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Article abstract-Both the amygdala and the hippocampus are involved in the pathogenesis of a number of neurolog- 
ic conditions, including temporal lobe epilepsy, postanoxic amnesia, and Alzheimer’s disease. To enhance the investiga- 
tion and management of patients with these disorders, we developed a protocol to measure the volumes of the amyg- 
dala and as much of the hippocampus as possible (approximately 90 to 95%) using high-resolution MRI. We present 
the anatomic basis of these two protocols and our results in normal control subjects. These volumetric studies of the 
amygdala may clarify the role of this structure in the pathogenesis of temporal lobe epilepsy. 
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Since the pioneering work of Scoville, Milner, and 
Per~field,l-~ many have recognized the critical role of 
medial temporal lobe structures in declarative or 
representational memory function. Exactly which 
structures or combination of structures are crucial 
for memory continues to be debated. Candidate 
structures include the hippocampus a l ~ n e , ~ - ~  the 
amygdala and both in c o m b i n a t i ~ n . ’ ~ - ~ ~  
Moreover, in primates, damage to  other medial tem- 
poral lobe structures such as the entorhinal cortex, 
perirhinal cortex, and posterior parahippocampal 
gyrus, either in isolation or in combination with the 
hippocampus and amygdala, results in memory dys- 
function. l5 - I7  These same medial temporal lobe 
structures are involved in a number of neurologic 
conditions, including temporal lobe epilepsy, 
postanoxic amnesia, and Alzheimer’s d i s e a ~ e . ~ ~ ’ ~ - ~ ~  
As with memory function in the normal state, opin- 
ions differ as to the degree, pattern, and necessity of 
involvement of the various structures, especially the 

hippocampus and the amygdala.”8~11,14~1s~19~24-28 
A number of approaches have been utilized t o  

try to clarify these issues, including MRI. Several 
studies have shown MRI to be superior to CT in the 
detection of tumors, vascular malformations, and 
other small lesions causing partial seizures, includ- 
ing those arising from the medial temporal l ~ b e . ~ ~ - ~ ~  
Approximately 60 to 70% of patients with temporal 
lobe epilepsy, however, have hippocampal sclerosis, 
which is characterized by neuronal loss and gliosis 
usually affecting sectors CA1 and CA3 with. spar- 
ing of CA2, the subiculum, and the dentate gyrus, 
although occasionally there is more widespread 
pathology. 18.19,2723 The success of qualitative MRI in 
detecting hippocampal sclerosis has varied widely 
in reported s t ~ d i e s , ~ ~ ~ ~ ~ - - ” ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  the best results 
being obtained with a combination of MRI criteria, 
such as increased signal intensity on T,-weighted 
images when that signal is confined to a unilateral- 
ly small h i p p o ~ a m p u s . ~ ~ , ~ ~  
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There has been recent use of quantitative MRI- 
based volume measurements of the hippocampus in 
the  study of temporal lobe epilepsy, amnestic 
patients , Alz heime r’ s disease, and  sc hizo p h re - 
nia.43,46-57 Because each center uses a different 
method in obtaining results, it is difficult to com- 
pare them; indeed certain findings, such as the rel- 
ative size of the  two hippocampi, have varied 
between groups. Some of these inconsistencies, 
therefore, may simply represent differences in tech- 
nique from one center to another. 

To obviate many of these discrepancies, we 
developed a protocol for measuring as much of the 
hippocampus as feasible. Utilizing the method to be 
described, we believe that we can reliably measure 
approximately 90 to 95% of t h e  hippocampus. 
Because of the importance of distinguishing hippo- 
campal and amygdaloid contributions to the condi- 
tions mentioned above, we also developed a proto- 
col to measure the volume of the amygdala in vivo. 
In this paper we present these two protocols and 
our initial results in normal control subjects. 

