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Protocol for Volumetric Segmentation of Medial
Temporal Structures Using High-Resolution 3-D
Magnetic Resonance Imaging
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Abstract: Quantitative analysis of brain structures in normal subjects and in different neurological
conditions can be carried out in vivo through magnetic resonance imaging (MRI) volumetric studies. The
use of high-resolution MRI combined with image post-processing that allows simultaneous multiplanar
view may facilitate volumetric segmentation of temporal lobe structures. We define a protocol for
volumetric studies of medial temporal lobe structures using high-resolution MR images and we studied
30 healthy subjects (19 women; mean age, 33 years; age range, 21-55 years). Images underwent field
non-homogeneity correction and linear stereotaxic transformation into a standard space. Structures of
interest comprised temporopolar, entorhinal, perirhinal, parahippocampal cortices, hippocampus, and the
amygdala. Segmentation was carried out with multiplanar assessment. There was no statistically signif-
icant left/right-sided asymmetry concerning any structure analyzed. Neither gender nor age influenced
the volumes obtained. The coefficient of repeatability showed no significant difference of intra- and
interobserver measurements. Imaging post-processing and simultaneous multiplanar view of high-
resolution MRI facilitates volumetric assessment of the medial portion of the temporal lobe with strict
adherence to anatomic landmarks. This protocol shows no significant inter- and intraobserver variations
and thus is reliable for longitudinal studies. Hum. Brain Mapp. 22:145-154, 2004.  © 2004 Wiley-Liss, Inc.
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INTRODUCTION

The amygdala and the hippocampus, together with sur-
rounding cortical areas such as the entorhinal, perirhinal, para-
hippocampal, and temporopolar cortices, constitute the medial
portion of the temporal lobe. These structures function in con-
cert through a large and intricate number of interconnections
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[Insausti et al., 1987; Watson et al., 1997] and play an important
role in carrying out complex behavioral tasks including declar-
ative and representative memory processing [Berkovic et al.,
1991; Margerison and Corsellis, 1966; Squire and Zola-Morgan,
1991; Suzuki and Amaral, 1994].

The hippocampus and the amygdala constitute the core of
the limbic system. Due to its extensive connections, the
hippocampus is thought to be the center for memory and
learning functions [Gloor, 1997; Milner, 1972, 1970; Scoville
and Milner, 1957]. In primates, hippocampal cortical connec-
tions involve mainly the isocortical association cortex lo-
cated in frontal, parietal, and temporal lobes. These connec-
tions are mediated in both directions by the entorhinal
cortex and in the efferent portion by the subicular complex.
Afferent cortical projections to the entorhinal cortex come
from multimodal cortical association areas, particularly
from the perirhinal and parahippocampal cortices, which
are associated closely with the entorhinal cortex both func-
tionally and anatomically [Squire and Zola-Morgan, 1991].
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Lesions carried out stereotactically to amygdala, hip-
pocampus, and to adjacent and anatomically related corti-
ces, have demonstrated that the temporal lobe memory sys-
tem is established over an intricate network connecting the
hippocampus, the perirhinal, the entorhinal, and the para-
hippocampal cortex [Mishkin, 1978; Squire et al., 1980; Zola-
Morgan and Squire, 1985]. These findings have confirmed
previous clinical observations of memory impairment in
those patients with lesions of the medial portion of the
temporal lobe [Milner, 1972], and have refined the definition
of anatomical components and connections of the primate
temporal lobe [Jack, 1994; Zola-Morgan et al., 1986]. The
precise function, however, of each temporal lobe structure in
normal cognitive function or their relevance in pathological
conditions has yet to be determined fully [Gloor, 1997].

