
Within the medial temporal lobe, both the hippocampus and
amygdala are frequently targeted by researchers and clinicians for
volumetric analysis based on magnetic resonance imaging (MRI).
However, different data acquisition techniques, analysis software
and anatomical boundaries have in the past made it difficult
to compare results of MRI studies from different laboratories. In
order to reduce these differences, a segmentation protocol was
established with 40 healthy normal control subjects recently
scanned in our laboratory. Data acquisition was performed with a
three-dimensional gradient echo technique, and scans were cor-
rected for non-uniformity and registered into standard stereotaxic
space prior to segmentation. Volumetric analysis was performed
manually using three-dimensional software that allows simul-
taneous analysis of sagittal, coronal and horizontal images. Intra- and
inter-rater coefficients yielded correlation coefficients comparable
with other protocols. The hippocampal volume was larger in the right
hemisphere (3324 versus 3208 mm3), while no interhemispheric
differences for the amygdala (1154 versus 1160 mm3) could be
observed. Most importantly, results from recent segmentation
protocols for hippocampus and amygdala seem to approach each
other with regard to mean volumes and interhemispheric differences.
This indicates that the advances in scanning technique, volume
preparation and segmentation  protocols allow a more precise
definition of medial temporal lobe structures with MRI, and that
results for mean volumes for hippocampus and amygdala from
different laboratories will eventually become comparable.

Introduction
Medial temporal lobe structures play an important role in

learning, memory and emotion (LeDoux, 1989; Nagy et al.,

1996; Squire and Zola, 1996). These structures are also involved

in a number of neurological and psychiatric disorders, including

epilepsy, schizophrenia, depression and Alzheimer’s disease

(Cendes et al., 1993; Coffey et al., 1993; Jacobsen et al., 1996;

Killiany et al., 1993). In particular, hippocampus (HC) and

amygdala (AG) are related to these diseases, and are crucial for

normal functioning. Magnetic resonance imaging (MRI)-based

volume quantification of HC and AG has been established as a

research tool to investigate the contribution of these structures

to the onset and course of the above-mentioned disease states

(Bogerts et al., 1990; Jack, 1994; Bremner et al., 1995; de Leon et

al., 1996; Sheline et al., 1996). In addition, as the availability of

MRI increases, its utilization is no longer restricted to clinical

studies; it is now being introduced to adjacent fields (e.g.

psychology), with the aim of investigating relationships between

brain structures and, for example, memory processes, emotion

and personality (Sullivan et al., 1995; Seidman et al., 1997;Mori

et al., 1999).

Although results  from  these studies  continue to provide

important findings and broaden the knowledge of the function

of these and other structures in the brain, comparing results

between different laboratories is limited due to several reasons.

First, since the introduction of the MRI-based segmentation

technique,  laboratories  have  varied in their specific image

acquisition protocols, with differences in pulse sequence

parameters and slice thickness. Today, most of the laboratories

involved in HC and AG volume quantification employ T1 images,

although the exploratory use of T2 or proton density (PD) images

is also recognized (Pucci et al., 1998). Furthermore, three-

dimensional image acquisition protocols have become the

standard method for image acquisition and have replaced the

two-dimensional image sets. This has led to improvements in

image precision, resolution and contrast, and reductions in slice

thickness. Although it has been suggested that these differences

do not necessarily result in systematic changes of mean HC and

AG volumes between laboratories, they must be taken into

account when comparing results from different research groups

(Jack et al., 1995; Laakso et al., 1997).

Second, different research groups have employed different

methods for quantification of specific medial temporal lobe

volumes in the brain. In addition to the widely used method of

manually tracing the boundaries of the specific structure in

subsequent slices and calculating the volume within the traced

structure, some groups have investigated alternative approaches.

These methods include tracing and calculating the volumes from

dimensional brain mapping or surface tessellation (Arndt et al.,

1994; Csernansky et al., 1998). The comparability of these

methods with manual segmentation has yet to be demonstrated.

Third, research groups use different software packages to

trace the target structure. Most of the softwares employ a

two-dimensional visualization of the brain images, without the

possibility of adjusting resolution or image contrast (Watson et

al., 1992). On the other hand, fully scalable three-dimensional

imaging is also available, allowing for precise display and

enlargement of  regions of interest in coronal, saggital and

horizontal orientations (Csernansky et al., 1998). As pointed out

by Jack, differences in the calculating algorithms of these

programs might further enhance interlaboratory variability (Jack

et al., 1995).

Finally, differences in definition of HC and AG borders from

different research groups have hindered the comparison of

results. Existing segmentation protocols differ in their definition

of the posterior boundaries of the HC, the delineation between

HC and AG, and the anterior boundaries of the AG (Cendes et al.,

1993; Kates et al., 1997). This in part ref lects the ongoing

neuroanatomical debate about the delineation of HC and AG.

Due to these divergent definitions, even though it is possible to

approximate technical differences, some inconsistencies can be

expected to remain in the future.

We report here data from manual HC and AG segmentation in

40 healthy adults with a three-dimensional data acquisition

protocol (Mazziotta et al., 1995). Analysis of the images was

performed with a special software package that allowed simul-
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taneous three-dimensional visualization of brain structures.

Moreover, with the improved visualization of the structures, a

more precise definition of HC and AG borders was possible. With

improved definitions, it is believed that different research groups

will eventually converge on the HC and AG mean volumes in

normal populations.

Materials and Methods

Subjects and Sociodemographic Assessment

A total of 40 brain volumes (20 male and 20 female subjects) were

employed for this study. All subjects recruited for MRI scanning were

healthy normal controls. Information of age, gender, neurological and

psychiatric condition was obtained directly from the subjects. The

subjects were aged 18–42 years (mean age 25.45 ± 5.4 years). None of

the subjects had a history of neurological or psychiatric conditions. All

subjects were right-handed. Neurological and psychological information

was obtained with a computerized self-report described in detail

elsewhere (Giedd et al., 1996a,b).

MR Image Acquisition

The scans were collected as part of the ongoing ‘International Con-

sortium of Brain Mapping’ (ICBM) initiative to create a statistical atlas of

the normal adult brain (Mazziotta et al., 1995). In short, this protocol

generates T1, T2 and PD-weighted image volumes with a slice separation

of 1 mm. The T1 volumes were acquired using a three-dimensional spoiled

gradient echo acquisition with sagittal volume excitation (TR = 18, TE = 10,

f lip angle = 30°, 140 1 mm sagittal slices). The rectangular field of view

(FOV) for the sagittal images was 256 mm (SI) × 204 mm (AP). For the

purpose of this study, only the T1-weighted acquisition scans were used.

