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A rigorous new methodology was applied to the study of structure
function relationships in the living human brain. Face recogni-
tion memory (FRM) and other cognitive measures were made in 29
healthy young male subjects (mean age � 21 � 7 years) and related
to volumetric measurements of their cerebral hemispheres and of
structures in their medial temporal lobes, obtained using the Cav-
alieri method in combination with high resolution Magnetic Res-
onance Imaging (MRI). Greatest proportional variability in vol-
umes was found for the lateral ventricles (57%) and least for the
cerebral hemispheres (8%). No significant difference was observed
in the mean volumes of the hippocampus, parahippocampal gyrus,
amygdala, caudate nucleus, temporal pole and temporal lobe on the
right and left sides of the brain. The volumes of the right and left
parahippocampal gyrus, temporal pole, temporal lobe, and left hip-
pocampus were, prior to application of the Bonferroni correction
to take account of 12 multiple comparisons, significantly correlated
with the volume of the corresponding hemisphere (��� 0 � 05). The
volumes of all structures were highly correlated (��� 0 � 0002 for all
comparisons) between the two cerebral hemispheres. There were
no positive relationships between structure volumes and FRM score.
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However, the volume of the right amygdala was, prior to application
of the Bonferroni correction to take account of 38 multiple com-
parisons, found to be significantly smaller in the five most consis-
tent high scorers compared to the five most consistent low scorers
(
�� 2 � 77, ��� 0 � 025). The implications for possible relationships
between healthy medial temporal lobe structures and memory are
discussed.

1. Introduction

The present study is the first to use unbiased stere-
ological techniques with associated error prediction
formulae to explore the possibility of a relationship
between the volume of brain structures and the effi-
ciency with which they perform their putative func-
tions in young male subjects with healthy brains. The
first aim of the study was to explore whether a positive
relationship exists between face recognition memory
(FRM) and the volume of the hippocampus, parahip-
pocampal gyrus and amygdala. In particular, it can be
inferred from the work of Sergent et al. [38], Sabbah
et al. [34], Grady et al. [17] and Young et al. [41] that
FRM is likely to be better in healthy young subjects in
whom the parahippocampal gyrus (and possibly also
the hippocampus) on the right and the amygdala in
both hemispheres are more efficient, and therefore per-
haps larger. We tested this hypothesis using a com-
bination of psychometric testing, high resolution MRI
and the Cavalieri volume estimation method. A second
aim, which was specifically neuroanatomical, was to
determine how much structures such as the hippocam-
pus vary in volume in healthy young people with no
history of brain damage, and whether the volumes of
structures in the medial temporal lobe correlate with
each other and with the volume of the whole cerebral
hemisphere.

Unilateral brain damage has frequently been found
to produce material specific psychological deficits and
has indicated that the right and left cerebral hemi-
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spheres are respectively more important for handling
verbal and non-verbal information (see [20] for a re-
view). The way in which functions are localised to
particular structures, or groups of structures, within
each hemisphere is being addressed by MRI. There are
two main approaches. The first of these is functional
MRI (fMRI), which, like Positron Emission Tomog-
raphy (PET), has been used to locate the regions of
the brain activated when psychological processes (for
example, memory, speech or voluntary movement) are
carried out, by measuring an indirect correlate of neu-
ronal activity such as blood oxygenation or blood flow.
These techniques can be used to describe inherent bio-
logical variation in neuronal activation among healthy
individuals when performing particular cognitive op-
erations and also the changes that occur as a result of
brain damage. The mechanism thought to be respon-
sible for the subtle changes of typically between 2 and
5% in signal intensity between baseline and activation
images in fMRI is an increase in local susceptibility
resulting from an inflow of oxygenated blood to the
region of the brain being used.

The other approach to investigating the localisation
of brain function involves structural imaging of brain
regions that are believed to mediate specific psycho-
logical processes. MRI as applied to healthy subjects
reveals considerable variations in the sizes of brain
structures. This suggests that MRI can be used to ex-
amine whether there is a positive relationship between
the size of brain structures and the efficiency with
which they perform their hypothesised psychological
functions. Such a ‘neophrenological’ approach rests
on three kinds of assumption. First, it assumes that the
psychological functions of different brain regions can
be identified by studying the effects of brain lesions
in patients and by functional brain imaging of healthy
subjects who engage the same processes. There is mas-
sive general support for the validity of this assumption.
Second, it assumes that, in general, the efficiency with
which a brain region performs its hypothesised opera-
tions is a function of the number of neurons which it
comprises and the complexity of their synaptic inter-
connections. Third, it assumes that MRI-derived mea-
sures of the volume of different brain structures are at
least partially determined by the number and size (and
hence of the complexity of the synaptic connections)
of the neurons in each structure so that greater volumes
should mean that a structure works more efficiently.
This in turn means that individuals with larger brain
regions should perform the functions mediated by the
regions better. There is some support for this third

assumption that can be drawn from several MRI stud-
ies of pathological conditions. For example, the vol-
ume of the hippocampus in temporal lobe epilepsy has
been found to be proportional to the number of neu-
rons that it contains [9, 23, 24]. The major question,
therefore, relates to the second assumption that there
is a positive relationship between structural size and
efficiency. This was, of course, the central assumption
of the phrenologists.

Whereas fMRI necessitated the development of so-
phisticated image analysis techniques to co-register
and identify changes in signal intensity between base-
line and activation images, testing the central assump-
tion of the phrenologists only depends on the develop-
ment of appropriate sampling techniques for unbiased
and efficient volume estimation. In this paper, we use
the Cavalieri method of modern design stereology for
this purpose. Structure volume is estimated without
bias as the sum of the area of the transects through
the structure on consecutive systematic sections multi-
plied by the distance between sections. Generally, no
more than 5–10 sections need to be analysed to achieve
a Coefficient of Error (CE) of 5% on the Cavalieri
estimate of volume (see [31, 33]).

Several studies have attempted to examine the cen-
tral assumption that underlies the neophrenological ap-
proach considered here by relating the level of func-
tions such as intelligence, musical ability and memory
performance in groups of healthy subjects to the vol-
ume of the cerebral hemispheres and to the volume of
specific structures within them. None of these studies
employed stereological methods. Willerman et al. [42]
studied a group of undergraduate students and reported
that IQ score was proportional to total brain volume in
males. Somewhat similar results have been reported
by Andreasen et al. [3], who found correlations be-
tween intelligence and not only whole brain volume,
but also the volume of several specific structures, such
as the hippocampus. It is unclear whether the correla-
tions with specific structures would have disappeared
if whole brain volume (or hemisphere volume) had
been partialled out. Schlaug et al. [36] have investi-
gated the possibility of a correlation between subjects’
musical ability and the size of their planums temporale
(which includes the auditory association cortex and
hence should be concerned with the processing of mu-
sic and language). The planum temporale was larger
on the left in those with perfect pitch suggesting that
an ability to interpret music as a language, rather than a
propensity for handling non-verbal material, underlies
this ability.
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The medial temporal lobes have been implicated as
important for memory since it was observed that the
temporal lobe epileptic, H.M., became amnesic after
a bilateral temporal lobectomy [37], but the roles of
specific structures within this region remain a source
of contention. Early observations using animals sug-
gested that the hippocampus and amygdala were of
primary importance since lesions that included both
caused more profound amnesia than lesions that in-
cluded either individually [28]. However, these le-
sions also included the surrounding perirhinal and
parahippocampal cortices [44], damage to which was
subsequently shown to cause severe memory impair-
ments [8]. The hippocampus certainly seems to be
involved with explicit memory in humans as is im-
plied by the positive correlation between its volume
and memory performance, which has been found in
several studies of patient groups in whom this struc-
ture is likely to be damaged. These groups include
schizophrenics [29], patients with Alzheimer’s dis-
ease [12, 14, 22] and patients with temporal lobe
epilepsy [24, 35].

Recent studies also suggest that although amygdala
lesions do not contribute to global amnesia, they may
impair non-verbal visual recall and recognition, and,
in particular, the recognition of faces and facial infor-
mation processing [1, 41]. Unfamiliar faces are dif-
ficult to verbalise and are therefore considered to be
non-verbal stimuli. Memories of them are likely to
be mediated via right temporal lobe structures. How-
ever, Young et al. [41] reported a patient in whom MRI
revealed focal atrophy of the amygdala with a more
marked reduction on the left side than the right. This
patient had impaired FRM as well as poor ability to
read emotions from facial expressions. It would seem
that the amygdala is bilaterally concerned with visual
explicit memory.