The possibility of volumetric studies through magnetic
resonance imaging (MRI) allows noninvasive studies of
brain anatomy in vivo. Analysis of brain structures in nor-
mal subjects and patients with different neurological condi-
tions therefore can shed light on the physiopathology of
diseases [Jackson et al., 1990; Pruessner et al., 2000; Seidman
et al., 1999; Xu et al., 2000]. For example, amygdala or
hippocampal MR-based volumetric analysis has been used
successfully to determine tissue damage, particularly in tem-
poral lobe epilepsy [Cendes et al., 1993]. There are currently
a limited number of protocols available for studying other
temporal lobe structures such as parahippocampal gyrus
[Bronen et al., 1991] or the entorhinal cortex [Bernasconi et
al.,, 1999]. Segmentation of medial temporal structures, par-
ticularly cortical components, poses some difficulties in re-
gard to definition of their anatomical boundaries. This issue
can be overcome in part with the use of high-resolution MRI
combined with image post-processing analysis that allows
simultaneous multiplanar view [Pruessner et al., 2000].

We present a segmentation protocol for medial temporal
cortices based on anatomic guidelines developed through
histological assessment [Gloor, 1997; Insausti et al., 1998;
Watson et al., 1992] and a previous high-resolution MRI
protocol of amygdalae and hippocampi segmentation
[Pruessner et al., 2000]. This protocol was developed for
high-resolution image acquisition and segmentation soft-
ware with multiplanar view.

SUBJECTS AND METHODS
Subjects

We studied 30 healthy subjects (19 women; mean age, 33
years; age range, 22-55 years). All were in good health and
did not have any previous medical history of neurological or
psychiatric disorders. This study and procedures was ap-
proved by the ethics committee of our Institution.

MRI Acquisition

We used T1-weighted images with 1-mm isotropic voxel
obtained using a 3D spoiled gradient-echo acquisition with
sagittal volume excitation (TR = 22 msec, TE = 9 msec,

matrix = 256 X 220, field of view [FOV] = 25 X 25 cm, 1-mm
sagittal slices). All images were obtained in a 2T scanner
(Elscint Prestige, Haifa, Israel).

Image Post-Processing

All scans were transferred to a O, workstation (Silicon
Graphics, Mountain View, CA). Different algorithms from
the McConnell Brain Imaging Centre (Montreal, Canada)
were used to prepare raw MRI volume for quantitative and
qualitative analysis. First, raw images were converted into
the “minc” electronic file format (see http://www.bic.mni.
mcgill.ca/software/minc/minc.html). Second, images were
automatically registered into stereotaxic space [Talairach
and Tornoux, 1988] to adjust for differences in brain volume
and orientation and to minimize variability in slice orienta-
tion [Collins et al., 1994; Lancaster et al., 1995; Paus et al.,
1996; Penhune et al., 1996]. Third, images were corrected for
field nonuniformity using the N3 software program (online
at http://www.bic.mni.mcgill.ca/software/N3/) [Sled et
al., 1998].

Volumetric Analysis

Segmentation was carried out with the interactive soft-
ware package DISPLAY (developed by David McDonald)
developed at the Brain Imaging Centre of the Montreal
Neurological Institute. Delineating anatomical boundaries is
facilitated by contrast adjustment and the possibility for
navigation through isotropic voxels of 1 mm in different
orientations with the same resolution. The software auto-
matically calculates volumes of labeled structures. Despite
the possibility of semiautomatic quantification of anatomical
regions of interest, we decided to carry out manual delinea-
tion of each structure, to enhance the accuracy of the mea-
surement.

The volumes were determined by two observers (L.B. and
E.K.). All landmarks were based on previously published
studies that addressed histological or anatomical features of
the medial and anterior portion of the temporal lobe [Gloor,
1997; Insausti et al., 1998; Pruessner et al., 2000; Watson et
al., 1992]. We defined a protocol that could be carried out
easily with a quick reference to the axial, sagittal, and coro-
nal planes to accurately define and insure the location of the
anatomical landmarks, which otherwise would be delin-
eated with difficulties on a single-plane based morphometric
study [Gloor, 1997; Insausti et al., 1998; Pruessner et al., 2000;
Watson et al., 1992].

Reliability Assessment

Intraobserver reliability was evaluated by random selec-
tion of five subjects and segmentation of all structures twice
within a 30-day interval. Inter-rater reliability was assessed
by comparison of volumes of all structures from five ran-
domly chosen subjects carried out by the two observers (L.B.
and E.K.) who were each blind to results obtained by the
other.

