50ournal of Neurology, Neurosurgery, and Psychiatry 1995;58:590-597
590

Bernard Deweer, Stephane Lehericy, Bernard Pillon, Michel Baulac, Jacques Chiras,
Claude Marsault, Yves Agid, Bruno Dubois

Departments of
Neurology and
Neuropsychology
Y Agid
B Deweer
B Dubois
S Lehericy
B Pillon

Department of
Neuroanatomy
S Lehericy
Department of
Neuroradiology,
INSERM U289,
Hopital de la PitieSalpetriere, 47 Bd de
l'Hopital, 75013 Paris,
France
M Baulac
Correspondence to:
Dr Bernard Deweer, Inserm
U289, Batiment Nouvelle
Pharnacie, H6pital de la
Salpetriere, 47 Bd de
l'Hopital, 75013 Paris,
France.
Received 14 March 1994
and in final revised form 12
April 1994

Accepted
5 January 1995

Abstract
Magnetic resonance based volumetric
measures of hippocampal formation,
amygdala (A), caudate nucleus (CN),
normalised for total intracranial volume
(TIV), were analysed in relation to measures of cognitive deterioration and specific features of memory functions in 18
patients with probable Alzheimer's disease. Neuropsychological examination
included the mini mental state examination (MMSE), the Mattis dementia rating
scale (DRS), tests of executive functions,
assessment of language abilities and
praxis, the Wechsler memory scale
(WMS), the California verbal learning
test (CVLT) and the Grober and Buschke
test. The volume of the hippocampal formation (HFITIV) was correlated with
specific memory variables: memory quotient and paired associates of the WMS;
intrusions for the CVLT; delayed recall,
intrusions and discriminability at recognition for the Grober and Buschke test.
By contrast, except for intrusions, no
correlations were found between memory
variables and the volume of amygdala
(AITIV). No correlations were found
between the volume of caudate nuclei
(CNITIV) and any neuropsychological
score. The volume of the hippocampal
formation was therefore selectively
related to quantitative and qualitative
aspects of memory performance in
patients with probable Alzheimer's disease.
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Recent developments in quantitative MRI
have provided a new impetus for anatomoclinical correlations in living patients, and particularly in patients with probable Alzheimer's
disease. Until recently, such correlations were
generally searched for with postmortem
necropsy data and emphasised that severe histological changes were invariably encountered
in neocortical areas, particularly in the hippocampal formation and entorhinal cortex,'-3
structures related to memory functions.45 In
most cases, however, several months separated the last neuropsychological examination

from the search for anatomical correlates of
cognitive deficits, thereby limiting the interpretations, at least for the early memory
changes that characterise most patients with
probable Alzheimer's disease.
More direct correlations between volumetric measures of temporal lobe structures and
indices of cognitive functioning have been
shown in diverse populations such as patients
with temporal lobe epilepsy,6 patients with
diencephalic and temporal lobe amnesia,7 or
normal elderly subjects.8 In normal aging,
positive correlations have been found between
the volume of the hippocampal formation and
several measures of learning derived from the
Rey auditory verbal learning test and the
Buschke selective reminding test.
Recent studies have also reported significant relations between MRI measurements of
temporal lobe structures and psychometric
performances in patients with probable
Alzheimer's disease: correlations between the
volume of amygdala and the mini mental state
examination (MMSE) score9; between the
volume of the hippocampal formation and a
short test of mental status, the full scale IQ,
the verbal IQ, and the performance
IQI';between the volumes of the hippocampal
formation and the parahippocampal gyrus and
the MMSE score and, to a lesser degree, performance on olfactory tests"; between medial
temporal lobe atrophy, evaluated semiquantitatively, and the delayed recall in object memory evaluation and the MMSE score.'2
The aim of the present study was to further
assess the relations between MRI based volumetric measures of temporal lobe structures
(hippocampal formation and amygdala) compared with caudate nuclei, and (a) various
indices of global intellectual functioning, and
(b) quantitative and qualitative aspects of
explicit memory." The prediction was that
the volume of the hippocampus should be
preferentially related to mnemonic performances; this would provide further clues concerning the contribution of the hippocampal
formation to memory functions.