MR Image Analysis

All images were transferred to a Silicon Graphics O2 workstation (Silicon

Graphics, Mountain View, CA). A combination of different algorithms

was used to prepare the raw MRI volumes for manual segmentation. This

process included correction for magnetic field non-uniformities (Sled et

al., 1998), linear stereotaxic transformation (Collins et al., 1994) into

coordinates based on the Talairach atlas (Talairach and Tournoux, 1988)

and resampling onto a 1 mm voxel grid prior to image segmentation using

a linear interpolation kernel (Mazziotta et al., 1995). It has been shown

that the automatic stereotaxic transformation is as accurate as the manual

procedure, but shows higher stability (Collins et al., 1994). Also, the

correction for field non-uniformities has been proven to recover most of

the image artifacts (Sled et al., 1998).

Volumetric analysis was performed with the interactive software

package DISPLAY developed at the Brain Imaging Centre of the Montreal

Neurological Institute. This program allows simultaneous viewing of

volumes in coronal, sagittal and horizontal orientations. Due to the

contiguous 1 mm slices, the investigator can navigate through the brain in

1 mm intervals in coronal, sagittal and horizontal orientations. Volumes of

labeled structures are calculated automatically by the software. Regions

of interest can be edited manually and semiautomatically by thresholding

the image. The program also allows three-dimensional surface rendering

and interactive manipulation.

Assessment of HC Volume

The HC is a bilaminar formed structure, located symmetrically in the

medial temporal lobes of both hemispheres. It can be subdivided in an

anterior part, which is referred to as head (HH), a medial part, often

referred to as body (HB), and a posterior part, or tail (HT). Each part of the

HC shows marked differences in form and structure. Classification of the

HC included all three components.

The coronal plane was used as default view for labeling. References to

sagittal or horizontal orientations were made whenever these were felt to

prove more valuable for identification of structure boundaries.

The HT was defined as including the dentate  gyrus,  the cornu

ammonis (CA) regions, the part of the fasciolar gyrus that is adjacent to

the CA regions, the alveus and the fimbria. The Andreas–Retzius gyrus

(ARG), the part of the fasciolar gyrus (FG) that is adjacent to this gyrus,

and the crus of the fornix were omitted from the HT. The most posterior

part of the HT was found in the slice where an ovoid mass of gray matter

started to appear inferiomedially to the trigone of the lateral ventricle

(TLV; see Fig. 1a). Laterally, the HT at this point is attached to the TLV. For

a consistent segmentation approach in this area, two rows of gray matter

pixels were excluded laterally, assuming that they represent parts of the

TLV. Medially, the border of the HT is easy to identify by white matter

(Fig. 1b).

In the adjacent anterior slices of the coronal view, special care was

taken to discriminate the tail of the HC from the FG and ARG, which lie

medially to the tail of the HC and are attached to the quadrigeminal

cistern (QC). Since these gyri appear as gray matter in the T1 images, they

were indistinguishable from the tail of the HC. As a consequence, an

arbitrary border between HT and ARG was employed by drawing a

vertical line from the medial end of the TLV down to the para-

hippocampal gyrus. Another arbitrary border was defined for the

superior border of HT. This part is often difficult to discriminate from the

crus of the fornix (cfx), which also appears as gray matter attached to the

TLV. In order to prevent inclusion of this structure, a horizontal line was

Figure 1. In Figures 1–6 the following abbreviations are used: AC, ambient cistern; AG, amygdala; ARG, andreas retzius gyrus; cfx, crus of the fornix; EC, entorhinal cortex; FCSI,
fundus of the inferior portion of the circular sulcus of the insula; FG, fasciolar gyrus; HB, hippocampal body; HH, hippocampal head; HT, hippocampal tail; IHLV, inferior horn of lateral
ventricle; LV, lateral ventricle; MTL, medial temporal lobe; OT, optic tract; QG, quadrigeminal cistern; sbcm, subiculum; TLV, trigone of lateral ventricle; URIHLV, uncal recess of inferior
horn of lateral ventricle. (a) Coronal section of the MTL; first appearance of the HT inferiomedial to the TLV. (b) Horizontal section of the MTL; the tip of the HT anterior to the LV.
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drawn from the superior border of the QC to the TLV. Both arbitrary

borders are shown in Figure 2a.  A lthough  these procedures  could

sometimes have led to an exclusion of medial and superior parts of the

HT, this approach seemed to be the most consistent for labeling of the HT.

The inferior border of the HT is easy to identify by the transition of gray

to white matter (Fig. 2b).

Laterally, the HT had to be discriminated from the inferior horn of the

lateral ventricle and the tail of the caudate nucleus. In order to ensure the

exclusion of these structures, two rows of pixels with gray matter were

consistently rejected on the lateral side (Fig. 2a).

Moving further anteriorly, the gray matter of the HT descended in the

coronal slices. Next, the HB is reached, whose superior and inferior

borders are clearly perceptible in the sagittal orientation (Fig. 3b). In

coronal orientation, HB and entorhinal cortex (EC) consist of several

parts that fold onto each other to form an S-shaped structure (left HB; Fig.

3a) or an inverted S-shaped structure respectively (right HB). The upper

half of this  S-like structure (from  inferior to superior) includes the

subiculum, the four CA regions, the dentate gyrus and the fimbria.

Subiculum, CA regions and dentate gyrus are gray matter; the fimbria

consists of fiber connections and thus appears as white matter. Inferior to

these hippocampal structures is the parahippocampal gyrus. Its most

superior layer sometimes blends into the CA regions and thus complicates

the labeling process.

At this point, the following landmarks of the HB were employed for

labeling. First, the most visible inferiolateral layer of gray matter was

excluded, assuming that it actually represents parahippocampal gyrus.

Next, the fimbria was included in the HB. It is located at the superomedial

level of the HB and is identified as white matter in the image. In addition,

if gray matter appeared superior to the fimbria, the first row of gray

matter pixels was also included in the segmentation of the HB. It can be

assumed that this row of gray matter still comprises HC cells, since the

fimbria at this point is sometimes partly embedded in the CA2 or CA3

region. The sagittal view of the MRI images offers the best visualization of

this superior border of the HB (Figs 2b, 3b). Finally, the dentate gyrus,

located in between the four CA regions in the hippocampal formation,

together with the  CA regions themselves  and the subiculum, were

included. Separating the subiculum from entorhinal cortex proved diffi-

cult since the images usually did not show any differences in intensity

between these structures. However, in order to maintain a consistent

approach to differentiating these two structures, a straight line with an

angle of ∼ 45° was drawn from the most inferior part of the HB medially to

the cistern (Figs 3a, 4a,b). In cases where the subiculum was more

Figure 2. (a) Coronal section of the MTL; discrimination of HT from ARG and FG and cfx by employing arbitrary borders. (b) Sagittal section of the MTL; the HT and its superior and
inferior borders. Note the clearly visible white matter inferior to the HT.

Figure 3. (a) Coronal section of the MTL; segmentation of the HB. (c) Sagittal section of the MTL; delineation of the fimbria as superior border of the HB.
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detached from entorhinal cortex, and thus a line of white matter was

visible between the two structures, this line was employed as border for

the HB (Fig. 5a). The lateral border of the HB was identified by the

inferior horn of the lateral ventricle or the caudally adjacent white matter.