The use of a correlation coefficient can be misleading by
showing how measurements are correlated rather than
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showing if they are similar [Bland and Altman, 1986]. If one
form of measurement is the same as another form of mea-
surement multiplied by a constant, these two forms of mea-
surement are perfectly correlated although they are not sim-
ilar. We therefore used the repeatability coefficient adopted
by The British Standards Institution [Bland and Altman,
1986] calculated by the standard deviation of the differences
to assess intra-rater and inter-rater reliability for these sub-
jects. We assumed the mean difference to be zero, and cal-
culated the coefficient by adding the square of the differ-
ences between the two different measurements. The result
was the square root of sum of the squares of the differences
divided by n. To conclude that there was not significant
difference between the measurements, we expected that 95%
of the differences were less than two standard deviations
[Bland and Altman, 1986].

Statistical Analysis

Data was evaluated using SYSTAT for Windows v. 9.0
(Systat, Point Richmond, CA). We described the minimum,
maximum, mean, and standard deviation for volumes of the
structures analyzed. We used Student’s t-test to calculate
mean age difference grouped by gender. Multivariate anal-
ysis of variance (MANOVA) was used for comparison of
volume results grouped by gender. To evaluate the mean
side-to-side volume difference of each structure, we also
applied MANOVA with two within-subject factors (side:
left, right; structures: temporopolar cortex, perirhinal cortex,
entorhinal cortex, parahippocampal cortex, hippocampus,
and amygdala). We used linear regression for correlation
between age and the volume results. The level of statistic
significance was set at P < 0.05.

Segmentation Protocol

The coronal plane was the starting point, because most
landmarks can be defined in this plane. Doubts concerning
the authenticity of the structure visualized were resolved by
the concomitant visualization in the two other planes. Spe-
cific structures posed remarkable difficulty for definition in
the coronal plane. For these structures, visualization of sag-
ittal and axial planes were required and used as the starting
point.

In the definition of anatomical landmarks below, we have
considered that the transverse gyrus of Schwalbe is defined
as the gyrus lateral to the temporopolar sulcus, the lateral
sulcus closure is defined by the unequivocal junction of
frontal and temporal lobes, and the intralimbic gyrus is
defined in the sagittal plane by the first section after the
posterior end of the limbus of Giacomini. The rhinal sulcus
is an anterior and discontinued branch of the collateral
sulcus, present at the anterior portion of the parahippocam-
pal gyrus. For segmentation purposes, it is not necessary to
discriminate between the rhinal and collateral sulcus.
Boundaries of anatomical regions of interest located in the
collateral sulcus were also located in precisely the same way
in the rhinal sulcus. For that reason, in the segmentation
protocol we use the term collateral sulcus to refer to both the

collateral sulcus and to its anterior extension, the rhinal
sulcus. The structures that were defined a priori in the
sagittal plane were the collateral sulcus, the calcarine fissure,
and the alveus. The definition of the sulci parts used in the
protocol is displayed in Figure 1. The steps followed during
the segmentation process are described below.

Temporopolar cortex

The segmentation of the temporopolar cortex follows a
rostrocaudal orientation (Fig. 2A—C). In the rostral pole of
the temporal lobe, the whole cortex belongs to the tem-
poropolar cortex until the temporopolar sulcus appears de-
fining the transverse gyrus of Schwalbe, which is lateral to
the temporopolar sulcus (Fig. 2B). The lateral bank of the
transverse gyrus of Schwalbe defines the superior and lat-
eral limit of the temporopolar cortex. Whenever there were
two gyri lateral to the temporopolar sulcus, the lateral bank
of the most lateral sulcus was defined as the lateral border of
the temporopolar cortex. The inferior limit was defined as
the medial edge of the occipitotemporal sulcus (Fig. 2B) or
the superior temporal sulcus, if the occipitotemporal sulcus
was not present. The medial portion of the temporopolar
cortex thickens in the caudal direction. A sulcus at this point
is usually not seen, but the unequivocal presence of the
collateral sulcus is located generally near the lateral sulcus
closure. For reasons of consistency, we did not consider this
frequent cortical enlargement as the rostral limit of the col-
lateral sulcus, which was observed to appear in most cases
1-2 mm anterior to the lateral sulcus closure. The anterior
limit of perirhinal cortex therefore was defined at this point,
i.e., the slice 2 mm anterior to the lateral sulcus closure, and
the caudal limit of the temporopolar lobe was defined at 3
mm anterior to the lateral sulcus closure.