Patients and methods
PATIENTS

The study comprised 18 patients with probable
Alzheimer's disease (mean age 72-4 (SD
1 5) years). Patients were recruited at the
memory clinic of the Hopital de la Salpetriere,
where they were submitted to neurological,
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NEUROPSYCHOLOGICAL ASSESSMENT

Intellectualfunctions (table 1)
Patients with probable Alzheimer's disease
were submitted to the MMSE,'7 the Mattis
dementia rating scale (DRS),'8 and the Raven
coloured progressive matrices (PM 47). Tests
of executive functions included the simplified
version of the Wisconsin card sorting test
(WCST),'9 verbal fluency tests (names of animals in one minute, and names beginning
with "M" in one minute),20 and a graphic
series.2' Behavioural abnormalities (prehension, imitation, utilisation behaviours, inertia,
indifference), seen in patients with frontal
lesions,22 were also assessed. A "frontal
score"23 was defined on the basis of the perfor-

Table I Psychometric performance ofpatients with
probable Alzheimer's disease
Test

Mean (SEM)

MMSE (/30)
Mattis DRS (/144)
Initiation (/37)
Memory (/25)
PM47
Frontal score (/60)
WCST (categories, /6)
Naming (/20)
Vocabulary (/70)

22-3
112-7
28-7
13-8
20-5
37-3
3-1
13-2
37-9

(0-9)
(3-5)
(1-6)
(1-0)
(1-7)
(3-0)
(0 5)
(1-1)
(2 6)

Range
13-27
67-131
15-37
4-21
3-29
16-58
0-6
3-20
19-62

Table 2 Performance ofpatients with probable
Alzheimer's disease on memory tests
Test

Mean (SEM)

Range

WMS

82-0
4-3
6-8
2-8

65-99
0-8
0-12
0-7

Logical memory
Paired associates
Drawings
California verbal learning test:
Total learning (/80)
Delayed free recall (/16)
Delayed cued recall (/16)
Intrusions (number)
Intrusions (% total)
Discriminability
(recognition; %)
Grober and Buschke test:
Short term free recall (/48)
Short term total recall (/48)
Delayed free recall (/16)

Delayed total recall (/16)
Intrusions (number)
Intrusions (% total)
Discriminability
(recognition; %)

(2 4)
(0-5)
(0 7)
(0 5)

23-6 (1 9)
1-05 (0 3)
3-82 (0 5)
17-3 (2 7)
32-3 (3 6)

6-40
0-4
0-8
2-47
11-65

71-7 (3 4)

41-95

(1-5)
(2-0)
(0 6)
(0-8)
(2-3)
(5-7)

0-26
10-41
0-9
2-13
1-36
4-78

8-7
25-6
2-2
8-1
9-3
27-0

86-4 (2-7)

66-100

mance at these tasks. Linguistic tests included
the vocabulary subtest of the WAIS-R and a
naming task (20 pictures from the Boston
naming test, across all levels of difficulty).
Depression was evaluated with both an interview by a psychiatrist and the Montgomery and
Asberg depression rating scale (MADRS).24
None of the patients was depressed according
to the DSM 3-R criteria, and all scores were
below 20 out of 60, ranging from 4 to 18 with
a mean of 8-3.

Memory tests
All patients were evaluated by the Wechsler
memory scale (WMS) with delayed recall for
logical memory, drawings, and paired associates. As well as the WMS, all patients were
given two additional memory tests: the
California verbal learning test (CVLT,
1987)25 and the Grober and Buschke test
(1987).26 The first given was the CVLT, in
which the retention of a 16 item shopping list
was measured by free recall after (a) each of
five learning trials, and (b) after one trial with
an interfering list, both immediately and after a
20 minute delay. The items in both lists
belonged to precise semantic categories,
which allowed quantitative assessment of
learning strategies. Comparisons of free recall,
cued recall, recognition, and variables such as
extra list intrusions or accuracy of recognition
(corresponding to the discriminability in table
2) were also analysed.27 Such an index (discriminability)27 takes into account both misses
and false positives.
On a different testing session, subjects were
given the Grober and Buschke test with controlled encoding and selective reminding.26 In
this task, the 16 items to be learned are presented to the patient on four different cards,
one card with four items at a time. The
patient is asked to point to and read aloud
each item (for example, grapes) when its category cue is verbally provided (for example,
fruit). When all four items of a card are correctly named, the card is removed and immediate verbal cued recall is tested, in the order of
identification, by providing each category cue
(for example, which is the fruit?). If the
patient is unable to recall an item in response
to its cue, the pointing and naming procedure
is performed again for this item, and cued
recall is tested again until a correct answer is
obtained. Once immediate cued recall for a
group of four items is completed, the next set
of items is presented. The learning phase of
the 16 items is followed by 20 seconds of
counting backwards to obtain recall from secondary memory. Each of the three recall trials
consists of an extended period of free recall
(up to two minutes) immediately followed by
cued recall for those items not retrieved at free
recall. Items missed at cued recall are
reminded by the examiner and repeated by
the patient. Total recall is defined as the sum
of free and cued recall and would provide the
best estimate of the amount of information
each patient is able to encode and retrieve
(maximum score for the sum of three trials =
48). In our adaptation of the procedure we

