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SPECT in focal epilepsies

Roderick Duncan
Institute of Neurological Sciences, Southern General
Hospital, Glasgow G51 4TF, Scotland

Brain perfusion changes during seizures were first observed in
the 1930s. Single Photon Emission Computed Tomography
(SPECT) was developed in the 1970s, and tracers suitable
for the imaging of regional cerebral perfusion (rCP) became
available in the 1980s. The method was first used to study
rCP in the interictal phase, and this showed areas of low
perfusion in a proportion of cases, mainly in patients with
temporal lobe epilepsies. However, the trapping paradigm of
tracers such as hexamethyl propyleneamine oxime (HMPAO)
provided a practicable method of studying changes in rCP
during seizures, and a literature was established in the late
1980s and early 1990s showing a typical sequence of changes
during and after seizures of mesial temporal lobe origin; the
ictal phase was associated with large increases in perfusion
throughout the temporal lobe, with first the lateral, then the
mesial temporal lobe becoming hypoperfused in the postictal
phase. Activation and inhibition of other structures, such as
the basal ganglia and frontal cortex, were also seen. Studies
of seizures originating elsewhere in the brain have shown
a variety of patterns of change, according to the structures
involved. These changes have been used practically to aid
the process of localisation of the epileptogenic zone so that
epilepsy surgery can be planned.

Some neuroreceptors (e.g. benzodiazepine receptors) can
be studied using SPECT, and have shown localised abnor-
malities. SPECT has also been used to study brain function
during the intracarotid amytal test. SPECT images of all
kinds can be analysed using numerical techniques such as
statistical parametric mapping, and such techniques promise
to improve the yield of information from ictal studies.

1. Introduction

The fact that seizures are associated with changes in
cerebral perfusion has been known since the thirties.
Wilder Penfield, a pioneering epilepsy surgeon work-
ing in Montreal, made the first observations in a re-
markable circumstance [1–3]. Lacking any other local-
ising techniques, he would open a craniotomy over the
appropriate motor cortex in patients with Jacksonian
seizures, and stimulate the cortex electrically until he

found that part of it which could replicate the patient’s
habitual seizure. He was thus in a position to observe
alterations of cortical perfusion directly, seeing either
reddening or pallor, and described patterns of change
which included hyperperfusion of the area of cortex
involved in the seizure, and hypoperfusion during and
after seizures, usually surrounding the hyperperfused
area.

EEG became available in the thirties, and soon be-
came the main localising tool for epilepsy surgeons,
so observations of ictal perfusion changes lapsed until
the advent of functional imaging techniques. PET was
able to capture seizures fortuitously in a small number
of patients, but the it was the development of the tracer
HMPAO, with its novel trapping paradigm,which made
SPECT a practical tool for studying the local and re-
gional ictal and postictal changes in regional cerebral
perfusion (rCP) which had first been observed by Pen-
field 50 years earlier.

The main impetus to study ictal and postictal changes
in cerebral perfusion was the potential for such changes
to help localise the source of seizures non-invasively,
and thus to allow surgical resection. This remains the
clinical use of ictal and postictal SPECT.

2. Focal epilepsy

2.1. The interictal phase

This article is mainly concerned with ictal and pos-
tictal changes in perfusion, but it also is worth consider-
ing perfusion abnormalities in the interictal state. The
usual finding is regional hypoperfusion, which occurs
most commonly in medial temporal lobe epilepsies, in
approximately 50%–70% of patients [4–9]. The hy-
poperfusion usually involves all of the temporal lobe
(Fig. 1), though isolated medial hypoperfusion is seen.
The ipsilateral frontal lobe, occasionally the ipsilateral
hemisphere may also be hypoperfused. Bilateral tem-
poral hypoperfusion may occur.

The pathophysiological basis of interictal tempo-
ral hypoperfusion is uncertain. It is associated with
epilepsy of early onset [10] and ipsilateral medial tem-
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poral sclerosis [11], and there appears to be a topo-
graphic relationship with interictal spiking recorded in-
tracranially [12].