Entorhinal cortex

The segmentation of the entorhinal cortex follows a ros-
trocaudal orientation (Fig. 2D-F). The superior limit of the
entorhinal cortex is the semiannularis sulcus in the more
rostral sections (Fig. 2E). In the caudal sections where the
uncal sulcus is visible, the superior limit is defined as the
most medial point of the inferior part of the uncal sulcus.
The inferior limit is defined as the middle point of the
medial bank of the collateral sulcus. The medial limit is the
pial surface, whereas the lateral limit is the white matter of
the angular bundle. The caudal limit of the entorhinal cortex
is the slice 2 mm caudal to the intralimbic gyrus closure.

Perirhinal cortex

The segmentation of the perirhinal cortex follows a ros-
trocaudal orientation (Fig. 3A-E). The rostral limit of the
perirhinal cortex is the slice 2 mm anterior to the lateral
sulcus closure. In the two most rostral slices, the perirhinal
cortex has the same boundaries as the temporopolar cortex,
i.e., the lateral bank of the transverse gyrus of Schwalbe and
the medial edge of the occipitotemporal sulcus. In the slice
where the lateral sulcus closure is visible and in the slice
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Figure I.
The figure displays the names of the different parts of the sulci that are used in the segmentation
protocol. The right box represents a magnification of the inferior temporal sulcus of the right
temporal lobe, and the different parts of the sulcus are labeled. These named parts are equivalent
in different sulci.

immediately caudal, the superior limit of the perirhinal cortex
is the most medial point of the parahippocampal gyrus, and
the inferior limit defined as the lateral edge of the collateral
sulcus (Fig. 3A). We decided not to adopt the length of the
collateral sulcus as an orientation for altering the perirhinal and
entorhinal cortex landmarks because there is great variation in
the length of the collateral sulcus in along the temporal lobe.
We decided then to carry out all segmentations based on the
anatomic landmarks defined for the collateral sulcus with the
most frequent pattern [Insausti et al., 1998]. In the slice 2 mm
caudal to the closure of lateral sulcus, the superior limit of the
perirhinal cortex is a 45-degree oriented line connecting the
middle point of the medial aspect of the parahippocampal
gyrus, whereas the inferior limit is the lateral edge of the
collateral sulcus (Fig. 3B). In the following caudal sections, the
inferior limit is defined as the lateral edge of the collateral
sulcus until the caudal end, whereas the superior limit is de-
fined as the middle point of the medial bank of the collateral
sulcus until the slice 2 mm caudal to intralimbic gyrus closure
(Fig. 3C and Fig. 4D). In the section 3 mm and 4 mm caudal
to the intralimbic gyrus closure, the superior limit is defined
where the gray matter forms a continuum with the under-
lying angular bundle, ie., the most medial point of the
inferior part of the uncal sulcus. The closure of intralimbic
gyrus is defined in the sagittal slices. The caudal limit of the
perirhinal cortex is the slice 4 mm posterior to the intralim-
bic gyrus closure (Fig. 4D).

Parahippocampal cortex

The segmentation of the parahippocampal cortex follows
a rostrocaudal orientation (Fig. 4A-C). The lateral limit of
the parahippocampal cortex is the edge of the lateral bank of
the collateral sulcus, and the medial limit is the most medial
point of the inferior part of the uncal sulcus. In more caudal
sections, where the calcarine sulcus is present, the medial
limit is defined as the most superior point not involving the
inferior bank of the calcarine sulcus (Fig. 4B). The calcarine
sulcus along with its rostral limit is determined by sagittal
sections. The caudal limit of the parahippocampal cortex is
the most caudal section containing the hippocampus, i.e.,
the caudal limit of the hippocampus.