For consistency across subjects, one row of pixels of gray matter was

excluded from the CA regions at this point, assuming it represented the

lateral ventricle, if the ventricle was not itself visible (Fig. 4a,b). In most

cases, the superior excess of the quadrigeminal cistern could easily be

identified as the superomedial border of the HB. For reasons of

consistency, the last row of pixels of gray matter was excluded medially

from the HB, assuming it actually represented part of the cistern (Fig.

4a,b).

Moving further anteriorly, one reaches the HH. The first coronal slice

showing the HH can be identified by the emergence of the uncal recess of

the HH in the superomedial region of the HC. The borders of the HH are

the most difficult to identify. In the superior part of the HH, gray matter

is a mixture of amygdala, HC and basal ganglia (putamen and globus

pallidus). The most important structure for identification of lateral,

anterior and superior borders of the HC was the uncal recess of the

inferior horn of the lateral ventricle. Also, the alveus served as landmark

for definition of  the superior  and anterior border  of  HC (Fig.  4b).

However, if visible, the alveus itself was not defined as the border of the

HH; the HH continued one additional row of pixels anterior to this

structure. The  sagittal view was  employed for identification of the

anterior border, since the alveus could often be better identified in this

plane. The horizontal view was consistently employed in addition to the

coronal and sagittal views for demarcation of the anterior and medial

borders of the HC (Figs 5b, 6a,b). In this particularly difficult region the

constant reference to all dimensions was felt to be the best approach. The

medial and inferior borders were identified in the same way as in the body

of the HC, including subiculum, the four CA regions and the dentate

gyrus. In the superomedial part, the HH often forms a distinct

protuberance, which can be best identified in the coronal plane (Fig. 4b).

Also, the uncal cleft often served as an excellent marker of the inferior

border of the HH.

Assessment of AG volume

The AG is an olive-shaped mass of gray matter located in the superomedial

part of the temporal lobe, partly superior and anterior to the HH. The AG

has a less complex structure than the HC. However, due to its position in

the superomedial temporal lobe with parts of the basal ganglia from

superior and entorhinal cortex from inferior blending in, definition of AG

borders in MR images proves difficult. Anatomically, the AG can be

separated into several distinct nuclei. In its superomedial part, the

Figure 4. (a) Coronal section of the MTL; anterior end of the HB; note that the lateral, superior and inferior borders are identical to the beginning of the HB.

Figure 5. (a) Coronal section of the MTL; arbitrary landmark for the superior border of the AG and disappearance of the HH; note that due to the visibility of the border between sbcm
and EC, no straight line is drawn to the QC. (b) Horizontal section of the MTL; delineation of AG and HC by IHLV and alveus.
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cortical amygdaloid nucleus can be identified as a distinct protuberance,

often itself separated into a dorsal and ventral part. Superomedially, the

endorhinal sulcus separates the cortical amygdaloid nucleus from the

substantia innominata. Laterally, the gray  matter  of the AG blends

together with the ventral putamen, and is not clearly separated by the

amygdalo-striatal transition area. Inferomedially, the AG can be separated

from the entorhinal cortex by the intrarhinal sulcus, or tentorial

indentation, which forms a marked indent at the site of the inferior

border of the AG. Inferolaterally, the temporal horn of the lateral ventricle

separates the AG from adjacent structures. However, the anatomical

landmarks can often only partly be identified in MR images, and as a

consequence different borders have to be employed for the segmentation

of this structure.

The posterior end of the AG was defined in the coronal plane, at the

point where gray matter first started to appear superior to the alveus and

laterally to the HH (Fig. 4b). If the alveus was not visible, the inferior horn

of the lateral ventricle was employed as border. The superior border of the

AG was arbitrarily defined by drawing a horizontal line between the

superolateral part of the optic tract and the fundus of the inferior portion

of the circular sulcus of the insula. This allowed a consistent approach for

the definition of the AG, although small amounts of the medial and central

nuclei of the AG were excluded (Fig. 5a). This approach prevented

erroneous inclusion of parts of putamen and claustrum in the amygdaloid

measurement. In some cases, the superior border of the AG could be

identified despite the fact that it was blending in with the gray matter of

putamen. In these cases, a small layer of white matter divided the AG from

the adjacent structures. If this layer was identifiable, it was used as the

superior border of the AG.

The horizontal view was used to identify the medial and lateral

border. In the posterosuperior section of the AG, the medial border was

easily identifiable since it is attached to the border of the ambient cistern

at this point. In order to have a consistent approach for labeling, one layer

of gray matter directly adjacent to the cistern was omitted, assuming that

a clear separation from the cisternal area is impossible. Further anterior

and inferior, entorhinal cortex (EC) blends into the AG medially. If

possible, these structures were identified in the horizontal view and

excluded from the AG. If the EC could be identified in the horizontal view,

it was excluded from the AG. If the EC was not visible in more than two

consecutive slices, a semicircle drawn from the lateral end of the lateral

ventricle to the alveus was employed as an arbitrary landmark but allowed

for a consistent labeling approach (Fig. 5b). If the alveus was not visible,

the uncal recess of the inferior horn of the lateral ventricle was used

instead (Fig. 6a,b).

The lateral border of the AG was defined by the lateral half of the

semicircle drawn from the uncal recess of the inferior horn of the lateral

ventricle medially to the inferior horn of the lateral ventricle laterally,

viewed horizontally. Again, if the uncal recess of the inferior horn of the

lateral ventricle was not visible, the alveus was employed. If neither of the

two structures was visible in the horizontal view, the slices adjacent to

the current slice were employed for identification of these structures

(Figs 5b, 6a,b).

For the inferior border of the AG, coronal images were employed for

best separation. The tentorial indentation served as a demarcation line

between AG and entorhinal cortex, by excluding the gray matter

inferolateral to the indentation. The anterior border of the AG, finally, was

defined at the level of the closure of the lateral sulcus. This closure could

easily be identified in horizontal sections without great difficulty.

Although the setting of this border might have led to the exclusion of

parts of the anterior cortical amygdaloid nucleus, it was chosen for

reasons of consistency across brain images.

Reliability Assessment

Of the 40 subjects, five randomly chosen subjects were analyzed by four

different raters. Interrater reliability for these five subjects was then

calculated using Intraclass correlations (Shrout and Fleiss, 1979),

assuming that the four raters were the only raters of interest.

To assess intrarater reliability, one of the four raters (J.C.P.)

subsequently labeled HC and AG of the same five subjects five times, with

a 1 week interval between ratings. Intrarater reliability was calculated

using the same method as described above. This rater performed

hippocampal and amygdaloid segmentation of the remaining 36 subjects

in this study. All raters were blind to subject age and gender, but not to

left and right hemisphere.