In a PET study of the brain activation produced
by different face processing tasks, Sergent et al. [38]
compared a gender judgement task with a face iden-
tity judgement task. The identity task produced acti-
vation anterior to that produced by the gender judge-
ment task. This activity was found in structures in
both hemispheres such as the fusiform gyrus and tem-
poral pole, but was stronger in the right hemisphere.
The greatest level of activation was found in the right
parahippocampal gyrus with no activation being de-
tected in the left parahippocampal gyrus. Sabbah et
al. [34] have replicated the study of Sergent and her
colleagues using fMRI and found essentially the same
results except that right hippocampal activation was

also produced. Another PET study [17], which explic-
itly examined the encoding and retrieval of face stim-
uli, also found that the right hippocampus as well as the
right parahippocampal cortex was activated, but only
during encoding of face stimuli. These PET and fMRI
studies in conjunction with lesion studies, therefore,
suggest that FRM may depend on activity in the right
parahippocampal gyrus and the amygdala bilaterally.
There are, however, inconsistencies between the PET
studies and the lesion studies regarding the extent to
which the right hippocampus is involved in face recog-
nition. It was intended that the study reported here
would cast further light on this issue.

2. Method

2.1. Subjects

The study was run in two stages that were a year
apart, each of which had three phases. Each stage in-
cluded 100 healthy male undergraduates between the
ages of 18 and 25 (mean  21 � 7). In phase one of
both stages, preliminary memory tests were given in
order to select the subjects with best and worst FRM.
In phase two of both stages, which was given one to
two months later, further tests were given to the se-
lected extreme scoring subjects for several reasons,
one of which was to see how consistent their FRM
performance was across time. Finally, in phase three
which was given around the time of phase two, the
selected extreme scorers on FRM were given an MRI
scan. There were some differences in the tests given in
the two stages (designed to reduce the ceiling effects
found in stage 1) so they will be described and anal-
ysed separately. The handedness of the subjects who
were selected for MRI scanning was ascertained us-
ing the Edinburgh Handedness Inventory (EHI) (short
form) which is a 10 item questionnaire giving a later-
ality quotient percentage from � 100 (left handed) to�

100 (right handed). Twenty-six of the 29 scanned
subjects completed the questionnaire. Four scored in
the negative range indicating left handedness.

2.2. Materials

In phase one of stage one, the face version of
the Warrington Recognition Memory Test (RMT) was
used. This is a two-choice forced-choice face recogni-
tion test. However, the good subjects scored too near
to ceiling levels on this 50 item forced choice test so
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for phase two a 100 item FRM test was used. This was
constructed from the faces of undergraduate students
(FRM Test A). This test was also used in phase one
of stage two. In phase two of stage two, a second
100 item FRM test (FRM Test B) was used. This test
was constructed from the faces of actors and actresses
who were judged likely to be unknown to the general
public. Both FRM Test A and FRM Test B were con-
structed from close-up, full face, black and white pho-
tographs of males and females. In each test pair, the
face of the foil was matched to the target in gender, age
and broadly in terms of features. The study faces were
mounted on individual cards and the test faces were
mounted in pairs on cards with the right/left position
of targets being counterbalanced.

Subjects in stage one, phase one were also given
the word version of the RMT (50 items) and those
in stage two, phase one were given a 150 item two-
choice forced choice word recognition test. This test
comprised common, concrete target and foil words,
and like the face recognition tests, study words were
mounted on individual cards and test cards each con-
tained a target and a foil word with target right/left po-
sition being counterbalanced. The test was developed
because it was clear from the results of stage one that
the subjects were scoring at ceiling levels on the word
version of the RMT. It was also found that even with
a 100 item test, subjects were still performing around
ceiling levels, which was the reason why 150 items
were used.

Subjects in phase one of both stages were also given
a 24 item three-choice forced choice recognition test
for random visual patterns. This is referred to as the
wallpaper pattern test as the test materials are black
and white versions of wallpaper patterns. Test order
in all these tests was fixed and different from the study
presentation order.

In phase two of both stages, the Benton Face Pro-
cessing Test [6] was given in order to assess subjects
ability to process face material. This test requires sub-
jects to decide whether different face views are of the
same or different people. The Gestalt Picture Frag-
ment Test was also given in phase two of both stages in
order to assess the ability to interpret visual materials.
This test requires subjects to identify familiar objects
from incomplete pictures.

2.3. Neuropsychology procedure

In stage one, phase one, 100 male undergraduates
were selected on the basis of being in their 20s, having

no history of head injury or illness that could have
caused brain damage, and willingness to undergo an
MRI scan if asked to do so. Each subject was tested
in a quiet room on the word and face tests from the
RMT and on the wallpaper recognition test. With
all tests there was no delay between study and test,
and exposure during the study phase to each item was
three seconds. Scores on the face version of the RMT
were used to select the best and worst subjects on
face recognition memory for phase two, which was
run about two months later immediately before phase
three. Six subjects were selected for this phase on the
basis of having scored 34 or less on the face version
of the RMT and nine subjects were selected on the
basis of scoring 49 or more. These subjects were
then given FRM Test A, the Benton Face Processing
Test and the Gestalt Picture Fragment Test. The study
time was three seconds per item and the delay between
the end of the study phase and the test phase was
15 minutes. Five subjects with poor face recognition
memory and six with good face recognition memory
were scanned in phase three. The other four subjects
were unfortunately unavailable for scanning in the time
available.

In stage two, phase one, 100 male undergraduates
were selected according to the same criteria as in stage
one. Subjects were tested individually in a quiet room
on the 150 word recognition test with study exposures
of one second per word, FRM Test A with study ex-
posures of three seconds per face, and the wallpaper
recognition test with study exposures of 1.5 seconds
per pattern. There was a delay of about 15 minutes
between the end of each study phase and the begin-
ning of testing. Thirty six subjects were selected for
phase two, which was begun about two months later,
on the basis of having the best and worst scores on the
FRM test. More subjects were included in phase two
because we wished to use stricter selection criteria for
phase three than was possible in stage one. In phase
two, the selected subjects were given FRM Test B, the
Benton Face Processing Test, and the Gestalt Picture
Fragment Test. There was a filled delay of 30 minutes
between the end of the study phase and the beginning
of the test phase of the face recognition test. Nine low
scoring and 11 high scoring subjects in this test were
selected for the third phase on the basis of their having
similar scores on the Benton and Gestalt tests so that
it could reasonably be argued that the high level visual
processing abilities of the good and poor face recog-
nizers were matched. Two of the 20 MRI scans from
phase three were not usable because they were severely
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degraded due to subject movement. This meant that
there was a total of 29 usable scans from both stages
of the study.

2.4. MR image acquisition and analysis procedure

The brains of the twenty-nine subjects from both
stages of the experiment, who had been selected to
have similar face (and high level visual stimulus) pro-
cessing ability and yet differing face recognition mem-
ory, were imaged using a 1.5T SIGNA whole body MR
imaging system (General Electric, Milwaukee, USA).
One hundred and twenty four coronal T1-weighted im-
ages were obtained using a 3D spoiled gradient echo
(SPGR) pulse sequence (TR of 34 ms, TE of 9 ms and
flip angle of 45 � ). The two, as opposed to one, NEX
acquisition, which took 27 minutes and 52 seconds,
gave increased contrast between the grey and white
matter, and therefore more ready definition of struc-
ture boundaries. The Field of View (FOV) of the im-
ages was 20 cm, and each image refers to a contiguous
section of tissue of 1.6 mm thickness. The MR images
showed no evidence of movement or chemical shift
artefacts, and partial voluming effects were minimal.