Hippocampus

For the head of the hippocampus, the anterior and supe-
rior-lateral borders in the rostral end of hippocampus are
difficult to define (Fig. 4D-F). In this region, the gray matter
of the hippocampal head merges with the gray matter of the
amygdala. The uncal recess of the lateral ventricle, along
with the alveus, is used for distinction between the hip-
pocampal head and other structures. A constant reference to
all planes is the best approach for delineating the margins.
The hippocampal head was defined as continuing one ad-
ditional row of pixels anterior to the alveus. This was best
accomplished with visualization of the sagittal plane and by
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Figure 2.

Composite of MRI showing the temporopolar cortex (A, sagittal
plane; B, coronal plane; C, axial plane) and the entorhinal cortex
(D, sagittal plane; E, coronal plane; F, axial plane) with anatomic
boundaries delineated by edge tracing (see text for description of
anatomical landmarks used for segmentation). Both the entorhinal

definition of the posterior borders of the amygdala in the
axial plane (see amygdala segmentation explained below).
The inferior border of the hippocampal head was defined as
the white and gray matter transition underlying the subic-
ulum or a 45-degree oriented line extending from most
inferior part of the hippocampus to the quadrigeminal cis-
tern. A line of white matter separating the subiculum and
entorhinal cortex is sometimes visible, and serves as an
orienting line. The lateral end of the hippocampal head was
the lateral ventricle. For the hippocampal body, the inferior
and lateral margins of the hippocampal body were defined
as for the hippocampal head. The superior border included
the fimbria and the first row of white matter pixels imme-
diately superior to the fimbria. For the hippocampal tail, the
hippocampus starts in its caudal end as an oval mass of gray
matter inferomedially to the lateral ventricle. Two rows of
pixels were excluded laterally because this was considered
to be part of the lateral ventricle. To prevent the Andreas-
Retzius gyrus from being included in the segmentation, we

and perirhinal cortices are constant structures, without significant
changes in landmarks in the rostrocaudal axis. Arrows indicate key
landmarks. B: Arrow indicates temporopolar sulcus and arrow-
head indicates occipitotemporal sulcus. E: Arrow indicates the
semiannularis sulcus.

applied a line connecting the medial point of the lateral
ventricle and the parahippocampal gyrus. This line served
as a medial border. In addition, to prevent the inclusion of
the fasciolar gyrus in the segmentation, we defined the
superior margin as a horizontal line connecting the most
lateral point of the quadrigeminal cistern to the lateral ven-
tricle. The inferolateral borders of the hippocampal tail were
easily defined by the transition to white matter. One row of
pixels was excluded from the inferolateral border to exclude
the tail of the caudate nucleus and the inferior horn of the
lateral ventricle.

Amygdala

For segmentation of the amygdala (Fig. 4G-I), a constant
reference of the axial, sagittal, and the coronal planes was
used. The best way to define the posteroinferior limits of the
amygdala was to visualize the alveus and the lateral ventri-
cle in the axial plane with image magnification (Fig. 4I).

* 149



¢ Bonilha et al.

Figure 3.

Composite of MRI showing perirhinal cortex with boundaries
delineated by edge tracing (A— C, coronal plane; D, axial plane; E,
sagittal plane). The perirhinal cortex has significant changes in
boundaries within rostrocaudal axis. A—C: Most constant aspects
of the perirhinal cortex in the rostrocaudal sequence; key land-
marks are labeled. A: Arrow indicates most medial point of para-

After definition of the posteroinferior limits, the anterior
limits were defined by a semicircle drawn anteriorly with its
radius defined at the middle point of the line drawn over the
alveus in the posterior border. There was special care taken
to avoid involving the entorhinal cortex. Finally, after defi-
nition of boundaries in the axial plane, a thorough rostro-
caudal analysis was made in the coronal plane, with partic-
ular attention to the superior limit, defined as a horizontal
line connecting the most lateral portion of the endorhinal
sulcus to the fundus of the circular sulcus of the insulae, and
the lateral limit, defined as the white-gray matter transition.