Statistical Analysis

For  description of hippocampal and  amygdaloid volume in the 40

subjects,  the minimum and maximum volume, mean  and standard

deviations were calculated for the whole group, and separately for men

and women. In order to evaluate putative differences between left and

right hippocampal and amygdaloid volumes, and gender differences, a

two-factor (gender by hemisphere) within ANOVA was calculated with

the hippocampal and amygdaloid volumes as dependent variables. In

order to investigate whether the transformation into Talairach space had

an effect on interhemispheric differences or gender differences, all

calculations were also performed with the native volumes. The formula

for transformation of the volumes back into native space is [standard

volume = stereotaxic volume/(x × y × z)], where x, y and z are the scaling

factors of the linear transformation.

The power of all statistical tests was calculated, using the formulas

provided by Cohen (Cohen, 1988). These calculations tested the

probability of finding an existing population effect in this sample of

subjects, given different effect sizes.

Figure 6. (a) Horizontal section of the MTL; delineation of AG and HC by IHLV alveus, and URIHLV. (b) Horizontal section of the MTL; inferior portion of HC and AG; delineation of AG
and HC by IHLV and URIHLV.
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Results
The results of the intraclass calculations for reliability measure-

ment are shown in Table 1. In the five subjects that were rated by

four different raters, the differences between the raters ranged

between 1.8% (right HC) and 5% (right AG); the intrarater

variability for these five subjects was in the range of 2.2% (right

AG and HC) to 2.5% (left amygdala).

Minimum and maximum volume, mean values and standard

deviation for the right and left hippocampal and amygdaloid

structures in standard stereotaxic as well as in native space for

the whole group of n = 40 are shown in Table 2. Results from the

two factor within ANOVA for the stereotaxic volumes showed

no effect of gender on the HC (F < 1; df = 32; P > 0.20), but

indicated a significant difference between right and left hippo-

campal volume (F = 5.9; df = 32; P = 0.02). A Scheffé post-hoc test

indicated that the right HC was bigger than the left (4395 versus

4243 mm3 in stereotaxic space). The interaction between

gender and hemisphere for the HC was not significant.

No differences were found for the AG with regard to gender

and left and right hemispheric volumes in stereotaxic space (all

main effects with F < 1; df = 32; P > 0.20). The interaction

between left and right AG and gender was also not significant

(F = 1.8; df = 38; P = 0.20). There was no significant age

difference between men and women in this sample (women

26.2 ± 7.1 years; men 24.7 ± 4.2 years; t < 1; df = 38; P > 0.20).

The results from the ANOVA in native space revealed the same

hemispheric difference (F = 5.8; df = 32; P = 0.02) with regard to

HC volume, but in addition also showed a significant gender

difference (F = 4.3; df = 32: P = 0.03). The gender by hemisphere

interaction was again not significant (F < 1, P > 0.20). A Scheffé

post-hoc comparison indicated that again the right HC was

bigger than the left (3324 versus 3208 mm3), and that men had a

bigger HC than women (3521 versus 3011 mm3). For the AG, the

ANOVA performed with the native space volumes revealed a

similar picture: as with the stereotaxic volumes, there was no

hemispheric difference for the AG (F < 1, P > 0.20), but again, in

contrast to the stereotaxic volumes, an effect of gender appeared

(F = 7.5; df = 38; P = 0.01). The interaction between gender and

interaction was not significant (F < 1, P > 0.20). Again, the men

had bigger AGs than the women in native space (Scheffé post

hoc, 1247 versus 1065 mm3).

Computation of the power for the tests for the AG and HC

showed a λ = 13. Given an α = 0.05, the chance of revealing an

existing population effect in this group was t = 0.95, assuming a

population effect size of f 2 = 0.25. Assuming a smaller

population effect of f 2 = 0.10, however, the chance to reveal a

significant difference between men or women with regard to HC

or AG volumes in stereotaxic space, or to reveal a significant

difference between the hemispheres of AG structures in this

group decreased to t = 0.50. Computation of the size effect for

the reported hemispheric difference between left and right HC

volume revealed a f 2 = 0.29. Thus, the hemisphere accounted for

22% of the variability found in the HC volumes (w2 = 0.22).

Discussion
The present study describes a protocol for manual segmentation

of HC and AG structures using high-resolution, uniform and

standardized T1 MR images of 1 mm slice thickness. The

three-dimensional analysis software allowed simultaneous

employment of coronal, transverse and sagittal images for

visualization and segmentation. The results indicate that with

three-dimensional visualization, the irregularly shaped HC and

AG can be reliably and precisely segmented. It is believed that

this protocol presents a number of refinements compared to

earlier segmentation protocols.

First, the differentiation between anterior HC and AG has

proven to be a consistent problem for recent MRI protocols. The

layer of the alveus divides these gray matter structures from each

other medially, and the inferior horn of the lateral ventricle

divides them laterally. Both structures are irregularly shaped in

that region. In addition, the posterior part of the AG is partly

overlapping the anterior part of the HC head, thus addition-

ally complicating a precise segmentation, especially with a

two-dimensional approach. It is felt that with simultaneous

employment of all three dimensions together with the three-

dimensional cursor, segmentation can be cross-validated in the

different planes, thus allowing a more consistent approach. In

the horizontal view the inferior horn of the lateral ventricle could

be identified laterally and the thicker end of the alveus medially,

which made differentiation between HC and AG possible in

many images. This could be cross-validated in the coronal and

sagittal views by identifying alveus and inferior horn of the

lateral ventricle as the superior and anterior border of the HC.

When neither of the two structures was visible in one slice,

adjacent images usually provided sufficient information to allow

a consistent approach for delineation of the boundaries

(Bartzokis et al., 1998).

In comparison, protocols from other laboratories show an

inconsistent approach for segmentation of this region. Some

protocols avoided the delineation of the HC/AG borders

completely and used a combined segmentation of the two

structures (Bogerts et al., 1990, 1993; Breier et al., 1992; Becker

et al., 1996). Alternatively, some protocols excluded the HH

completely from the HC segmentation (Ashtari et al., 1991;

Spencer et al., 1993). Other protocols employed arbitrary

landmarks to find a consistent approach to segmentation of that

region. Arbitrary landmarks for the anterior border of the HC

Table 1
Inter- and intrarater intraclass reliability coefficients

Inter Intra

RHC 0.94 0.91
LHC 0.86 0.94
LAG 0.84 0.95
RAG 0.83 0.91

Interrater correlations were obtained from five different subjects analyzed independently by four
different raters; intrarater correlations were obtained from the same five subjects analyzed five
times by the same rater with a 1 week interval between ratings.