Some lesions are associated with focal hypoperfu-
sion, as a simple consequence of their physical pres-
ence. Others, such as some tumours and vascular mal-
formations have high HMPAO uptake [13]. Focal hy-
perperfusion may also occur in non lesional cases [7]
possibly representing prolonged postictal hyperperfu-
sion, which can last for some days [14].

In focal epilepsies originating outside the medial
temporal lobe, interictal abnormalities of perfusion ap-
pear to be much less common, occurring in 10% or less
of patients [15,16].

2.2. Ictal & postictal rCP SPECT – their use in
localising seizures

Currently, the most confident localisation of an
epileptogenic zone results from demonstrating a lo-
calised physiological change which takes place in tem-
poral association with the clinical event (i.e. the
seizure) to be treated. It is patently difficult to image
the brain during a clinical event which is brief, un-
predictable and involves movement, but the trapping
paradigm of tracers such as HMPAO (and more re-
cently ECD) allows just that [17,18]. The tracer is a
lipophilic material which can be injected intravenously.
It can cross the blood-brain barrier, and is distributed
throughout the brain according to the level of perfu-
sion. Once in brain cells, the tracer changes, becom-
ing hydrophilic (for HMPAO this process is thought
to involve glutathione, for ECD a peroxidase mediated
change). It cannot therefore exit neurones, and cannot
be washed out or redistributed.

This means that the distribution in brain of the tracer,
and the radionuclide attached to it, continues to reflect
regional cerebral perfusion as it was at the time of the
injection, even if the scan is carried out some time later.
The injection can be given during the seizure, and the
patient can then be allowed to recover and scanned later
when able to co-operate.

In fact, tracer takes approximately 15 seconds to
reach the brain after intravenous injection, and uptake
into the brain takes approximately 40 seconds. The
image acquired is therefore that of the average cerebral
perfusion during a period of 40 seconds, which begins
15 seconds after the injection. The kinetics of the tracer
therefore limits both the temporal resolution and the
sampling of the technique, factors which are crucial to
appropriate image interpretation.

Underlying the studies of seizures which have been
carried out over the past two decades is the assumption
that changes in perfusion are secondary to, and reflect,
changes in the local level of neuronal electrical activ-
ity. A large body of evidence closely links the two in
normal physiological situations, but there is some rea-
son to doubt that the link is inviolate during seizures,
where energy demand is so far in excess of that seen
in physiological situations. Recent evidence has sug-
gested that ictal hyperperfusion will only continue for
a certain period of time in some brain regions, even
if the ictal discharge carries on [19], again suggesting
that perfusion declines relative to the level of neuronal
activity.

Peri-ictal rCP SPECT is part of presurgical evalua-
tion at a number of centres, mainly in Australia, Europe
and the USA. It is usually carried out with surface EEG
monitoring, so that patients who have peri-ictal SPECT
will also have ictal EEG recordings, and usually spe-
cialised MRI studies. In most medial temporal lobe
epilepsies this combination of non-invasive investiga-
tions will give sufficient information either to proceed
to surgery or to determine that the patient is not a surgi-
cal candidate. Increasing weight is being given to MRI
findings in presurgical investigation, but some MRI
negative patients who have typical ictal rCP SPECT
findings go on to have good surgical outcomes [20].
In extratemporal epilepsies, ictal SPECT data can be
useful in deciding on the placement of intracranial, par-
ticularly if no lesion is detected on MRI.

2.3. The ictal phase

Medial temporal lobe seizures
Medial temporal lobe seizures are the most common

focal seizures in adults, and respond well to surgical
treatment. Much of the ictal and postictal SPECT lit-
erature, therefore, relates to such seizures.

In short medial temporal seizures, the typical ictal
pattern is seen if injection of tracer is carried out dur-
ing the seizure discharge or up to 15 seconds after its
termination. Recent data suggests that if the seizure
discharge lasts more then 100 seconds, then the pattern
of perfusion becomes ‘postictal’ despite continuation
of the discharge [19].

