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Brain SPECT In Clinical Practice.

Part I: Perfusion*
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Brain perfusion SPECT is a functional neuroimaging technique
that allows noninvasive study of physiologic and physiopatho-
logic events in the human brain. With the appropriate technique
and careful interpretation of the information provided, brain
perfusion SPECT has proven potential for patient management.
SPECT has clinical value in the diagnosis, therapeutic manage-
ment, and follow-up of patients. The diversity of central nervous
system diseases and the still incomplete knowledge of the
mechanisms that underlie them have contributed to the success
of brain perfusion SPECT as a research tool in neurosciences.
This article provides fundamental knowledge on how and when
to perform brain perfusion SPECT in clinical practice. A general
overview of the clinical value of this technique is followed by
relevant information on cerebral physiology for proper under-
standing of brain SPECT images. Practical considerations on
quantification and interventional studies are also offered. Fi-
nally, step-by-step recommendations for interpreting and re-
porting brain perfusion SPECT images are provided to obtain
the maximum clinical benefit from this technique.
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CLINICAL VALUE OF BRAIN PERFUSION SPECT

Clinical Value in Diagnosis

SPECT can be used to define a patient’s pathologic status
when neurologic or psychiatric symptoms cannot be ex-
plained by structural neuroimaging findings. This dissocia-
tion between clinical and radiologic findings is frequently
seen. A good example is the usefulness of perfusion SPECT
in the differential diagnosis of dementiak-8). SPECT is
sensitive in detecting impairment of regional cerebral func-
tion when CT or MRI shows only nonspecific findings such
as cerebral atrophy. Different perfusion patterns have been
associated with different types of dementia. A decreased
perfusion in the temporoparietal regions of the brain is
associated with posterior dementia, such as Alzheimer’'s
type, whereas decreased perfusion in frontal or frontotem-
poral regions suggests frontal lobe dementia, such as Pick’s
disease (Fig. 1). Accurate clasification of dementias is be-
coming crucially important because of recent advances in
medical treatment(5). SPECT has an impact on therapeu-
tic decisions by differentiating dementia of Alzheimer’'s
type from depressive pseudodementia, which can be effec-
tively treated and presents with prefrontal perfusion impair-
ment. The severity of the perfusion abnormality may evolve
with increasing clinical impairment, leading to an additional

Brain SPECT provides tridimensional information onq e of SPECT in disease staging-g).
the perfusion and metabolic status of brain tissue. Thistpe high sensitivity in detecting functional impairment is

information is often compler_nentz_;\ry to the_ anatomic detaily nterbalanced by poor specificity; that is, the same
provided by structural neuroimaging techniques such as QbecT pattern may be encountered in different pathologies
and MRI. However, brain perfusion SPECT has clinicgrap|e 1), Detailed knowledge of the patient's symptoms
value by itself, because functional impairment in cerebrg}, e functional areas in the brain likely to be involved is
diseases often precedes structural changes. SPECT images, ant for interpretation of functional images. A close
are often useful in the clinical management of patienty o ing relationship with the referring physician should be
providing new and additional information that cannot bggapjished, and the SPECT findings should be integrated
obtained from other techniques. Brain perfusion SPECT h those of CT or MRI. Interdisciplinary cooperation

a role in the diagnosis, therapeutic management, and foly,oyes the quality of the final report and optimizes the
low-up of patients. In addition, SPECT is a useful tool fog}; -4 yield of the SPECT technique.

research, because it is widely available and provides nong,,in injuries of different causes, such as vascular, tu-

invasive in vivo assessment of human brain function. moral, or traumatic, can impair neuronal impulses and in-
terrupt connections with other cerebral regions, which may
be distant from the original lesion. This phenomenon is
referred to as deafferentation or diaschis®. (Cerebral

regions receiving poor afferent signals become hypofunc-
tioning, decrease their metabolism, and appear as low-
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FIGURE 2. %mTc-HMPAO SPECT (A) and MRI (T2-weighted)
(B) slices at basal ganglia level of patient with ischemic lesion in
left thalamus (yellow arrowheads). Patient developed aphasia,
which could not be explained by localization of anatomic lesion
only. MRI of left temporal cortex was normal, but decreased
tracer uptake in region can be seen in SPECT image (white
arrowhead). This was interpreted as ipsilateral subcorticocorti-
cal deafferentation.

FIGURE 1. Brain perfusion SPECT patterns in dementia, us-
ing ®¥mTc-ECD. (A) Frontal lobe dementia: markedly decreased
uptake in frontal lobes (arrows). (B) Dementia of Alzheimer’s
type: hypoperfusion in posterior temporal regions, predomi-
nantly in left hemisphere (arrows). Indirect signs of cortico-
subcortical atrophy, such as marked separation between hemi-
spheres and between basal ganglia, can be clearly appreciated
in both SPECT images.

region seen on ictal brain perfusion images (injecting the

ttré";lcer during the seizure; technical details are discussed

uptake areas n SPECT 'mages, thus providing insight InIater) shows the epileptic focus with a high sensitivity and
the pathophysiology of clinical symptoms related to ana-

tomically preserved cerebral regiortO(11) (Fig. 2). How- specificity .(>95 %) (14). T_h_e positive pred|ct|v§ valug of
early postictal SPECT (injecting the tracer immediately
ever, the most commonly seen pattern, known as crossg . . o . .
. . e - after the seizure) in localizing a unilateral focus is 97%)
corticocerebellar diaschisis, usually has no clinically reIeB- ) . .
vant consequences (Fig. 32, y contrast, interictal SPECT images may show hypoactiv-
ity in the epileptic focus or may fail to identify any perfu-
Clinical Value in Therapeutic Management sion abnormality 14). Thus, the performance of an ictal

Information derived from brain perfusion SPECT maytudy is almost mandatory before surgery.

influence therapeutic management. A well-documented ex-

ample is the presurgical detection of the epileptic focus in
patients with complex partial seizures refractory to medic|
treatment {3). A single area of hyperactivity in a cerebra

TABLE 1
Brain Perfusion SPECT Patterns Associated with
Dementias and Other Brain Diseases

SPECT pattern* Disease

Temporoparietal Dementia of Alzheimer’s type

hypoperfusion Parkinson’s disease—related dementia
Lewy-Bodie disease
Normopressure hydrocephalia
Frontal (or Pick’s disease
frontotemporal) Frontotemporal degeneration
hypoperfusion Pseudodepressive dementia
Progressive supranuclear palsy
Chronic alcoholism
Chronic schizophrenia
Multiple focal AIDS-related dementia
defects (patchy Creutzfeldt-Jakob disease
pattern) Multi-infarct dementia

*These are main SPECT patterns associated with these dis-
eases, but they are not pathognomonic; other patterns or absence
of abnormalities can be noted in same diseases.