Table 2
Minimum and maximum, mean and standard deviation (SD) for the right and left hippocampal and
amygdaloid structures (n = 40)

Min Max Mean SD Coefficient of
Variation

RHC 3369 5270 4395.2 468.1 0.11
LHC 3267 5096 4243.5 438.3 0.1
RAG 1016 2198 1526.4 223.7 0.15
LAG 1089 2348 1538.0 286.7 0.19
RHC_n 2540 4317 3324.6 476.8 0.14
LHC_n 2493 4246 3208.7 446.2 0.14
RAG_n 798 1587 1153.9 196.7 0.17
LAG_n 765 1973 1159.8 233.59 0.2

All values are mm3. RHC, right hippocampus, in standard stereotaxic space (STS); LHC, left
hippocampus (STS); LAG, left amygdala (STS); RAG, right amygdala (STS); RHC_n, right
hippocampus in native space (NS); LHC_n, left hippocampus (NS); LAG_n, left amygdala (NS);
RAG_n, right amygdala (NS).
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included the mammillary body (Shenton et al., 1992; Jacobsen et

al., 1996), the superior colliculi (Bremner et al., 1995) or the

superior choroidal fissure (Lencz et al., 1992). Most of the more

recent protocols correctly defined the alveus or the inferior horn

of the lateral ventricle as separation of the AG from the HH (Cook

et al., 1992; Watson et al., 1992; Cendes et al., 1993; Jack et al.,

1995; Hasboun et al.,1996; Mori et al., 1997; Bartzokis et al.,

1998; Strakowski et al., 1999). However, identification of

these two structures simultaneously in protocols using a two-

dimensional software is difficult since the structures are shifted

sidewards (Watson et al., 1992; Becker et al., 1996; Hasboun et

al., 1996). Instead, with the three-dimensional software analysis

tool of this protocol, the tilted and shifted demarcation

structures can be excellently visualized and followed, which

allows a better segmentation of the HC and AG borders.

Another problem area can be found in the demarcation of the

HT. Protocols differ from each other by the amount of gray

matter that is included in the HT adjacent to the trigone of the

lateral ventricle. Suggestions for the definition of this posterior

border can be roughly divided into two categories. The first

category contains definitions that are based on arbitrary

landmarks. Examples from this category include ‘the slice that is

3 mm anterior to the superior colliculi’ (Spencer et al., 1993),

‘the slice where the mammillary bodies can be seen in full

profile’ (Becker et al., 1996), ‘the slice that is 60 mm posterior to

the Anterior Commissure’ (Marsh et al., 1997), ‘the slice that

shows a bifurcation of the basilar artery’ (Bremner et al., 1995),

or ‘the slice at which the internal auditory canal appears’ (Reiss

et al., 1994).

Protocols in the second category include the fornix in their

definition of the posterior border of the HC. Examples from this

category are ‘the slice where the crus of the fornix can be seen

in full profile’ (Hasboun et al., 1996; Mori et al., 1997), ‘the slice

where the crus of the fornix separates from the HC’ (Watson et

al., 1992; Honeycutt and Smith, 1995), ‘the slice where the

fornices are still detectable in their full length’ (Soininen et al.,

1994), ‘the slice where the fibers of the crus of the fornix last

appear’ (Shenton et al., 1992), or ‘the slice where the bulk of the

splenium of the corpus callosum fuses with the fornix’ (Kates et

al., 1997).

Again, with the protocol described here, it is believed that the

simultaneous view of the posterior part of the HT in all three

dimensions allows for a more precise segmentation. The gray

matter of the HT was followed in the coronal plane and cross-

validated in the horizontal and axial planes. Thus, the posterior

border of the HT was defined as the first appearance of gray

matter inferiomedial to the trigone of the lateral ventricle, which

is believed to be an accurate demarcation of the HT.

The clearest benefit of this three-dimensional protocol

emerged in the segmentation of the anterior AG, where the

single use of the coronal view proved particularly deficient in the

past. Protocols unable to employ three-dimensional analysis

software generally depend upon the identification of arbitrary

landmarks for segmentation. Unfortunately, no standard has

developed as to which landmark should be used to demarcate the

anterior border of the AG, resulting in a wide variety of

outcomes. Landmarks defined by other protocols include ‘the

closure of the lateral sulcus to form the endorhinal sulcus’

(Watson et al., 1992), ‘the white matter tract linking the

temporal lobe with the rest of the brain’ (Shenton et al., 1992),

‘the anterior end of the uncal portion ventral to the amygdala’

(Soininen et al., 1994), ‘the most anterior portion of the

temporal stem which appears as thickening of gray matter’ (Mori

et al., 1997), ‘the anterior commissure’ (Kates et al., 1997), or

‘the slice where the amygdala is 2.5 times thicker than the

adjacent entorhinal cortex’ (Strakowski et al., 1999).

It is felt that the simultaneous use of the horizontal, coronal

and (to a smaller extent) sagittal view in this region allowed a

more adequate definition of the medial, anterior and lateral

borders of the anterior part of the AG, making references to

arbitrary landmarks obsolete. In the horizontal view, the

anteriomedial border of the AG often could be traced from the

medial end of the alveus, describing a half-circle until it fused on

the lateral side with the lateral end of the inferior horn of the

lateral ventricle.

With regard to intraclass intra- and interrater reliability

coefficients, this protocol produced results comparable to other

studies (Becker et al., 1996; Marsh et al., 1997; Mori et al., 1999;

Strakowski et al., 1999). However, since the utilization of

arbitrary landmarks was minimal, there were higher chances for

measurement errors in this protocol. It can be expected that the

use of easily identifiable arbitrary landmarks in other studies

facilitated the segmentation process. This facilitation might have

resulted in lower measurement errors across different raters, but

at the same time might have impaired the validity of the

segmentation. Taking this into account, the intraclass interrater

coefficients reported here in the range r = 0.83–0.94 indicate a

good accordance between raters.

Regarding the relative volumes of the targeted structures, the

comparison of left and right HC and AG volumes revealed a

significantly larger right HC volume and no differences in the AG

volume. This holds true for both the native as well as the

transformed stereotaxic volumes. Earlier publications tended to

be inconsistent with regard to volume differences. Very few

protocols reported the left HC to be bigger than the right

(Ashtari et al., 1991; Cook et al., 1992). The vast majority of the

available protocols either reported a bigger right HC (Watson et

al., 1992; Cendes et al., 1993; Hasboun et al., 1996; Jacobsen et

al., 1996; Kidron et al., 1997; Marsh et al., 1997; Mori et al.,

1997; Csernansky et al., 1998;) or no differences between left

and right hemispheres (Bhatia et al., 1993; Honeycutt et al.,

1995; Fox et al., 1996; Becker et al., 1996; Laakso et al., 1997;

Schuff et al., 1997; Reiman et al., 1998; Strakowski et al., 1999).

However, different populations studied and differences in

anatomical boundaries have to be taken into account when

comparing the results. Another possible explanation for the

disagreement with regard to the reported hemispheric

differences lies in the power of the statistical analysis. This

information has merely been included in the reports from other

laboratories in the past. Depending on the effect size of the

actual left and right differences and the number of subjects

studied, the chances of detecting those differences in some of

the protcols might have been rather low. A call for cautious

interpretation of the results from this study stems from the fact

that the raters were not blinded with regard to the hemisphere.

Although the raters were not aware of systematic hemispheric

differences from other studies at the time of the segmentation,

this introduced a potential subjectivity in the segmentation

process that the reader should be aware of.

