ELSEVIER

Neuropsychologia 46 (2008) 614—623

NEUROPSYCHOLOGIA

www.elsevier.com/locate/neuropsychologia

The human hippocampal formation mediates short-term memory
of colour—location associations

Carsten Finke 2, Mischa Braun?, Florian Ostendorf?, Thomas-Nicolas Lehmann®,

Karl-Titus Hoffmann ¢, Ute Kopp?, Christoph J. Ploner®*

& Klinik fiir Neurologie, Charité — Universititsmedizin Berlin, Charitéplatz 1, D-10117 Berlin, Germany
b Klinik fiir Neurochirurgie, Charité — Universitiitsmedizin Berlin, Charitéplatz 1, D-10117 Berlin, Germany
¢ Klinik fiir Strahlenheilkunde, Charité — Universititsmedizin Berlin, Charitéplatz 1, D-10117 Berlin, Germany

Received 14 June 2007; received in revised form 2 October 2007; accepted 10 October 2007
Available online 16 October 2007

Abstract

The medial temporal lobe (MTL) has long been considered essential for declarative long-term memory, whereas the fronto-parietal cortex is
generally seen as the anatomical substrate of short-term memory. This traditional dichotomy is questioned by recent studies suggesting a possible
role of the MTL for short-term memory. In addition, there is no consensus on a possible specialization of MTL sub-regions for memory of
associative information. Here, we investigated short-term memory for single features and feature associations in three humans with post-surgical
lesions affecting the right hippocampal formation and in 10 healthy controls. We used three delayed-match-to-sample tasks with two delays
(900/5000 ms) and three set sizes (2/4/6 items). Subjects were instructed to remember either colours, locations or colour—location associations.
In colour-only and location-only conditions, performance of patients did not differ from controls. By contrast, a significant group difference was
found in the association condition at 5000 ms delay. This difference was largely independent of set size, thus suggesting that it cannot be explained
by the increased complexity of the association condition. These findings show that the hippocampal formation plays a significant role for short-term

memory of simple visuo-spatial associations, and suggest a specialization of MTL sub-regions for associative memory.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

About 50 years ago, Scoville and Milner’s reports of a mem-
ory loss after bilateral resection of the medial temporal lobe
(MTL) in patient H.M. have identified this region (i.e. hippocam-
pus, entorhinal cortex, perirhinal cortex and parahippocampal
cortex) as a key structure for declarative memory (Scoville,
1954; Scoville & Milner, 1957). Despite a seemingly com-
plete anterograde amnesia, further neuropsychological testing
of H.M. revealed that memory for simple visual and ver-
bal material was normal at delays of some seconds (Sidman,
Stoddard, & Mohr, 1968; Wickelgren, 1968). In the follow-
ing, studies of patients with MTL lesions (e.g. Aggleton, Shaw,
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& Gaffan, 1992; Buffalo, Reber, & Squire, 1998; Holdstock
et al.,, 2000) and studies of primate models of amnesia (e.g.
Alvarez, Zola-Morgan, & Squire, 1994; Buckley, Gaffan, &
Murray, 1997; Meunier, Bachevalier, Mishkin, & Murray, 1993;
Zola-Morgan, Squire, & Amaral, 1989; Zola-Morgan, Squire,
Amaral, & Suzuki, 1989) have frequently shown a temporally
graded anterograde amnesia, with relatively unimpaired mem-
ory of simple visual and spatial information at brief delays.
Conversely, the discovery of stimulus-selective neuronal activ-
ity in prefrontal cortex during short-term memory tasks (Fuster
& Alexander, 1971; Kubota & Niki, 1971) and behavioural
deficits seen with prefrontal lesions (e.g. Funahashi, Bruce, &
Goldman-Rakic, 1993; Fuster & Alexander, 1970) have fuelled
the popular view in which short-term and long-term memory
are believed to represent largely distinct memory systems with
distinct anatomical substrates.