The typical ictal pattern (Fig. 1) consists of hyper-
perfusion of the whole temporal lobe, which can often
be very marked, with HMPAO uptake up to twice that
in the contralateral temporal lobe. This may be accom-
panied by hypoperfusion of surrounding cortical struc-
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Fig. 1. SPECT scan following HMPAO injection during a complex
partial seizure originating in the left mesial temporal lobe. The slice
is in the plane of the long axis of the temporal lobe, and shows
hyperperfusionof the left temporal lobe, mainly involving the mesial
cortex and pole (more typically, hyperperfusion extends posteriorly
into the lateral temporal cortex). There is hypoperfusion of the
ipsilateral occipital cortex.

Fig. 2. SPECT scan following injection of HMPAO 1 minute after
termination of a complex partial seizure originating in the left mesial
temporal lobe. The slice is in the plane of the long axis of the tempo-
ral lobe. There is hyperperfusion of the left mesial temporal cortex
extending toward the temporal pole, with lateral temporal hypoper-
fusion. Relatively high perfusion in the mesial occipital cortex is
usual, as patients usually have their eyes open during complex partial
seizures.

tures, usually the orbital cortex, the ipsilateral frontal
lobe or the whole ipsilateral hemisphere [21–25].

The fact that areas outside the epileptogenic zone are
hyperperfused is thought to be due either to secondary
activation by seizure discharges conducted through nor-
mal white matter pathway, or by direct invasion of
neighbouring structures by the seizure discharge itself.
The lateral temporal cortex is almost always hyperper-
fused, as is the insular cortex, but other structures such
as the ipsilateral orbital cortex, the ipsilateral motor cor-
tex and the basal ganglia are also commonly involved.

Fig. 3. SPECT following HMPAO injection during a left frontal lobe
seizure. This axial slice shows hyperperfusion of the left insular and
lateral temporal cortex, with hyperperfusion of the adjacent basal
ganglia. The contralateral frontal cortex is hypoperfused.

Fig. 4. SPECT scan following injection of HMPAO near onset of a
right parietal lobe seizure. The axial slice shows an intense focus of
hyperperfusion in the right parietal lobe, accompanied by hypoper-
fusion of the resto of the ipsilateral hemisphere.

Fig. 5. SPECT scan following injection of HMPAO 40 seconds after
the onset of hemparesis during the Wada test. The slice is in the
plane of the long axis of the temporal lobe. Left carotid injection.
The slice is oriented in the long axis of the temporal lobe and shows
hypoperfusion of temporal structures, in this case including medial
temporal cortex.



72 Roderick Duncan / SPECT in focal epilepsies

In some patients, hyperperfusion extends posteriorly
into the lateral temporal cortex, and in a minority of
patients bilateral changes are seen.

Some correlation between the pattern of hyperperfu-
sion and the clinical appearance of the seizure may be
made: for example hyperperfusion of the basal ganglia
has been associated with contralateral tonic posturing
during the seizure [26]. Patterns of perfusion seen dur-
ing temporal lobe seizures have also been related to
operative outcome [20]. The typical pattern described
above, a bilateral pattern, and the typical pattern with
posterior extension of hyperperfusion were all asso-
ciated with good outcome, whereas atypical patterns
were associated with lack of pathology and poor out-
come (presumably because atypical rCP patterns were
associated with epileptogenesis outside the field of the
excision).

Injection during secondary generalised seizures may
show localising rCP changes, particularly if the seizure
has had a clear focal onset. Injection must be early,
however: if it is carried out in the clonic phase, it is
the author’s experience that a bilateral postictal pattern
(see below) is usually seen, giving localising, but not
lateralising, information. Ictal SPECT seems to show
similar findings in medial temporal lobe seizures in
children [27,28] as in adults.

2.4. The postictal phase

In the immediate postictal phase (0–4 minutes af-
ter the end of the ictal discharge), the lateral temporal
cortex rapidly becomes markedly hypoperfused. This
often extends into the ipsilateral frontal lobe, or hemi-
sphere [23–25,29,30]. Occasionally, areas of hypop-
erfusion may be seen in the contralateral hemisphere,
and this may cause difficulty in interpretation. During
this early postictal period, the medial temporal cortex
remains hyperperfused, later (4–15 minutes) becoming
isoperfused relative to the contralateral medial tempo-
ral cortex. As time goes on, it too becomes hypoper-
fused, but even relatively late into the postictal period,
there is usually some preservation of medial perfusion
relative to the lateral perfusion.