RESULTS

Maximum and minimum volume, mean values, and stan-
dard deviation for each structure analyzed are shown in
Table I.

Reliability Assessment

The results of the calculations for reliability assessment
are shown in Table II. There was no significant difference
between the measurements carried out by one or by two
raters, because all differences between measurements were
less than two standard deviations of differences of the re-
spective structure.

hippocampal gyrus and arrowhead indicates medial edge of occipi-
totemporal sulcus. B: Arrow indicates medial point of the medial
aspect of parahippocampal gyrus and arrowhead indicates lateral
edge of the lateral bank of collateral sulcus. C: Arrow indicates
midpoint of the superior bank of collateral sulcus.

Effects of Gender and Age on Cortical Volumes

There was no difference on age grouped by gender (£(28)
= 0.151, P = 0.881). There was no difference in the volume
of structures according to gender (Table III) and we did not
observe a significant correlation between the volumes of the
structures and age.

Symmetry

There was no significant side-to-side difference in evalu-
ated structures (Table III).

DISCUSSION

We developed a protocol for medial temporal structure
segmentation with the use of MR images and multiplanar
navigation software. The creation of this new protocol was
driven by the necessity of a tool to enhance the accuracy of
the volumetric assessment of medial temporal lobe struc-
tures. Because many current tools used to analyze the vol-
umes of brain structures rely on a single plane of thick slices
of MR images, assessment of the small structures of the
temporal lobe can be difficult. In addition, the cortical struc-
tures of the temporal lobe have boundaries that do not
always rely on surface landmarks, or if so, involve subtle
sulci or gyri that are difficult to define in one single plane or
in low-resolution images.
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Figure 4.

Composite of MRI showing parahippocampal cortex (A, sagittal
plane; B, coronal plane; C, axial plane), hippocampus (D, sagittal
plane; E, coronal plane; F, axial plane) and amygdala (G, sagittal
plane; H, coronal plane; I, axial plane). Parahippocampal cortex,
hippocampus, and amygdala have constant boundaries (refer to

Some prevalent diseases such as temporal lobe epilepsy,
schizophrenia, autism, and Alzheimer’s disease involve the
temporal lobe in its medial portion. The damage to the
hippocampus or amygdala in these conditions is somewhat
well established. Nevertheless, the degree of compromise of
surrounding cortical structures is not well understood, and
the contribution of these areas to physiopathology and
symptomatology of these conditions has not yet been deter-
mined fully. Hence, the creation of a more powerful tool to
assess the volume of this region may be of interest.

The definition of the anatomic landmarks was best accom-
plished when the structure of interest could be visualized
simultaneously in several planes. The landmarks observed
in different planes were used conjointly for segmentation
and this provided a high level of accuracy and security for
the results obtained. A disadvantage of the careful multipla-

text for segmentation steps) and key landmarks are labeled. B:
Arrow indicates inferior limit of the inferior bank of calcarine
fissure. D: Arrow indicates intralimbic gyrus closure. I: Arrow
indicates temporal horn of the lateral ventricle and the arrowhead
indicates the alveus.

nar analysis was the time devoted to each segmentation. It
took on average 4 hr to carry out segmentation of each
subject (6 structures for each temporal lobe, 12 structures in
total). We believe, however, that continuous training may
substantially decrease the time span of the segmentation
process.

Another aspect that contributed to enhance the accuracy
of image edition was the post-acquisition image processing
applied to all images before visual analysis. The images
underwent correction for field nonhomogeneity using the
program N3, which provided a considerable improvement
in the image quality. The N3 software is a nonparametric
method for correction of intensity nonuniformity in MRI
data and it removes image artifacts [Sled et al., 1998].

The linear stereotaxic transformation was also particularly
important because it removes the influence of the whole

¢ 151 ¢



¢ Bonilha et al.