The acquired images were transferred to ANALYZE
(MAYO Foundation, Minnesota, USA) software run-
ning on a SPARC 10 workstation (SUN Microsystems,
CA, USA). The 256 � 256 � 124 acquired voxels of
side 0 � 78 mm � 0 � 78 mm � 1 � 6 mm were linearly in-
terpolated to 256 � 256 � 254 cubic voxels of side
0.78 mm. The left and right hippocampus, parahip-
pocampal gyrus, amygdala and temporal pole are op-
timally visualised and their volumes best measured
on image sections oriented perpendicular to the long
axis of the hippocampus [4, 23]. These sections were
conveniently obtained by reformatting oblique sec-
tions through the cubic voxel data within ANALYZE
(MAYO Foundation, Minnesota, USA) software. The
four main steps of the reformatting procedure are il-
lustrated in Fig. 1. Firstly, the images were reformat-
ted sagitally and the image in which the long axis of
the left hippocampus was most clearly visualised se-
lected (Fig. 1a). A line was drawn perpendicular to
the long axis of the hippocampus and the entire data
set reformatted so that the brain was exhaustively sec-
tioned parallel to this direction. Next, the direction of
reformatting was adjusted (Fig. 1b) slightly so that the
brain appeared symmetrical on the reformatted sec-
tions (Fig. 1c). The resulting 0.78 mmthick contigu-
ous coronal sections lie approximately perpendicular
to the mean direction of the right and left temporal

lobe structures. This was also a convenient sectioning
direction for measurement of right and left cerebral
hemisphere volume and the volume of the lateral ven-
tricles, and a suitable sectioning direction for estimat-
ing the volume of the caudate nucleus, which served
as a control structure not thought to play a critical role
in memory processes.

The procedures for identifying the boundaries of
structures on the reformatted MR images were estab-
lished by a neuroanatomist (DM) and through the use
of a neuroanatomy atlas [30]. The SPGR sequence
provides optimum contrast between tissues on the basis
of the value of their T1 relaxation times. The shorter
the T1 the higher the signal intensity so that white mat-
ter appears brighter than grey matter, and CSF appears
black. The structure definitions used are given below
and an illustration of the application of the stereolog-
ical point counting technique to sections through the
hippocampus, parahippocampal gyrus, amygdala and
caudate nucleus is illustrated in Fig. 2.

hippocampus – anteriorly the boundary was the first
slice on which the hippocampus could be differ-
entiated from the amygdala by visualisation of the
alveus and/or CSF between the structures. The pos-
terior boundary is reached when the lateral ventri-
cles divide into the frontal and temporal horns.

parahippocampal gyrus – this is the first gyrus infe-
rior to the hippocampus bounded by an imaginary
line drawn between the temporal horn and the end
of the sulcus. The posterior and anterior limits were
identical for those used for the hippocampus.

amygdala – anteriorly measurement stopped at the
last section on which its boundary could be clearly
identified in respect of the adjacent white matter
of the temporal lobe. The amygdala lies anterior
and superior to the neighbouring hippocampus, sep-
arated by the alveus and typically additionally by
a region of CSF superior to the alveus on the most
posterior sections containing both structures. The
posterior limit was the last slice on which the grey
matter superior to the hippocampus can be distin-
guished.

caudate nucleus – the head of this grey matter struc-
ture lying proximal to the left ventricle is clearly
visualised along its length within surrounding white
matter on the T1-weighted images.

temporal pole – the posterior boundary was the slice
marking the anterior limit of the temporal pedicle.

temporal lobe – as for the hippocampus, the posterior
boundary of the temporal lobe is reached when the
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Fig. 1. For optimum visualisation of the structures of the medial temporal lobe the acquired images were reformatted perpendicular to the long
axis of the hippocampus. The procedure involved (top-left) drawing a line along the long axis of the hippocampus from a sagittal slice on which
this is clearly visible and (top-right) making adjustments so as to render the data symmetrical using an axial slice. A resulting coronal slice after
reorientation is shown in (bottom-left), and (bottom-right) shows a 3-dimensional rendering of the brain with the plane of reorientation shown.

lateral ventricles divide into the frontal and temporal
horns.

lateral ventricles – the cerebral ventricular system is
well delineated as regions of very low signal inten-
sity on T1-weighted images.

cerebral hemispheres – not including the cerebellum,
were separated from the brain stem at the superior
limit of the pons.

An unbiased estimate of the volume of a structure
of arbitrary shape and size may be obtained efficiently
and with known precision using the Cavalieri method
of modern design stereology. The method requires
that the structure is sectioned from end to end with a
series of parallel planes a constant distance apart. Pro-
vided that the position of the first section is random
within the sectioning interval an unbiased estimate of
volume is obtained by multiplying the total area of the
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Fig. 2. MR images reformatted perpendicular to the long axis of the hippocampus (see Fig. 1) overlain by test system to illustrate estimation
of the section areas of the hippocampus, parahippocampal gyrus, caudate, and amygdala by point counting. Points overlying the structure of
interest have been removed.

transects through the structure on all the sections by
the sectioning interval. If the section areas cannot be
properly segmented and measured automatically, then
the semi-automatic approach based on manual trac-
ing of the transect boundaries on the digital images
should never be adopted. Interactive point counting
techniques represent a more reliable and efficient ap-
proach. In the present study point counting was carried
out via stereology menus within ANALYZE (MAYO
Foundation, Minnesota, USA) software.

Structure volume may be estimated either from a
series of images as originally acquired or else, when a
high resolution 3D data set is available, from images
reformatted along an axis defined retrospectively. The
later approach, which was used in the present study,
offers the convenience of enabling one to define the
sectioning direction on a structure by structure basis
and may be especially convenient when an anatomical
boundary cannot be clearly defined for the entire struc-
ture on the MR images. This applies to the temporal
pole, for example.

The precision of a volume estimate obtained using
the Cavalieri method may be measured by its Coeffi-
cient of Error (CE) or ‘relative standard error’. Sys-
tematic sampling, whereby there is a constant interval
between sections, is a more efficient sampling strategy
than random sampling by a factor equal to the square
root of the number of sections; for example, only ten
systematic sections are required to give the same pre-
cision as 100 random sections. However, prediction
of the CE for systematic sections is not straightfor-
ward. The transect areas on successive sections are not
independent quantities and so conventional statistical
formulae cannot be applied. A formula for predicting
the CE, which involves assessment of the correlational
structure of the data, was first developed by Gundersen
and Jensen [18], based on the theory of Matheron [26].
More recently, Cruz-Orive [11] has developed a for-
mula to take full account of the situation where the
section areas have been estimated by point counting
rather than measured exactly and it is this approach
that has been used in the present study. Inter-rate re-
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liability was addressed by two observers. Intra-class
correlation coefficients for the hippocampus, parahip-
pocampal gyrus, amygdala, caudate nucleus, temporal
lobe, lateral ventricle and whole cerebral hemisphere
are 0.97, 0.98, 0.99, 0.84, 0.96, 1.0 and 0.94 when
each observer obtained measurements using the same
image sections and grid positions, and 0.91, 0.91, 0.91,
0.84, 0.91, 0.97 and 0.87 when each observer obtained
measurements from a different systematic random se-
ries of sections and with a new random throw of the
test system.

Besides knowing the volume of a structure and its
predicted uncertainty for an individual it is also of in-
terest to consider the variation in structure volumes be-
tween individuals. Gundersen and Osterby [19] have
shown that the square of the Coefficient of Variation
(CV) on the estimate of mean volume for a group of
subjects is equal to the square of the inherent bio-
logical CV in the volume of the structure among the
group members plus the mean of the squares of the pre-
dicted CE’s on the individual volume estimates. Con-
sequently, since the former quantity is measured and
the CE’s on the individual estimates could be predicted,
the inherent biological variation in the volumes of the
right and left hemisphere brain structures could be de-
termined for the 29 subjects analysed in the present
study.

3. Results

We will report the results in two steps. First, we will
consider the MRI data that relate to the degree of indi-
vidual variability in structure volumes and whether the
volumes of specific structures, such as the hippocam-
pus, correlate with each other and with the volume of
the whole hemisphere. The data from all 29 subjects
are considered together for this analysis. Second, we
will report the relationship between the neuropsycho-
logical measures and the volume measures.

The volumetric data for the 29 subjects are shown
in Table 1. For each subject it took about one hour
to obtain unbiased estimates of the volumes of all the
listed structures with predicted CE’s of between 3 and
6%. We wished to compare the biological variability
of the estimated structure volumes in order to assess
to what extent this differed across structures. In order
to do this it was necessary to do two things. First, one
must express the variability in volume as a proportion
of the mean. Second, one must separate the biological
variability from the total variability by eliminating the

component due to sampling error on the individual vol-
ume estimates. Both these aims are achieved using the
approach described by Gundersen and Osterby [19].
The results obtained are shown in Table 2. These data
indicate that there was considerable variability in the
volumes of the structures that were measured in or-
der to test our neuropsychological hypotheses. The
ventricular volumes were the most variable, and the
hemisphere and temporal lobe volumes were the least
variable. This has clinical relevance since it supports
the view that there is great variability in the ventricular
volumes of normal subjects, which justifies the reluc-
tance of clinicians to interpret the observation of large
ventricular volumes in a patient as a definitive marker
for pathology. All other structures varied to a similar
degree and only slightly more than the hemispheres.
There was also a weak indication that the hippocampal
volumes varied more on the right than the left, whereas
all other structures varied slightly more on the left.
This may relate to the fact that we chose this popu-
lation on the basis of varied face recognition mem-
ory (which may be more right hemisphere related) but
limited variability in verbal memory and processing
ability (which may be more left hemisphere related).
The data indicate that there is adequate variability in
the volumes of structures of interest in order for our
study to provide a fair test of the neuropsychological
hypotheses about face recognition memory outlined in
the Introduction.