260

FIGURE 3. MRI (T2-weighted)

99mTc-HMPAO
SPECT (bottom) slices at level of basal ganglia (A) and cerebel-
lum (B) in patient presenting with right middle cerebral artery
infarction. (A) SPECT image shows greater extension of isch-
emia than MRI (yellow arrows). (B) Anatomic representation of
cerebellar hemispheres is normal, whereas decreased tracer
uptake (hypoperfusion) is seen in left cerebellar hemisphere

(top) and

(white arrowhead) because of crossed corticocerebellar

diaschisis.
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The potential of brain SPECT to influence therapeut
decisions appears clear in the planning of fibrinolytic the
apy for stroke 16,17). SPECT allows detection of cerebra
ischemia from the very beginning of the stroke. Fibrinolyti
therapy must be implemented immediately after the onset
clinical symptoms, when no structural technique can reve
the extent and severity of ischemia. In this situation, bra
perfusion SPECT patterns seem to forecast the outcome;j
stroke patients1(8) and thus could help in the selection o
candidates for fibrinolytic therapy. The best candidats
would be those patients presenting with an area of redud
tracer uptake (hypoperfusion) on the SPECT images,
cause a normal brain SPECT image implies a favorah
prognosis as a result of effective collateral circulation.
contrast, an area with no tracer uptake (cold area) seemf
be associated with hemorrhagic complications if fibrinolys
is implemented16). A limitation of this approach is that the
therapeutic decision must be made in the emergency rod
and brain SPECT should be performed and reported |
tween the first 3—6 h after stroke onset. Thus, clinic

experience and planning of clinical trials have been limit SGURE 4. CT (top) and ®mTc-HMPAO SPECT (bottom) im-
for this appll_catlon. _ ~ages from 16-y-old patient with traumatic brain injury after

SPECT with vasodilator challenge (e.g., acetazolamideaffic accident. (A) CT at time of admission shows subarach-
has a unique value in helping clinicians select patients witleid hemorrhage with small contusional hemorrhagic foci in
carotid artery stenosis who are the best candidates for sgﬁth frontal lobes (orange arrowheads). Glasgow score was 12.

. . ring hospitalization, patient’s clinical status worsened, and
gery (19,20). Cerebral hemodynamics cannot be predmt%#]asgow score decreased to 6. No changes were seen on CT

from the degree of carotid artery stenosis. The assessmenih. SPECT was subsequently performed and shows absence
cerebrovascular reserve by acetazolamide brain SPECT hfagacer uptake (cold areas) in anteromedial aspect of both
both therapeutic and prognostic implications. It is helpfifontal lobes corresponding to hemorrhagic lesions, in addition
for the identification of patients with compromised cerebrd® global hypoperfusion, more marked in both frontal cortices
hemodvnamics. who most probably would benefit fro white arrows). (B) CT and SPECT images obtained 1 mo later at
y ’ ) p - y me of discharge after clinical recovery. Hypodense images in
endarterectomy. Also, a higher risk of stroke has bee@Rth frontal lobes can be seen on CT as consequence of he-
reported in patients presenting with compromised cerebroatoma’s resolution. Corresponding cold areas persist on
vascular reserve, either before endarterectoty2@) or SPECT image (orange arrowheads) but show improvement in
after bypass surgen28). Finally, in patients who are dif- global cerebral perfusion, particularly in both frontal lobes (white
. - . - . arrows).
ficult to explore neurologically (i.e., patients in a coma or rows)
under sedation, such as patients in intensive care units),

SPECT can help in selecting a treatment directed toward

cerebral perfusion maintenanc24(25). Value in Clinical Research _
Brain perfusion SPECT contributes to the knowledge of
Clinical Value in Follow-Up the pathophysiologic basis of neurologic and psychiatric

Sequential SPECT images can reveal changes in regiodaleases 35,37-39). The ability of SPECT to detect re-
cerebral perfusion over tim&), which may be helpful in gional cerebral blood flow (rCBF) variations in different
follow-up management. SPECT is the technique of choioanditions has favored the investigation of sensorial, motor,
to monitor follow-up of functional abnormalities in anatom-and cognitive activities (neuroactivation studie8g-41)
ically preserved cerebral areas (Figs. 4 and 5). SPECT lasl the central effects of central nervous system (CNS)
also been reported to be useful in monitoring changes idrugs (pharmacologic challenge37j in both the normal
duced by specific medical, surgicdl927,28), and neuro- and the abnormal brain. In practice, visual evaluation of
radiologic interventions 29,30). Brain SPECT has beenSPECT images alone is frequently limited in assessing
reported to have prognostic value in cerebrovascular diseasibtle variations in regional tracer uptake, and quantifica-
(16,18,31), head trauma 32-34), and other conditions tion is thus required in clinical research. Results obtained in
(35,36). Longitudinal follow-up with SPECT may have anresearch studies are difficult to extrapolate to the clinical
added value in the differential diagnosis of dementia, pasetting. Statistically significant differences in cerebral tracer
ticularly when an initial perfusion SPECT is normal or doeaptake between groups are based on mean values, and mean
not offer useful information. Particular perfusion patterndifferences are not always equivalent to individual differ-
may appear in subsequent SPECT scdnr8,7,8). ences. Large, well-designed, and controlled trials on brain
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FIGURE 5. Left temporal lobe infarction in 62-y-old patient.
(A) MRI (T2-weighted) at admission shows hyperintensity at site
of infarction (arrowhead). (B) ®™Tc-HMPAO SPECT image ob-
tained 1 wk after stroke shows increased tracer uptake (hyper-
perfusion) in left temporal lobe caused by luxury perfusion (ar-
rowhead). Hypoperfusion is also seen in left frontal cortex
(arrow), intrepreted as ischemia in anatomically preserved re-
gion. (C) *mTc-HMPAO SPECT image obtained 1 mo after
stroke shows left temporal lobe hypoperfusion (arrowhead) cor-
responding to initial MR image of ischemia. Perfusion changes
in left frontal lobe are also seen: improvement in anterior and
mesial aspects caused by recovery of ischemia, as well as
perfusion impairment in lateral aspect caused by extension of
the infarction (arrow).

lesion, but also on its location. A small lesion in other
organs such as the kidneys, lungs, or liver does not com-
promise their overall function. However, a very small lesion
in specific brain structures can cause severe morbidity or
even death, whereas larger lesions in relatively silent brain
areas may cause only mild symptoms.