For the AG, only a few publications have reported mean

volumes for this structure, or have tested for right and left

hemispheric differences. As with the HC, results are inconsistent

with regard to interhemispheric differences, reporting a bigger

right AG (Watson et al., 1992), or no interhemispheric differ-

ences for that structure (Soininen et al., 1994; Mori et al., 1997;

Strakowski et al., 1999). The reported mean volumes range from
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1.15 cm2 (this protocol) to 3.4 cm2 (Watson et al., 1992).

However, previous protocols that described AG measurement

relied upon two-dimensional segmentation strategies and the

use of arbitrary landmarks for segmentation. With the three-

dimensional segmentation protocol employed here, no differ-

ences between this structure in the left and right hemisphere

could be reported. It is possible that this is a result of the rather

small number of subjects investigated in this study. The power

calculations employed to calculate the chance of finding

population effects of AG differences in this sample yielded a 95%

chance for a medium population effect size to become apparent.

Given a smaller population effect, however, the chance for

detecting AG differences dropped to 50%. As a result, possible

AG differences in normal healthy controls require further

investigation in the future. A conclusion that can be drawn from

this study is that possible AG differences between the left and

right hemisphere, if they exist, will be rather small.

With regard to the relation between native and stereotaxic

volumes, this study supports results from earlier studies. When

uncorrected for head size, men tended to have larger medial

temporal lobe structures than women. This was true both for HC

and AG. Earlier studies from other laboratories also demon-

strated gender differences that disappeared once the volumes

were corrected for head size (Blatter et al., 1995; Raz et al., 1997,

1998).

The mean volumes for HC found in this study are in the range

of volumes reported by other MRI protocols (Watson et al., 1992;

Honeycutt and Smith, 1995; Kates et al., 1997). The reported

mean HC volumes from other MRI studies show a wide range,

varying from 1.23 cm3 (Bremner et al., 1995) to 5.68 cm3

(Bartzokis et al., 1993). As pointed out by Jack et al. (Jack et al.,

1995), different structure boundaries, different correction and

slice preparation methods, and different analysis methods can

partly explain these differences. Thus, commenting on the

results of other studies with regard to the mean volumes of the

HC is limited to those studies where structure boundaries, image

acquisition protocols and population are comparable. When

restricting the comparison to those protocols, an interesting

observation can be made. Over time, the reported inter-

laboratory differences of HC mean volume constantly decreased,

from over 100% difference in the early protocols [1.78 versus

5.68 cm3 (Suddath et al., 1990; Bartzokis et al., 1993)], to only

∼ 30% today [3.2 versus 4.2 cm2 (Mori et al., 1999; Strakowski et

al., 1999)]. Calculating a mean volume from published protocols

comparable to our study with regard to age and population (i.e.

only using the mean volumes from control groups when looking

at clinical studies) yields a HC volume of 3.57 cm3, ∼ 10% more

than the mean volume reported in this study (Cook et al., 1992;

Watson et al., 1992; Bartzokis et al., 1993, 1998; Bhatia et al.,

1993; Cendes et al., 1993; Soininen et al., 1994; Honeycutt et al.,

1995; Hasboun et al., 1996; Schuff et al., 1997; Mori et al., 1997,

1999; Csernansky et al., 1998; Ghanei et al., 1998; Laakso et al.,

1997; Reiman et al., 1998; Strakowski et al., 1999). This

convergence over time might be a result of refined segmentation

protocols, higher-resolution images and more common structure

boundaries between laboratories. It can be expected that

three-dimensional software tools for segmentation of brain

structures will be introduced to more laboratories, thus allowing

superior visualization of structure boundaries (Csernansky et al.,

1998; Freeborough et al., 1997; Hopkins et al., 1997). As a

consequence, it is hoped that the results of different laboratories

will eventually become comparable.

Calculating a mean volume for the left and right HC from

histological studies  results in values of 3.45 and 3.63 cm3

respectively, which is even less than 10% different from the

results reported in this protocol for HC and AG volumes in native

space (Kretschman et al., 1986; Bogerts et al., 1985; Heckers et

al., 1990; Klekamp et al., 1991; Bogerts et al., 1993). However, it

has to be kept in mind that employment of reported mean

volumes from histological studies is restricted to those studies

that corrected for the volume shrinkage of the brain.

In summary, these results suggest that the ‘true’ volume of the

HC for normal healthy adults lies between 3 and 4 cm3, and that

results from recent segmentation protocols are approaching this

volume. If the advanced imaging and segmentation techniques

continue to become available to other research groups as well,

comparison of results from studies with similar subjects across

laboratories will become a possibility in the near future.

Notes
We thank Dr Tomás Paus for the discussion of the concept of the

manuscript and two anonymous reviewers for their helpful comments.

This work was supported in part by the International Consortium for

Brain Mapping, the Human Brain Map Project, and the German Research

Foundation (Pr597/1–1).

Address correspondence to Dr Jens Pruessner,  McConnell Brain

Imaging Centre, Montreal Neurological Institute, 3801 University Street,

Montreal, Canada H3A 2B4. Email jens@bic.mni.mcgill.ca.

References
Arndt S, Swayze V, Cizadlo T, O’Leary D, Cohen G, Yuh WT, Ehrhardt JC,

Andreasen, NC (1994) Evaluating and validating two methods for

estimating brain structure volumes: tessellation and simple pixel

counting. NeuroImage 1:191–198.

Ashtari M, Barr WB, Schaul N, Bogerts B (1991) Three dimensional fast

low angle shot imaging and computerized volume measurement of the

hippocampus in patients with chronic epilepsy of the temporal lobe.

Am J Neurol Radiol 12:941–947.

Bartzokis G, Mintz J, Marx P (1993) Reliability of in vivo volume

measures of hippocampus and other brain structures using MRI.

Magn Reson Imag 11:993–1006.

Bartzokis G, Altshuler LL, Greider T, Curran J, Keen B, Dixon WJ (1998)

Reliability of medial temporal lobe volume measurements using

reformatted 3D images. Psychiat Res 82:11–24.

Becker T, Elmer K, Schneider F, Schneider M, Grodd W, Bartels M,

Heckers S, Beckmann H (1996) Confirmation of reduced temporal

limbic structure volume on magnetic resonance imaging in male

patients with schizophrenia. Psychiat Res 67:135–143.

Bhatia S, Brookheim SY, Gaillard WD, Theodore WH (1993) Measurement

of whole temporal lobe and hippocampus for MR volumetry:

normative data. Neurology 43:2006–2010.

Blatter DD, Bigler ED, Gale SD, Johnson SC, Anderson CV, Burnett BM,

Parker N, Kurth S, Horn SD (1995) Quantitative volumetric analysis of

brain MR: normative database spanning 5 decades of life [see

comments]. Am J Neuroradiol 16:241–251.

Bogerts B, Meertz E, Schonfeldt-Bausch R (1985) Basal ganglia and limbic

system pathology in schizophrenia: a morphometric study of brain

volume and shrinkage. Arch Gen Psychiat 42: 784–791.

Bogerts B, Ashtari M, Degreef G, Alvir JM, Bilder RM, Lieberman JA (1990)

Reduced temporal limbic structure volumes on magnetic resonance

images in first episode schizophrenia. Psychiat Res 35:1–13.