Methods. Subjects. A total of 21 MRI sequences were 
obtained from 15 normal control subjects who gave 
informed consent for the procedure. The subjects were 
graduate students, residents, fellows, and faculty mem- 
bers a t  the Montreal Neurological Institute. Medical, 
neurologic, and I& examinations were not performed, but 
none of the subjects gave a history of neurologic or psy- 
chiatric symptoms or were taking medications. Six scans 
were excluded because of poor quality, due primarily to 
movement artifact. Fifteen scan sequences from 11 sub- 
jects were suitable for evaluation. Four subjects were 
scanned twice, two with different slice thicknesses (one 
with 2-mm sections, one with 4-mm sections). They 
afforded an opportunity to test the reliability of the volu- 
metric measurements. The mean age of the 11 subjects 
was 32.6 years (range, 20 to 59). There were seven men 
and four women. Ten subjects were right-handed and one 
left-handed. Handedness was verified using a modifica- 
tion of the Crovitz-Zener handedness q u e ~ t i o n n a i r e ~ ~ :  
probable hemispheric dominance was determined using a 
dichotic listening test.59,60 

M R  image acquisition. MRJ studies were performed 
on a 1.5-tesla Philips Gyroscan S15-HP unit (Philips 
Internat ional ,  Eindhoven, Holland).  After a scout 
sequence to insure proper position of the subject’s head, a 
series of sagittal spin-echo images were obtained with 6- 
mm sections and a 325/20/1 (TR msec/TE msechumher 
of signal averages) pulse sequence. The plane of the left 
lateral sulcus was located on the sagittal images, and 
angled coronal images were obtained perpendicular to 
this plane. Thirty-two coronal images were obtained 
using a 3-D gradient-echo fast-field echo (FFE) sequence 
with 3-mm interleaved (contiguous) sections, a 75/16/2 
pulse sequence, a matrix size of 256 X 256, field of vision 
250 mm, and 60” flip angle. Additional options were 
selected as follows: suppression of fold-over artifact in 
the phase-encoding (superior-inferior) direction and per- 
pendicular regional saturation pulse inferiorly to reduce 
cervical blood flow artifact. The FFE sequence was cho- 
sen in our situation because of improved signal-to-noise 
and contrast-to-noise ratios per unit time and shortened 
imaging times compared with conventional spin-echo 
imaging. A disadvantage of the gradient-echo technique 
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is its vulnerability to image nonuniformity due to static 
magnetic field inhorn~geneity.“-~~ 

M R  image ana1,ysis. The images were transferred to a 
S u n  SPARC 4 . 1  workstat ion ( S u n  Microsystems, 
Mountain View, CA). Volumetric measurements were 
performed with an interactive, semiautomated software 
package developed in the Neuroimaging Laboratory a t  
the Montreal Neurological Institute. The system allows 
automatic threshold contouring in 2-D and 3-D, manual 
contouring in 2-D and 3-D, and several other functions, 
including manual editing of existing regions of interest. 
In a standard MR image, i t  is the contrast relationships 
between pixels, rather than the absolute pixel values 
themselves, that  are meaningful. For this reason, rather 
than setting the image display level and window at set 
values across the subject population, the width of the dis- 
play window was set for each subject to span the range of 
image values encountered in the temporal lobe area 
without introducing thresholding effects. In this study, 
the contours of the hippocampus and amygdala were 
measured by the same rater (C.W.) to insure consistency, 
and were performed entirely with the manual contouring 
function due to the complexity of the structures involved. 
The mean number of  3-mm slices measured in obtaining 
the volume of each of the four structures was as follows: 
(1) right amygdala, 6.27 (range, 6 to 7); (2) left amygdala, 
5.55 (range, 5 to 7); (3) right hippocampus, 12.36 (range, 
11 to 14); and (4) left hippocampus, 12.18 (range, 11 to 
14). Once the outline of the hippocampus or amygdala 
had been defined, a slice volume was calculated by multi- 
plying the area outlined by slice thickness. The total vol- 
ume of the structure (amygdala or hipporampus) was 
then calculated by adding the slice volumes. 