There was no significant difference in the mean
volumes of the hippocampus, parahippocampal gyrus,
amygdala, caudate nucleus, temporal pole and tempo-
ral lobe on the right and left sides of the brain. How-
ever, the observation that the left hemisphere was on
average 2.7% greater than the right was significant
(�� 2 � 46, �� 0 � 017). Fig. 3 shows the relation-
ship between the volumes of all the individual struc-
tures and the cerebral hemispheres computed sepa-
rately for the right and left sides of the brain. Pear-
son’s product moment correlation coefficient was cal-
culated to test the significance of each correlation.
The volumes of both the right and left parahippocam-
pal gyrus, temporal pole and temporal lobe corre-
lated significantly with the volume of the correspond-
ing hemisphere (��� 0 � 05). The volume of the hip-
pocampus also tended to correlate with hemisphere
volume. This was significant for the left hippocampus
(�� 0 � 019) whereas there was only a tendency for
the right hippocampus to correlate with hemisphere
volume (�� 0 � 110). The volumes of the amygdala,
the caudate nucleus and the lateral ventricle were not
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Table 1
Estimated volumes (ml) of the hippocampus, parahippocampal gyrus, amygdala, temporal pole, temporal lobe, lateral ventricles, and caudate
nucleus in the left and right cerebral hemispheres together with hemisphere volume for the 29 male subjects �

Subject Hippocampus Parahippocampal gyrus Amygdala Temporal pole

L R L R L R L R

01 2.8 (3.1) 3.2 (3.5) 3.7 (6.8) 3.6 (6.0) 2.6 (4.3) 2.9 (3.7) 20.2 (6.4) 16.9 (8.8)
02 2.9 (3.6) 3.1 (3.4) 2.5 (8.0) 2.4 (7.6) 2.1 (5.2) 2.0 (5.4) 18.9 (7.1) 21.5 (6.9)
03 2.6 (3.3) 2.4 (3.3) 2.9 (8.5) 2.9 (7.6) 2.5 (4.0) 2.6 (3.6) 24.9 (5.5) 20.6 (5.8)
04 2.9 (3.0) 3.0 (2.9) 3.0 (7.0) 3.5 (7.0) 2.5 (3.3) 2.4 (3.2) 20.2 (6.2) 21.1 (6.2)
05 1.9 (4.9) 2.2 (5.1) 4.2 (7.0) 3.6 (7.9) 2.5 (4.0) 2.7 (3.2) 22.5 (6.7) 26.7 (6.3)
06 2.7 (4.4) 3.2 (3.2) 3.4 (6.4) 3.7 (6.5) 2.4 (4.0) 2.5 (4.0) 21.1 (5.8) 18.7 (7.4)
07 3.1 (3.5) 3.5 (2.6) 3.1 (6.2) 3.1 (5.9) 2.3 (3.5) 2.6 (3.4) 20.9 (6.0) 22.7 (6.4)
08 2.2 (4.6) 2.0 (5.4) 2.7 (7.8) 2.9 (8.9) 2.3 (4.0) 2.4 (4.3) 16.8 (6.9) 11.2 (9.4)
09 2.1 (4.2) 2.8 (3.8) 2.5 (7.5) 2.6 (7.5) 3.2 (3.3) 3.5 (3.2) 18.7 (6.3) 20.0 (5.4)
10 2.2 (4.0) 2.5 (3.3) 3.9 (4.4) 4.0 (5.4) 2.8 (2.9) 2.6 (2.5) 22.1 (6.5) 23.4 (5.9)
11 3.0 (4.2) 3.0 (2.8) 2.4 (8.5) 2.9 (6.8) 3.0 (2.7) 2.8 (3.4) 16.8 (7.6) 17.0 (7.5)
12 2.1 (5.2) 2.5 (2.9) 3.3 (6.6) 2.9 (7.6) 2.7 (3.8) 2.6 (4.6) 16.2 (7.1) 16.8 (6.2)
13 2.9 (3.9) 3.3 (3.1) 2.8 (7.1) 3.0 (8.0) 2.7 (2.7) 2.3 (3.2) 22.5 (6.2) 18.1 (7.0)
14 3.0 (3.2) 2.7 (3.6) 2.8 (5.9) 3.6 (5.2) 2.7 (4.0) 2.8 (4.6) 23.6 (5.9) 22.1 (6.1)
15 2.4 (5.0) 3.1 (3.3) 3.3 (6.8) 3.4 (6.2) 2.3 (3.0) 2.3 (3.5) 22.1 (5.4) 20.9 (6.6)
16 2.4 (4.4) 2.3 (5.2) 3.6 (8.3) 3.8 (5.9) 2.7 (5.0) 2.8 (4.0) 18.1 (6.6) 16.8 (8.0)
17 3.0 (2.6) 3.2 (2.8) 3.5 (7.0) 3.4 (7.5) 2.1 (3.6) 2.3 (4.4) 18.5 (6.7) 17.1 (6.5)
18 2.5 (3.1) 2.8 (3.7) 3.0 (7.8) 2.9 (9.4) 2.2 (5.1) 2.3 (4.6) 21.5 (6.5) 23.2 (5.6)
19 2.6 (3.9) 2.8 (3.7) 3.9 (7.4) 3.3 (6.0) 2.9 (3.6) 3.0 (3.5) 19.8 (6.5) 21.0 (6.0)
20 3.1 (3.1) 3.1 (3.5) 4.0 (7.2) 3.6 (6.3) 2.2 (4.0) 2.6 (2.9) 19.8 (6.5) 20.2 (6.4)
21 2.4 (3.9) 2.7 (2.6) 2.4 (7.4) 1.9 (9.8) 2.7 (3.6) 2.4 (3.5) 17.1 (6.9) 18.1 (7.1)
22 2.6 (3.5) 2.7 (4.4) 3.0 (6.9) 3.1 (7.8) 2.0 (3.3) 2.3 (4.4) 16.6 (7.8) 13.2 (6.7)
23 2.4 (3.6) 2.4 (3.7) 3.0 (7.4) 3.4 (6.5) 3.1 (2.5) 3.1 (3.6) 22.1 (5.7) 20.0 (6.1)
24 2.8 (4.7) 2.7 (3.8) 2.5 (7.3) 2.6 (7.3) 2.3 (3.9) 2.7 (3.3) 17.3 (6.3) 21.6 (6.1)
25 2.2 (4.8) 2.5 (3.8) 3.7 (6.3) 4.2 (6.8) 2.4 (4.1) 2.6 (3.7) 21.3 (6.2) 19.0 (7.1)
26 2.5 (3.7) 2.6 (3.5) 3.9 (6.3) 3.7 (6.9) 2.5 (3.7) 2.7 (3.7) 24.4 (4.5) 24.6 (5.4)
27 2.8 (3.8) 2.9 (2.9) 3.5 (6.3) 2.8 (7.8) 3.0 (2.7) 2.8 (4.2) 17.9 (6.8) 16.6 (7.0)
28 2.5 (3.3) 2.3 (3.6) 3.9 (5.8) 3.5 (4.9) 2.5 (3.6) 2.6 (3.8) 20.2 (6.0) 23.2 (6.6)
29 3.3 (3.2) 3.7 (3.4) 3.5 (9.7) 3.3 (7.2) 3.1 (2.8) 2.9 (3.1) 23.0 (5.9) 21.7 (5.7)

max 3.32 3.74 4.23 4.15 3.22 3.54 24.95 26.70
min 1.94 2.02 2.42 1.88 2.00 1.98 16.19 11.23

mean 2.62 2.72 3.24 3.23 2.55 2.62 20.17 20.00
SD 0.35 0.41 0.53 0.50 0.33 0.30 2.49 3.09

� The percentage predicted CE’s are shown in parentheses, and the maximum, minimum and mean volumes of each structure are also
presented. (continued)

significantly correlated with the volume of the hemi-
sphere. The volumes of the individual structures on
the right and left sides of the brain were highly cor-
related (��� 0 � 0002 for all comparisons). The corre-
lations between the volumes of the structures of the
medial temporal lobes were also investigated. These
data are summarised in Table 3. The volume of the
right hippocampus is significantly correlated with the
volume of the right temporal lobe (�� 0 � 018) which
is significantly correlated with the volume of the right
temporal pole (�� 0 � 014). There is no evidence that
any of the above correlations were influenced by sub-
jects’ handedness because their handedness quotient
did not correlate with any of the structure volumes (all
comparisons: � � 0 � 1).