Perfusion and Metabolism Coupling: Detection of
Neuronal Activity and Cerebral Function

Cerebral perfusion and metabolism are coupled in most
physiologic and pathologic conditions, with a few excep-
tions such as subacute stroke or some brain tumors. In most
conditions, adequate oxygen and glucose are provided to
each cerebral region according to its metabolic need, which
is determined by the intensity of neuronal activity. Hence,
CBF is coupled to neuronal activityl4). Cerebral autoreg-
ulation controls an adequate oxygen and glucose supply in
each cerebral region and involves a complex interplay of
mediators and active neurohumoral substances that exert
specific actions at a molecular level.

Classically, ions and metabolites such as potassium, hy-
drogen ions (H), CO,, and adenosine, which are excreted
to the extracellular space as a result of neuronal oxidative

SPECT imaging are necessary before research results caff§aPolism during increased neuronal activity, have been

applied in clinical practice.

PHYSIOLOGY OF THE BRAIN: A BASIS FOR
UNDERSTANDING BRAIN PERFUSION SPECT IMAGES

The Brain: A Unique Organ

involved in the accompanying vasodilator response and
related hyperemiadb,46).

Recently, other mediators have been identified as intrinsic
endothelial factors that regulate the physiologic and patho-
physiologic responses of cerebral circulatids,47,48). Such
mediators include:

Special anatomic and functional features make the brain
a unique organ, substantially different from the other organse Nitric oxide (NO): The highest levels of NO in the

of the human body. Most of these differences are encoun-
tered within the circulatory system, particularly in the reg-
ulation of perfusion and metabolism (Table 2).

Intracranial arteries are different from arteries in the rest
of the body. Because the skull protects against externale
pressures, vessel walls are thinner. No elastic fibers are
found in the media, but a well-developed inner elastic
membrane exists in the cerebral muscular arted@s The
blood—brain barrier, consisting of special endothelial cells
with tight junctions within brain capillaries, is a more strik-
ing difference. It regulates the entrance of high-molecular- e
weight and hydrophilic substances to the CNS. These sub-
stances are transported in the general blood pool and can
easily reach other organs of the body, but not the bréh (

body are found in neurons. NO causes vasodilation by
stimulating the activity of soluble guanylate cyclase
within the vascular smooth muscle and elevating tissue
levels of cyclic guanosine monophosphate (GNV43) (
Calcium-activated potassium channels and potassium
channels sensitive to adenosinetfiphosphate, using
cyclic 3,5'-adenosine monophosphate (cAMP) as a
second messenger: Agents that increase the intracellu-
lar concentration of cAMP produce vasodilatation in
part by activation of these channe#sy.

Calcitonin gene-related peptide (CGRP), released from

TABLE 2

The brain is the only organ with almost no energetic Cerebral Requirements of Blood Flow and Metabolism

stock. Neuronal activity depends on the continuity of the
supply of oxygen and glucose, which are provided by cex

Parameter Requirement

rebral blood flow (CBF) 44). This dependence makes the Percentage of total body weight
brain the most sensitive and vulnerable organ to CBF vari- Percentage of global cardiac output

ations. A lack of blood supply for only seconds leads to

metabolic impairment, and, for more than 5 min, to irre- oy gen needs
versible neuronal damage. The brain vascular system has amGiucose needs
Global cerebral blood flow

Finally, the functional consequence of a lesion in the Gray-matter blood flow
White-matter blood flow

autoregulatory mechanism to maintain CBF.

brain depends not only on the severity or extension of the

2%

20%
Cerebral blood volume 120 mL
Blood-flow needs 750 mL/min

50 mL/min

100 mg/min

55 mL/100 g/min
80 mL/100 g/min
20 mL/100 g/min
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trigeminal perivascular sensory nerves in the braimetabolism and function, and irreversible neuronal damage
CGRP may limit noradrenaline-induced constriction ofvill occur (52). For these conditions, pharmacologic vaso-
cerebral vessels and contribute to dilatation durindjlator stimuli fail to induce further vasodilation in the
hypotension, reactive hyperemia, and seizu#3.(  affected cerebral regions. Brain perfusion SPECT images
) ) ) would then reflect interhemispheric asymmetries caused by
This parallelism between CBF, metabolism, and neuronlp jncreases in preserved cerebral regions but minor or
act|V|t3_/ (orcerebral_functlon) is the basis forthe_ use ofbralﬁlo rCBF increases in the affected regions. Brain perfusion
perfusion SPECT in assessing cerebral function and, Cse T ywith vasodilator challenge is therefore a feasible
sequently, in detecting cerebral dysfunction. In the abse%%thod to explore the integrity of the cerebral autoregula-

of cerebrovascular disease, hypoperfusion detected ¢, e chanism, providing insight into cerebral hemody-

SPECT images can thus be related to impaired Cerebﬁ%'mics

function, and a hyperperfused area can be related to In-

creased neuronal activity. The feasibility of the noninvasivfEcHNICAL ASPECTS OF BRAIN PERFUSION SPECT:
study of neuronal activity in different cerebral regions undefADIOPHARMACEUTICALS, PATIENT PREPARATION,
different conditions is the basis for interventional SPECAND IMAGE ACQUISITION AND RECONSTRUCTION
studies such as neuroactivation and pharmacologic Chﬂlzidiopharmaceuticals