Anatomic guidelines. Anatomic guidelines for outlin- 
ing the amygdala and hippocampus were established 
using multiple sources, including personal histologic and 
whole-brain sections prepared by the authors or studied 
a t  the Yakovlev Collection (Armed Forces Institute of 
Pathology, Washington, DC) (C.W. and P.G.), neuro- 
anatomic at lase^,^^,^^ and frequent correlation with 
cadaver brain specimens and special dissections by one of 
us (P.G.). Outlining the boundaries of the amygdala and 
hippocampus always proceeded from anterior to posterior 
in a sequential fashion, utilizing the following protocol. 

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 hippocampus, being separated from that struc- 
ture by the uncal 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 corresponds to the cortical amygdaloid nucle- 
us. I t  is separated from the ambient gyrus by the semian- 
ular or amygdaloid sulcus, which forms the boundary 
between the amygdala and the entorhinal cortex. The lat- 
ter 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 gyms, lying in 
the fundus of the semianular sulcus, is related to the so- 
called corticoamygdaloid transition area, which probably 
represents periamygdaloid cortex. The medial surface of 
the ambient gyrus often shows a marked indentation, the 
tentorial indentation (also sometimes called the “uncal 
notcWfi4 or the “intrarhinal S U ~ C U S ” ~ ~ ) ,  produced by the free 
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I 
Figure 1. Medial iiew of the left cere- 
bral hemisphere ahowing surface anat- 
omy of the medial temporal lobe. 
A = amygdala; AC = anterior cornmk 
sure; AG = ambient gyrus; BG = band 
(limbus) of Giacomini; C = claustrum; 
CaS = calcarine sulcus; CCg = corpus 
callosum, genu; CCr = corpus callo- 
sum, rostrum; CCs = corpus callosum, 
splenium; CCt = corpus callosum, 
trunk; CGi = isthmus of cingulate 
gyrus; CoS = collateral sulcus; CSi = 
circular sulcus of insula; EC = en- 
torhinal cortex; ES = endorhinal sul- 
cus; Fb = fornk, body; Fc = fornix. 
crus; GP = globus pallidus; Hb = 
hippocampus, body; H f  = fimbria of 
hippocampus; Hh = hippocampus, 
head (pes); HS = hippocampal sulcus: 
Ht = hippocampus, tail; IF = inter- 
ventricular foramen; IG = intralimhic 
gyrus; LGB = lateral geniculate body; 
LVct = lateral Ventricle, collateral 
trigow; LVi = lateral upntrick, inferior 
horn; OT = optic tract; P = putamen; 
PG = parahippocampal gyrus; RS = 
rhinal sulcus; SC = nubicular complex; 
SG = semilunargyrus; SI = suhstantm 
innaminata; SS = semianular 
(amygdaloid) sulcus; TI = tentorial 
indentation; UC = uncal cleft; UG = 
uncinate gyrus. 

edge of the tentorium cerebelli (figure 1). 
The anterior end of the amygdala was arbitrarily and 