Recently, the validity of this dichotomy has been questioned
(Ranganath & Blumenfeld, 2005). Several studies in human
patients have demonstrated significant non-verbal memory
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deficits at short delays (e.g. Hannula, Tranel, & Cohen, 2006;
Nichols, Kao, Verfaellie, & Gabrieli, 2006; Olson, Page,
Moore, Chatterjee, & Verfaellie, 2006; Owen, Sahakian,
Semple, Polkey, & Robbins, 1995). However, these results were
mainly obtained in patients with MTL damage due to global
cerebral hypoxia or encephalitis. These disorders rarely produce
pure amnesic syndromes (Caine & Watson, 2000; Hokkanen,
Salonen, & Launes, 1996; Lim, Alexander, LaFleche, Schnyer,
& Verfaellie, 2004) and the resulting neuropathological changes
frequently affect cerebral regions outside the MTL (Auer &
Sutherland, 2002; Caine & Watson, 2000; Grubb et al., 2000).
Hence, there remains uncertainty about the precise anatomical
correlates of memory deficits in these patients (Stark, 2007). In
addition, there is an ongoing debate on the degree of special-
ization of MTL sub-regions for different aspects of declarative
memory (see Morris (2007) and Squire, Stark, and Clark (2004)
for recent reviews). Current theories of hippocampal function
propose a partial segregation of function between regions, with
their respective contributions depending on the associations
within and between items which have to be remembered
(e.g. Brown & Aggleton, 2001; Cohen & Eichenbaum, 1993;
Eichenbaum & Cohen, 2001; Mayes, Montaldi, & Migo, 2007).
At present, there is only limited experimental evidence for
such distinctions in human patients (Squire et al., 2004). In
this context, recent studies of non-verbal short-term memory in
patients with MTL lesions of various aetiologies have yielded
equivocal results. Some studies found a selective impairment of
associative short-term memory with MTL lesions (e.g. Hannula
et al., 2006; Olson et al., 2006), whereas others found additional
significant deficits in non-associative short-term memory tasks
(e.g. Nichols et al., 2006; Owen et al., 1995).

Here, we investigated non-verbal short-term memory in three
non-amnesic humans with well-defined post-surgical lesions
affecting the right hippocampal formation. It was aimed to pro-
vide clear-cut anatomical and behavioural data on a possible role
of the MTL for non-verbal short-term memory. A simple delayed
matching-to-sample task was employed, where subjects had to
remember sets of either colours, locations or colour—location
associations for 900 or 5000 ms. These memory delays were
chosen to be sufficiently long to be outside the temporal limits
of iconic memory (Coltheart, 1980; Sperling, 1960) and suffi-
ciently short to correspond to the delays used in classic primate
lesion studies of short-term memory (e.g. Funahashi et al., 1993;
Fuster & Alexander, 1970). We hypothesized that any short-term
memory impairment in patients should manifest itself with a
delay-dependent decrease in performance compared to controls.
Our results show that lesions affecting the hippocampal forma-
tion yield selective deficits in maintenance of colour—location
associations at 5000 ms memory delay, thus suggesting a special-
ization of MTL sub-regions for associative short-term memory.

2. Materials and methods
2.1. Subjects

The lesion group consisted of three patients (mean age 31 years)
who had undergone resection of right temporal lobe structures for the

treatment of epilepsy. All patients were well beyond the immediate post-
operative period with a minimum of 22 months between resection and
testing. All patients were right-handed and normal on neurological exam-
ination. All patients were free of additional neurological and psychiatric
disorders.

Patient H.N. is a 42-year-old female. Since 1999, she had suffered
from recurrent déja vu-experiences and dream-like states lasting for a few
seconds at a frequency of 3—4 per month. After a complex-focal seizure
with secondary generalization in March 2004, she was admitted to our
hospital. Magnetic resonance imaging (MRI) disclosed a right temporo-
mesial lesion that was resected in June 2004. The lesion was histologically
classified as a pilomyxoid astrocytoma. After surgery, H.N. experienced
no further seizures. H.N. reported no mnestic or other cognitive deficits
following resection. During testing, she was medicated with gabapentin
1200 mg/d.