lenges. Several radiopharmaceuticals are commercially available

Autoregulation and Vasodilator Challenge: Insight into  for brain perfusion SPECT5@). The selection of the radio-
Cerebral Hemodynamics pharmaceutical is important, because both the pharmacoki-
Autoregulation is a mechanism that allows rCBF to renetic behavior of the compound and the physical character-
main constant under a wide range of regional cerebiatics of the isotopes influence the technical aspects. This
perfusion pressure (rCPP) variatiors0). In physiologic situation is true from instrumentation to image interpreta-
conditions, systemic arterial pressure determines rCPP, ien and relates to the kind of quantitative approach used or
cause cerebral venous back pressure is negligible. Coridithe type of interventional studies to be performed.
tions that affect either arterial inflow pressure or venous To quantify rCBF (mL/min/100 g tissue) by means of
back pressure may alter rCPP globally (e.g., decreadem@hin perfusion SPECT, the diffusible g&éXe is the best
systemic arterial pressure, increased intracranial pressuajiopharmaceutical choice. By measuring cerebral wash-
or locally (e.g., local arterial occlusive disease, venousit of the inhaled33Xe, an absolute rCBF value is obtained
thrombosis). The main compensatory response depends(®4). For this reasoni33Xe SPECT has been considered a
the ability of precapillary resistance vessels to react to rCRRandard for rCBF quantification. However, this radiophar-
variations. To maintain rCBF, pial arterioles vasoconstrichaceutical has several limitations that have restricted its use
when rCPP increases and vasodilate when rCPP decreaseslinical practice. First, because of the rapid clearance of
Intrinsic mechanisms involved in the ability of cerebral®3Xe, the short acquisition time (around 5 min during the
blood vessels to react to vasoactive stimuli were describithalation of the'33Xe gas) requires dynamic SPECT- in
in the previous section. Cerebral vasodilation can also bgumentation, which provides high-sensitivity but low-res-
pharmacologically induced, a factor in the use of braiolution SPECT images. Second, the lomaray energy of
SPECT examinations with vasodilator challenge. Amon§Xe results in marked attenuation of deep structures,
the most-used vasodilator stimuli for this purpose are imvhich makes this isotope less than optimal to obtain good-
haled CQ and intravenous vasodilator drugs such as-acefuality SPECT images. Finally, becaus8Xe inhalation
azolamide (a carbonic anhydrase inhibitor) or adenosimequires active cooperation, patients with respiratory or
This modality of brain perfusion SPECT allows the assessevere cognitive impairment may not be studied adequately.
ment of the integrity of the cerebrovascular reserve andOther brain SPECT tracers, such ‘@3-labeled amines
therefore of the autoregulation mechanism and cerebeald technetium-labeled compounds, offer higher-resolution
hemodynamicsH1). SPECT images after intravenous injection using conven-
Under normal conditions, such pharmacologic stimutional rotating gamma cameras. These tracers have found
produce rCBF increases that can be detected by brain pmere acceptance, although they allow only gquantitative
fusion SPECT. However, under pathologic conditions leadstimations through tracer uptake ratios. The common bio-
ing to decreased rCPP, the ability of cerebral blood vessédgic properties of these radiopharmaceuticals are the fol-
to react to other vasoactive stimuli is impaired or even lodowing: ability to cross the intact blood—brain barrier (small
For these conditions, a maximal vasodilation could be reiolecular size, lipophilic, and neutral); distribution in the
quired to maintain CBF. In such cases, if rCPP continues lboain proportional to blood flow (this property is assessed
fall (between 60 and 30 mm Hg), the capacity for compeiy correspondence to the distribution of reference perfusion
satory vasodilation is exceeded and autoregulation faitsacers such as iodoantipyrine or microspheres); retention in
causing rCBF to decrease. Initially, an increase in the oxihe brain with a fixed regional distribution for a sufficient
gen extraction fraction can maintain cerebral oxygen m#éme to permit image acquisition (20—30 min); sufficient
tabolism, but further rCBF declines will result in decreasedptake in the brain to allow imaging with standard SPECT
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Parmacokinetics of Technetium Radiopharmaceuticals for
Brain Perfusion SPECT

TABLE 3

Parameter 9mTc-HMPAO 99mTc-ECD
Peak brain 2 min 2 min

activity
Brain uptake 2%-3% 4%-7%

(% injected

dose)

Brain washout

Excretion (% at
48 h pi)

12%-15% over
15 min
50% liver—gut

12%-14% the first
hour; then 6%/h
15% liver-gut

images and makes interventional SPECT studies clearly feasi-
ble. The tracer is injected while the subject is performing a
specific task or at the moment of maximum central effect of a
drug, so that SPECT images reflect the rCBF distribution at the
time of injection, independent of the timing of SPECT acqui-
sition. Thus, the tracer can be injected into the patient outside
the nuclear medicine facility, and images can be acquired later.
This procedure is generally not possible using PET or MRI,
because patients must stay positioned in the device with the
head fixed while performing tasks to allow simultaneous image
acquisition.

The main differences between HMPAO and ECD relate
to their in vitro stability, uptake mechanism, and dosimetry

40% kidneys 75% kidneys

Target organs Lachrymal Urinary bladder (55,59-61). HMPAO is highly unstable in vitro. Moreover,
glands a high radiochemical purity must be assured before injec-
Ga”gl'ladder Gallbladder wall tion, because only a small proportion of the injected dose
Gray-matter— 2_‘3’: ] 41 will _reach the b_ral_n (Table 3). Th_|s purity is nqt difficult to
to—white- achieve if the timing of the labeling process is done prop-
matter ratio erly, as follows 62): time since the last generator elutien
Imaging time Up to 4 h pi Up to 2 h pi 24 h; time since thé&"Tc dose was eluteet 2 h; and time

since the cold vial was labeled with fre8Tc < 20 min.
Another recommendation is to avoid the mixture®¥fTc-
HMPAO with blood during intravenous injection, because
the lipophylic compound enters into red blood cells. Stabi-
lized forms of%*"Tc-HMPAO using either methylene blue
instrumentation; rapid washout from background tissues cobalt chloride have recently become available and allow
(facial and glandular tissue, blood); and high gray-matteeasier labeling and improvement of image quality by reduc-
to—white-matter uptake ratio to yield a good image defining background activity@3). By contrast, ECD is stable up
tion (55). to at leas 4 h in vitro, and freshly eluted®®"Tc is not

Among the initially used?3-labeled aminest?d-isopro- required. However, the labeling procedure is longer, taking
pyliodoamphetamine {{3-IMP] IK-3; CIS Bio-Interna about 30 min.
tional, Gif-Sur-Yvette, France) has been the most frequently The rapid urinary excretion of ECD favors its dosimetry,
used b6). After crossing the intact blood—brain barrierso high doses can be administered. The dosimetry is similar
123-IMP binds to amphetamine receptors on neurons. This lower doses of HMPAO if patients are instructed to force
radiopharmaceutical has good characteristics for brain péiuresis and void after the scan procedure. The use of higher
fusion SPECT %7). However, its peak brain activity is doses, together with the higher gray-matter—to—white-matter
reached as late as 20 min after injection, and it showatio, contributes to the better image quality obtained with
redistribution over time; that is, there is reuptake by thECD in comparison with HMPAO.
cerebral cortex that is not proportional to blood flow Although both HMPAO and ECD are distributed propor-
(57,58). These latter characteristics, in addition to the higtionally to rCBF, their retention is not completely linear
cost and poor availability of?3-labeled compounds, havewith rCBF because of an initial backdiffusion. High blood
contributed to the current predominant use of technetiuflow may be underestimated and low blood flow may be
compounds for brain perfusion SPECT examinations. overestimated with both tracer§465).

