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In recent years, magnetic resonance imaging\p=m-\basedvolumetric measurements of the amygdala
and hippocampus have proved useful in the diagnosis and treatment ofpatientswith temporal
lobe epilepsy. This imagingmodality allows amygdaloid and hippocampal volumes to be cor-
related with neurophysiological, neuropathological, and neuropsychological findings, surgical

outcome, and clinical findings.We evaluated the technical and anatomical aspects underlying the suc-
cessful use of themodality thatwere reported in previous studies. We also evaluated issues such as the
sensitivity and specificity of volumetric magnetic resonance imaging, its use in bilateral temporal lobe
epilepsy, and the debate concerning the sensitivity of qualitative visual analysis vs quantitative volu-
metric analysis ofmagnetic resonance images. Volumetric magnetic resonance imaging, when used in
conjunctionwith video electroencephalographicmonitoring, neuropsychological studies, and other neu-
roimaging studies, will enable patients with temporal lobe epilepsy to be treated in an appropriate, ef-
ficient, and cost-effective manner. ArchNeurol 1997:54:1521-1531

Magnetic resonance (MR) imaging-based
volumetric measurements of the amygdala
andhippocampusprovide useful in vivo neu-
roanatomical information in a number of
clinical settings, including temporal lobe epi¬
lepsy, amnesia, schizophrenia, and Alzhei¬
mer disease. In temporal lobe epilepsy, volu¬
metric MR imaging allows the correlation
ofpreoperative and postoperative amygda¬
loid and hippocampal volumeswith neuro¬
physiological, neuropathological, and neu¬
ropsychological findings, surgical outcome,
and clinical findings. The addition ofamyg¬
daloid volumemeasurements to those of the
hippocampusmay allow assessment of the
relative contribution of each of these struc¬
tures to epileptogenesis andmemory func¬
tion. Postoperative quantification of the
amount ofamygdaloid and hippocampal re¬
section may yield a better understanding of
which structures need to be removed and
inwhatvolume. Amygdaloid and hippocam-

pal volumemeasurementsmay also be help¬
ful in providing supplementary information
in patientswith bilateral temporal ictal on¬
setswhen used in conjunctionwith electro¬
encephalograms (EEGs) and other localiz¬
ing studies. Volumetric MR imaging,when
used in conjunctionwith other neuroimag¬
ing studies, will reduce the number of pa¬
tients who require prolonged, invasive, and
expensive video EEC monitoring with in¬
tracranial electrodes. This should allowmore
patients to be treated in an appropriate, ef¬
ficient, and cost-effectivemanner bymeans
of noninvasive video EEG monitoring
coupledwithneuropsychological studies and
noninvasive imaging techniques.

TECHNICAL ASPECTS

Histologically, the hallmarks of hippocam¬
pal sclerosis (HS) are cell loss and astro-
gliosis (sclerosis) of the hippocampus and
relatedmedial temporal lobe limbic areas.1
The 2 principalMR imaging findings in his¬
tologically proved cases of HS are hippo¬
campal atrophy and MR imaging signal
changes indicative of increased tissue free
water.2"6 Both of these MR imaging proper¬
ties can be quantified.3,' Hippocampal volu-
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metry is a direct measure of the hippocampal atrophy as¬
sociatedwith HS. Several studies have demonstrated a close
correlation between histologically determined cell loss and
atrophy determined through hippocampal volumetric mea¬
surements.8"13 Magnetic resonance imaging-based hippo¬
campal volumetric measurements therefore may be con¬
sidered a surrogate for pathologic identification not only
of the presence, but also of the relative severity, of HS in
both hippocampi.

To maximize the precision and reproducibility of
MR imaging-based hippocampal volume measures, the
technical variables used when the images themselves
are acquired should reflect the following guidelines16:
(1) Spatial resolution should be maximized. In practical
terms this means that the imaging sections (or slices)
should be made as thin as possible (while preserving
signal-to-noise ratio) to avoid volume averaging arti¬
facts in the direction of voxel anisotropy. (2) To opti¬
mally display hippocampal boundaries, the contrast-to-
noise ratios between gray matter, white matter, and
cerebrospinal fluid should be high enough to permit re¬
liable discrimination of hippocampal boundaries. (3)
The image acquisition time should be short enough
(<10 minutes) that high-quality images free of motion
artifact may be acquired in the vast majority of patients
being screened.

The preceding criteria lead to 2 logical choices for the
optimum type ofMR imaging sequence to be used for sub¬
sequent volume measurements. Themost commonly used
approach is a 3-dimensional volumetric pulse sequence. At
our institutions, a 3-dimensional volume gradient echo pulse
sequence acquired in an oblique plane perpendicular to the
main axis of the left hippocampal formation is used.16 It is
radiofrequency spoiled, which largely obviates the prob¬
lem of cerebrospinal fluid pulsation artifacts. A rectangu¬
lar field of view is used to reduce total imaging time to un¬
der 10minutes. One hundred twenty-four partitions are ac¬
quired at 1.6mm per partition. This results in an image data
set that not only is useful for hippocampal volumemeasure¬
mentsbutprovideswhole-head anatomical coverage for rou¬
tine diagnostic purposes. Although acquisition of a partial
echo (so-called fractional echo sampling) will reduce the
total imaging time, we have found that fractional echo sam¬
pling greatly increases the magnitude of susceptibility ar¬
tifacts at the basal temporal-petrous bone interface in some
patients, and, to avoid this, we use a full echo sampling
scheme. The second type of image sequence that has been
successfully used in recent years for hippocampal volume
measurements is 2-dimensional fast spin echo with thin (2-
mm) slices.12,1'18A potentially attractive alternative to both
of these approaches is a 3-dimensional fast spin echo ap¬
proach. Clinically practical 3-dimensional fast spin echo
imagingwill be enabled by installation ofhigh-performance
gradient sets that have recently been made commercially
available by themajorMR imaging equipment vendors and
are being installed at a number of sites.

An alternative to image acquisition in the coronal
(or oblique coronal) plane that has been used by some
authors is image acquisition in the sagittal plane.19 The
disadvantage of sagittal image acquisition is that to vi¬
sually compare the hippocampi for the presence of rela¬
tive side-to-side atrophy for diagnostic purposes, the im-

agesmust be secondarily reformatted in the coronal plane,
and thus the native or raw MR images as they are ac¬

quired are not suitable for the clinical visual evaluation
ofhippocampal atrophy. Some authors have actually out¬
lined the hippocampus for volumetric determination in
the sagittal plane.While this approachworks well formost
of the hippocampal borders, portions of the hippocam¬
pal border are optimally displayed only in the coronal
plane, not the sagittal plane, particularly the medial su-
bicular-parahippocampal boundary, the medial bound¬
ary between the hippocampal head and the amygdala-
ambient gyrus, and the posterior border of the
hippocampus.20

After the image dataset has been acquired, it must
be processed to produce volume measurement informa¬
tion. This step requires great attention to detail to pro¬
duce precise and accurate hippocampal and amygdaloid
volume measurements. This is generally done by trans¬
ferring the MR images to a computer workstation and
manually tracing hippocampal and amygdaloid borders
on serial planimetrie slices with a manual interactive de¬
vice. Manual tracing of hippocampal and amygdaloid bor¬
ders creates a volume of interest. The voxels inside the
volume of interest are then automatically counted by the
computer and multiplied by the number of cubic milli¬
meters per image voxel to generate hippocampal and
amygdaloid volumes in cubic millimeters. Discrepan¬
cies between the way different software programs handle
the counting of border pixels in a traced volume of in¬
terest are a likely cause of the discrepancies among vari¬
ous sites for the "normal" absolute volume of the right
and left hippocampi and amygdalae in normal subjects.
The second likely source for interinstitutional variabil¬
ity in reported "normal" hippocampal and amygdaloid
volumes is the neuroanatomical boundary criteria used
to define hippocampal borders.14"16,20"27 Rigorous stan¬
dardized criteria that have a solid neuroanatomical ba¬
sis must be followed when the borders of the amygdala
and hippocampus are traced, to ensure precise and re¬

producible volume measurements.20,28
INTERPRETATION

Magnetic resonance imaging-based volume measure¬

ments of the right and left hippocampus (or amygdala)
may be interpreted in 2 ways (relative or absolute). To
date, the relative approach, in which the right and left
hippocampi in a given patient are compared by taking
either a right-to-left hippocampal ratio or the difference
between the 2 sides, has been used more commonly.
Evaluating hippocampal volume in absolute terms ismore
complex because a number of variables other than the
variable of interest—the presence and severity of HS—
affect hippocampal volume in any given subject.