Patient S.W. is a 19-year-old male. In 2000, he started experiencing atonic
seizures at a frequency of about 5-6 per month. MRI disclosed a right temporo-
mesial lesion. A medication with carbamazepine was initiated and the atonic
seizures ceased. During the following years, S.W. reported no seizures and no
cognitive impairments. In 2002, an increase of lesion size was seen on MRI and
resection of the lesion was decided. Histology revealed a pilocytic astrocytoma.
After surgery, S.W. experienced no further seizures and no mnestic or other
cognitive impairment. During testing, S.W. was medicated with carbamazepine
300 mg/d.

Patient A.M. is a 32-year-old female. Since 1999, she had suffered
from focal seizures with secondary generalization at a frequency of about
one per month. A right temporo-mesial lesion was found on MRI. Despite
extensive pharmacotherapy, frequency of seizures increased and lesion resec-
tion was eventually decided. The resection was performed in 2002 and
the lesion was histologically classified as epidermoid. After surgery, the
seizures ceased with the exception of a single seizure in 2003. A.M.
reported no mnestic or other cognitive deficits following resection. During
testing, A.M. was medicated with levetiracetam 2000 mg/d and lamotrigine
200 mg/d.

The control group consisted of 10 healthy adults (four males, range 19-57
years, mean 34.5 years) without any history of neurological or psychiatric dis-
orders. Further demographic and neuropsychological characteristics of patients
and controls are listed in Table 1. We found no significant differences between
groups in terms of age, years of education, verbal 1Q (as assessed by the MWT-
B, a German equivalent to the National adult reading test, NART; Lehrl, 2005),
non-verbal intelligence and reasoning (as assessed by sub-test no. 3 of LPS,
a German equivalent to Raven’s Progressive Matrices; Horn, 1983), forward
and backward block tapping span, and immediate and delayed copying of
the Rey-Osterrieth figure. The experiments were undertaken with the under-
standing and written consent of each subject. The study was approved by the
local ethics committee and conducted in conformity with the Declaration of
Helsinki.

2.2. Lesion evaluation

MRI was performed in a 1.5 T scanner (Philips NT, The Netherlands, soft-
ware release 11.0) with a circular polarized head coil. A three-dimensional
gradient echo sequence (TR 15ms, TE 5.4 ms, flip angle 30°, one excitation,
acquisition matrix 256 x 256, field of view 256, slice thickness 1.0 mm) was
used to obtain isotropic volume elements of 1 mm?. The primary slice orien-
tation was sagittal. Coronal reformatting was carried out perpendicular to the
anterior commissure/posterior commissure line (AC-PC line), as defined on the
mid-sagittal image. Covering the temporal lobe, 80 coronal sections with an
individual thickness of 1.0 mm were reconstructed for each subject.

MR images were analyzed using the OsiriX open source imaging software
(Rosset, Spadola, & Ratib, 2004). The rostro-caudal position of coronal sections
relative to the AC was determined according to a modified Talairach coordinate
system, where the section perpendicular to the AC is defined as 0 mm and sec-
tions caudal to this reference are assigned positive millimetric values (Mai,
Assheuer, & Paxinos, 2004). For demonstration of lesions, we chose four coro-
nal sections which show amygdala, hippocampus, entorhinal cortex, perirhinal
cortex, parahippocampal cortex and infero-temporal cortex (Fig. 1). Since there
was a significant variation in medio-lateral brain diameter, symmetry of ventric-
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Table 1
Characteristics of patients and controls

Age (years) Education (years) MWT-B (verbal 1Q) LPS-3 (t-value) Block tapping span Rey-Osterrieth figure
Forward Backward Immediate Delayed

HF patients

H.N. 42 12 118 52 9 9 17.0 16.0

S.W. 19 12 97 67 9 8 22.0 22.5

AM. 32 13 104 55 8 8 20.5 22.5

Mean (S.E.M.) 31.0 (6.7) 12.3 (0.3) 106.3 (6.2) 58.0 (4.6) 8.7(0.3) 8.3(0.3) 19.8 (1.5) 203 (2.2)
Controls (n=10)

Mean (S.E.M.) 345 (4.8) 14.1 (0.5) 109.0 (3.4) 58.2(2.2) 9.0(0.8) 7.9(0.2) 22.4 (2.0 229 (1.7)
p-Value 0.69 0.05 0.69 0.94 0.57 0.47 0.69 0.57