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp.58.5.590 on 1 May 1995. Downloaded from http://jnnp.bmj.com/ on January 8, 2023 by guest. Protected by copyright.

neuropsychological, and psychiatric examination before inclusion. All patients had normal
neurological examination and serum analyses,
and fulfilled the NINCDS-ADRDA14 and the
DSM 3-R'5 criteria. The ischaemic score'6
was not higher than four in any patient, and
none of them had clinical evidence of strokes
or cortical infarcts on T2 weighted MRI. The
patients were in the mild to moderate stages
of the disease (see MMSE scores, table 1),
and the mean duration of the disease was 2-4
(0-3) years. Magnetic resonance imaging
studies were performed in the same week as
the neuropsychological evaluation. Patients
and families were informed of the project and
asked for their willingness to participate to the
neuropsychological and MRI study.
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used printed words, rather than labelled pictures and we included one delayed free and
cued recall after 15 minutes. The yes-no
recognition from semantically related and
unrelated foils took place only after delayed
recall. In the same way as the CVLT, intrusions and accuracy of recognition were also
analysed.
VOLUMETRIC MEASUREMENTS
Magnetic resonance images were

analysed
with an image analysis system (HISTO-RAG,
BIOCOM, France). The software employs a
semiautomated technique combining tracing
and thresholding.28 Quantitative volume estimates of the hippocampal formation, the
amygdala, the caudate nucleus and the ventricles (consisting of the lateral plus the third
ventricles) were obtained on the Ti weighted
coronal oblique images providing high grey
and white matter and brain and CSF contrast.
Images were contiguous. Regions of interest
that presented high grey scale contrast (brainCSF interface) were defined by a grey scale
threshold (ventricular volume). Regions of
interest that did not present a grey scale contrast high enough to allow thresholding were
manually traced with a mouse driven cursor
(hippocampal formation, amygdala, and caudate nucleus). The surface areas of all regions
of interest were automatically calculated and
the volume of each structure was derived by
multiplying that value by the interslice distance. Delineation of regions of interest and
volume measurements were performed by an
operator (SL) unaware of the clinical diagnosis. Within rater reliability was estimated for
hippocampal formation and amygdala measurements by measuring these structures 10
times in one control and one patient with
probable Alzheimer's disease. Coefficients of
variation (coefficient of variation = SD/mean)

Hippocampalformation, amygdala, and caudate
nucleus boundaries
A previous study has shown that the main factor of accuracy of volumetric measurements,
by tracing or thresholding, seems to be the
reliability of within rater measurements.
These mostly depend on the rater's detailed
knowledge of the anatomy and the reproducibility of the boundaries of the structures
measured.'0 Precise and reproducible delineation of the boundaries of the different structures measured have been based on
comparison with histological sections
obtained in the same oblique coronal plane
as the MR images,28 on neuroanatomy
atlases,31-33 and on previous reports of volumetric MR analysis.29 30 Boundaries of the hippocampal formations and the amygdala were
drawn on coronal MR images perpendicular
to the long axis of the hippocampus (fig 1).
The MR-histological correlations have been
reported previously.28 Measurements of the
hippocampal formations at the level of the
body of the structure (about four to five sections spanning a rostrocaudal extent of about
3 cm) were generally easy (fig 2A). These
measurements included Ammon's horn, the
subiculum, the dentate gyrus, and the white
matter tracts of the alveus and the fimbria.
The limit between the subiculum and the
parahippocampal gyrus was arbitrarily defined
by a line in continuation with the inferior
border of the subiculum. Caudally, the posterior boundary of the hippocampal formation
was chosen as the last section containing
Ammon's horn, which corresponded to the
section where the crus of the fornix was visible.
Measurements at this level (one section)
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Figure 1 Definition of the oblique coronal plane perpendicular to the long axis of the
hippocampalformation (parasagittal view). A = amygdala; HF = hippocampal
formation.