Variables that have been shown to affect hippocam¬
pal volume in normal individuals are head size, age, sex,
and hemisphere.24,29,30 As a negative phenomenon, atro¬
phy does not lend itself to straightforward traditional count¬
ingmethods butmust be inferred by comparisonwith nor¬
mative data on appropriatelymatched control populations.
Ideally, therefore, atrophy of the right or left hippocam¬
pus (or both) in any individual would be established by
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comparing those values with normative percentiles in an
age- and sex-matched control population for that hemi¬
sphere, and after adjustment for head size. Hippocampal
atrophy in any given patient as a marker ofHS would then
be expressed in terms of the percentile of adjusted volume
in normal subjects. As a rule, studies in epilepsy in which
hippocampal volume has been analyzed in absolute terms
have not taken into account age effects, because age-
related effects on hippocampal volume are found prima¬
rily in the very young, because of growth and develop¬
ment, and in older individuals, because of age-related
atrophy.24,30 Hemispheric effects have been nonuni-
formly reported in the literature, with some studies find¬
ing the right hippocampus to be larger in normal subjects
and other studies finding no right-left difference.20"27 These
differences in the literature in the reported normal vol¬
ume of the right relative to the left hippocampus may be
caused in large part by the use of different boundary cri¬
teria; nonetheless, a clear consensus does not exist as to
whether a normal right-left difference exists in hippocam¬
pal volume. The effect of sex is small in comparison with
that of head size. Therefore, the few studies that used ab¬
solute volumetric quantitation in epilepsy have adjusted
hippocampal volume only by intracranial volume. This
adjustment can take several forms. The 2 most popular
are (1) dividing hippocampal volume by total intracra¬
nial volume to create a ratio and (2) a covariance ap¬
proach.24,29,30"34 One method of "normalization" by total
intracranial volume is as follows: (1) Obtain the mean to¬
tal intracranial volume (TIV) of the normal control group.
(2) "Normalize" the volume of each of the structures mea¬
sured (eg, hippocampal formation [HF] or amygdala [AM])
for individual variation in head size, using the formula
"Normalized" HF (or AM) Volume= [RxHF (or AM) Vol¬
ume] , where R is the mean TIV of the controls divided by
the patient's TIV.

In addition to validating the accuracy and repro-
ducibility of volume measurements, each center must
also establish the range of normal values present in
their patient and control populations. A number of fac¬
tors enter into the absolute values obtained at each in¬
stitution, as mentioned above, and therefore discrepan¬
cies between institutions are to be expected. This
requires that each institution create its own normal da¬
tabase.14"16,20-27,3'

ANATOMICAL ASPECTS

The person performing the volumetric measurements of
the amygdala and hippocampus must have a detailed
knowledge of the anatomy of the medial temporal re¬
gion if these measurements are to be accurate and reli¬
able. In addition, the structures must be measured con¬
sistently according to a predetermined and standardized
protocol. Such protocols have been published in de¬
tail.16,20 When the boundaries of the hippocampus and
amygdala are measured by a knowledgeable investiga¬
tor according to a predetermined and standardized pro¬
tocol, the accuracy and reproducibility of the measure¬
ments are high.14"16,20"23 The following protocol (from our

original article)20 represents our recommendation for mea¬
suring amygdaloid and hippocampal volumes.16,20,21,23

Figure 1. Medial view of the left cerebral hemisphere showing surface
anatomy of the medial temporal lobe (adapted from Watson et al20).
AC indicates anterior commissure; AG, ambient gyrus; BG, band (limbus) of
Giacomini; CaS, calcarine sulcus; CCg, corpus callosum, genu; CCr, corpus
callosum, rostrum; CCs, corpus callosum, splenium; CCt, corpus callosum,
trunk; CGi, isthmus of cingulate gyrus; CoS, collateral sulcus; EC, entorhinal
cortex; ES, endorhinal sulcus; Fb, fornlx, body; Fc, fornix, crus; Ht, tibria of
hippocampus; HS, hippocampal sulcus; IF, interventricular foramen;
IG, intralimblc gyrus; PG, parahippocampal gyrus; RS, rhinal sulcus;
SG, semilunar gyrus; SS, semiannular (amygdaloid) sulcus; TI, tentorial
indentation; UC, uncal cleft; and UG, uncinate gyrus.

Amygdaloid Volume
The amygdala is an ovoid mass of gray matter situated
in the superomedial portion of the temporal lobe, partly
above the tip of the inferior horn of the lateral ventricle.
It occupies the superior part of the anterior segment of
the uncus and partially overlies the head of the hippo¬
campus, being separated from that structure by the un-
cal recess of the inferior horn of the lateral ventricle. On
the superomedial surface of the uncus, the amygdala forms
a distinct protrusion, the semilunar gyrus, which corre¬
sponds to the cortical amygdaloid nucleus. It is sepa¬
rated from the ambient gyrus by the semiannular or amyg¬
daloid sulcus, which forms the boundary between the
amygdala and the entorhinal cortex. The latter extends
into the ambient gyrus and forms most of its surface. The
amygdala is separated from the substantia innominata by
a deep fold, the endorhinal sulcus, which is lined on the
amygdaloid side by the medial nucleus of the amygdala.
The superior rim of the ambient gyrus, lying in the fun-
dus of the semiannular sulcus, is related to the so-called
corticoamygdaloid transition area, which probably rep¬
resents periamygdaloid cortex.35 The medial surface of
the ambient gyrus often shows a marked indentation, the
tentorial indentation (also sometimes called the uncal
notch28 or the intrarhinal sulcus36), produced by the free
edge of the tentorium cerebelli (Figure 1 ).

The anterior end of the amygdala is arbitrarily and
consistently measured on the MR imaging section at the
level of the closure of the lateral sulcus to form the en¬
dorhinal sulcus. Although we recognize that this proce¬
dure potentially excludes part of the anterior amygda¬
loid area, we believe that this region is too difficult to
visualize reliably on MR imaging and might consist of
other structures, such as the anterior-inferior extent of
the claustrum and the endopyriform nucleus. The me¬
dial border of the amygdala is covered by part of the en¬
torhinal cortex, which forms the surface of the ambient
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gyrus in this region. The entorhinal cortex inferior to the
tentorial indentation is excluded from the amygdaloid
measurement. If the tentorial indentation is poorly de¬
fined or not visible in the anterior amygdaloid region,
the line of demarcation between the amygdala and the
adjacent entorhinal cortex that occupies the ambient gy¬
rus is defined by a line drawn in direct continuation with
the inferior and medial border of the amygdala within
the substance of the temporal lobe. By proceeding in this
manner, a small amount of the superior extent of the en¬
torhinal cortex is included in the amygdaloid volume, as
is the case when the tentorial indentation is used as the
landmark. The inferior and lateral borders of the amyg¬
dala are formed by the inferior horn of the lateral ven¬
tricle or white matter (Figure 2). To define the supe¬
rior border of the amygdala, we draw a straight line
laterally from the endorhinal sulcus to the fundus of the
inferior portion of the circular sulcus of the insula. More
posteriorly, the optic tract is used as a guide to the lat¬
eral extension of the crural cistern into the transverse ce¬

rebral fissure. This locates the medial aspect of the pos¬
terior amygdala and is used as the point of departure for
defining the medial and superior borders of the struc¬
ture posteriorly. To define the superior border of the amyg¬
dala at this level, a straight line is drawn laterally from
the superolateral aspect of the optic tract to the fundus
of the inferior portion of the circular sulcus of the in¬
sula (Figure 3).