Approximately 20% of patients injected in the pos-
tictal period will show bilateral and approximately sym-
metric changes [29,30] (Fig. 2). This provides some
supporting evidence of medial temporal lobe origin
for the seizure, but no lateralising evidence. Where
the changes are asymmetric, the side of predominance
is not always the side of seizure origin. Bilateral or

non-typical postictal perfusion patterns should be in-
terpreted cautiously.

The sensitivity of peri-ictal SPECT in medial tem-
poral epilepsies depends on the timing of the injec-
tion. Ictal injections show changes in almost all cases,
although bilateral changes may prevent lateralisation.
Postictal injections give a sensitivity of 70–90%, de-
pending on the time between the end of the seizure and
the injection [29,30]. With ictal injection, the speci-
ficity appears to be close to 100%, provided the perfu-
sion pattern is typical.

3. Non medial temporal lobe seizures

A number of reports describing rCP during seizures
originating outside medial temporal structures have
been published [31–37], showing patterns of perfusion
clearly different from those seen during medial tempo-
ral seizures.

3.1. The temporo-parieto-occipital junction (TPOJ)

TPOJ seizures have clinical and electrographic char-
acteristics which suggest origin in the posterolateral
cortex plus variable propagation into the (usually) ip-
silateral temporal lobe. Such seizures do appear to be
distinct in terms of ictal SPECT findingsc[35]. TPOJ
seizures are associated with marked hyperperfusion in
the area of seizure onset. This may be an isolated
change, but there may also be a variable degree of hy-
perperfusion of anterolateral temporal lobe structures,
with medial temporal structures being hyperperfused to
a lesser degree, or even hypoperfused. In some cases,
there is a small area of hyperperfusion in the contralat-
eral parietal lobe, which may correlate with bilaterali-
sation of the seizure discharge.

3.2. The frontal lobe

Frontal lobe seizures are often short, presenting tech-
nical limitations to the use of SPECT. The use of a
pre-mixed tracer will be necessary to capture seizures
lasting less than 30 seconds, even when the person in-
jecting is standing over the patient waiting for a seizure.
Seizures lasting much less than this will be difficult to
capture. Postictal injection is usually of no value.

Frontal lobe seizures are associated with a variety of
ictal changes [31,33,34,36] (Fig. 3), distinct from those
seen in medial temporal seizures. In cases published
so far, ictal perfusion changes appear to be consistent
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with the site of origin of the seizure within the frontal
lobe, where this is known, although in one case changes
were seen distant from the site of origin indicated by
EEG, albeit within the ‘correct’ frontal lobe [36]. How-
ever, hyperperfusion may be widespread or bilateral,
limiting the localising information gained [31,36]. Hy-
perperfusion of subcortical structures such as the basal
ganglia, thalamus and cerebellum is common [31,36].

Ictal hypoperfusion is also common, and is variable
in pattern and location. Hemispheric hypoperfusion
may be either ipsilateral or contralateral to ictal hyper-
perfusion [31,36], and is often prominent posteriorly.

3.3. The parietal lobe

Little has been published, but pure parietal lobe
seizures seem to be associated simply with localised hy-
perperfusion in the parietal lobe (Fig. 4), if any changes
are seen at all [32].

3.4. Occipital lobe seizures

One small series is published [37]. Occipital lobe
seizures seem to be in some senses similar to TPOJ
seizures (presumably due to similarities in the pattern
of propagation of the seizure discharge), in that some
have hyperperfusion of one occipital lobe, while oth-
ers also show changes in the ipsilateral temporal lobe.
Temporal lobe changes have consisted of hyperperfu-
sion of medial structures, with lateral hypoperfusion.