TABLE I. Medial temporal lobe structure volumes

Perirhinal Temporopolar Entorhinal Parahippocampal
cortex cortex cortex cortex Hippocampus Amygdala

Subjects Left Right Left Right Left Right Left Right Left Right Left Right
All subjects

Maximum 3,063 2,860 4,032 4,078 1,660 1,897 2,586 2,273 3,949 3,999 1,946 2,175

Minimum 1,315 1,395 1,987 1,981 703 711 1,227 1,146 2458 2,369 1,108 1,112

Mean 2,256 2,198 3,234 3,133 1,107 1,143 1,620 1,536 3,238 3,222 1,544 1,503

SD 394 438 468 590 266 310 313 303 382 345 247 263
Men

Maximum 2,881 2,922 4,032 3,962 1,564 1,897 2,250 2,469 1,946 1,846 3,949 3,729

Minimum 2,029 1,953 2,785 2,202 858 819 1,280 1,146 1,046 1,010 2,594 2,710

Mean 2,410 2,333 3,324 3,168 1,165 1,218 1,588 1,505 1,629 1,578 3,089 3,099

SD 337 321 382 562 221 292 316 377 281 272 356 290
Women

Maximum 3,063 2,860 3,942 4,282 1,660 1,752 2,590 2,572 1,919 2,175 3,901 3,999

Minimum 1,315 1,395 1,987 1,981 703 711 1,227 1,195 1,108 1,112 2,458 2,369

Mean 2,203 2,151 3,196 3,136 1,103 1,132 1,728 1,651 1,509 1,471 3,330 3,315

SD 412 473 513 632 292 324 410 404 225 251 377 386

Maximum and minimum volumes, mean values, and standard deviations (SD) in mm?.

brain volume over particular structures. The volumes ob-
tained then reflected the size and magnitude of the structure
compared to other cerebral regions. The use of a homoge-
neous group of images may minimize discrepancies be-
tween different studies and allow comparison of the effects
of certain morbid conditions or normal physiologic process
on brain structures, avoiding biases provoked by the corre-
sponding total brain volume and size of particular struc-
tures.

Image correction prevented the straight comparison of
volumes obtained from this protocol with volumes obtained

from previous studies, because some carried out volumetric
analysis on raw images or on images submitted to different
processes of normalization. In comparison to other studies,
the main findings can be grouped as detailed below.

Effects of Gender and Age on Cortical Volumes

We did not observe differences in age when the sample
was grouped by gender. There was no difference in volumes
obtained when the sample was grouped by gender and there
was no linear correlation of volumes with age. Some previ-

TABLE Il. Reliability assessment values

Perirhinal Entorhinal Temporopolar Parahippocampal
cortex cortex cortex cortex Hippocampus Amygdala
Measurement (mm?) Left Right Left Right Left Right Left Right Left Right Left Right
First (n = 5)
Mean 2,402 2,408 1,181 1,278 3202 3,194 1,824 1,849 2,981 2,967 1,628 1,708
SD 219 304 163 221 157 411 374 479 289 161 200 306
Reliability assessment
Intra-observer
Mean 2,359 2,277 1,113 1,221 3242 3,203 1,598 1526 3,061 3,117 1,524 1,545
SD 143 201 159 145 210 305 793 774 279 114 195 286
SD of differences 206 211 117 151 127 205 299 230 179 125 183 269
Repeatability
coeff. 412 422 234 302 254 410 598 460 358 250 366 538
Inter-observer
Mean 2,572 2,511 1,184 1,132 3,157 2,931 1,398 1582 3376 3434 1,485 1,459
SD 238 292 196 185 280 416 247 305 364 362 49 234
SD of differences 186 286 241 135 200 152 227 190 151 199 243 120
Repeatability
coeff. 372 572 482 270 400 304 454 380 302 398 486 240

SD, standard deviation; coeff., coefficient.
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TABLE Ill. Evaluation of the volumes of the structures according to gender, age, and symmetry

Statistical analysis

Group differences for gender

Structure (MANOVA)