This method of defining the superior border of the
amygdala is arbitrary and undoubtedly excludes small
amounts of the medial and central nuclei. However, it
should prevent such structures as the substantia innomi¬
nata, inferior portion of the putamen, and inferior por¬
tion of the claustrum from being included in the amyg¬
daloid measurement. At its posterior end, the amygdala
occupies the medial half of the roof of the inferior horn
of the lateral ventricle, and care must be taken to ex¬

clude the tail of the caudate nucleus, the overlying glo-
bus pallidus and putamen, and the lateral geniculate body
(Figure 4). In cases in which the border of the puta¬
men cannot be clearly defined, only the medial half of
the structures in the roof should be included in the amyg¬
daloid volume at this level.

Hippocampal Volume
The hippocampus is a complex structure consisting of
an enlarged anterior part that has been called the pes, but
perhaps is better termed the head of the hippocampus.
This portion of the hippocampus exhibits 3 or 4 digita-
tions and turns medially to form the posterior segment
of the uncus. As it turns medially, the hippocampus and
the dentate gyrus run in the roof of the uncal cleft (also
sometimes called the uncal notch, the uncal sulcus,28 and,
erroneously, the hippocampal sulcus), the sulcuslike cleft
that separates the uncus above from the parahippocam-
pal gyrus below. Once the hippocampus and dentate gy¬
rus reach the medial surface of the uncus, they turn up
and form the posterior one third of the medial and su¬

peromedial surface of the uncus. Macroscopically the den¬
tate gyrus is discernible as a narrow elevation, the band
or limbus of Giacomini. This is interposed between the

Figure 2. Angled coronal sections of the cerebral hemispheres passing
through the anterior segment of the uncus (adapted from Watson et al20).
Top, Magnetic resonance image with the amygdala outlined on the left.
Bottom, Brain section stained with the LeMasurier modification of the
Mulligan stain. A indicates amygdala; AC, anterior commissure;
C, claustrum; CCt, corpus callosum, trunk; CSi, circular sulcus of insula;
EC, entorhinal cortex; Fb, fornix, body; GP, globus pallidus; OT, optic tract;
P, putamen; RS, rhinal sulcus; SG, semilunar gyrus; SI, substantia
innominata; and SS, semiannular (amygdaloid) sulcus.

intralimbic gyrus, which forms the posterior pole of the
uncus and corresponds to sector CA3 of the hippocam¬
pus, and the uncinate gyrus, which extends anterior to
the band ofGiacomini and corresponds partially to sec¬
tor CAI and the subiculum. There is no macroscopi-
cally visible border between the uncinate gyrus and the
ambient gyrus. The floor of the uncal cleft is formed by
the presubiculum (Figure 1). The body of the hippo¬
campus curves around the upper midbrain and is con¬
cave medially. The anatomy in this region is much less
complex. Posteriorly, the hippocampal body tapers into
the tail, which turns medially just anterior to and below
the splenium of the corpus callosum. The tail of the hip-
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Figure 3. Angled coronal sections of the cerebral hemispheres passing
through the posterior segment of the uncus (adapted from Watson et al20).
Top, Magnetic resonance image with the amygdala and hippocampal head
outlined on the left. Bottom, Brain section. A indicates amygdala; CoS,
collateral sulcus; EC, entorhinal sulcus; Fb, fornix, body; GP, globus pallidus;
Hh, hippocampus, head (pes); OT, optic tract; P, putamen: RS, rhinal sulcus;
and SC, subicular complex.

Figure 4. Angled coronal sections of the cerebral hemispheres passing
through the posterior segment of the uncus (adapted from Watson et al20).
Top, Magnetic resonance image with posterior portion of the amygdala and
posterior portion of the hippocampal head outlined on the left. Bottom, Brain
section. CoS indicates collateral sulcus; EC, entorhinal sulcus; Hh,
hippocampus, head (pes); LVi, lateral ventricle, inferior horn; OT, optic tract;
SC, subicular complex; and UC, uncal cleft.

pocampus gives rise to the fasciola cinerea, which ulti¬
mately passes around the corpus callosum to continue
on its upper surface as the indusium griseum.

It is obviously most difficult to define the bound¬
aries of the hippocampus in its most anterior portion, the
hippocampal head. The most reliable structure separat¬
ing the head of the hippocampus from the amygdala in
this region is the inferior horn of the lateral ventricle. This
is especially true if the ventricular cavity extends into the
deep part of the uncus anterior to the head of the hip¬
pocampus, thereby forming the uncal recess of the infe¬
rior horn. However, portions of the uncal recess are of¬
ten obliterated, especially medially, and the hippocampal
digitations are fused to the amygdala across the ventricu-

lar cavity.28When this is the case, 3 guidelines are used
to outline the hippocampal head and separate it from the
adjacent amygdala. If an obvious semilunar gyrus is pres¬
ent on the surface of the uncus, a line is drawn connect¬
ing the inferior horn of the lateral ventricle to the sulcus
at the inferiormargin of the semilunar gyrus (ie, the semi-
annular or amygdaloid sulcus). It is also useful to use the
alveus covering the ventricular surface of the hippocam¬
pal digitations to distinguish the hippocampus from the
amygdala. As a white matter tract, the alveus has a dis¬
tinctly higher signal than the adjacent gray matter on Tl-
weighted MR images. If neither the semiannular sulcus
nor the alveus is obvious, a straight horizontal line is
drawn connecting the plane of the inferior horn of the
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lateral ventricle with the surface of the uncus. The infe¬
rior margin of the hippocampus is outlined to include
the subicular complex and the uncal cleft. The border
separating the subicular complex from the parahippo-
campal gyrus is defined as the angle formed by the most
medial extent of those 2 structures. Unless significant at¬
rophy is present, no attempt is made to outline the gray
matter on the superior and inferior banks of the uncal
cleft, as it is usually quite narrow. The gray matter of the
entorhinal cortex or parahippocampal gyrus is ex¬

cluded from this measurement (Figures 3 and 4).
In the hippocampal body, the delineation of the

hippocampus includes the subicular complex, hippo¬
campus proper, dentate gyrus, alveus, and fimbria. The
border between the subicular complex and the parahip¬
pocampal gyrus is defined in the same manner as in the
hippocampal head. Therefore, the cortex of the parahip¬
pocampal gyrus is once again excluded from the mea¬

surement (Figure 5).
In the hippocampal tail, measurement again in¬

cludes the subicular complex, hippocampus proper, den¬
tate gyrus, alveus, and fimbria. Excluded at this level are
the crus of the fornix, isthmus of the cingulate gyrus, and
parahippocampal gyrus. The most posterior section mea¬
sured is the section with the crus of the fornix clearly sepa¬
rating from the hippocampus and its fimbria (Figure 6).
This leaves a small segment of the tail of the hippocam¬
pus outside the measured hippocampal volume.