The neuropsychological data obtained from stages

1 and 2 of this study are presented in Table 4. Since
the tests that were administered in the two stages of the
study differed slightly, the results will be considered
separately for stages 1 and 2.

3.1. Stage 1

The means and standard deviations of the results of
the RMT 50 faces and 50 words recognition memory
tests and the 24 item pattern recognition test, given in
phase 1 of stage 1, are presented in Table 4. The values
presented in the table refer to the eleven subjects who
went on to complete the three phases of stage 1. There
was a ceiling affect in the 50 words test, and a less
obvious one in the 50 faces test. Pearson’s product
moment correlation was used to test for evidence of
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Table 1 (continued)

Subject Temporal lobe Caudate nucleus Lateral ventricles Whole hemisphere

L R L R L R L R

01 85.8 (3.4) 80.9 (3.2) 5.9 (8.2) 5.5 (7.1) 6.8 (3.9) 11.3 (2.6) 597.9 (3.6) 556.1 (3.9)
02 87.6 (4.1) 66.6 (3.4) 3.5 (7.2) 3.7 (7.3) 25.5 (1.4) 17.6 (1.9) 632.2 (3.4) 571.3 (3.4)
03 68.3 (4.3) 72.3 (4.1) 5.0 (6.9) 5.1 (9.0) 6.6 (3.5) 5.9 (3.9) 613.1 (3.5) 575.1 (3.3)
04 84.6 (3.5) 83.5 (3.5) 4.7 (5.4) 4.6 (6.1) 6.7 (3.6) 4.8 (4.7) 594.1 (3.3) 552.2 (3.3)
05 88.9 (3.0) 80.0 (2.9) 5.1 (6.6) 5.0 (5.2) 6.3 (4.2) 7.6 (3.8) 719.8 (3.0) 700.8 (3.1)
06 88.6 (2.8) 85.8 (3.3) 4.1 (7.1) 4.1 (8.6) 5.3 (4.5) 5.8 (3.8) 624.6 (3.6) 582.7 (3.3)
07 89.2 (3.5) 85.5 (3.4) 4.4 (6.2) 4.6 (6.0) 8.2 (3.1) 5.5 (4.7) 655.1 (3.4) 601.8 (3.4)
08 69.4 (4.3) 68.3 (4.3) 4.5 (9.9) 4.7 (7.8) 13.9 (2.6) 9.8 (3.5) 552.2 (3.5) 487.5 (4.1)
09 95.5 (4.2) 82.0 (3.5) 5.0 (7.1) 5.2 (7.4) 4.0 (5.3) 4.1 (6.6) 457.0 (4.4) 441.8 (4.2)
10 76.0 (3.5) 80.6 (3.5) 5.7 (5.6) 6.0 (7.5) 7.8 (3.5) 7.3 (4.6) 605.6 (3.8) 586.5 (3.4)
11 86.1 (3.7) 84.6 (3.5) 5.4 (6.9) 5.2 (7.9) 8.3 (3.3) 7.6 (3.4) 529.4 (3.9) 514.5 (3.5)
12 68.9 (3.6) 71.4 (4.5) 3.8 (9.6) 4.0 (8.2) 5.8 (4.5) 11.3 (2.8) 529.4 (3.6) 529.4 (3.5)
13 77.5 (3.8) 74.6 (4.0) 4.6 (9.3) 4.5 (6.5) 6.9 (3.9) 6.7 (3.7) 601.8 (3.5) 586.5 (3.4)
14 87.8 (3.8) 80.3 (3.6) 5.1 (7.2) 4.8 (6.0) 5.7 (4.1) 7.5 (3.7) 647.5 (3.3) 590.3 (3.2)
15 82.6 (3.2) 82.9 (3.5) 4.1 (6.1) 4.5 (7.9) 5.1 (5.2) 6.3 (6.7) 556.1 (4.1) 533.2 (3.9)
16 77.7 (3.3) 86.6 (3.7) 4.3 (7.9) 4.4 (7.2) 2.4 (6.6) 3.5 (7.8) 548.4 (3.5) 533.2 (3.3)
17 74.3 (3.6) 74.9 (3.4) 4.4 (7.0) 4.7 (7.9) 8.4 (3.5) 6.6 (3.4) 567.5 (3.4) 548.4 (3.4)
18 89.8 (3.1) 89.2 (3.4) 4.6 (5.5) 4.5 (5.8) 20.4 (1.6) 16.6 (2.6) 624.6 (3.7) 578.9 (3.4)
19 77.2 (3.3) 76.6 (3.7) 4.6 (6.7) 4.4 (7.6) 16.1 (2.1) 12.6 (2.6) 624.6 (3.3) 540.8 (3.4)
20 82.6 (3.5) 80.9 (3.7) 3.8 (7.7) 3.4 (6.7) 6.9 (3.5) 4.2 (4.5) 666.5 (3.4) 609.4 (3.1)
21 72.0 (3.7) 68.3 (3.6) 3.1 (8.8) 3.2 (9.4) 4.5 (5.2) 3.7 (6.8) 518.0 (3.8) 466.5 (3.7)
22 71.4 (3.4) 74.3 (3.4) 3.3 (4.9) 4.1 (6.5) 9.3 (3.2) 9.6 (2.9) 533.2 (4.2) 483.7 (3.8)
23 86.6 (3.5) 84.3 (3.4) 4.7 (7.0) 4.9 (6.5) 10.5 (3.2) 7.9 (3.3) 616.9 (3.7) 548.4 (3.4)
24 77.5 (3.4) 78.0 (3.6) 4.3 (7.3) 4.6 (7.6) 4.2 (4.7) 4.4 (5.7) 578.9 (3.7) 575.1 (3.8)
25 77.7 (3.3) 76.9 (3.7) 4.1 (8.0) 4.4 (7.0) 4.1 (4.9) 3.9 (5.3) 544.6 (4.1) 537.0 (3.7)
26 78.6 (3.3) 71.1 (3.7) 4.6 (6.8) 5.0 (7.3) 3.9 (5.6) 3.8 (4.8) 628.4 (3.4) 582.7 (3.3)
27 85.2 (3.2) 79.2 (3.4) 4.8 (8.6) 5.0 (5.7) 7.5 (3.2) 9.4 (2.8) 575.1 (3.8) 578.9 (3.4)
28 82.6 (3.6) 83.8 (3.2) 5.0 (5.0) 4.5 (6.9) 6.1 (3.5) 4.7 (5.1) 613.2 (4.1) 575.1 (3.7)
29 91.5 (3.6) 83.2 (3.1) 5.8 (5.4) 5.2 (6.5) 9.1 (3.3) 6.7 (3.4) 571.3 (3.7) 590.3 (3.7)

max 89.2 95.5 5.91 6.03 25.50 17.58 719.8 700.8
min 66.6 68.3 3.11 3.23 2.40 3.47 457.0 441.8

mean 78.9 81.4 4.57 4.64 8.15 7.47 590.6 557.2
SD 6.06 7.42 0.70 0.58 5.05 3.64 53.6 49.7

Table 2
Analysis of variance of the volumes of the brain structures for the 29 subjects in Table 1 �

Subject H’ocampus P’hip. gyrus Amygdala Temp. pole Caudate Ventricles H’sphere

L R L R L R L R L R L R L R

%CVT 17.9 20.7 16.4 15.6 22.6 21.7 15.5 12.3 15.3 12.6 63.9 50.7 9.1 8.9
IQR 25% 2.96 3.19 2.83 2.94 1.75 1.66 18.09 18.09 4.14 4.39 5.30 4.69 552.2 533.2

75% 3.74 3.89 3.63 3.56 2.42 2.37 21.71 22.09 5.00 5.00 8.40 9.39 624.6 582.7
%CE 10.8 11.6 7.2 7.1 7.4 7.6 6.4 6.7 7.2 7.2 4.0 4.5 3.6 3.5