4. Interpretation and analysis of peri-ictal rCBF
images

Interpretation of ictal or postictal rCP changes re-
quires formal comparison of datasets, and can usefully
be separated into stages:

1. Determination of interictal and ictal perfusion
patterns.

2. Determination of the change that has taken place.
3. Explaining the change by developing a hypothesis

of seizure origin and spread.

Numeric analysis of ictal SPECT images has been
used mainly in research contexts. Measurements of
count densities in regions of interest have to be related
to reference areas to allow comparisons between two
separate scans. Measurements of mean count density in
a region of interest can be related to the same measure-
ment in a homotopic structure, in a distant reference

structure, or to whole brain count density. However, all
such techniques assume that the reference area is not
involved in the physiological changes to be measured,
an assumption which is not at all warranted in this situa-
tion. Bilateral changes are common on ictal datasets, as
are changes involving a variety of subcortical and sub-
tentorial structures, and changes involving the whole
of a hemisphere (which will significantly affect mean
count density for the whole brain). Statistical para-
metric mapping [38] can statistically compare patterns
of perfusion with the average pattern of a database of
normal datasets, and can overcome many of the disad-
vantages older techniques. Formal co-registration and
subtraction of images [39] can be useful in defining
ictal hyperperfusion which takes place at the margin
of an area which is hypoperfused interictally, but its
application and interpretation requires care and experi-
ence. Co-registration of SPECT datasets with MRI is
mandatory for the use of most numeric techniques and
for subtractions (and improves the precision of visual
interpretation).

5. Neurotransmitter receptor function

PET has been more widely used than SPECT for
imaging receptors in epilepsy, although two SPECT
neuroreceptor ligands have been applied to epilepsy.
There is a SPECT ligand for the GABA receptor asso-
ciated benzodiazepine (BZ) site, 123I-iomazenil. Sev-
eral small studies show focal reductions in binding,
but there is some evidence that false localisations oc-
cur [40]. Reduced BZ binding probably correlates with
cell loss in the medial temporal lobe [41,42], and may
simply be a sensitive marker for it. Muscarinic recep-
tors have been imaged in medial temporal lobe epilep-
sies using 123I dexetamide, showing focal reduction in
binding [43,44].

6. SPECT imaging during the intracarotid amytal
test

The Wada (intracarotid amytal) test is widely used
to assess speech and memory function as part of the
presurgical work-up for temporal lobe surgery. A
catheter is placed in the internal carotid artery, and
sodium amytal is injected, perfusing and transiently
rendering non-functional structures in the distribution
of the middle cerebral artery. This produces a con-
tralateral hemiparesis, and aphasia when the dominant
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side is injected, as well as impairment of material spe-
cific memory function. The results are used to later-
alise speech function and to predict the occurrence of
an amnesic syndrome following temporal lobe surgery.

While the test appears to work, the mechanism has
not been clear. The hippocampus is usually perfused
through the posterior cerebral artery, and so intracarotid
injection of amytal would not therefore be expected to
affect memory (Fig. 5). The distribution of amytal dur-
ing the Wada test can be imaged using SPECT, by in-
jecting HMPAO intra-arterially through the catheter in
the internal carotid artery. To define the distribution of
brain structures rendered hypofunctional by the amy-
tal, a normal dose of HMPAO is injected intravenously
30–60 seconds after the onset of the hemiparesis [45,
46], and acquisition of the image is carried out in the
normal way after the amytal test is finished.

Initial studies suggested that, as one might expect
from the anatomy, amytal injected into the carotid
artery does not reach the hippocampus, and has no ef-
fect on its perfusion and, by extension, its function. It
had been suggested that the effect of the amytal ex-
tended into structures not perfused by it, by a diaschisis
type mechanism. However, the use of a double intra-
venous/intracarotid injection and acquisition technique
has shown that the distribution of amytal matches that
of hypoperfusion in the medial temporal lobe, though
mismatches are seen in other areas [47]. The use of
high resolution SPECT combined with slice orientation
in the plane of the temporal lobe shows that a partial
reduction in perfusion is seen in the great majority of
patients [47]. Given that memory is a relatively sensi-
tive function, such a partial effect is probably sufficient
to explain the action of the test.
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