Bogerts B, Lieberman JA, Ashtari M, Bilder RM, Degreef G, Lerner G,

Johns C, Masiar S (1993) Hippocampus–amygdala volumes  and

psychopathology in chronic schizophrenia. Biol Psychiat 33:236–246.

Breier A, Buchanan R W, Elkashef A, Munson RC, Kirkpatrick B, Gellad F

(1992) Brain morphology and schizophrenia: a magnetic resonance

imaging study of limbic, prefrontal cortex, and caudate structures

[see comments]. Archs Gen Psychiat 49:921–926.

440 Segmentation of Hippocampus and Amygdala • Pruessner et al.



Bremner JD, Randall P, Scott TM, Bronen RA, Seibyl JP, Southwick SM,

Delaney RC, McCarthy G, Charney DS, Innis RB (1995) MRI-based

measurement of hippocampal volume in patients with combat-related

posttraumatic stress disorder. Am J Psychiat, 152:973–981.

Cendes F, Andermann F, Gloor P, Evans A, Jones-Gotman M, Watson C,

Melanson D, Olivier A, Peters T, Lopes-Cendes I et al. (1993) MRI

volumetric measurement of amygdala and hippocampus in temporal

lobe epilepsy. Neurology 43:719–725.

Coffey CE, Wilkinson WE, Weiner RD, Parashos IA, Djang WT, Webb MC,

Figiel GS, Spritzer CE (1993) Quantitative cerebral anatomy in

depression: a controlled magnetic resonance imaging study. Arch Gen

Psychiat 50:7–16.

Cohen J (1988) Statistical power analysis for the behavioral sciences, 2nd

edn. Hillsdale, NJ: Erlbaum.

Collins DL, Neelin P, Peters TM, Evans AC (1994) Automatic 3D

intersubject registration of MR volumetric data in standardized

Talairach space. J Comput Assist Tomog 18:192–205.

Cook MJ, Fish DR, Shorvon SD, Straughan K, Stevens JM (1992)

Hippocampal volumetric and morphometric studies in frontal and

temporal lobe epilepsy. Brain 115:1001–1015.

Csernansky JG, Joshi S, Wang L, Haller JW, Gado M, Miller JP, Grenander

U, Miller MI (1998) Hippocampal morphometry in schizophrenia by

high dimensional brain mapping. Proc Natl Acad Sci US A

95(19):11406–11411.

de Leon MJ, Convit A, George AE, Golomb J, de Santi S, Tarshish C,

Rusinek H, Bobinski M, Ince C, Miller D, Wisniewski H (1996) In vivo

structural studies of the hippocampus in normal aging and in

incipient Alzheimer’s disease. Ann NY Acad Sci 17:1–13.

Fox NC, Warrington EK, Stevens JM, Rossor MN (1996) Atrophy of the

hippocampal formation in early familial Alzheimer’s disease: a

longitudinal MRI study of at-risk members of a family with an amyloid

precursor protein 717Val–Gly mutation. Ann NY Acad Sci

777:226–232.

Freeborough PA, Fox NC, Kitney RI (1997) Interactive algorithms for the

segmentation and quantitation of 3-D MRI brain scans. Comput

Methods Prog Biomed 53:15–25.

Ghanei A, Soltanian-Zadeh H, Windham JP (1998) A 3D deformable

surface model for segmentation of objects from volumetric data in

medical images. Comput Biol Med 28:239–253.

Giedd JN, Snell JW, Lange N, Rajapakse JC, Casey BJ, Kozuch PL, Vaituzis

A C, Vauss YC, Hamburger SD, Kaysen D, Rapoport JL (1996a)

Quantitative magnetic resonance imaging of human brain develop-

ment: ages 4–18. Cereb Cortex 6:551–560.

Giedd JN, Vaituzis AC, Hamburger SD, Lange N, Rajapakse JC, Kaysen D,

Vauss YC, Rapoport JL (1996b) Quantitative MRI of the temporal lobe,

amygdala, and hippocampus in normal human development: ages

4–18 years. J Comp Neurol 366:223–230.

Hasboun D, Chantome M, Zouaoui A, Sahel M, Deladoeuille M, Sourour N,

Duyme M, Baulac M, Marsault C, Dormont D (1996) MR

determination of hippocampal volume: comparison of three methods.

Am J Neuroradiol 17:1091–1080{????}.

Heckers S, Heinsen H, Heinsen YC, Beckmann H (1990) Limbic structures

and lateral ventricles in schizophrenia: a quantitative postmortem

study. Arch Gen Psychiat 47:1016–1022.

Honeycutt NA, Smith CD (1995) Hippocampal volume measurements

using magnetic resonance imaging in normal young adults. J

Neuroimag 5:95–100.

Hopkins RO, Abildskov TJ, Bigler ED, Weaver LK (1997) Three

dimensional image reconstruction of neuroanatomical structures:

methods for isolation of the cortex, ventricular system, hippocampus,

and fornix. Neuropsychol Rev 7:87–104.

Jack CR Jr (1994) MRI-based hippocampal volume measurements in

epilepsy. Epilepsia 35:S21–S29.

Jack CR Jr, Twomey CK, Zinsmeister AR, Sharbrough FW, Petersen RC,

Cascino, GD (1989) Anterior temporal lobes and hippocampal

formations: normative volumetric measurements from MR images in

young adults. Radiology 172:549–554.

Jack  CR, Petersen  RC,  O‘Brien PC, Tangalos EG (1992) MRI-based

hippocmpal volumetry in the diagnosis of Alzheimer‘s disease.

Neurology 42:183–188.

Jack CR Jr, Theodore WH, Cook M, McCarthy G (1995) MRI-based

hippocampal volumetrics: data acquisition, normal ranges, and

optimal protocol. Mag Reson Imag 13:1057–1064.

Jacobsen LK, Giedd JN, Vaituzis AC, Hamburger SD, Rajapakse JC, Frazier

J A, Kaysen D, Lenane MC, McKenna K, Gordon CT, Rapoport JL

(1996) Temporal lobe morphology in childhood-onset schizophrenia.

Am J Psychiat 153:355–361 [erratum 153:851).

Kates WR, Abrams MT, Kaufmann WE, Breiter SN, Reiss AL (1997)

Reliability and validity of MRI measurement of the amygdala and

hippocampus in children with fragile X syndrome. Psychiat Res

75:31–48.

Kidron D, Black SE, Stanchev P, Buck B, Szalai JP, Parker J, Szekely C,

Bronskill MJ (1997) Quantitative MR volumetry in Alzheimer‘s

disease. Neurology 49:1504–1512.

Killiany RJ, Moss MB, Albert MS, Sandor T, Tieman J, Jolesz F (1993)

Temporal lobe regions on magnetic resonance imaging identify

patients with early Alzheimer’s disease. Arch Neurol 50:949–954.