%CVB 14.3 17.1 14.8 13.9 21.4 20.3 14.1 10.3 13.5 10.3 63.8 50.5 8.4 8.2
IQR 25% 3.03 3.12 2.91 2.92 1.79 1.77 18.24 18.60 4.15 4.32 4.61 4.90 556.9 526.1

75% 3.69 3.94 3.57 3.54 2.39 2.33 22.10 21.40 4.99 4.96 11.69 10.04 624.3 588.3

� The total Coefficient of Variation (CVT), expressed as a percentage, is the standard deviation amongst the 29 volume estimates divided by
the mean volume. This contains a contribution from the uncertainty that is due to each volume having been estimated by a procedure which
involves both sectioning and point counting (CET) together with a contribution due to the inherent biological variation among individuals
(CVB). A description of the relation between these quantities is given in the text. The 25% and 75% values for the interquartile volumes (ml)
for both the raw data IQR(CVT) and the biological variation IQR(CVB) are also shown.

any relationship between performance on the different
tests. This was computed for all 100 subjects who
completed phase 1. The only significant correlation
was between the results of the 50 faces and 24 patterns

test (!" 0 � 5, �# 0 � 0001).
The results of FRM Test A and the 100 item word

recognition test, the Benton Face Processing Test and
the Gestalt Picture Fragment Test administered in
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Table 3
Pearson’s product moment correlation for a linear regression analysis between the volumes of medial temporal lobe structures in the left and
right cerebral hemisphere for the 29 subjects in Table 1 �

Hippocampus Amygdala PHG Temporal pole

L R C L R C L R C L R C

L $ 0.079 - - - - - - - - - - -
Amygdala R - $ 0.110 - - - - - - - - - -

C - - $ 0.069 - - - - - - - - -

L 0.313 - - 0.319 - - - - - - - -
PHG R - 0.262 - - 0.330 - - - - - - -

C - - 0.301 - - 0.330 - - - - - -

L 0.283 - - 0.271 - - 0.355 - - - - -
T. pole R - 0.111 - - 0.343 - - 0.219 - - - -

C - - 0.169 - - 0.31 - - 0.280 - - -

L 0.176 - - 0.228 - - 0.221 - - 0.297 - -
T. lobe R - 0.435 - - 0.351 - - 0.263 - - 0.454 -

C - - 0.356 - - 0.304 - - 0.194 - - 0.378

� The � -values for the correlation are given in parenthesis. For 27 degrees of freedom a value of 0.311 is required for the correlation to reach
significance at the 95% confidence level and 0.431 to reach significance at the 99% confidence level. When the results from the left (L) and
right (R) are combined (C) the respective values for 56 degrees of freedom are 0.218 and 0.304.

phase 2 of stage 1 are also presented in Table 4. The
only significant correlation was between scores on the
Gestalt and Benton tests (!� 0 � 65, �% 0 � 03). The
subjects selected for MR imaging (phase 3) had a wide
variety of scores in FRM Test A, which were not re-
lated to verbal recognition ability or to non-verbal pro-
cessing ability (as indicated by scores on the Gestalt
and Benton tests).

For the eleven subjects who completed testing, the
relationship between the FRM test scores, obtained
in phase 2, and the volumes of the brain structures
measured using the MR images obtained in phase 3,
was assessed. It had been intended to use analysis of
variance since the original selection procedures were
designed to create two distinct groups on the basis of
FRM performance. However, there was some overlap
between the groups due to inconsistent performances
between the two phases of testing, and also due to cer-
tain of the subjects being unavailable for MR imaging.
Therefore, correlational statistics were employed in-
stead. The volumetric data were treated both as abso-
lute values and also as a proportion of the correspond-
ing hemisphere volume. Furthermore, the ratios of the
volumes of the structures in the right and left cerebral
hemispheres were investigated to see whether there
was any interaction between structure asymmetry and
performance in FRM Test A. The results are shown
in Table 5. There was a significant negative correla-
tion between the volume of the right amygdala and
FRM (!" 0 � 697, �# 0 � 017), such that the higher the
performance on FRM, the smaller the right amygdala.

There was a non-significant tendency for the right tem-
poral lobe to show the same pattern (!&'� 0 � 515,
�� 0 � 105) and also the left amygdala (!�(� 0 � 526,
�) 0 � 096).

3.2. Stage 2

The means and standard deviations of the results of
FRM Test A and the 150 word recognition memory
test and a 24 item pattern recognition test, given in
phase 1 of stage 2, are presented in Table 4. The val-
ues presented in the table refer to the eighteen subjects
who went on to complete the three phases of stage 2.
Calculation of Pearson’s product moment correlation
coefficient (computed for all 100 subjects who com-
pleted phase 1) revealed no significant relationships
between performance on any of the memory tests.

The means and standard deviations of the results of
FRM Test B, the Benton face processing test and the
Gestalt fragmented figures test administered in phase
2 of stage 2 are also presented in Table 4. Correlations
were also computed for the performance on the differ-
ent psychometric tests of these eighteen subjects. No
significant relationships were found between the level
of performance on any of these tests. The subjects se-
lected had a wide variety of FRM scores, which were
not related to word recognition memory ability or to
non-verbal processing ability.

MR data were obtained for eighteen subjects in
phase 3 of stage 2. The relationship between the phase
2 FRM results and the phase 3 anatomical findings was
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Fig. 3. Relationship between the volumes of the right and left (a) hippocampus, (b) amygdala, (c) parahippocampal gyrus, (d) temporal lobe,
(e) caudate nucleus and (f) lateral ventricle and the volume of the respective cerebral hemisphere.

examined for these eighteen subjects using the same
statistical methods as for stage 1. The results are pre-
sented in Table 6. No significant correlations were
found between performance in FRM Test B and either
the absolute volumes or the proportional volumes of
the measured brain structures. There was, however,
a significant correlation between the ratio of the left
to the right temporal pole volume and FRM perfor-
mance. This indicates that the smaller a subjects’ right
temporal pole was relative to their left temporal pole,

the better their FRM. No other correlations between
left/right ratios of structural volumes and FRM test
performance were significant.

One of the problems with subject selection, as al-
ready mentioned, was the inconsistency of some of
the subjects’ scores between phase 1 and 2 of testing.
We, therefore, tested the possibility of a relationship
between FRM and structural volume in the subjects
with the most consistent scores across the two phases.
From the entire sample of 29 subjects, taken from both
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Table 4
Results of the 50 faces, 50 words, 24 patterns, 100 faces, Benton and Gestalt psychometric tests given to the eleven subjects in stage 1 and
eighteen subjects in stage 2 �

Subjects 50 faces 50 words 24 patterns FRM Test A Benton Gestalt 100 words EHI
(stage 1)

01 * 50 50 23 99 49 19 100 100
02 50 50 22 89 43 18 97 65
03 49 48 20 84 50 18 99 $ 57
04 * 49 49 19 98 50 18 99 87
05 49 50 23 91 52 19 84 100
06 * 49 49 23 99 52 19 99 82
07 + 29 40 14 59 50 16 96 $ 20
08 30 50 14 82 41 7 97 67
09 32 49 16 89 41 14 99 100
10 33 47 16 74 49 12 95 53
11 + 34 48 17 72 50 19 93 85

mean 41.3 48.2 18.8 85.1 47.9 16.3 96.2
SD 9.4 2.9 3.6 12.7 4.2 3.8 4.6

Subjects FRM Test A 150 words 24 patterns FRM Test B Benton Gestalt EHI
(stage 2)

12 * 95 128 18 92 50 9 NA
13 * 92 130 11 94 49 6 100
14 97 135 22 90 47 12 $ 60
15 93 122 18 89 47 13 100
16 86 125 18 94 50 12 100
17 91 144 21 98 50 14 $ 90
18 92 143 20 88 49 11 87
19 84 15 91 50 15 NA
20 82 14 86 50 16 67
21 87 21 82 50 16 87
22 89 115 14 78 49 19 100
23 + 72 128 14 67 49 14 43
24 + 71 136 16 63 45 14 60
25 75 136 20 81 42 13 94
26 69 135 23 82 50 17 NA
27 58 15 77 52 15 41
28 + 63 15 70 45 8 85
29 64 121 20 92 � � 100

mean 81.1 130.6 17.5 84.1 48.5 13.2
SD 12.3 8.6 3.4 9.9 2.5 3.3

� The subjects in stage 2 additionally received a 150 words test. Subjects with consistently high FRM scores are denoted by * and those
with consistently low scores by + .

stages of the study, the five most consistently high and
the five most consistently low scorers on the FRM test
were selected. Degree of consistency was measured
as the difference in face recognition test scores be-
tween phase 1 and phase 2 (to make the comparison
between the two stages equivalent, scores on the face
RMT test from phase 1 of stage 1 were doubled). The
five most consistent high and the five most consistent
low scorers were then selected. As Table 4 shows, five
subjects were selected from each stage of the experi-
ment. T-tests were used to determine whether struc-
tural volumes differed between the consistently high
and low scoring groups. The only significant group
differences were found with the amygdala. The right

amygdala was significantly smaller in the high per-
formance group compared with the low performance
group (�, 2 � 77, �# 0 � 025).