Two %"Tc-labeled radiopharmaceuticals are available: In normal brain tissue, the kinetic properties are similar
hexamethylpropyleneamine oximé([Tc-HMPAQ] Ceretec; for both perfusion agents. They enter the brain cells because
Nycomed-Amersham, Little Chalfont, U.K.) and ethylcysteinef their lipophilic nature and remain there because of con-
ate dimer ({°"Tc-ECD] bicisate, Neurolite; Dupont-Pharmayersion into hydrophilic compounds. However, in patients
Stevenage, U.K.). Their pharmacokinetic characteristics amgth brain disease, the distribution of these compounds may
summarized in Table $6,59). These compounds have severaliffer because of the biochemistry of lipophilic-to-hydro-
advantages ovef3-IMP. The peak brain activity is reachedphilic conversion. Although a metabolic process of de-
faster (within 2 min after injection), and there is no redistribiesterification accounts for ECD hydrophilic conversion, an
tion, so the initial tracer uptake and distribution, which armstability of the lipophilic form and glutation interaction
proportional to rCBF at the time of injection, remain unhave been proposed for HMPAO. Thus, ECD would have a
changed up to at least 2 h, independent of rCBF variatiopeedominant cellular—metabolic uptake, and HMPAO
occurring after the fixation time. This property of quick uptakevould reflect blood flow arrival to cerebral regions. This
and prolonged stability allows for so-called frozen or shoaituation accounts for slight differences in the normal

pi = postinjection.
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SPECT pattern §6), and it is one of the explanations For interventional SPECT studies, patients should be
suggested for the different behavior of these tracers imformed about the procedure and possible secondary ef-
subacute stroke. For cerebral perfusion—metabolic uncdeets. If pharmacologic intervention is required, written
pling, increased HMPAO uptake may occur, thus reflectingformed consent is advisable.

the luxury perfusion phenomenon (Fig. 5), whereas ECD

uptake remains low, reflecting hypometabolism at the site Bractical Guides on Instrumentation and Image

ischemia 67). Acquisition and Reconstruction
Brain perfusion SPECT is a technically demanding pro-
Patient Preparation cedure. The earlier sections described how selection of the

Three things must be considered regarding patient preadiopharmaceutical or patient preparation can influence the
aration for brain perfusion SPECT: environmental condiinal result of the procedure. Instrumentation and selection
tions, patient cooperation, and patient positioning. of adequate parameters for SPECT acquisition and recon-

Because of the sensitivity of brain perfusion SPECT istruction also play critical roles in the quality of the SPECT
detecting rCBF changes coupled with neuronal activityimages 68,69).
sensorial and cognitive stimuli must be kept at a minimum Because of the small size of important anatomically and
level during tracer injection and uptake. Injection in a quigfinctionally independent cerebral structures, spatial resolu-
room and no interaction with patients at this time is desifion is the main concern in brain imaging. In principle,
able. For each patient, the room conditions should be cqfjyh-resolution equipment is recommended for brain
sistent during tracer injection and uptake. If the patient§pecT. However, high-resolution dedicated cameras are
eyes are open in a bright room during injection, a high tracggy \idely available. A good compromise is to fit a general-
uptake in the calcarine cortex is an expected SPECT patt&firpose rotating camera with fanbeam collimators. SPECT
Qn the othgr hqu, |f the patient’s eyes are (;Iosed na d!mh‘rormation can also be obtained using standard rotating
lit room.durmg|nject|on,_a_lovv_tracerupt_ake in the calcarln%amma cameras fitted with parallel-hole, high-resolution
cortex is found. These injecting conditions should be Wellyimators, if this is all that is available. Finally, even with

recorded and considered in the evaluation of the SPE%;I’e most advanced equipment, the study cannot be optimal

mggis. ¢ tion is of particular i . - ,\githout appropriate quality control of the instrument8)(
atient cooperation 1S of particular importance. 10 avol Regarding image acquisition and reconstruction, the main

head movement during scanning (20—30 min), the patie . : . L
should be comfortable, Bladder voiding, a pad under t{Lél:e is to achieve a balance between detection sensitivity

: e., number of total counts acquired) and spatial resolution.
knees, and a blanket (the temperature is usually low d ) P

; ese parameters are influenced by dose, type of collimator,
scanning rooms) are measures that would comfort and relax