Since the distance from the anterior end of the hip¬
pocampus to the point of separation of the crus of the
fornix from the fimbria of the hippocampus is approxi¬
mately 35 to 38 mm, we estimate that the entire hippo¬
campus except for its most posterior 2 to 4 mm is in¬
cluded in the volume measurement. Therefore, assuming
a total anterior-posterior length of the hippocampus of
approximately 40 mm,36,37 these guidelines should re¬

sult in a volume measurement of 90% to 95% of the to¬
tal hippocampal formation.

CORRELATION WITH EEG

Since the initial publication on the utility of volumetric
MR imaging measurements of the hippocampus in pa¬
tients with temporal lobe epilepsy by Jack et al,3 many
studies have illustrated the positive correlation between
the EEG lateralization of the epileptogenic region in tem¬
poral lobe epilepsy and the presence of significantly re¬
duced hippocampal volumes.3,31,38"43 The sensitivity and
specificity of these observations varies depending on the
patient population studied, but all of the studies found
the 2 techniques to be complementary. In a recent study,
Cendes et al31 found that hippocampal volumes were more
sensitive than amygdaloid volumes and agreed with lat¬
eralization of the epileptogenic region as defined by ex-
tracranial and intracranial EEG in 87% of cases. When
both hippocampal and amygdaloid volumes were con¬
sidered, however, lateralization was correct in 93% of
cases. These studies indicate that volumetric measure¬
ments of the hippocampal formation and amygdala are
very sensitive in lateralizing the epileptogenic region.

Recently, Gambardella et al43 reviewed clinical and
scalp EEG findings in 61 consecutive patients with tern-

poral lobe epilepsy and atrophy ofmedial temporal struc¬
tures and found that interictal spikes had a maximal field
over the anterior temporal regions in 63% ofpatientswith
atrophy of the amygdala. In contrast, interictal spikes in
patients with isolated hippocampal atrophy were never
maximal anteriorly. In addition, secondarily general¬
ized seizures and syncopal spells were correlatedwith ana¬
tomically extensive atrophy, particularly involving the
amygdala, confirming previous observations by Cook et
al.22

In another study, Gambardella et al44 found that in
temporal lobe epilepsy related to medial temporal atro¬
phy, delta transients are a reliable indicator of the epi¬
leptogenic focus and presumably reflect the underlying
epileptogenic process rather than just structural abnor¬
mality.

CORRELATION WITH INTRACRANIAL
STEREOTAXIC DEPTH EEG

Cendes et al32 studied a group of 31 consecutive pa¬
tients with bilateral scalp EEG abnormalities who un¬

derwent intracranial EEG investigation to determine the
relationship between medial temporal atrophy and in¬
tracranial ictal and interictal stereo EEG abnormalities.
They found a significant correlation between the sever¬
ity of stereo EEG background disturbance and the de¬
gree of medial temporal atrophy, but no significant cor¬
relation between the frequency of stereo EEG interictal
spikes and the amount of medial temporal atrophy. This
suggests that continuous polymorphic slow waves and
decrease or loss of normal fast rhythms may reflect more
accurately the epileptogenic damage in medial temporal
structures than does the frequency of interictal epilep-
tiform discharges. This study also showed that unilat¬
eral medial atrophy predicts ipsilateral medial stereo EEG
seizure onset despite bitemporal extracranial EEG foci.32

CORRELATION WITH PATHOLOGIC FINDINGS

Several studies have correlated hippocampal volumes with
pathological findings in temporal lobectomy speci¬
mens.8"" A strong relationship between the degree of hip¬
pocampal volume loss and the severity of HS was found
in studies that used qualitative,8,10 semiquantitative,13 and
quantitative9,11,12 neuropathological techniques. In view
of these findings, it appears that the severity of HS can
be predicted preoperatively by means ofhippocampal vol¬
umes and hippocampal ratios. This information should
be useful in the diagnostic, therapeutic, prognostic, and
research aspects of the treatment of patients with medi¬
cally intractable temporal lobe epilepsy caused by HS.

CORRELATION WITH
NEUROPSYCHOLOGICAL STUDIES

It is well recognized that medial temporal lobe struc¬
tures such as the entorhinal cortex and the hippocam¬
pus play a critical role in declarative memory function.
It is not surprising, therefore, that a relationship has been
demonstrated between the severity of hippocampal at¬
rophy, as measured by volumetric MR imaging studies,
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Figure 5. Angled coronal sections of the cerebral hemispheres passing
through the lateral geniculate body and the parahippocampal gyrus (adapted
from Watson et al20). Top, Magnetic resonance image with the hippocampal
body outlined on the left. Bottom, Brain section. CoS indicates collateral
sulcus; Hb, hippocampus, body; Ht, fimbria of hippocampus;
HS, hippocampal sulcus; LGB, lateral geniculate body; LVi, lateral ventricle,
inferior horn; PG, parahippocampal gyrus; and SC, subicular complex.

Figure 6. Angled coronal sections of the cerebral hemispheres passing
through the splenium of the corpus callosum and isthmus of the cingulate
gyrus (adapted from Watson et al20). Top, Magnetic resonance image with
the hippocampal tail outlined on the left. Bottom, Brain section showing the
transition from fimbria of hippocampus to crus of fornix. CaS indicates
calcarine sulcus; CCs, corpus callosum, splenium; CGi, isthmus of cingulate
gyrus; CoS, collateral sulcus; Hi, fimbria of hippocampus; Ht, hippocampus,
tail; and PG, parahippocampal gyrus.

and preoperative memory function by means of a vari¬
ety of neuropsychological test instruments. '1·46"52 In gen¬
eral, a significant relationship between left hippocam¬
pal volume and preoperative verbal memory function has
been found in a number of studies.11,48,49,32 Several stud¬
ies have shown a correlation between hippocampal at¬
rophy, as demonstrated on volumetric MR imaging, and
poor memory function on the intracarotid amobarbital
test.47,50,51 Some studies have also shown a relationship
between impaired nonverbal memory function and re¬

duced right hippocampal volumes.46,49
While outcome after a temporal lobectomy is most

often thought of in terms of postoperative seizure con¬
trol, the most common serious cognitive complication

of surgery is a postoperative decline in verbally medi¬
ated declarative memory after a dominant temporal lo¬
bectomy. The clear link between functional and ana¬
tomical integrity has led to the evaluation of hippocampal
volumetric measurements as a means of predicting post¬
operative memory decline.48,52"54 These initial studies
showed that the neuroanatomical status of the hippo¬
campus (ie, its volume), the patient's sex, and the hemi¬
sphere operated on independently influence the risk of
a postoperative memory decline. Patients at greatest risk
for a decline in verbal memory after a dominant left tern-
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poral lobectomy are those with bilaterally symmetric se¬
vere atrophy of both the right and left hippocampi. The
group at next greatest risk are patients with volumetri-
cally normal hippocampi bilaterally (ie, no atrophy), and
in this group the risk of a postoperative verbal memory
deficit is greater in men than in women. The group at
least risk for a postoperative verbal memory deficit after
a dominant left temporal lobectomy is those with marked
unilateral left hippocampal atrophy. However, in this
group the risk is slightly greater formen than for women.
These initial studies48,52"54 correlating postoperative
memory outcome with hippocampal volumetric mea¬

surements indicate that this technique may provide clini¬
cally useful prognostic information. Further studies will
be necessary to confirm these findings and to determine
whether the prognostic information provided by hippo¬
campal volumetric measurements is complementary to
that provided by the intracarotid amobarbital memory
test.