were estimated at 2-8% and 2-3% for hippocampal formation and amygdala measurements respectively.
Volumes were adjusted for total intracranial volume. Total intracranial volume was
evaluated by tracing the outline of the inner
table on every sagittal image from side to side
of the head, multiplying each surface obtained
by interslice distance (8-5 mm) and adding all
the slices up (coronal Ti weighted images
were not used to estimate total intracranial
volume because this sequence did not span
the whole brain as it did in the sagittal plane).
Within rater reliability for measurements of
total intracranial volume was estimated by
measuring total intracranial volume (TIV) 10
times in one subject. The coefficient of variation was estimated at 0-8%. Values of each
structure were normalised for between subject
variation in head size by dividing each value
obtained by the patient's total intracranial volume. This method has already been used in
previous MR studies.29 Thus HF/TIV, A/TIV,
and CN/TIV are ratios expressing the mean of
the left and right sides of hippocampal formation, amygdala, and caudate nucleus, respectively divided by the total intracranial volume
for each patient. V/TIV is a ratio expressing
the volume of the lateral ventricles plus the
third ventricle as a percentage of total
intracranial volume for each patient.
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included the subiculum, the hippocampal
formation, the dentate gyrus, the alveus, and
the fimbria, and excluded the parahippocampal gyrus and the isthmus of the cingulate
gyms. Rostrally, the head of the hippocampal
formation within the posterior part of the
uncus was delineated from both the amygdala
and the parahippocampal gyrus (about two
sections). This delineation was guided by
visualising either the characteristic shape of
the hippocampal digitations and the uncal
recess of inferior horn of the lateral ventricle
(fig 2B) or the band of high signal intensity
generated by the alveus, which demarcated
the hippocampal head from the overlying
amygdala. When neither the digitations and
the uncal recess of the lateral ventricle nor the
alveus were visible, the limit was arbitrarily
drawn as a horizontal line connecting the
middle of the medial border of the lateral ventricle to the surface of the uncus (fig 2G).
This limit was chosen after careful comparison with histological sections. The subiculum
of the uncinate gyrus was part of the measurements. Amygdala measurements (three to
four sections) included the corticomedial,
central, and basolateral subgroups, and the
gyrus semilunaris that covers the cortical
nucleus (fig 2G). The medial border of the
amygdala is partly covered by the entorhinal
cortex, which forms the surface of the gyrus
ambiens. The entorhinal cortex corresponds
to area 28 of Broadmann and constitutes a
major part of the anterior parahippocampal
gyrus. The gyrus ambiens was separated from
the parahippocampal gyrus by the uncal notch
(produced by the free edge of the tentorium
cerebelli). Measurements included the cortex
of the gyrus ambiens, which could not be
accurately separated from the amygdala, and
excluded the entorhinal cortex inferior to the
uncal notch. When the uncal notch was either
not visible or only poorly visible in the anterior amygdaloid area, the demarcation
between the amygdala and the entorhinal cortex was defined by a line in continuation with
the inferior border of the amygdala, thus
probably including a small part of the entorhinal cortex. The inferior and lateral borders
of the amygdala were formed by the lateral
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Figure 2 (A) Coronal oblique MRI of the right
hippocampalformation in a control brain. Boundaries of
the hi,ppocampalformation are outlined with white dots. 1
= Ammon 's horn; 2 = subiculum; 3 = parahippocampal
gyrus; 4 = transverse (choroid) fissure; 5 = temporal horn;
6 = collateral sulcus. (B) Coronal oblique MRI of the
head of the right hippocampalformation (white dots) and
posterior part of the amygdala (black dots) in a control
brain. 1 = Ammon 's horn; 2 = subiculum; 3 =
parahippocampal gyrus; 4 = amygdala; 5 = hippocampal
digitations; 6 = uncal recess of the lateral ventricle; 7 =
optic tract. (C) Coronal oblique MRI of the head of the
right hippocamnpalformation (white dots) and amygdala
(black dots) at a more rostral level in one control brain.
1 = Ammon's horn; 2 = amygdala; 3 = semilunar gyrus;
4 = gyrus ambiens; 5 = parahippocampal gyrus;
6 = endorhinal sulcus; 7 = collateral sulcus; 8 = uncal
recess of the lateral ventricle; 9 = uncal notch (scale bar =
1 cm).
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structures.