Klekamp J, Riedel A, Harper C, Kretschmann HJ (1991) Morphometric

study on the postnatal growth of the hippocampus in Australian

Aborigines and Caucasians. Brain Res 549:90–94.

Kretschmann HJ, Kammradt G, Krauthausen I et al. (1986) Brain growth

in man. Bibl Anat 28:1–26.

Laakso MP, Juottonen K, Partanen K, Vainio P, Soininen H (1997) MRI

volumetry of the hippocampus: the effect of slice thickness on

volume formation. Mag Reson Imag 15:263–265.

LeDoux JE (1989) Cognitive-emotional interactions in the brain. Cogn

Emot 3:267–289.

Lencz T, McCarthy G, Bronen RA, Scott TM, Inserni JA, Sass KJ, Novelly

RA, Kim JH, Spencer DD (1992) Quantitative magnetic resonance

imaging in temporal lobe epilepsy: relationship to neuropathology

and neuropsychological function. Ann Neurol 31:629–37.

Marsh L, Morrell MJ, Shear PK, Sullivan EV, Freeman H, Marie A, Lim KO,

Pfefferbaum A (1997) Cortical and hippocampal volume deficits in

temporal lobe epilepsy. Epilepsia 38:576–587.

Mazziotta JC, Toga AW, Evans AC, Fox P, Lancaster J (1995) A probabilistic

atlas of the human brain: theory and rationale for its development.

The International Consortium for Brain Mapping. NeuroImage

2:89–101.

Mori E, Yoneda Y, Yamashita H, Hirono N, Ikeda M, Yamadori A (1997)

Medial temporal structures relate to memory impairment in

Alzheimer’s disease: an MRI volumetric study. J Neurol Neurosurg

Psychiat 63:214–21.

Mori E, Ikeda M, Hirono N, Kitagaki H, Imamura T, Shimomura T (1999)

Amygdalar volume and emotional memory in Alzheimer‘s disease. Am

J Psychiat 156:216–222.

Nagy Z, Jobst KA, Esiri MM, Morris JH, King EM, MacDonald B, Litchfield

S, Barnetson L, Smith AD (1996) Hippocampal pathology ref lects

memory deficit and brain imaging measurements in Alzheimer’s

disease: clinicopathologic correlations using three sets of pathologic

diagnostic criteria. Dementia 7:76–81.

Pucci E, Belardinelli N, Regnicolo L, Nolfe G, Signorino M, Salvolini U,

Angeleri F (1998) Hippocampus and parahippocampal gyrus linear

measurements based on magnetic resonance in Alzheimer’s disease.

Eur Neurol 39:16–25.

Raz N, Gunning FM, Head D, Dupuis JH, McQuain J, Briggs SD, Loken WJ,

Thornton AE, Acker JD (1997) Selective aging of the human cerebral

cortex observed in vivo: differential vulnerability of the prefrontal

gray matter. Cereb Cortex 7:268–282.

Raz N, Gunning-Dixon FM, Head D, Dupuis JH, Acker JD (1998)

Neuroanatomical correlates of cognitive aging: evidence from

structural magnetic resonance imaging. Neuropsychology 12:95–114.

Reiman EM, Uecker A, Caselli RJ, Lewis S, Bandy D, de Leon MJ, De Santi

S, Convit A, Osborne D, Weaver A, Thibodeau SN (1998) Hippo-

campal volumes in cognitively normal persons at genetic risk for

Alzheimer’s disease. Ann Neurol 44:288–291.

Reiss AL, Lee J, Freund L (1994) Neuroanatomy of fragile X syndrome: the

temporal lobe. Neurology 44:1317–1324).

Schuff N, Marmar CR, Weiss DS, Neylan TC, Schoenfeld F, Fein G, Weiner

MW (1997) Reduced hippocampal volume in N-acetyl aspartate in

posttraumatic stress disorder. ANAS 82:516–520.

Seidman  LJ, Faraone  SV, Goldstein  JM, Goodman JM, Kremen WS,

Matsuda G, Hoge EA, Kennedy D, Makris N, Caviness VS, Tsuang MT

(1997) Reduced subcortical brain volumes in nonpsychotic siblings of

schizophrenic patients: a pilot magnetic resonance imaging study. Am

J Med Genet 74:507–514.

Sheline YI, Wang PW, Gado MH, Csernansky JG, Vannier MW (1996)

Hippocampal atrophy in recurrent major depression. Proc Natl Acad

Sci USA 93:3908–3913.

Cerebral Cortex Apr 2000, V 10 N 4 441



Shenton ME, Kikinis R, Jolesz FA, Pollak SD, LeMay M, Wible CG, Hokama

H, Martin J, Metcalf D, Coleman M et al. (1992) Abnormalities of the

left temporal lobe and thought disorder in schizophrenia A

quantitative magnetic resonance imaging study. New Engl J Med

327:604–612.

Shrout PE, Fleiss JL (1979) Intraclass correlations: uses in assessing rater

reliability. Psychol Bull 86:420–428.

Sled JG, Zijdenbos AP, Evans AC (1998) A nonparametric method for

automatic correction of intensity nonuniformity in MRI data. IEEE

Trans Med Imag 17:87–97.

Soininen HS, Partanen K, Pitkanen A, Vainio P, Hanninen T, Hallikainen

M, Koivisto K, Riekkinen PJ (1994) Volumetric MRI analysis of the

amygdala and the hippocampus in subjects with age-associated

memory impairment: correlation to visual and verbal memory.

Neurology 44:1660–1668.

Spencer SS, McCarthy G, Spencer DD (1993) Diagnosis of medial

temporal lobe seizure onset: relative specificity and sensitivity of

quantitative MRI. Neurology 43:2117–2124.

Squire LR, Zola SM (1996) Structure and function of declarative

and nondeclarative memory systems. Proc Natl Acad Sci USA

93:13515–13522.

Strakowski SM, DelBello MP, Sax KW, Zimmerman ME, Shear PK,

Hawkins JM, Larson ER (1999) Brain magnetic resonance imaging of

structural abnormalities in bipolar disorder. Arch Gen Psychiat

56:254–260.

Suddath RL, Christison GW, Torrey EF, et al (1990) Anatomical

abnormalities in the brains of monozygotic twins discordant for

schizophrenia. New Engl J Med 322:789–794.

Sullivan EV, Marsh L, Mathalon DH, Lim KO, Pfefferbaum A (1995)

Age-related decline in MRI volumes of temporal lobe gray matter but

not hippocampus. Neurobiol Aging 16:591–606.

Talairach J, Tournoux P (1988) Co-planar stereotaxic atlas of the human

brain; 3-dimensional proportional system: an approach to cerebral

imaging. New York: Thieme.

Watson C, Andermann F, Gloor P, Jones-Gotman M, Peters T, Evans A,

Olivier A, Melanson D, Leroux G (1992) Anatomic basis of amygdaloid

and hippocampal volume measurement by magnetic resonance

imaging. Neurology 42:1743–1750.

442 Segmentation of Hippocampus and Amygdala • Pruessner et al.