CORRELATION WITH OUTCOME
AFTER TEMPORAL LOBECTOMY

A significant relationship between MR imaging-based hip¬
pocampal volumes and seizure control after temporal lo¬
bectomy has been demonstrated.33"38 It was well known
in the pre-MR imaging era that a temporal lobectomy
specimen that contained HS conferred a much higher
probability of excellent postoperative seizure control for
that patient than if the specimen was free of abnormal¬
ity. However, that information was available only after
the surgery had been performed. In the initial study on
this topic,55 97% ofpatients inwhom EEG lateralization
was concordant with volumetrically determined unilat¬
eral hippocampal atrophy had a favorable surgical out¬
come (seizure free or nearly seizure free). The percent¬
age of patients with a favorable outcome was only 42%
in patients in whom the hippocampal volume measure¬
ments were nonlateralizing.

The most common radiological manifestation of HS
seen in clinical practice is a unilateral atrophie hippo¬
campus with a normal contralateral hippocampus. The
surgical approach to temporal lobe epilepsy (temporal
lobectomy) is also driven by the concept that HS is a uni¬
lateral phenomenon. However, autopsy studies and, more
recently, quantitative MR studies indicate that HS is pres¬
ent bilaterally in a substantial percentage of patientswith
temporal lobe epilepsy.1,39 For the sake of illustration, the
entire spectrum ofHS can be divided into 4 possible con¬
ceptual categories39: (1) unilateral hippocampal atro¬
phy: HS is present unilaterally and the contralateral hip¬
pocampus is completely normal; (2) bilaterally
asymmetrical hippocampal atrophy: HS is present bilat¬
erally, but more severely represented on 1 side; (3) bi¬
laterally symmetrical atrophy: HS is present and of equal
magnitude in both hippocampi; and (4) volumetrically
symmetrical normal hippocampal: neither hippocam¬
pus has changes of HS. This fourth category is concep¬
tually useful in the context of this discussion because dis¬
tinguishing mild HS from a normal hippocampus is not
straightforward by visual inspection ofMR images or by
qualitative pathological analysis. These 4 groups repre-

sent conceptual points along a continuous distribution
of hippocampal damage, ranging from severe HS to ana¬
tomically normal, in 1 or both hippocampi. Magnetic reso¬
nance imaging studies that have used absolute mea¬

sures of hippocampal volume indicate that patients with
unilateral HS (group 1 above) and patients with bilater¬
ally asymmetrical HS (group 2 above) have a similar prog¬
nosis, which is excellent. In contrast, patients with bi¬
laterally symmetrical hippocampal atrophy (group 3
above) and symmetrical normal hippocampi (group 4
above) have a significantly less favorable prognosis for a
seizure-free outcome.35,39 Nonetheless, a seizure-free out¬
come is possible in members of groups 3 and 4.

Arruda et al58 recently studied 74 consecutive pa¬
tients with temporal lobe epilepsy who were treated sur¬
gically and had preoperative volumetric MR imaging mea¬
surements of medial temporal structures. The patients
were divided into 3 groups according to the volumetric
MR imaging findings: unilateral atrophy (63.5% of the
patients), bilateral atrophy (23%), or no atrophy (13.5%)
of the amygdala, hippocampus, or both. Outcome was
assessed at least 1 year after surgery, according to a modi¬
fication of Engel's classification. Patients with unilateral
medial temporal atrophy had significantly better results
when compared with the other 2 groups (P<.001). Ex¬
cellent results (class I or II outcome) were found in 93.6%
of the patients with unilateral atrophy; in 61.7% of those
with bilateral atrophy; and in 50% of the group with no
significant atrophy ofmedial temporal structures. In ad¬
dition, the ratio of hippocampal and amygdaloid vol¬
umes (ipsilateral-contralateral to the side of surgery) was
significantly smaller in those patients who became sei¬
zure free or almost seizure free (class I or II) than in those
with outcome classes III or IV. These data, in agreement
with other studies,33"57,39,60 indicate that the degree of asym¬
metry of medial structures, in those with unilateral and
bilateral atrophy, may also be an important factor for post-
surgical seizure control in patients with temporal lobe
epilepsy. This suggests that a more atrophie hippocam¬
pus in the operated-on hemisphere, together with a
healthier hippocampus on the unresected side, yields the
best outcome, a finding that makes intuitive sense for cog¬
nitive function as well as for seizure control.48,61

In summary, MR imaging-based volumetric mea¬

surement of the amygdala and hippocampus not only aids
in the determination of the side of seizure onset in non-
lesional temporal lobe epilepsy but is also an important
prognostic tool. For patients with unilateral atrophy, one
can expect excellent results in 93% to 97% of the cases.
Surgical outcome in those with bilateral atrophy is not
as good but still represents a worthwhile option. Pa¬
tients without significant atrophy or with bilateral sym¬
metrical atrophy have the worst prognosis and thus re¬
main a major challenge. The likelihood that some of the
patients without atrophy have neocortical temporal lobe
epilepsy helps to explain the poorer outcome in this group.

CLINICAL CORRELATIONS IN PATIENTS
WITH EARLY CHILDHOOD INSULTS

Several studies have shown a significant relationship be¬
tween hippocampal and amygdaloid atrophy, as deter-
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mined with volumetric MR imaging, and a history of fe¬
brile convulsions in early childhood.33,62,63 The
interpretation of this observation remains controver¬
sial. One possibility is that the early febrile convulsion
damages the hippocampus and is therefore a cause ofHS.
However, another possibility is that the child has a pro¬
longed febrile convulsion because the hippocampus was
previously damaged by a prenatal or perinatal insult.

A related question concerns whether HS is the cause
of repeated seizures or is a consequence of them. Sev¬
eral investigations have shown that no significant rela¬
tionship exists between atrophy of medial temporal lobe
structures and the duration and frequency of sei¬
zures.34,62'64 These studies, alongwith the febrile convul¬
sion studies mentioned above, suggest that HS is caused
by an insult early in life that remains relatively stable and
that each subsequent seizure does not cause additional
neuronal cell loss or progressive worsening of hippo¬
campal atrophy.

A recent experimental study, in which Liu et al65
performed a quantitative evaluation of neuronal density
in the hippocampus in rats with long-term pilocarpine-
induced seizures, provides support for these clinical
studies with the use of volumetric MR imaging mea¬

surements. They found that the neuronal loss was dose
dependent and primarily resulted from the acute pilo-
carpine-induced seizures. Chronic seizures did not
produce any measurable additional loss in the regions
examined in their study.
SPECIFICITY OF VOLUMETRIC MR IMAGING

IN DETECTING HS

Several studies have investigated groups of patients with
seizures originating in extratemporal and extrahippo-
campal siteswith volumetric MR imaging used as a means
of determining whether seizures emanating from sites
other than the hippocampus and amygdala cause cell loss
and subsequent atrophy of those structures, thereby lead¬
ing to significantly reduced hippocampal and amygda¬
loid volumes.19,22,66"70 In patients with long-standing epi¬
lepsy caused by extratemporal structural lesions, some
studies showed no reduction in hippocampal vol¬
umes22,66 and others found a low incidence (6%) of "dual
pathology," a condition in which the patient has both a

potentially epileptogenic structural lesion and HS.67 Gil-
more et al19 also found volumetric MR imaging useful in
differentiating patients with temporal lobe epilepsy from
those with extratemporal epilepsy. In a recent multi-
center study involving 167 patients with extratemporal
or extrahippocampal temporal lesions, Cendes et al68
found only 25 patients (15%) with dual pathology.

The studies mentioned above suggest an incidence
of dual pathology in the range of 10% to 15% of cases of
lesionai epilepsy. However, certain types of structural le¬
sions, such as developmental abnormalities, may exhibit
a higher incidence of coexisting HS, in the range of 25%
to 30%.68 In a recent study byWatson et al,13 28% of their
patientswith pathologically proved HS exhibited dual pa¬
thology, and 80% (4/5) of those patients had neuronal mi¬
gration disorders. This may account for some of the dif¬
ferences found in other studies.71"73 The best approach to

the treatment of patientswith dual pathology is presently
unknown, although it seems prudent to include both the
sclerotic hippocampus and the structural lesion in the sur¬
gical resection if at all possible.74 Studies involving large
numbers of patients are needed to define the best surgical
approach in this group of patients.