Comparison of volumetric measures in patients
with probable Alzheimer's disease and control
values
In a previous study,28 volumetric measurements of patients with probable Alzheimer's
disease were compared with those of eight age
matched control subjects (mean age 69-2
(2 7) years, P = 0-28). Control subjects had
no history of neurological or psychological illness. Control subjects were only submitted to
the mini mental state evaluation (mean score
= 28-7 (0A4), range 28-30). Detailed data
concerning volumetric measures in patients
with probable Alzheimer's disease and controls are reported elsewhere.28 Briefly, these
measures (expressed as mean (SEM)) showed
a significant atrophy of hippocampal formation (- 30 (3)%, P < 0-01; HF/TIV = 2-38
(006) and 1-66 (008) for controls and
patients with probable Alzheimer's disease
respectively) and amygdala (-37 (2)%, P <
0-01; A/TIV = 1-77 (0-09) and 1-12 (004)
for controls and patients with probable
Alzheimer's disease respectively) v controls.
No significant volume difference between
right and left hippocampal formations or
amygdala was found in controls or patients
with probable Alzheimer's disease. The ventricles enlarged by 25 (1 1)% in patients with

probable Alzheimer's disease compared with
controls, but the difference was not significant
(V/TIV = 21-42 (3-49) and 26-78 (2-31) for
controls and patients respectively). A small
but significant decrease in the volume of the
caudate nucleus (-13 (3)%, P = 0 03) was
also detected in patients with probable
Alzheimer's disease (CN/TIV = 2-71 (0-07)
and 2-36 (0 09) for controls and patients
respectively).
STATISTICAL ANALYSES

Regression analyses were performed between
psychometric performances and volumetric
measures. No significant differences in volume between right and left hippocampal formations, amygdala, and caudate nuclei were
seen in controls or patients.28 When correlation analyses between the volumes of the left
or the right volumes of the hippocampal formations and psychometric performances were
performed separately, the results were the
same as those obtained with the mean of the
right and the left volumes (except for the
paired associates subtest of the memory quotient and the total delayed recall score of the
Grober and Buschke test, which failed to
reach significance). Therefore, only the correlations between the mean of the right and the
left volumes and psychometric performances
are presented to lower the potential error of
measurements. Statistical significance was
taken at P < 0 05. Values are expressed as
mean (SEM) unless stated otherwise.
Results
NEUROPSYCHOLOGICAL TESTS

Intellectualffunctions (table 1)

The MMSE and the Mattis DRS scores of the
patients corresponded to mild to moderate
dementia. The patients achieved a mean of
three criteria in the Wisconsin card sorting
test, and displayed some signs of frontal dysfunction, with a large variability. Their naming abilities were below the normal range
(13-2 out of 20, as opposed to a mean score of
18-5 in normal elderly controls).

