual seizure foci in four of the
five patients. The exception being case 4 who
was in electrical status epilepticus. This seems at
variance with reports in the literature as well as
our own expectations. During an ictal event both
metabolism and blood flow appear coupled and
both increase. The expectation would be that
both would be decreased compared to surround-
ing tissue, or control values for similar anatomical
areas. However, we did not find this so. It is
possible that although metabolism and CBF are
coupled during a seizure, they are uncoupled
interictally. If so, interictal scanning would be of
little value in the presurgical evaluation of epi-
lepsy patients. We plan to study this in a larger
patient population.
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