No reduction of hippocampal or amygdaloid vol¬
umes was demonstrated in studies byWatson and Wil¬
liamson involving patients with long-standing primary
generalized epilepsy69 and secondary generalized epi¬
lepsy.70 Therefore, significant reduction in hippocam¬
pal volumes appears to be a specific marker for HS.75

POSTOPERATIVE VOLUMETRIC
MR IMAGING ANALYSIS

A few preliminary studies have examined the utility ofpost¬
operative volumetric MR imaging analysis in patients who
have undergone temporal lobectomy.60,76"78 The findings are
certainly preliminary, but postoperative volumetric MR im¬
aging studies are useful in the delineation of the extent of
amygdaloid and hippocampal resection. It is hoped that this
type of information may be useful in the future to help guide
decisions concerning epilepsy surgery.

MR IMAGING OF THE HIPPOCAMPUS:
QUALITATIVE VS QUANTITATIVE ASSESSMENT

Amajority of cases ofHS encountered for presurgical evalu¬
ation will have a clear-cut unilateral atrophie hippocam¬
pus with increased signal and a normal-appearing contra-
lateral hippocampus. Several studies have shown volumetric
MR imaging analysis of the hippocampus and amygdala to
be very sensitive and specific in the identification of HS in
this setting. However, simple qualitative visual analysis is
also sensitive in this task, especially if the MR images are
carefully and properly acquired.2"6,79 In fact, a recent evalu¬
ation of fluid attenuated inversion recovery imaging se¬

quences demonstrated an accuracy of 97%with pathologi¬
cal determination of HS as the criterion standard.80
Measurements of hippocampal volume are unnecessary
in this situation for clinical purposes. However, only a few
studies have been completed that directly compare quan¬
titative volumetric MR imaging of the hippocampus with
qualitative visual assessment of the same MR images for
the signs of HS. In the original work by Jack et al,3 they
found volumetric MR imaging to be slightly more sensi¬
tive than qualitative image analysis (76% vs 71%, respec¬
tively). However, more recent investigations using more
high-resolution MR techniques have found volumetricMR
imaging measurements to be significantly more sensitive
than visual inspection alone.81,82 Cendes et al82 found that
volumetric MR imaging showed a sensitivity of 92% com¬

pared with 56% for qualitative visual inspection. Simi¬
larly, Reutens et al81 showed volumetric MR imaging to be
at least 20% more sensitive than qualitative visual analy¬
sis. Therefore, volumetric MR imaging appears to offer a
significant improvement in the detection rate of HS, al¬
though it ismuch more time consuming andmust be done
correctly to be accurate and reliable.

The greatest utility for volumetric MR imaging may
be in the field of clinical research.16 Magnetic resonance
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imaging-based volumetrie studies generate numerical data
that permit better comparisons of the degree of atrophy
ofmedial temporal structures in various subgroups of pa¬
tients. The findings can be statistically correlated with
various clinical measures and thereby lead to better dis¬
crimination and understanding of the underlying con¬

dition.
Furthermore, visual discrimination of a normal from

an abnormal hippocampus is straightforward when one
is clearly normal and the other is grossly abnormal, but
the visual binary paradigm breaks down in the presence
of symmetrical bilateral disease, mild unilateral disease,
or both.83 To accurately determine the presence and se¬
verity of hippocampal atrophy (HS) in both hippo¬
campi, absolute quantitative measurements are there¬
fore necessary. In addition, the preliminary results
available indicate that the presence and severity of HS
in both hippocampi may provide useful prognostic in¬
formation about both postoperative seizure control and
memory outcome.48,52"59 At this point, the precise prog¬
nostic significance of bilateral ormild disease has not been
fully elucidated. A compelling area for research at this
time therefore is to determine the precise relationship be¬
tween outcome and the degree of damage in both hippo¬
campi. Magnetic resonance imaging-based hippocam¬
pal volume measurement is an ideal technique for the
investigation of these important clinical issues.

Accepted for publication April 8, 1997.
Reprints: Craig Watson, MD, PhD, WSU/DMC Com¬

prehensive Epilepsy Program, Department of Neurology,
Wayne State University School ofMedicine, 6E-University
Health Center, 4201 St Antoine, Detroit, MI 48201.

REFERENCES

1. Margerison JH, Coresllis JAN. Epilepsy and the temporal lobes. Brain. 1966;89:
499-530.

2. Kuzniecky R, de la Sayette V, Ethier R, et al. Magnetic resonance imaging in tem-
poral lobe epilepsy: pathologic correlations. Ann Neurol. 1987;22:341-347.

3. Jack CR, Sharbrough FW, Twomey CK, et al. Temporal lobe seizures: lateraliza-
tion with MR volume measurements of hippocampal formation. Radiology. 1990;
175:423-429.

4. Berkovic SF, Andermann F, Olivier A, et al. Hippocampal sclerosis in temporal
lobe epilepsy demonstrated by magnetic resonance imaging. Ann Neurol. 1991;
29:175-182.

5. Bronen RA, Cheung G, Charles JT, et al. Imaging findings in hippocampal scle-
rosis: correlation with pathology. AJNR Am J Neuroradiol. 1991;12:933-940.

6. Jackson GD, Berkovic SF, Tress BM, Kalnins RM, Fabinyi GCA, Bladin PF. Hip-
pocampal sclerosis can be reliably detected by magnetic resonance imaging. Neu-
rology. 1990;40:1869-1875.

7. Jackson GD, Connelly A, Duncan JS, Gr\l=u"\newaldRA, Gadian DG. Detection of
hippocampal pathology in intractable partial epilepsy: increased sensitivity with
quantitative magnetic resonance T2 relaxometry. Neurology. 1993;43:1793\x=req-\
1799.

8. Cascino GD, Jack CR, Casey SJ, et al. Pathological findings underlying quanti-
tative magnetic resonance imaging\p=m-\basedhippocampal atrophy in patients with
intractable temporal lobe epilepsy. Epilepsia. 1990;31:630. Abstract.

9. Lencz T, McCarthy G, Bronen R, Inserni J, Kim JH, Spencer DD. Hippocampus
in temporal lobe epilepsy: correlation of presurgical MRI volumetrics with post\x=req-\
surgical cell counts. Epilepsia. 1990;31:667-668. Abstract.

10. Cascino GD, Jack CR, Parisi JE, et al. Magnetic resonance imaging\p=m-\basedvol-
ume studies in temporal lobe epilepsy: pathological correlations. Ann Neurol.
1991;30:31-36.

11. Lencz T, McCarthy G, Bronen RA, et al. Quantitative magnetic resonance imag-
ing in temporal lobe epilepsy: relationship to neuropathology and neuropsycho-
logical function. Ann Neurol. 1992;31:629-637.

12. Lee N, Tien RD, Lewis DV, et al. Fast spin-echo, magnetic resonance imaging\p=m-\
measured hippocampal volume: correlation with neuronal density in anterior tem-
poral lobectomy patients. Epilepsia. 1995;36:899-904.

13. Watson C, Nielsen SL, Cobb C, Burgerman R, Williamson B. Pathological grad-
ing system for hippocampal sclerosis: correlation with MRI-based volume mea-
surements of the hippocampus. J Epilepsy. 1996;9:56-64.

14. Jack CR, Gehring DG, Sharbrough FW, et al. Temporal lobe volume measure-
ments from MR images: accuracy and left-right asymmetry in normal persons.
J Comput Assist Tomogr. 1988;12:21-29.