Memory tests (table 2)
Patients with probable Alzheimer's disease
were significantly impaired for all memory
tests in the Wechsler memory scale. All MQ
values were below 100, with substantial loss of
information after a short delay, as delayed
recall scores were respectively (mean (SEM))
0-9 (0-2) for logical memory, 0-6 (0-2) for
drawings, and 2-4 (0-3) for paired associates.
On the CVLT, patients' performances were
characterised by (a) poor initial learning
(slope of the learning curve (mean (SD) = 0-6
(0.1); normal for this age group 1 3 (0 4); (b)
poor free recall (1.05 items out of 16; normal
8.2); (c) moderate sensitivity to semantic cueing (3-82 items out of 16 at cued recall; normal 9 84); (d) disproportionate numbers of
extra-list intrusions, which represented 32%
of the total number of responses, and 53% of
responses at cued recall (normal 8-3% and
14-2% respectively; (e) high numbers of false
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ventricle or the white matter of the temporal
lobe and were easily demarcated. The superior border of the amygdala was not clear cut.
Therefore, the amygdala was demarcated
from the above substantia innominata by a
horizontal line, arbitrarily passing at the bottom of the endorhinal sulcus (fig 2C). At its
posterior end, the optic tract located the
medial and superior borders of the amygdala.
At this level, the superior border was defined
by a horizontal line passing at the superolateral border of the optic tract (fig 2B). This
method probably excluded small amounts of
the medial and central nuclei, but is reproducible and easy to determine. The amygdala
was also usually well demarcated from the tail
of the caudate nucleus and the putamen. The
anterior pole of the amygdala was the most
difficult to delineate in part because of partial
voluming. Thus the most anterior section
measured was arbitrarily defined as the section at the level of the closure of the lateral
sulcus to form the endorhinal sulcus.
Rostrally, it was not possible to delineate
accurately the amygdala from the surrounding
areas such as the prepyriform cortex and the
entorhinal cortex. The section including the
anterior commissure contained part of the
hippocampal head and the posterior part of
the amygdala. The two or three sections forward were analysed mainly for the amygdala,
whereas the seven or eight sections backward
were analysed for the hippocampal formation.
The volume of the caudate nucleus was estimated on the first nine sections in which it
was contained, from the anterior pole of the
head to the posterior part of the body of the
nucleus. Boundaries of the caudate nucleus
were easily demarcated from the surrounding
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distractors

(68%;

normal

92-9

(6)%).34

Normative data provided in the text for the
CVLT are still unpublished data for the
French version (for CVLT normative data for
the American version, see Delis et al25).
The data were similar in the Grober and

Buschke test. Despite controlled encoding
and selective reminding, patients with probable Alzheimer's disease retrieved only two to
three items on each of the free recall trials,
without any significant progression from trial
to trial. Semantic cueing yielded larger numbers of correct responses (5 9 out of 16 v 3-8 in
the CVLT), but also triggered extra list intrusions, corresponding to 32% of the responses
given at cued recall (1 82 (3)% in normal
elderly controls35). Recognition performance
was also altered compared with that of normal
elderly controls, as both misses (3-3 (0-7) v 0
in normal elderly controls35) and false positives (2-7 (1-1) v 0 in normal elderly controls35) were noticed, and the discriminability
index was lowered (86-4 (2-7)% v 100% corresponding to the maximal possible value in
normal elderly controls35).
CORRELATION ANALYSES BET1WEEN
NEUROPSYCHOLOGICAL AND VOLUMETRIC
MEASURES

Tests of global cognitive deterioration and
executive functions (table 3)
Global score for MMSE and its orientation
subscore were significantly and positively correlated with the volume of the hippocampal
formation (r = 0 59, P = 0-01, slope = 6-9
(2 4) and r = 0-68, P = 0-003, slope = 4-8
(1 3) respectively). The only score of the
Mattis dementia rating scale that was significantly correlated with the volume of hippocampal formation was the memory subscore (r
= 0-62, P = 0-006, slope = 7-9 (2 5).
The frontal score was not correlated with
volume of hippocampal formation (r = 0-26,
P = 0 30; table 3). The same configuration
emerged for linguistic performances: lexical
evocation, naming, and vocabulary of the
WAIS-R were not correlated with hippocampal formation volume (r = 0 07, P = 0-8; r =
0-13, P=0-62; r = 0-01, P=09, respectively).

Performances at the PM 47 were not correlated with any volumetric measure (r = 0O03,