patients during the scan and help them to cooperate. Pati 'sel. size, acquisition time, number of projections, and
with severe cognitive impairment or dementia may neeﬂterlng (71). _ - . .
sedation. If a technetium radiopharmaceutical (HMPAO o Alth_ou_gh_ high doses wil increase de_tectlon S?n.S't'V'ty'
ECD) is used, tracer injection must precede sedation 48se is I|m|tefj by safety rules. It is advisable to inject the
avoid sedation-induced metabolism/blood flow changes i hes_t permltteq dose _to ensure enough photon flux. ,
the SPECT images. In uncooperative children, sedation i hlgh—resqlunon collimator is recommended for brain
not recommended until other strategies to facilitate sle&}y ECT: Provided that enough total counts per study are
during the scan procedure have been exhausted. Thesedffgranteed and at least a 128128 matrix is chosen. A low
clude instructing parents to keep the child very active durifunting rate would require a smoother filtering during
the previous hours and to feed the child after tracer inje@constructlon, which Wpuld result in loss of spatlgl resolu-
tion, just before image acquisition. If sedation remains tHoN- The same contradictory effect would occur if a 84
only alternative, the same procedure described for adults f4smatrix is used with a high-resolution collimator.
to be followed. The matrix and pixel size should be assessed on each
Patient positioning largely contributes to the final qualitgPecific SPECT device. The pixel size can be calculated by
of SPECT images. As explained, keeping the patient colviding the useful field of view of the camera by the matrix
fortable helps to avoid movement artifacts. Excludingize. The matrix size chosen must provide a pixel size less
shoulders from the field of view allows keeping the radiu#an half the spatial resolution of the final image. For
of rotation to a minimum, thus maintaining the collimator§xample, if the final resolution of brain SPECT slices is 10
as close as possible to the patient's head. Belts at thén, the matrix size should be chosen to give a pixel size of
forearm level help to hold the patient’s arms if the imaging mm or less.
bed is narrow. Keeping the head at flexion helps to reduceAnother factor to consider is the duration of the acquisi-
the radius of rotation. Lowering the chin to the chest helg®n process. Logically, a longer acquisition time will yield
to include the entire cerebellum within the field of view ané@ higher number of total counts and better quality of the
allows a better reorientation plane for oblique slices durirfgnal images. However, long acquisition times increase the
reconstruction. risk of patient motion, which will degrade the images.
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A particular rule that can be followed regarding th@mples are temporal lobe epilepsy or the initial stages of
number of projections is to keep it close to the number dementia of Alzheimer’s type.
pixels in the matrix. A higher number of projections will For the display of final SPECT images, the choice of
yield minimal reconstruction benefits, and a lower numbdlack-and-white or color display is arbitrary. However, dis-
of projections will cause reconstruction artifacts. For exangontinuous multicolor scales may overestimate defects or
ple, the best choice for a 128 128 matrix is one projection interhemispheric asymmetries. A method for normalizing
for each 3° in a 360° orbit for a total of 120 projections. Othe images should be followed consistently. In our institu-
the other hand, for a 6% 64 matrix, the best choice is onetion, the maximum pixel count in the oblique slices is used
projection for each 6° in a 360° orbit for a total of 60for normalization 85). Regardless of the method used, it
projections. should be consistent for representation of the final images,
During reconstruction, attenuation correction should Bd subjective manipulation should be avoided.
performed except when special devices that intrinsically
cqrre_ct attenuati_on, such as fanbeam collimators or t_ra%_?-"ECIFIC SITUATIONS: QUANTIFICATION AND
mission attenuation correction systems, are used. FilteringifrERVENTIONAL STUDIES
another step to carefully consider during SPECT reconstruc-

tion, because the resuiting image may vary substantial ?'?r?;if;ct?;gzte uantification of rCBF (mL/min/100 g tis-
depending on the filter applied. The diversity in type of q 9

filters and filter parameters that can be applied cannot %Lée) usmg_SPECTals possml'e by measuring cerebral wash-
) . — ) ut of the inhaled*3Xe, as discussed earlier. An accurate
covered in depth in this article; concrete guidance can be

. o method has been sought for measuring absolute rCBF val-
found elsewhere6@,71). In simple terms, application of a o9 . "
smoothing filter will reduce the final resolution; thus itues using®"Tc tracers. Such procedures require additional

g ' ' q_vasive or technically demanding steps (e.g., arterial blood

would not be sensible to use a high-resolution SI:‘Edsampling or dynamic SPECT acquisition), thus increasing

device and then lose resolution by applying a smoothiqge complexity of performance of the SPECT2(3).
filter to the acquired images. On the contrary, a very sh nce, absolute rCBF measurement using SPECT has not
filter will result in noisy images. The number of final countg o, flJIIy implemented, and the region of interest (ROI)
in the study can be a guide for the best filter to apply. Sha&‘?lalysis of rCBF has become the preferred method of quan-
filters can be applied when a high number of total counts Nageation, This SPECT quantification method, which has
been achieved, whereas low total counts require a Smootieg, alled semiquantification, is based on the calculation
filter. It is advisable to select the appropriate filter for eacky tr5cer uptake ratios in different cerebral regions and
study. However, this process may not always be easy iff,\ys an estimation of the relative rCBF distribution within
implement, depending on the software packages used. &2 prain. Region/reference ratios can be obtained from the
acceptable solution is to have three or four predefined f'lte&§erage counts per pixel of ROIs drawn and placed on
for different ranges of total counts. _ _ different cerebral areas. The left-to-right ratio of the same
Another important process performed during SPECT imgrebral region or asymmetry indices are used to enhance
age reconstruction is the orientation of the slicing planegsy/right rCBF differences 74). Despite the simplicity of
There is no consensus on the best reference to orient@dig concept, the laborious and time-consuming process of
slices in the transaxial plane. To be able to carefully corgmnerating a high number of ROIs and ratios, as well as
pare SPECT images to structural images, a similar orien{gpplems concerning ROI design and selection of the ref-
tion to that provided by CT, which is the canthomeatalrence region for uptake ratios, complicates brain SPECT
plane, is the most popular. However, brain perfusioguantification.
SPECT images lack bone references, and therefore it is N0OROIs can be geometric (regular ROIs) and placed on
possible to accurately find the cantomeatal line for orientgiven cerebral territories, or they can delineate anatomic
tion. Hence, a reference plane that could be identified eas#iyuctures (irregular ROIs). They can also be specifically
in the perfusion SPECT images would be preferable to signed to fit cerebrovascular territories. Irregular ana-
consistent with the orientation and to reproduce the samgnic ROIs or ROIs specifically designed for each study
orientation plane. A similar orientation to the canthomeatpurpose work better in detecting suspected abnormalities.
line for oblique brain SPECT slices can be achieved byHowever, drawing the same ROIs and placing them in
line passing through the base of the frontal and occipitekactly the same cerebral areas is a time-consuming process
lobes (fronto-occipital plane). Nevertheless, other orientand requires special dedication. If this process is not fol-
tions are also frequently used, such as the frontocerebel@wed carefully, reproducibility will be limited. Coregistra-
plane. Apart from the classical oblique, coronal, and sagittén of structural neuroimaging slices, or superpositioning
slices, slices parallel to the longitudinal edge of the temporna a stereotactic atlas, can definitely improve ROI position-
lobe can be obtained. These temporal slices are particularlg, therefore reducing inter- and intraobserver variability
useful when clear differentiation between the mesial arahd increasing reproducibility of these semiquantitative ap-
lateral aspects of the temporal lobe is required. Some gxoaches.
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The selection of the reference region is crucial in thication or subtraction techniques are used on slices recon-
calculation of region-to-reference uptake ratios. The whostructed identically. Reference test—retest values in normal
brain and the cerebellum are the most common referensedjects should be available for interpreting quantitative
used, but they do not always represent the best choiasults (i.e., percentage of rCBF changes) to recognize the
because the reference region must have anatomic and fupercentage variation between two SPECT studies on the
tional integrity (75). The choice of the whole brain as asame subject under the same baseline condit®rsThese
reference may be misleading. If a relative rCBF impairmetiwo studies may be performed on separate days or on the
in a cerebral region does exist, it will influence the calculsame day using the split-dose technique. When the two
lation of the whole-brain average counts per pixel value, ai’PECT studies are compared, obtaining the identical tomo-
this reference value can be substantially different from omggaphic slices may be a problem, which has been addressed
subject to another. Similarly, when a cerebellar involvemehy software for three-dimensional realignmefi®)( The
has been described or is indeed present, a region-to-ceaght-dose technique, which refers to baseline and interven-
bellum ratio is not suitable. For these patients, anothtonal SPECTSs in the same session, may help to overcome
preserved cerebral region should be used as a referencghia problem 80,81). The administered dose for the first
general, differences in ratios and the design of the ROIs WPECT must be at least half of the second. Patients stay
vary, depending on the purpose of each study. positioned in the camera until the second SPECT ends, and