15. Jack CR, Bentley MD, Twomey CK, Zinsmeister AR. MR imaging-based volume
measurements of the hippocampal formation and anterior temporal lobe: vali-
dation studies. Radiology. 1990;176:205-209.

16. Jack CR. MRI-based hippocampal volume measurements in epilepsy. Epilepsia.
1994;35(suppl 6):S21-S29.

17. Kim JH, Tien RD, Felsberg GJ, et al. Fast spin-echo MR in hippocampal sclero-
sis: correlation with pathology and surgery. AJNR Am J Neuroradiol. 1995:16:
627-636.

18. Tien RD, Felsberg GJ, Compi de Castro C, et al. Complex partial seizures and
mesial temporal sclerosis: evaluation with fast spin echo MR imaging. Radiol-
ogy. 1993;189:835-842.

19. Gilmore RL, Childress MD, Leonard C, et al. Hippocampal volumetrics differen-
tiate patients with temporal lobe epilepsy and extratemporal lobe epilepsy. Arch
Neurol. 1995;52:819-824.

20. Watson C, Andermann F, Gloor P, et al. Anatomic basis of amygdaloid and hip-
pocampal volume measurement by magnetic resonance imaging. Neurology. 1992;
42:1743-1750.

21. Cendes F, Andermann F, Watson C, et al. MRI volumetric measurements of amyg-
daloid body and hippocampal formation: inter and intra rater differences. Can J
Neurol Sci. 1992;19:285. Abstract.

22. Cook MJ, Fish DR, Shorvon SD, Straughan K, Stevens JM. Hippocampal volu-
metric and morphometric studies in frontal and temporal lobe epilepsy. Brain.
1992;115:1001-1015.

23. Cendes F, Cook MJ, Watson C, et al. Hippocampal volumes in normal subjects:
a multicenter study. Epilepsia. 1992;33(suppl 3):49. Abstract.

24. Jack CR, Twomey CK, Zinsmeister AR, Sharbrough FW, Petersen RC, Cascino
GD. Anterior temporal lobes and hippocampal formations: normative volumet-
ric measurements from MR images in young adults. Radiology. 1989;172:549\x=req-\
554.

25. Watson C. MRI-based volumetric measurement of the amygdala and hippocam-
pus: expanded normal control group data. J Neuroimaging. 1993;3:76. Ab-
stract.

26. Bhatia S, Bookheimer SY, Gaillard WD, Theodore WH. Measurement of whole
temporal lobe and hippocampus for MR volumetry: normative data. Neurology.
1993;43:2006-2010.

27. Honeycutt NA, Smith CD. Hippocampal volume measurements using magnetic
resonance imaging in normal young adults. J Neuroimaging. 1995;5:95-100.

28. Duvernoy HM. The Human Hippocampus: An Atlas ofAppliedAnatomy. New York,
NY: Springer-Verlag; 1988.

29. Free SL, Bergin PS, Fish DR, et al. Methods for normalization of hippocampal
volumes measured with MR. AJNR Am J Neuroradiol. 1995;16:637. Abstract.

30. Jack CR, Petersen RC, O'Brien PC, et al. MR-based hippocampal volumetry in
the diagnosis of Alzheimer's disease. Neurology. 1992;42:183-188.

31. Cendes F, Andermann F, Gloor P, et al. MRI volumetric measurement of amyg-
dala and hippocampus in temporal lobe epilepsy. Neurology. 1993;43:719-725.

32. Cendes F, Dubeau F, Andermann F, et al. Significance of mesial temporal atro-
phy in relation to intracranial ictal and interictal stereo EEG abnormalities. Brain.
1996;119:1317-1326.

33. Cendes F, Andermann F, Dubeau F, et al. Early childhood prolonged febrile con-
vulsions, atrophy and sclerosis of mesial structures, and temporal lobe epi-
lepsy: an MRI volumetric study. Neurology. 1993;43:1083-1087.

34. Cendes F, Andermann F, Gloor P, et al. Atrophy of mesial structures in patients
with temporal lobe epilepsy: cause or consequence of repeated seizures? Ann
Neurol. 1993;34:795-801.

35. Sorvari H, Soininen H, Paljarvi L, Karkola K, Pitkanen A. Distribution of parvalbumin-
immunoreactive cells and fibers in the human amygdaloid complex. J CompNeu-
rol. 1995;360:185-212.

36. Amaral DG, Insausti R. Hippocampal formation. In: Paxinos G, ed. The Human
Nervous System. New York, NY: Academic Press Inc; 1990:711-755.

37. Press GA, Amaral DG, Squire LR. Hippocampal abnormalities in amnesic pa-
tients revealed by high-resolution magnetic resonance imaging. Nature. 1989;
341:54-57.

38. Ashtari M, Barr WB, Schaul N, Bogerts B. Three-dimensional fast low-angle shot
imaging and computerized volume measurement of the hippocampus in pa-
tients with chronic epilepsy of the temporal lobe. AJNRAm J Neuroradiol. 1991;
12:941-947.

 on January 17, 2009 www.archneurol.comDownloaded from 

http://www.archneurol.com


39. Cascino GD, Jack CR, Parisi JE, et al. MRI in the presurgical evaluation of pa-
tients with frontal lobe epilepsy and children with temporal lobe epilepsy: patho-
logic correlation and prognostic importance. Epilepsy Res. 1992;11:51-59.

40. Murro AM, Park YD, King DW, et al. Seizure localization in temporal lobe epi-
lepsy: a comparison of scalp-sphenoidal EEG and volumetric MRI. Neurology.
1993;43:2531-2533.

41. Spencer SS, McCarthy G, Spencer DD. Diagnosis of medial temporal lobe sei-
zure onset: relative specificity and sensitivity of quantitative MRI. Neurology. 1993;
43:2117-2124.

42. Baulac M, Saint-Hilaire JM, Adam C, Martinez M, Fontaine S, Laplane D. Corre-
lations between magnetic resonance imaging\p=m-\based hippocampal sclerosis and
depth electrode investigation in epilepsy of the mesiotemporal lobe. Epilepsia.
1994;35:1045-1053.

43. Gambardella A, Gotman J, Cendes F, Andermann F. The relation of spike foci and
of clinical seizure characteristics to different patterns of mesial temporal atro-
phy. Arch Neurol. 1995;52:287-293.

44. Gambardella A, Gotman J, Cendes F, Andermann F. Focal intermittent delta ac-
tivity in patients with mesiotemporal atrophy: a reliable marker of the epilepto-
genic focus. Epilepsia. 1995;36:122-129.

45. Cascino GD, Trenerry MR, So EL, et al. Routine EEG and temporal lobe epilepsy:
relation to long-term EEG monitoring, quantitative MRI, and operative outcome.
Epilepsia. 1996;37:651-656.

46. Barr WB, Ashtari M, Decker R, Schaul N. Right hippocampal volume as a pre-
dictor of memory performance following left temporal lobectomy. Epilepsia. 1991;
32(suppl 3):75. Abstract.

47. Loring DW, Murro AM, Meador KJ, et al. Wada memory testing and hippocam-
pal volume measurements in the evaluation for temporal lobectomy. Neurology.
1993;43:1789-1793.

48. Trenerry MR, Jack CR, Ivnik RJ, et al. MRI hippocampal volumes and memory
function before and after temporal lobectomy. Neurology. 1993;43:1800-1805.

49. Jones-Gotman M, Brulot M, McMackin D, et al. Word and design list learning
deficits related to side of hippocampal atrophy as assessed by volumetric MRI
measurements. Epilepsia. 1993;34(suppl 6):71. Abstract.

50. Jones-Gotman M, McMackin D, Cendes F, et al. Performance on intracarotid so-
dium amobarbital memory tests: relationship to hippocampal atrophy as esti-
mated by volumetric MRI. Epilepsia. 1993;34(suppl 6):94. Abstract.