P = 0-9; r = 0-31, P = 0-20; r = 0-22, P =
037 for HF/TIV, A/TIV, and CN/TIV
respectively) as well as the MADRS score (r =
0-25, P = 0 33; r = 0-14, P = 0 57; r = 0-14,
P = 0Q57 for HFITV, A/TIV, and CN/TV
respectively). Lastly, the volumes of the
amygdala and caudate nuclei were not
correlated with any score on these tests
(r range = 0-02-0-31 and 0 11-035; P range
= 0-21-0-84 and 0-16-0-66 for A/TIV and
CN/TIV respectively).
Memory tests (table 3)
The Wechsler memory quotient was significantly and positively correlated with the volume of the hippocampal formation (r = 049,
P = 004, slope = 15-3 (6-9)), but not with
any other volumetric measure. Within this
scale, the paired associates subtest was the
most highly correlated with the hippocampal
formation volume (r = 0 53, P = 0-025, slope
= 4-7 (1-8)).
On the Grober and Buschke test, several
variables were significantly correlated with the
hippocampal formation volume: total delayed
recall score (r = 0-48, P = 0-05, slope = 5-2
(2-4)), number of extra list intrusions (r =
0-60; P = 0 009, slope =-16-8 (5-6)),
percentage of intrusions in the total number
of responses at cued recall or total recall (r =
0-62 and 0-63, P = 0O006 and 0-005, slope =
-42-9 (13.5) and -43-8 (13-6) respectively),
index of discriminability at recognition
(r = 0-6, P = 0009, slope = 19-9 (6-7) (fig 3).
The volume of the amygdala was only correlated with the number of false positives at
70
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0
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Figure 3 Regression analysis between the volume of the
hippocampalfor,nation corrected for total intracranial
volume (HFITIV) and the percentage of intrusions at the
CVLT.

Table 3 Correlations between volumetnic measures and performance on global scales and memory tests
Memory measures

Global measures
Volumes

AMMSE

HFmV r= 059
P =0-01*
s= 6-9 (24)
A/TNI r 0-22
P =037
s= -4-8 (53)
CNmV r= 0-29
P=0-24
s= 2-9 (24)

*Significant.

Mattis
DRS

Frontal

Matis

score

memory

WMS
MQ

r= 0-41

r 0-26
P= 030
s =10-0 (936)
r= 005
P= 0-84
s = -3-8 (17-9)
r 0-17

r 0-62
P =0-006*
s =79 (25)
r= 0-03
P= 0-92
s= 07 (59)
r= 0-41

r 0-48
r 0-49
P= 0009*
P= 0005*
P= 004*
s =199 (67)
s =15-3 (69) s =5-2 (24)
r= 0-21
r= < 0-001
r= 007
P= 099
P= 0-41
P 0-78
s= -4-2 (14-7)s= -0-01 (59)s= 12-9 (15-2)
r 0-02
r= 0-12
r= 037

P= 009
s =18-6 (10-3)
r 0-29
P= 0-25
s= -243 (202)

r= 030
P=0-23
s =11-2 (87)

P=0-48
s= -55 (77)

P=0-12
P=008
s =4-3 (24) s =9-8 (56)

GBT:LT
Recall

P=0-63
s= 11 (23)

GBT:
Discrim
r= 0-60

P=093
s =0-6 (73)

CVLT:LT

CVLT:%

Recall

Intr CR

r 0 45
P =0-06
s =16 (07)
r= 0-01
P= 0-98
s =0-06 (1-8)
r= 004

r 0-63
P =0-006*
s =-352 (110)
r= 0-22
P= 041
s= -25-1 (292)
r= 005

P=0-88

P=0-86

s = -0-1 (07) s= -2-2 (12-1)

HF = hippocampal formation; A = amygdala; CN = caudate nucleus; TIV = total intracranial volume; s = slope; MMSE = mini mental status score; DRS =
dementia rating scale; WMS = Wechsler memory scale; MQ = memory quotient; GBT = Grober and Buschke test; LT = long term; Discrim = discriminability
index; CVLT = California verbal learning test; Intr = intrusions; CR = cued recall.
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positives at recognition, yielding a lowered
discriminability index between targets and