In the search for more standardized and objective altereither patient repositioning nor software realignment is
natives for brain perfusion SPECT quantification, circuntequired. However, other technical issues, such as correc-
ferential profiles and polar maps have been proposed withns for decay and injected dose, need to be addressed.
limited success6,77). Software programs allowing statis-Moreover, the longer acquisition time increases the risk for
tical comparison of different groups of subjects, such as tpatient motion, that is, for image artifacts. The SPM soft-
statistical parametric mapping (SPM) package, are beilgire, mostly used in research, considers realignment and
used mainly for research purposes. SPM offers clear advanakes statistical comparisons between two groups of sub-
tages for PET examinations, but this approach appears lij@cts. The results are elegantly displayed on a reference MRI
ited for SPECT because of the lower spatial resolutis).( or brain surface atlas imagé&8).

Brain perfusion SPECT quantification in the clinical Neuroactivation SPECT has been used successfully to
management of patients should be encouraged when caifdy sensorial, motor, and cognitive functior&8-41).
parison is required among SPECT studies performed on tRle tracer is injected while the subject is engaged in a task,
same subject at different times. This situation occurs wh#ich should be continued until tracer fixation in the brain
patients are followed up in search of rCBF modifications d8 complete (at least 3-5 min). Tasks should be carefully
when an interventional study is performed (e.g., neuroacsielected, because no other cerebral activity than the target
vation or pharmacologic intervention). In these situationgne is desirable. Cognitive tasks represent a major difficulty
quantitative data help to objectively report the degree & overcome. The performance of a control task would be

rCBF changes and support visual impressions. preferable to a baseline “rest” condition. The task should
involve the same parameters as the test task but without the
Interventional SPECT Studies cognitive function. For example, when using the Wisconsin

Interventional SPECT is the study of rCBF changes irGard Sorting Test as a cognitive task, an acceptable control
duced by specific sensorial, motor, or cognitive stimutask could be to match the cards with no criteria. Neuroac-
(neuroactivation) or by specific drugs (pharmacologic intetivation is a common approach in research SPECT studies.
vention). Other SPECT studies that could be consider8y contrast, neuroactivation SPECT is not widely used in
interventional are those in which it is desired to capturethe clinical setting, most probably because of the technical
specific clinical feature with SPECT imaging. In these studiemands, although it has been reported to be useful in the
ies, a tracer is injected when the specific clinical symptodifferential diagnosis of dementia.
appears. For example, the tracer is injected during theBrain perfusion SPECT can also be performed during
seizure in patients with epilepsy. The pathophysiology @harmacologic interventions. For this purpose, a tracer is
positive symptoms in schizophrenic patients can be invesjected at the expected time of maximum CNS drug effect.
tigated if the tracer is injected when the patient is experf-he most popular pharmacologic intervention that has clin-
encing specific symptoms, for example, auditory hallucinéeal relevance is the acetazolamide SPECT for the study of
tions. The central effect induced by some therapeutic oerebrovascular reserv@d). Brain perfusion SPECT is also
diagnostic procedures, such as electroconvulsive therapyuseful in showing the distribution and effect of intracarotid
transcranial magnetic stimulation, has also been invesiimobarbital during the Wada test used for presurgical eval-
gated by SPECT using this approach. uation of epileptic patients8p-84). Pharmacologic inter-

Interventional SPECT studies require the performance wéntion SPECT has been used to investigate the effect of
at least two SPECT scans: one under baseline conditiafiferent drugs on the CNS.
and the other during the task or under a pharmacologicThe methodology of ictal SPECT in patients with
effect. For proper comparison of these two studies, quantefractory complex partial seizures requires special atten-
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tion. The clinical indication of this procedure is to iden- 1. Select a set of slices to use as a basis for identification

tify the lateralization and localization of an epileptic
focus before surgery. If patients are hospitalized in an
epilepsy unit and monitored by video-electroencephalog-
raphy (video-EEG), injecting the perfusion tracer during

a seizure is possible. The technologist in charge of the2.
video-EEG monitoring should be trained in handling
radiopharmaceuticals. If the chosen tracer is HMPAO, a

cold vial and the corresponding freshly eluf€tiTc dose

in a separate syringe should be provided to the video-
EEG technologist. Thé®Tc dose should be replaced 3.
evey 2 h if no seizures have appeared. At the very
beginning of seizure activity, as shown by the video-
EEG, the technologist labels the cold vial with the fresh
9mTc and immediately injects it into the patient through

an intravenous line. Using stabilizéd™Tc-HMPAO or

ECD, labeled vials can be provided and replaced every
4-6 h. Patients can be scanned in the nuclear medicine
department after recovering from the seizure. The same
procedure can be used when waiting for a patient’s par-4.

ticular symptom or another event to be imag@&&)(

INTERPRETING AND REPORTING IMAGES

The brain is not composed of uniform tissue, and one
must be trained to recognize the normal perfusion pattern.
Perfusion patterns may differ from one subject to another,
because the normal brain is not always completely symmet-
ric, and small structural differences are frequent within
normal subjects. Differences may be found between hemi-

of the SPECT perfusion pattern. It is advisable to start

with the transaxial or oblique fronto-occipital slices.

The other sets of slices will be of further help for

confirmation, localization, and extension of findings.

Anatomically identify the cerebral structures within

the range of precision that spatial resolution of the

images allows. A good exercise to precisely recognize
cerebral lobes on SPECT images is the identification
of cissures separating them, using an atlas as a guide.