consistently measured on the MRI section a t  the level of 
the closure of the lateral sulcus to form the endorhinal sul- 
cus. Although we recognize that this procedure potentially 
excludes part of the anterior amygdaloid area, we thought 
that this region was too difficult to visualize reliably on 
MRI and might well consist of other structures, such as 
the anterior-inferior extent of the claustrum and the 
endopyriform nucleus. The medial border of the amygdala 
is covered by part of the entorhinal cortex, which forms 
the surface of the ambient gyrus in this region. The 
entorhinal cortex inferior to the tentorial indentation was 
excluded from the amygdaloid measurement. If the tento- 
rial indentation was poorly defined or not visible in the 
anterior amygdaloid region, the line of demarcation 
between the amygdala and the adjacent entorhinal cortex 
that occupies the ambient gyrus was defined by a line 
drawn in direct continuation with the inferior and medial 
border of the amygdala within the substance of the tempo- 
ral lobe. By proceeding in this manner, a small amount of 
the superior extent of the entorhinal cortex will be includ- 
ed in the amygdaloid volume, as is the case when the ten- 
torial indentation is used as the landmark. The inferior 
and lateral borders of the amygdala were formed by the 
inferior horn of the lateral ventricle or white matter (fig- 
ure 2). To define the superior border of the amygdala, we 
drew 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 was utilized 
as a guide to the lateral extension of the crural cistern into 
the transverse cerebral fissure. This located the medial 
aspect of the posterior amygdala and was used as  the 
point of departure for defining the medial and superior 
borders of the structure posteriorly. To define the superior 
border of the amygdala at this level, a straight line was 
drawn laterally from the superolateral aspect of the optic 
tract to the fundus of the inferior portion of the circular 
sulcus of the insula (figure 3). This method of defining the 
superior border of the amygdala is arbitrary and undoubt- 

edly excludes small amounts of the medial and central 
nuclei. However, it should prevent such structures as the 
substantia innominata, inferior portion of the putamen, 
and inferior portion of the claustrum from being included 
in the amygdaloid measurement. At its posterior end, the 
amygdala occupies the medial half of the roof of the inferi- 
or horn of the lateral ventricle, and care must be taken to 
exclude the tail of the caudate nucleus, the overlying 
globus 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 hippo- 
campus exhibits three or four digitations and turns medi- 
ally to form the posterior segment of the uncus. As it turns 
medially, the hippocampus and the dentate gyms run in 
the roof of the uncal cleft (also sometimes called the “uncal 
notch,” the “uncal S U ~ C U S , ” ~ ~  and, erroneously, the “hip- 
pocampal sulcus”), the sulcus-like cleft that separates the 
uncus above from the parahippocampal gyrus below. Once 
the hippocampus and dentate gyrus reach the medial sur- 
face of the uncus, they turn up and form the posterior one- 
third of the medial and superomedial surface of the uncus. 
Macroscopically, the dentate gyrus is discernible as a nar- 
row elevation, the band or limbus of Giacomini. This is 
interposed between the intralimbic gyrus, which forms the 
posterior pole of the uncus and corresponds to sector CA3 
of the hippocampus, and the  uncinate gyrus, which 
extends anterior to the band of Giacomini and corresponds 
partially to sector CA1 and the subiculum. There is no 
macroscopically 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 
hippocampus curves around the upper midbrain and is 
concave medially. The anatomy in this region is much less 
complex. Posteriorly, the hippocampal body tapers into the 
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Figure 2. Angled coronal sections of the cerebral 
hemispheres passing through the anterior segment of the 
uncus. (Upper plate) MRI with amygdala outlined on the 
left (see text for MRI sequence variables). (Lower plate) 
Brain section stained with the LcMasurier modification of 
the Mulligan stain. For abbreviations, see figure 1 legend. 

tail, which turns medially just anterior to and below the 
splenium of the corpus callosum. The tail of the hippo- 
campus gives rise to the fasciola cinerea, which ultimately 
passes around the corpus callosum to continue on its 
upper surface as the indusium griseum. 

It is obviously most difficult to define the boundaries 
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 
hippocampus, thereby forming the uncal recess of the 
inferior horn. However, portions of the uncal recess are 
often obliterated, especially medially, and the hippo- 
campal digitations are fused to the amygdala across the 
ventricular cavity.64 When this was the case, three guide- 
lines were used to outline the hippocampal head and sep- 
arate  i t  from the  adjacent amygdala. If a n  obvious 
semilunar gyrus was present on the surface of the uncus, 
a line was drawn connecting the inferior horn of the lat- 
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Figure 3. Angled coronal sections of the cerebral 
hemispheres passing through the posterior segment of the 
uncus. (Upper plate) MRI with amygdala and 
hippocampal head outlined on the left. (Lower plate) 
Brain section. For abbreviations, see figure 1 legend. 