51. Najm IM, Comair YG, Luders HO. Correlation between amygdaloid and hippo-
campal volume and memory representation in temporal lobe epilepsy. Epilep-
sia. 1993;34(suppl 6):141. Abstract.

52. Trenerry MR, Jack CR, Cascino GD, Sharbrough FW, Ivnik RJ. Gender differ-
ences in post\p=m-\temporallobectomy verbal memory and relationships between MRI
hippocampal volumes and preoperative verbal memory. Epilepsy Res. 1995:20:
69-76.

53. Trenerry MR, Jack CR, Cascino GD, Sharbrough FW, So EL. Bilateral magnetic
resonance imaging\p=m-\determinedhippocampal atrophy and verbal memory be-
fore and after temporal lobectomy. Epilepsia. 1996:37:526-533.

54. Trenerry MR, Jack CR, Cascino GD, Sharbrough FW, Ivnik RJ. Gender differ-
ences in the relationship between visual memory and MRI hippocampal vol-
umes. Neuropsychology. 1996;10:343-351.

55. Jack CR, Sharbrough FW, Cascino GD, Hirschorn KA, O'Brien PC, Marsh WR.
Magnetic resonance image\p=m-\basedhippocampal volumetry: correlation with out-
come after temporal lobectomy. Ann Neurol. 1992;31:138-146.

56. Cascino GD, Trenerry MR, Sharbrough FW, So EL, Marsh WR, Strelow DC. Depth
electrode studies in temporal lobe epilepsy: relation to quantitative magnetic reso-
nance imaging and operative outcome. Epilepsia. 1995;36:230-235.

57. Cascino GD, Trenerry MR, Jack CR, et al. Electrocorticography and temporal lobe
epilepsy: relationship to quantitative MRI and operative outcome. Epilepsia. 1995;
36:692-696.

58. Arruda F, Cendes F, Andermann F, et al. Mesial atrophy and outcome after amyg-
dalohippocampectomy or temporal lobe removal. Ann Neurol. 1996;40:446\x=req-\
450.

59. Jack CR, Trenerry MR, Cascino GD, Sharbrough FW, So EL, O'Brien PC. Bilat-
erally symmetric hippocampi and surgical outcome. Neurology. 1995;45:1353\x=req-\
1358.

60. Watson C, Nielsen S, Cobb C, Burgerman R, Hsia R. Postoperative volumetric

MRI, pathology, and surgical outcome in temporal lobe epilepsy (TLE). Epilep-
sia. 1994;35(suppl 8):156. Abstract.

61. Hermann BP, Wyler AR, Somes G, Berry AD, Dohan FC. Pathological status of
the mesial temporal lobe predicts memory outcome from left anterior temporal
lobectomy. Neurosurgery. 1992;31:652-656.

62. Trenerry MR, Jack CR, Sharbrough FW, et al. Quantitative MRI hippocampal vol-
umes: association with onset and duration of epilepsy, and febrile convulsions
in temporal lobectomy patients. Epilepsy Res. 1993;15:247-252.

63. Kuks JBM, Cook MJ, Fish DR, Stevens JM, Shorvon SD. Hippocampal sclero-
sis in epilepsy and childhood febrile seizures. Lancet. 1993;342:1391-1394.

64. Davies KG, Hermann BP, Dohan FC, Foley KT, Bush AJ, Wyler AR. Relationship
of hippocampal sclerosis to duration and age of onset of epilepsy, and child-
hood febrile seizures in temporal lobectomy patients. Epilepsy Res. 1996;24:
119-126.

65. Liu Z, Nagao T, Desjardins GC, Gloor P, Avoli M. Quantitative evaluation of neu-
ronal loss in the dorsal hippocampus in rats with long-term pilocarpine sei-
zures. Epilepsy Res. 1994;17:237-247.

66. Watson C, Williamson B. Volumetric magnetic resonance imaging in patients with
epilepsy and extratemporal structural lesions. J Epilepsy. 1994;7:80-87.

67. Cascino GD, Jack CR, Sharbrough FW, Kelly PJ, Marsh WR. MRI assessments
of hippocampal pathology in extratemporal lesional epilepsy. Neurology. 1993;
43:2380-2382.

68. Cendes F, Cook MJ, Watson C, et al. Frequency and characteristics of dual pa-
thology in patients with lesional epilepsy. Neurology. 1995;45:2058-2064.

69. Watson C, Williamson B. Volumetric magnetic resonance imaging in patients with
primary generalized epilepsy. J Epilepsy. 1995;8:104-109.

70. Watson C, Cendes F, Andermann F, Dubeau F, Williamson B, Evans A. Volumet-
ric magnetic resonance imaging in patients with secondary generalized epi-
lepsy. JEpilepsy. 1996;9:14-19.

71. Diaz-Arrastia R, Resor S, Silver J. Clinical and electroencephalographic corre-
lates of mesial temporal sclerosis (MTS) identified by magnetic resonance im-
aging. Neurology. 1992;42(suppl 3):206. Abstract.

72. Adam C, Baulac M, Saint-Hilaire J-M, Landau J, Granat O, Laplane D. Value of
magnetic resonance imaging\p=m-\basedmeasurements of hippocampal formations
in patients with partial epilepsy. Arch Neurol. 1994;51:130-138.

73. DeToledo-Morrell L, Sullivan MP, Morrell F, et al. Limits to the clinical signifi-
cance of hippocampal asymmetry in temporal lobe epilepsy. Epilepsia. 1994;35
(suppl 8):22. Abstract.

74. Li LM, Cendes F, Watson C, et al. Surgical treatment of patients with single and
dual pathology: relevance of lesion and of hippocampal atrophy to seizure out-
come. Neurology. 1997;48:437-444.

75. Watson C, Cendes F, Fuerst D, et al. Specificity of volumetric magnetic reso-
nance imaging in detecting hippocampal sclerosis. Arch Neurol. 1997;54:67\x=req-\
73.

76. Kitchen ND, Thomas DGT, Fish DR, Shorvon SD, Harkness W. Volumetric MRI
to assess extent of resection in temporal lobe epilepsy. Epilepsia. 1993;34
(suppl 6):105. Abstract.

77. Kitchen ND, Fish DR. Morphological changes in hippocampal (HC) remnant fol-
lowing temporal lobectomy. Epilepsia. 1994;35(suppl 8):18. Abstract.

78. Jack CR, Sharbrough FW, Marsh WR. Use of MR imaging for quantitative evalu-
ation of resection for temporal lobe epilepsy. Radiology. 1988;169:463-468.

79. Jack CR Jr, Krecke KN, Luetmer PH, et al. Conventional versus fast spin echo
MRI in the diagnosis of mesial temporal sclerosis. Radiology. 1994;192:123\x=req-\
127.

80. Jack CR Jr, Rydberg CH, Krecke KN, et al. Comparison of FLAIR and spin echo
MR imaging in the diagnosis of mesial temporal sclerosis. Radiology. 1996;199:
367-373.

81. Reutens D, Cook M, Kingsley D, et al. Volumetric MRI is essential for reliable
detection of hippocampal asymmetry. Epilepsia. 1993;34(suppl 6):138. Ab-
stract.

82. Cendes F, Leproux F, Melanson D, et al. MRI of amygdala and hippocampus in
temporal lobe epilepsy. J Comput Assist Tomogr. 1993;17:206-210.

83. Free SL, Li LM, Fish DR, Shorvon SD, Stevens JM. Bilateral hippocampal vol-
ume loss in patients with a history of encephalitis or meningitis. Epilepsia. 1996;
37:400-405.

 on January 17, 2009 www.archneurol.comDownloaded from 

http://www.archneurol.com