Follow the same regional order of perfusion assess-

ment, including all cerebral regions. For example, first

assess the cortical regions from bottom to top: cere-
bellum, temporal lobes, frontal lobes (orbitofrontal,
prefrontal, and superior frontal areas), occipital lobes,
and parietal lobes. Mesial and lateral aspects of these
regions should be evaluated separately. Second, assess
brain stem and subcortical regions (striatum, thala-
mus, and white matter).

Assess global and regional tracer uptake and distribu-

tion (normal distribution vs. identification of perfusion

abnormalities).

4.1. Identify brain perfusion abnormalities. A good
practice is to check for marked asymmetries be-
tween hemispheres (keep in mind that a normal
brain may display some asymmetry). For inade-
guate reorientation of the SPECT study, asymme-
tries caused by head tilts may be present, which
can be easily identified because the pattern is
reversed on consecutive slices.

spheres, between subjects, and to a lesser extent within the 4.2. Compare functional SPECT images to anatomic

same healthy subject scanned twice under the same condi-
tions (test-retest). This result is partly caused by variations
in functional activity and therefore by a varying vascular
supply to cerebral regions at the time of injection. As
mentioned previously, the radiopharmaceutical used and the
patient and environmental conditions during tracer injection

must be considered.
In a normal brain perfusion SPECT imag#d), regions

with higher perfusion, such as cortical and subcortical gray-

CT or MRI. For example, because of the slight
difference in uptake between periventricular
white matter and lateral ventricles, it is difficult to
differentiate these two structures on SPECT im-
ages. For marked hypoactivity of these regions,
comparison with anatomic imaging will clarify if
the pattern is caused by hydrocephalia or if it
could be attributable to white-matter ischemia (in
the latter case, anatomic images may be normal).

matter structures, have the highest tracer uptake. Subcortical 4.3. In patients with cerebral atrophy, look for the

white matter shows low tracer uptake, and no tracer uptake
is seen in areas containing cerebrospinal fluid (i.e., cerebral
ventricles, fissures, and sulcus) or bone (i.e., scalp or pe-
trous part of temporal bones). The cerebral region showing
the maximum tracer uptake varies with the radiopharma-
ceutical used (i.e., most probably the cerebellum with
HMPAO, but the calcarine cortex with ECD), the patient’s
condition at the time of injection (e.g., influence of visual
activity on calcarine cortex uptake), and image manipula-
tion during reconstruction (i.e., influence of attenuation

correction on basal ganglia activity).

The appropriate brain perfusion SPECT interpretation
should be made using a step-by-step approach, such as the

following:

absence of uptake in cerebrospinal fluid and nor-
mal uptake in the cortex. These conditions may
coexist within the same pixel, resulting in a false
appearance of decreased uptake in the cerebral
cortex. Although indirect signs of cerebral atro-
phy can be identified in the SPECT images, such
as a marked separation between hemispheres
caused by interhemispheric cissure enlargement,
and between basal ganglia caused by ventricular
enlargement (Fig. 1), anatomic imaging is re-
quired to confirm this result. It is difficult to be
sure if hypofunction coexists in regions with at-
rophy unless the image analyzing software pro-
vides atrophy correction.
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TABLE 4
Frequent Causes of Different Tracer Uptake Patterns in
Brain Perfusion SPECT Images

Tracer uptake pattern Cause

Cold (no uptake) Cerebrospinal fluid

Edema

Necrosis

Space-occupying lesions (e.g.,
hemorrhage, tumors,* cysts,
arteriovenous malformation,
postsurgery)

Hypoactive (decreased Ischemia

uptake) Hypometabolism (hypofunction):
degeneration, deafferentation
Atrophy
Hyperactive (increased Luxury perfusion
uptake) Encephalitis

Acetazolamide-induced vasodilation
Hyperfunction (epilepsy [ictal],
neuroactivation, other causes of
increased neuronal activity)
Tumors*

* Tumors can produce a variety of patterns in SPECT perfusion
images. The most frequent tumors with increased tracer uptake are
meningiomas.

5. Characterize perfusion abnormalities.

e Description of findings: This part constitutes the body
of the report and should include detailed information
on localization, type of abnormality (cold, hypo- or
hyperperfusion), and extension and severity of the per-
fusion abnormality. Comparison of SPECT with CT
and MRI findings should also be added.

e Interpretation of SPECT findings and conclusion: If the
SPECT indication fits within a well-recognized clinical
application (i.e., dementia, epilepsy, or stroke), an ac-
curate interpretation statement leading to a diagnosis
can be provided. However, extreme caution must be
applied when the role of brain perfusion SPECT in the
referred clinical problem has not been studied in depth
or is unknown, as occurs in behavioral disorders. In
these cases, the nonspecificity of the technique and lack
of consistent evidence of cause and effect need to be
acknowledged in the repor86).

CONCLUSION

Brain perfusion SPECT has well-recognized clinical ap-
plications mainly in dementia, cerebrovascular disease, and
epilepsy. This technique generally adds valuable informa-
tion to the clinical management of patients with brain dis-
orders of a broad variety, helping in diagnosis, therapeutic
management, and follow-up. Accurate knowledge of the
physiologic and pathophysiologic basis of brain perfusion
SPECT, together with the appropriate technique and careful

5.1. Recognize abnormalities in brain perfusiofiiterpretation of images and reporting, will enhance the
SPECT images such as decreased tracer uptai@ical use of brain SPECT. Anatomic and functional cor-
(hypoperfusion) (Figs. 2, 3, and 5), absence delations, as well as close interaction with the referring
tracer uptake (no perfusion) (Fig. 4), and inclinician, are additional practices of crucial importance in
creased tracer uptake (hyperperfusion) (Fig_ Eﬂfl”y exploiting brain perfusion SPECT capabilities in clin-
The most frequent causes of these uptake patteifigl practice.

are summarized in TabK . The etiology of hypo-

and hyperperfusion can be purely vascular or r&«CKNOWLEDGMENTS

lated to cerebral dysfunction, as described previ-
ously. Knowledge of both the clinical context an
anatomic images of patients is essential for inteE-

preting uptake abnormalities.
5.2.

Recognize the distribution patterns of perfusi
abnormalities such as vascular territories a
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for his help in preparing the figures, and Semih Dogan, MD,
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altimore, MD) for their help in editing the manuscript.

eventual diaschisis patterns, dementia patterns,

temporal lobe localization of epileptic foci, or
herpetic encephalitis. This information often pro

vides valuable clues for the etiology.
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