Side-to-side difference

Linear regression with age (MANOVA)

Left perirhinal cortex

Right perirhinal cortex

Left temporopolar cortex
Right temporopolar cortex
Left entorhinal cortex

Right entorhinal cortex

Left parahippocampal cortex
Right parahippocampal cortex
Left amygdala

Right amygdala

Left hippocampus

Right hippocampus

A(58,2) = 1.70, P = 0.21
A(58,2) = 2.40, P = 0.14
A(58,2) = 0.70, P = 0.43
A(58,2) = 0.02, P = 0.89
A(58,2) = 0.58, P = 0.45
M58,2) = 0.74, P = 0.39
A58,2) = 0.87, P = 0.36
A(58,2) = 0.90, P = 0.35
A58,2) = 1.70, P = 0.20
M58,2) = 143, P = 0.24
A(58,2) = 3.50, P = 0.10
A58,2) = 3.00, P = 0.10

r=017,P = 044
r =0.06, P = 0.75
r =011, P = 055
r=0.10,P = 0.6

r =023, P =022
r =019, P = 0.30
r=0.04, P =085
r =10.04, P = 0.83
r=0.15P = 044
r =0.09, P = 0.62
r =012, P = 0.58
r=0.11, P = 0.56

M58,1) = 0.57, P = 0.45
A(58,1) = 0.29, P = 0.59
A(58,1) = 0.59, P = 0.4
A(58,1) = 0.84, P = 0.36
A(58,1) = 1.00, P = 0.32

A(8,1) = 0.04, P = 0.84

ous studies have demonstrated decrease in temporal vol-
umes associated with normal aging [Convit et al., 1995;
Sullivan et al., 1995]. This difference can be related to meth-
odological differences [Insausti et al., 1998] because these
studies evaluated the gray matter of the temporal lobe,
irrespective of the region analyzed, or a particular gyrus,
including the white matter [Convit et al., 1995]. Insausti et al.
[1998] observed an age-related decrease only in the tem-
poropolar cortex. Nevertheless, according to Insausti et al.
[1998] and Amaral et al. [1987], there is great interindividual
variability in the pattern of sulci or gyri that are used as
landmarks for the limits of the temporopolar cortex. This
renders the volumetric assessment of the temporopolar cor-
tex cumbersome and very susceptible to biological variabil-
ity.

We may have not found differences on the volumes due to
age or gender because of the age distribution and size of our
sample or because of spatial normalization. Further studies
may help to clarify this issue and determine whether there is
a significant age-related decrease of temporal lobe volume in
the general population.

Hemispheric Asymmetry

The volumes of the entorhinal perirhinal, temporopolar,
and parahippocampal cortices, and the volumes of the hip-
pocampi and amygdala were not affected by side. The right
entorhinal cortex has been reported to be larger than the left
[Insausti et al., 1998], but this has not been observed in other
studies [Bernasconi et al., 1999, 2001; Juottonen et al., 1999].
Moreover, we did not find any significant asymmetry in-
volving the amygdala or anterior temporal lobe volume
(perirhinal plus temporopolar cortex). Some authors, how-
ever, have reported a larger right amygdala [Filipek et al.,
1994; Watson et al., 1992], a larger left anterior temporal lobe
volume [Insausti et al., 1998] or a larger right anterior tem-
poral lobe volume [Jack et al., 1988, 1989]. To date, there is
no conclusive data regarding asymmetry of temporal lobe
structures in normal subjects. The inclusion of sociodemo-

graphic variables in further studies may help to clarify the
degree and patterns of asymmetry that should be considered
normal for certain subpopulations [Pruessner et al., 2001].

CONCLUSIONS

We have presented a tool that may be able to increase the
power and reliability of volumetric studies of medial tem-
poral lobe structures, due to the definition and confirmation
of the anatomic landmarks in three different planes of MRI.
High-resolution MRI in vivo studies of normal subjects and
patients with different subsets of neurological diseases may
help to depict the role of cortical structures in normal pro-
cesses such as aging and maturation as well as in patholog-
ical conditions.
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