596

Deweer, Lehericy, Pillon, Baulac, Chiras, Marsault, Agid, Dubois

Discussion
In this study, patients with probable
Alzheimer's disease were characterised by a
pronounced atrophy of the hippocampal formation and the amygdala compared with age
matched normal controls, confirming previous reports." 1229 The clinical diagnosis of
probable Alzheimer's disease was established
according to the criteria of the NINCDSADRDA'4 and the DSM 3-R.'5 The specificity and sensitivity of these criteria have been
evaluated at 65%-91% and 47%-86% respectively.36 Although these criteria are not an
absolute guarantee of the diagnosis of
Alzheimer's disease (which is neuropathological), they are still the best available tools for
assessing the diagnosis in clinically based
studies. The atrophy of the temporal lobe
structures was present in the early stages of
the disease.28 Are these early changes associated with specific features of the cognitive
dysfunctions that characterise the disease?
The volume of the hippocampal formation
was the only measure related to both quantitative assessment of memory, such as the
Wechsler memory quotient and its paired
associates subscore, and more qualitative
aspects, such as numbers and proportions of
intrusions, or discriminability between targets
and distractors at recognition, at the CVLT or
the Grober and Buschke test. Moreover,
volume of hippocampal formation was also
correlated with the memory subscores of the
global cognitive scales, such as the orientation
subscore of the MMSE and the memory subscale of the Mattis DRS. Lastly, regression
analyses between hippocampal formation volume and performance tended to be more significant for delayed than for immediate recall
on each memory test. Such data strongly suggest a crucial role for the damage of the hippocampal formation in early memory
disorders of patients with probable
Alzheimer's disease. These results are also in
agreement with previous human5712 and animal studies3839 reporting a role for the hippocampal formation in memory processes.
The specific influence of hippocampal forma-

tion atrophy on the decline of memory functions in Alzheimer's disease was further
underlined by the following dissociation:
hippocampal formation volume was not
correlated with any non-mnemonic neuropsychological variable, such as scores on tests of
executive functions or linguistic abilities.
Analysis of the effect of other volumetric measures or additional factors such as age or disease duration'229 was not done given the
relatively small number of patients examined.
The fact that the amygdala volume was not
related to any index of memory performance-except for intrusions and false positives at recognition in the Grober and
Buschke test-might seem surprising, as it is
known from animal studies that large bilateral
lesions of the medial temporal lobe including
the hippocampus, the amygdala, and their
adjacent cortical regions trigger severe
memory impairments.38 39 According to
Mishkin,3840 combined lesions of both structures and their adjacent cortices are necessary
to obtain amnesia in monkeys. In more recent
experiments, however, monkeys with specific
lesions restricted to the amygdaloid complex
performed normally on several memory tasks,
whereas they were impaired after isolated
bilateral lesions of the hippocampus.4' These
data led to the conclusion that "amygdala
damage alone did not impair memory; nor did
it exacerbate the memory impairment associated with damage to the hippocampal formation".442 The fact that the volume of the
amygdala was not related to memory performance in this study suggests that this conclusion might be extended to humans.
Lastly, as expected, the volume of the caudate nuclei was not related to performance on
explicit memory tasks. Basal ganglia, and particularly the caudate nuclei, are generally considered as mediating performance in implicit
memory tasks, and more specifically in procedural learning in humans,43 45 and are considered part of the "habit system" in non-human
primates.4647 Significant relations between
MR based volumetric measures of the caudate
nuclei volume and performance in procedural
learning, which is preserved in patients with
Alzheimer's disease, remain to be shown.
In conclusion, these data have shown that a
significant atrophy of the hippocampal formation was present relatively early in the course
of Alzheimer's disease, and that this atrophy
was related to memory dysfunction. Two
main hypotheses massive lesion of the
ascending cholinergic pathways originating in
the nucleus basalis of Meynert,48 or more specific degeneration of the hippocampal formation-have been consistently evoked to
account for memory dysfunction in
Alzheimer's disease. Whereas these data can
in no way allow the first to be discarded, they
are clearly consistent with the second.
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recognition (r = 0 53, P = 0 03, slope =
- 14-4 (6 0)), but not with the discriminability
index.
In the same way, several variables of the
CVLT were correlated with hippocampal formation volume measurements, and concerned
the number (r = 0 54, P = 0-02, slope =
- 18-5 (7.3)) and proportion of extra list
intrusions (r = 0-63, P = 0-006, slope =
-35-2 (11 0)). The correlation between hippocampal formation volume and delayed cued
recall scores just failed to reach significance (r
= 0A45, P = 0-06, slope = 1-6 (0-7), presumably because six patients scored zero on this
variable. Lastly, there were significant correlations between amygdala volume and the number and proportion of intrusions (r = 0A49 and
0 54, P = 0-04 and 0-03, slope = -35 0
(16-0) and -49 3 (19.9) respectively). No
other correlation approached significance.
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