4. Discussion

This study applied the Cavalieri method of mod-
ern design stereology to high resolution MR images in
order to determine the volumes of the cerebral hemi-
spheres and a range of brain structures. The MR imag-
ing was conducted in 29 healthy young males with
no history of brain damage, who had undergone a
non-verbal memory battery. This study was hypoth-
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Table 5
Pearson’s product moment correlation coefficient for linear regres-
sion analysis of FRM scores against the absolute volume of the
hippocampus, amygdala, parahippocampal gyrus, caudate nucleus,
temporal pole, lateral ventricles and cerebral hemisphere for the
eleven subjects in stage 1 �

Absolute Volumes as Ratio of left
volumes a proportion to right

of h’sphere
volumes
structure

left right left right

Hippocampus 0.07 $ 0.12 $ 0.14 0.07 $ 0.34
P’hipp. gyrus 0.19 0.19 0.24 0.24 $ 0.08
Amygdala $ 0.70 -.$ 0.53 $ 0.63 -/$ 0.49 0.13
Caudate $ 0.06 $ 0.24 $ 0.05 $ 0.15 $ 0.31
Temp. Pole 0.08 $ 0.08 0.10 $ 0.07 $ 0.15
Temp. Lobe $ 0.52 $ 0.26 $ 0.37 $ 0.26 0.20
Ventricles $ 0.07 0.14 $ 0.08 0.13 0.50
Hemisphere 0.01 $ 0.00 $ 0.06

� Results are also presented for the volume as a proportion of
same hemisphere volume and for the ratio of left:right hemisphere
volume for each of the structures.
- Significance at the 95% confidence level with 9 degrees of

freedom requires a correlation coefficient of 0.62.

Table 6
Pearson’s product moment correlation coefficient for linear regres-
sion analysis of FRM scores against the absolute volume of the
hippocampus, amygdala, parahippocampal gyrus, caudate nucleus,
temporal pole, lateral ventricles and cerebral hemisphere for the
eighteen subjects in stage 2 �

Absolute Volumes as Ratio of left
volumes a proportion to right

of h’sphere
volumes
structure

left right left right

Hippocampus $ 0.03 0.04 0.09 $ 0.06 0.12
P’hipp. gyrus 0.20 0.20 0.25 0.19 0.00
Amygdala 0.09 $ 0.09 0.08 $ 0.03 $ 0.27
Caudate 0.05 $ 0.03 0.11 $ 0.05 $ 0.14
Temp. Pole 0.14 $ 0.28 0.22 $ 0.33 $ 0.52 -
Temp. Lobe 0.06 $ 0.10 0.04 $ 0.05 $ 0.22
Ventricles 0.12 0.20 0.13 0.19 0.22
Hemisphere $ 0.06 0.02 0.13

� Results are also presented for the volume as a proportion of
same hemisphere volume and for the ratio of left:right hemisphere
volume for each of the structures.
- Significance at the 95% confidence level with 16 degrees of

freedom requires a correlation coefficient of 0.40.

esis driven. We sought to test whether FRM is bet-
ter in healthy young subjects in whom the parahip-
pocampal gyrus (and possibly also the hippocampus)
on the right and the amygdala in both hemispheres are
larger. A range of tests and correlation analyses have,
however, also been performed using the wide variety
of neuroanatomical and neuropsychological data ob-
tained. In particular, we have (i) investigated whether

there is a significant difference between the volume of
the hippocampus, parahippocampal gyrus, amygdala,
caudate nucleus, temporal pole, temporal lobe or cere-
bral hemisphere on the right and left sides of the brain,
(ii) investigated whether the volume of the right and
left hippocampus, parahippocampal gyrus, amygdala,
caudate nucleus, temporal pole and temporal lobe are
correlated with the volume of the corresponding whole
cerebral hemisphere, (iii) investigated whether the in-
dividual (i.e., right or left) or total (i.e., combined)
volumes of the hippocampus, parahippocampal gyrus,
amygdala, temporal pole and temporal lobe are corre-
lated with each other, (iv) investigated whether signif-
icant correlations exist between the results of the dif-
ferent elements of the neuropsychology test batteries
given in stages 1 and 2, (v) investigated whether the
FRM scores of subjects in stage 1 and stage 2 corre-
lated with the volumes of the hippocampus, parahip-
pocampal gyrus, amygdala, caudate nucleus, temporal
pole, temporal lobe, lateral ventricles or whole cere-
bral hemisphere (reported in absolute terms, as a pro-
portion of hemisphere volume, when relevant, or as the
ratio of the volume of the relevant structure on the left
and right sides of the brain) and (vi) after combining
the data available from stage 1 and stage 2 of the study
investigated whether there were any group differences
between the absolute, proportional or relative right and
left volumes of the structures mentioned in (v) above
for the five subjects with the most consistently high
FRM scores and the five subjects with the most consis-
tently low FRM scores across the two phases of test-
ing that were an inherent part of each stage. Strictly
speaking, it is necessary to make allowance for the fact
that in (ii) to (vi) above multiple tests have been per-
formed with the same data and significant effects may
have arisen from cumulative chances of error. To keep
a result significant at the 95% confidence level despite
multiple comparisons the relevant Bonferroni correc-
tion requires that the chance of error should be reduced
to the value obtained by dividing 5% by the number
of tests performed. This correction is commonly re-
garded as unnecessarily stringent, but it is prudent to
bear in mind that 12 different tests were performed in
(ii) above, 30 different tests were performed for each
of the different structure volumes in (iii) above (i.e.,
Table 3), 38 different tests were performed for the in-
dividual FRM data sets in (v) (i.e., Tables 5 and 6) and
for the combined FRM data set in (vi) above (see text).
It can be argued that for the results to be truly signifi-
cant at the 95% confidence level the respective p val-
ues in (ii), (iii), (v) and (vi) above should be adjusted
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from 0.05 to 0.05/12, 0.05/30, 0.05/38, and 0.05/38,
respectively.

Several findings have emerged from our study. First,
substantial inter-individual variation in the volumes of
different brain structures was demonstrated. The es-
timated biological Coefficient of Variation in the vol-
umes of the cerebral hemispheres (and temporal lobe),
various temporal lobe structures (and the caudate nu-
cleus), and the lateral ventricles was approximately
� 10%, 10 to 20% and � 50% respectively. As can be
seen from Table 1, the variability in all of the structures
was large despite the narrow population in this sam-
ple. This finding is consistent with previous reports
of large variations in the volume of the hippocampus
among normal young subjects (see [21] for review). It
seems likely that this degree of variability will have
functional implications. The data concerning the bio-
logical variability of structural volumes also have im-
portant implications for the design of any study con-
cerned with testing whether the volumes of particular
brain structures are significantly larger in one group
of subjects than in another. The magnitude of the in-
herent biological variation determines how many sub-
jects need to be studied in order to confirm whether
differences between group means are significant. For
example, if the observed difference in the mean vol-
ume of a structure between two groups of subjects is
10%, then 7, 22 or 50 subjects would be needed to
confirm that there was a significant between group vol-
ume difference at the 95% confidence level depending
on whether the coefficient of biological variability was
10%, 20% or 30%. This calculation assumes that the
samples are independent, that the distribution of vol-
umes is unimodal and symmetric, and that there is no
imprecision in the individual volume estimates.