era1 ventricle to the sulcus a t  the inferior margin of the 
semilunar gyrus (ie, the semianular or amygdaloid sul- 
cus). I t  was also useful to use the alveus covering the 
ventricular surface of the hippocampal digitations to dis- 
tinguish the hippocampus from the amygdala. If neither 
the  semianular sulcus nor the alveus was obvious, a 
straight horizontal line was drawn connecting the plane 
of the inferior horn of the lateral ventricle with the sur- 
face of the uncus. The inferior margin of the hippocam- 
pus was outlined to include the subicular complex and 
the uncal cleft with the border separating the subicular 
complex from the parahippocampal gyrus being defined 
as the angle formed by the most medial extent of those 
two structures. In the normal control population, no 
attempt was made to outline the gray matter on the 
superior and inferior banks of the uncal cleft because it 
was usually qui te  narrow. The gray mat te r  of the  
entorhinal cortex or parahippocampal gyrus was exclud- 
ed from this measurement (figures 3 and 4). 

In the hippocampal body, the delineation of the hippo- 
campus included the subicular complex, hippocampus prop- 
er, dentate gyrus, alveus, and fimbria. The border between 
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Figure 4.  Angled coronal sections of  the cerebral 
hemispheres passing through the posterior segment of the 
uncus. (Upper plate) MRI with posterior portion of 
hippocampal head outlined on the left. (Lower plate) 
Brain section. For abbreviations, see figure 1 legend. 

the subicular complex and the parahippocampal gyms was 
defined in the same manner as in the hippocampal head. 
Therefore, the cortex of the parahippocampal gyrus was 
once again excluded from the measurement (figure 5) .  

In the hippocampal tail, measurement again included 
the subicular complex, hippocampus proper, dentate gyms, 
alveus, and fimbria. Excluded at this level were the crus of 
the fornix, isthmus of the cingulate gyrus (retrosplenial cor- 
tex), and parahippocampal gyrus. The most posterior sec- 
tion measured was the section with the crus of the fornix 
clearly separating from the hippocampus and its fimbria 
(figure 6). This left a small segment of the tail of  the hip- 
pocampus outside the measured hippocampal volume. 

Since the distance from the anterior end o f  the hippo- 
campus to the point of separation of the crus of the fornix 
from the fimbria of the hippocampus was approximately 35 
to 38 mm, we estimate that the entire hippocampus except 
for its most posterior 2 to 4 mm was included in the volume 
measurement. Therefore, assuming a total anterior-poste- 

Figure 5. Angled coronal sections of the cerebral 
hemispheres passing through the lateral geniculate body 
and the parahippocampal gyrus. (Upper plate) MRI with 
hippocampal body outlined on the left. (Lower plate) 
Brain section. For ahhreviations, see figure 1 Legend. 

rior length of the hippocampus of approximately 40 
mm,51,66 these guidelines should result in a volume mea- 
surement of 90 to 95% of the total hippocampal formation. 

Results. Total volumes of the right and left amyg- 
dalae and right and left hippocampal formations as a 
function of age, gender, and handedness scores are 
presented in the table. Handedness scores of less 
than 30 indicate a strong right-handed preference, 
whereas those greater than 50 are indicative of a left- 
handed preference. Subject 8 was the only left-hand- 
ed person in the control group, and therefore his data 
were not analyzed in the comparison between the 
right and left amygdaloid and hippocampal volumes. 
The subject pool was too small to make meaningful 
comparisons on the basis of age and gender. 