Second, the left cerebral hemisphere of our male
subjects was found to be larger than the right hemi-
sphere in 26 of the 29 subjects. Across all subjects the
right hemisphere was 2.7% larger than the left and this
difference was significant (��� 0 � 02). To our knowl-
edge this has not been reported before either from stud-
ies of post-mortem brains or from in vivo MRI anal-
yses. Comparative in vivo data are sparse, owing to
difficulties in reliably and efficiently estimating cere-
bral hemisphere volumes before the advent of mod-
ern design stereological methods. Such data as are
available tend to be for pathological cases and older
populations. Tramo et al. [40] have reported, however,
that the surface area of the left cerebral hemisphere is
more variable than the right in normal young subjects.
This suggests that factors affecting the development

of one hemisphere may not equally affect the other.
Filipek et al. [13] reported that, in normal young sub-
jects, all bilateral structures were symmetric or nearly
symmetric in volume, with the exception of a slightly
larger right neocortex and amygdala, and a larger left
ventricle. Unfortunately, however, these researchers
did not use stereological methods so their conclusions
may be questionable. The asymmetry observed in the
present study merits further investigation to determine
whether it generalises to a wider sample of young male
subjects, to young females, and to other subject popu-
lations.

Third, the volumes of all structures are highly cor-
related between the right and left sides of the brain
(��� 0 � 0002 for all comparisons). However, only the
right and left parahippocampal gyrus, temporal pole
and temporal lobe and left hippocampus are signifi-
cantly correlated with the volume of the correspond-
ing hemisphere, and these correlations lose signifi-
cance after Bonferroni correction for 12 comparisons.
Previous normative MR studies which have examined
the temporal region have correlated structure volumes
with variables such as age or sex (for example, [7, 13]),
but have not focused upon the issue of whether or not
to normalise to cerebral hemisphere volume; probably
because the latter is difficult to measure using conven-
tional planimetric techniques. Correlations between
structure and hemisphere volume might be anticipated
from the fact that the structures are projection sites for
a complex sequence of to-be-remembered information
that has already been processed by the association cor-
tices. The findings raise important issues regarding
the normalisation of volumetric data obtained for brain
structures in different subjects. If the size of a partic-
ular brain structure relates to the volume of the brain,
then it may be important to normalise volumes with re-
spect to hemisphere or brain volume before computing
neurobehavioural correlations. If there is no system-
atic regional-global correlation, however, then it may
be inappropriate to perform this normalisation proce-
dure. This issue becomes more complex when one
considers older subjects in whom appreciable cerebral
atrophy may have occurred. In these cases, the only
objective means for normalising data may be through
the determination of global cranial capacity. Unfor-
tunately, such an approach could render problematic
the separate normalisation of right and left sided struc-
tures.

Fourth, despite the variability in the volumes of the
temporal lobe structures across the different subjects,
a positive relationship was not found in either stage
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of the study between face recognition memory and
the volumes of the hippocampus and parahippocam-
pal gyrus on the right or the volumes of the amygdala
bilaterally. Failure to find such a positive relationship
between face recognition memory and the measured
volumes of these key structures may have arisen for
several reasons. Thus, the structures may not be cen-
trally concerned with face recognition memory, face
recognition memory may also be determined by the
variable contribution of other structures, and structural
volume may sometimes be a relatively minor determi-
nant of functional efficiency.

We hypothesised that the volume of the parahip-
pocampal gyrus (and possibly also the hippocampus)
on the right and amygdala bilaterally would positively
correlate with face recognition memory. It is unclear
to what extent hippocampal lesions disrupt recognition
memory as some studies of temporal lobe epileptics
fail to find a recognition deficit in the face of a re-
call memory deficit (for example, see [27]). Golomb
et al. [15, 16] used MRI and Computed Tomography
(CT), and more recently just MRI, to investigate the
relationship between hippocampal volume and mem-
ory in healthy elderly subjects. They found a positive
relationship between subjects’ delayed recall memory
and their hippocampal volumes. Similar delay specific
hippocampal correlations have been obtained by Fos-
ter, Kohler and colleagues in patients with Alzheimer’s
disease and matched control subjects [14, 22]. Since
the work described in this paper was performed in-
creasing evidence has emerged that the hippocampus
is minimally involved in recognition memory, includ-
ing face recognition memory. Thus, a meta-analysis of
the amnesia literature on the Warrington Recognition
Test and recall performance by Aggleton and Shaw [2]
led to the conclusion that whereas hippocampal lesions
impair episodic recall to a similar extent to that found
in other more globally impaired amnesics, they have
a minimal effect on recognition memory of words and
faces. Baxendale [5] has also shown convincingly that
selective hippocampal sclerosis does not impair either
word or face recognition memory. The hippocampus
may, therefore, be little involved with the processing
necessary for good recognition. Instead, it may be
profitable to investigate whether the hippocampal vol-
umes of healthy young male subjects correlates posi-
tively with recall memory, particularly after a delay, as
suggested by the work of Golomb et al. [16]. Further-
more, it is possible that the parahippocampal gyrus is
more concerned with the recognition of spatial rela-
tionships than it is with the recognition of recently pre-

sented visual objects such as faces, which may be the
function of the more anterior perirhinal cortex. This
has been suggested by Squire et al. [39] on the grounds
that the inferotemporal cortex, which processes visual
pattern information, projects more strongly to this re-
gion whereas the parietal cortex, which processes spa-
tial information, projects to the parahippocampal cor-
tex, but not to the perirhinal cortex. The volume of
the perirhinal cortex was not measured in the current
study. Nor to our knowledge has it been measured in
any other published work. It is also unclear whether
the amygdala is involved with face recognition mem-
ory primarily or merely as a secondary consequence
of its role in the recognition of facially communicated
emotions such as fear (see [41]).

The current study failed to find even a hint of a pos-
itive relationship between the volumes of any of the
measured structures in the medial temporal lobes and
face recognition memory. We are currently developing
a procedure for measuring the volume of the perirhinal
cortex – if the arguments of Squire et al. [39] are cor-
rect, there may be a positive relationship between the
volume of this structure and FRM test performance.
Even so, it may be that a positive relationship does
not exist between the volume of structures in the me-
dial temporal lobes and memory efficiency in subjects
without brain damage even though these structures
play a vital role in mediating memory. This could be
because functional efficiency depends mainly on the
relative, rather than absolute, sizes of structures mak-
ing up the critical neural network (as might apply, for
example, to structures making up a larger hippocampal
circuit, or a larger amygdalar circuit), which we have
not assessed. The finding which emerged from analy-
sis of right vs left temporal pole volume indicates that
the degree of hemispheric asymmetry in the relative
size of homologous bilateral structures may also be
important in determining memory performance.

The amygdala and the temporal pole were involved
in the only suggestive relationships between structural
volumes and face recognition memory to emerge from
the current study. Stage 2 of the study found that FRM
test performance tended to be better in young males
with right temporal pole relatively smaller than the left
(there was a weaker trend of the same kind in stage
1). When the data for the consistently good and poor
scorers on the FRM test were considered, there was no
difference in the size of the left amygdala, but the right
amygdala was smaller in the high scorers. These find-
ings, none of which remained significant after Bon-
ferroni correction for multiple comparisons, provide
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weak evidence that good face recognition memory may
be associated with having an amygdala and tempo-
ral pole that is relatively smaller on the right. The
possibility that improved performance correlates with
a reduction in structure volume (or at least a relative
reduction) may be explained by an alternative to the
neophrenological hypothesis in which the specificity
of a brain structure for a particular task is achieved
by customised reduction rather than enlargement of
its components. In this sense, a functionally advan-
tageous asymmetry in the volume of the amygdala is
achieved by the pruning of one side rather than the
enlargement of the other at a particular neurodevelop-
mental stage. This possibility, which appears plausible
in view of the fact that during development the cerebral
cortex generates more neurons, axons, synapses and
receptors than it finally keeps (see [10] for a review),
will need to be examined in a larger study which may
confirm or disconfirm the above suggestion that rel-
atively smaller right than left amygdala and possibly
temporal pole (which includes perirhinal cortex) vol-
umes in healthy young males are associated with better
face recognition memory. This surprise finding is con-
sistent with the amygdala and temporal pole forming
part of a system that mediates functions important in
face recognition memory.

In future studies, in addition to obtaining volume
measures we intend to use MR tissue characterisation
procedures such as T2 relaxation time and Magnetisa-
tion Transfer Ratio mapping so as to be able to better
assess the integrity of structures of the medial temporal
lobes. It is also important to improve the criteria used
for defining the boundaries of structures of interest,
and to develop strategies for measuring the volume of
structures such as the perirhinal cortex. In addition,
future work will need to control more carefully inter-
subject variability to the psychological processes of
interest. By combining these approaches with alterna-
tive memory measures, it should be possible to make
further inroads into delineating the anatomical bases
of memory.
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