Differences between the mean volumes of the 
right and left amygdalae and the right and left 
hippocampi for all subjects except no. 8 were com- 
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Table. Mean volumes of the amygdalae (A) and 
hippocampal formations (H) in normal adults 
I 

AgefSed 
Subject Handed RightA LeftA RightH LeftH 

no. score (mm9 (mm9 (mm3) ( m m 3 )  

Figure 6. Angled coronal sections of the cerebral 
hemispheres passing through the splenium of the corpus 
callosum and isthmus of the cingulate gyrus. (Upper plate) 
MRI with hippocampal tail outlined on the left, (Lower 
plate) Brain section showing the transition from fimbria of 
hippocampus to crus of fornix. (Reproduced with permission 
from Basic Human Neuroanatomy: An Introductory Atlas, 
4th ed, p 167, copyright 1991, Little, Brown and 
C ~ m p a n y . ~ . ~ )  For abbreviations, see figure 1 legend. 

pared using a paired t test. The right-sided struc- 
tures consistently were larger than the left, and 
these differences were statistically significant ( tA = 
2.85, p = 0.019; tH = 4.46, p = 0.0016). In the four 
subjects who had two MRIs, the differences between 
the two measurements of amygdaloid volumes were 
1 to 596, and the differences in hippocampal volumes 
ranged from 1 to 3%. For assessment of test-retest 
reliability of the volume measurements, the 11 MRIs 
were remeasured after at  least 1 week. Intraclass 
correlation coefficients for test-retest reliability of 
left and right amygdaloid and left and right hip- 
pocampal volumes ranged from 0.88 to 0.99. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

31/M/24 
4 5 M 2 3  
28/M/19 
48/F/25 
26iFI18 
28F119 
2 0 M 2 1  
2 4 M 7 2  
25/F/18 
2 5 M 2 4  
5 9 M 2 4  

3,234.33 
3,470.28 
3,579.18 
3,168.99 
3,165.36 
3,506.58 
3,836.91 
3,277.89 
3,582.81 
3,568.29 
3,488.43 

3,179.88 
3,303.30 
3,412.20 
3,081.87 
3,121.80 
3,470.28 
3,811.50 
3,256.1 1 
3,557.40 
3,183.51 
3,459.39 

5,067.48 
5,238.09 
6,112.92 
4,022.04 
5,027.55 
5,212.68 
5,746.29 
4,541.13 
5,357.88 
5,248.98 
6,327.09 

4,326.96 
5,143.71 
5,728.14 
3,949.44 
4,239.84 
4,824.27 
5,666.43 
4,501.20 
4,646.40 
4,809.75 
6,098.40 

Mean 3,443.55 3,348.84 5,263.83 4,903.14 
SD k 209.47 k 218.61 k 652.33 k 683.64 

Discussion. This study indicates that the volume of 
the amygdala and approximately 90 to 95% of the 
hippocampus can be measured reliably from high-res- 
olution MRI by utilizing the guidelines mentioned 
above. Although the differentiation of the amygdala 
from adjacent structures such as the anterior exten- 
sion of the hippocampus, putamen, substantia innom- 
inata, and claustrum requires special attention, we 
feel that the criteria employed allow those distinc- 
tions to be made in a standardized fashion and with 
exclusion of a relatively small volume of the structure. 
The anterior amygdaloid area is especially difficult to 
measure and is even difficult to define histologically 
with precision. Therefore, we chose to omit that 
region in a standardized fashion by beginning our 
measurement of the amygdala on the most anterior 
section in which the endorhinal sulcus was present. 

The differentiation between the posterior portion 
of the amygdala and the head of the hippocampus 
can also be difficult, especially if there is a partial 
obliteration of the uncal recess of the inferior horn of 
the lateral ventricle. However, by approaching this 
region in a standardized fashion, we think that mea- 
surement of the two structures is consistent. When 
measuring the head of the hippocampus, it is impor- 
tant to remember that hippocampal tissue reaches 
the surface of the brain in the posterior segment of 
the uncus. Therefore, this area should not be exclud- 
ed from the measurement of hippocampal volume. 

When measuring the most posterior portion of the 
hippocampus (ie, the hippocampal tail), we chose the 
intrinsic anatomic relationship of the separation of 
the crus of the fornix from the hippocampus rather 
than a fixed anatomic relationship, such as the level 
of the posterior commissure, for two reasons. First, 
by choosing a more posterior landmark, we were 
able to include a larger percentage of the total hip- 
pocampal volume. Second, since we intend to utilize 
this technique to measure post-resection hippocam- 
pal volumes in patients undergoing surgery for tem- 
poral lobe epilepsy, we were concerned about possi- 
ble postoperative shifts of the remaining hippocam- 
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pus and temporal lobe anteriorly that might render 
assessment inaccurate. The fact that  volume mea- 
surements in the four subjects who underwent two 
scanning procedures were almost identical supports 
the reproducibility of this protocol. 

Comparing our results with those from other cen- 
ters is somewhat difficult, primarily because of differ- 
ent volume measurement p r o t o ~ o l s . ~ ~ ~ ~ ~ - ~ ~  Our results 
agree with prior investigations showing the right 
hippocampus to be larger than the 1eR,43,50,55 although 
other studies have not found this a ~ y m m e t r y . ~ ~ , ~ ~ , ~ ~  
Our results show the right amygdala as well to be 
somewhat larger than the left, which is in agreement 
with the findings of Murphy et aP7 made on post- 
mortem material. Our measurement protocol of hip- 
pocampal volume most closely approximates that of 
Jack et a143,50 in that  we attempt to measure the 
entire hippocampal head as well as the body of the 
hippocampus. We differ from Jack et al in that we 
measure the volume of the hippocampal tail as well 
as the head and body. Other centers restrict their 
measurements to the region of the hippocampal 
body, and therefore precise correlation of results may 
not be possible.46,51-54,56 

To the best of our knowledge, we are the first to 
attempt to measure the total amygdaloid volume in 
a standardized fashion, excluding as  little of the 
structure as possible. A recent i n v e ~ t i g a t i o n ~ ~  mea- 
sured a partial amygdaloid volume, but because of 
differences in t h e  extent  of measurement  our 
results cannot be compared directly. 

The development of high-resolution neuroimag- 
ing techniques such as MRI-based volumetric mea- 
surement i s  useful in obtaining in vivo neuro- 
anatomic information in a number of settings, 
mainly the preoperative evaluation of patients with 
temporal lobe epilepsy caused by unilateral hip- 
pocampal sclerosis. Studies have shown significant- 
ly reduced hippocampal volumes, which corroborate 
neurophysiologic studies and allow lateralization of 
the epileptogenic region.43.R3-56~57 As experience and 
information accumulate, we expect that  quantita- 
tive MRI techniques as well as other neuroimaging 
studies will reduce the  number of patients who 
require invasive, prolonged, and expensive EEG 
monitoring, thereby allowing more patients to be 
treated effectively utilizing noninvasive EEG moni- 
toring coupled with noninvasive imaging techniques 
and neuropsychological studies. 

Quantitative MRI also allows the correlation of 
preoperative and postoperative amygdaloi d and hip- 
pocampal volumes with neuropsychological, neu- 
ropathologic, and clinical  finding^.^^-^^.^^ The addj tion 
of amygdaloid volume measurements to those of the 
hippocampus may allow assessment of the relative 
contribution of each of these structures to epilepto- 
genesis and memory function. Postoperative quantifi- 
cation of the amount of amygdaloid and hippocampal 
resection should yield better understanding of which 
structures need to be removed and in what volume. 

Our preliminary data suggest that amygdaloid 
and hippocampal volume measurements may be 

helpful in providing supplementary information in 
patients with bilateral temporal ictal onsets when 
used in conjunction with EEG, neuropsychological 
studies,  intracarotid amobarbital  testing, and 
PET.G9 The value of quantitative MRI measure- 
ments in this group of patients awaits further study 
and accumulation of a larger normal control group. 
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