MWT-B, Mehrfachwahl-Wortschatztest Version B (a German equivalent to the National adult reading test, NART); LPS-3, Leistungspriifsystem sub-test no. 3,
age-corrected score (a German equivalent to Raven’s Progressive Matrices). p-values from group comparisons with Mann—Whitney tests.

ular spaces (patient A.M.), and AC-PC distance between patients, the positions
of these four sections were determined individually by using landmarks rather
than by using absolute distances. We first determined the individual position
of the most rostral and the most caudal sections (rows A and D in Fig. I).
Then we divided the individual distance between these sections by three in each
subject in order to determine the rostro-caudal positions of the other two sec-
tions (rows B and C in Fig. 1). Sections shown in row A of Fig. 1 are located
6 mm posterior to the fronto-temporal junction and slightly posterior to the AC.
These sections show the amygdala, rostral entorhinal cortex, rostral perirhinal
cortex and infero-temporal cortex (Insausti & Amaral, 2004; Insausti, Tuiidn,
Sobreviela, Insausti, & Gonzalo, 1995; Insausti et al., 1998; Mai et al., 2004).
Sections inrow D are located at the centre of the lateral geniculate nucleus. These
sections show the hippocampus, parahippocampal cortex and infero-temporal
cortex (Insausti & Amaral, 2004; Mai et al., 2004). The intermediate sections

@B

in rows B and C show the hippocampus, entorhinal cortex and perirhinal cor-
tex (Insausti & Amaral, 2004; Insausti et al., 1995, 1998; Mai et al., 2004).
The extent of MTL damage at each of the four levels is summarized in Table 2
for each patient. All three patients had damage to the right amygdala, anterior
hippocampus, anterior entorhinal cortex and middle portions of the perirhinal
cortex. The infero-temporal cortex, rostral perirhinal cortex, parahippocampal
cortex and posterior hippocampus were normal in all patients.

2.3. Stimulus presentation

Subjects were seated in a darkened room in front of a 22 in. computer monitor.
The head was positioned on a chinrest to ensure a constant viewing distance of
50 cm to the screen. Visual stimuli were programmed and presented with ERTS
software, Version 3.32 (BeriSoft, Germany). All stimulus arrays were presented

Fig. 1. Magnetic resonance imaging scans of patients H.N., S.W. and A.M. Four coronal sections perpendicular to the anterior commissure/posterior commissure
line are arranged from rostral (row A) to caudal (row D). The caudal distance of each section from the anterior commissure is given in mm in the upper left corner
of each section. Note correspondence of anatomical structures between patients in single rows. Note damage to right anterior medial temporal lobe structures in all

three patients.



Table 2
Individual lesion analysis
H.N. S.W. AM.
A
AMY + + +
ERC + + +
PRC 0 0 0
ITC 0 0 0
B
HIP + + +
ERC + + +
PRC + + +
ITC 0 0 0
C
HIP + + (+)
ERC 0 + 0
PRC 0 + 0
ITC 0 0 0
D
HIP 0 0 0
PHC 0 0 0
ITC 0 0 0

Columns represent patients, rows A—D represent the four rostro-caudal levels
of patients’ magnetic resonance imaging scans shown in Fig. 1. See text for
further details. AMY, amygdala; HIP, hippocampus; ERC, entorhinal cortex;
PRC, perirhinal cortex; ITC, infero-temporal cortex; +, affected; 0, not affected.

within a central region of the screen, subtending 9.8° x 7.3° of visual angle.
Stimuli were small squares, subtending 0.65° x 0.65° of visual angle (mean
luminance 23 cd/m?) on a light grey background (luminance 21 cd/m?). Stimulus
arrays consisted of two, four or six simultaneously presented squares. Manual
responses were recorded by two response keys, positioned to the right and left
of the column carrying the chinrest. Fixation was monitored at a sampling rate
of 240 Hz by using video-oculography (iView Hi-Speed, SMI, Germany) in all
patients and in seven controls.
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2.4. Paradigms

Subjects were tested with three delayed-match-to-sample (DMS) tasks, test-
ing either memory of colours, locations or colour—location associations (Fig. 2).
The general design of the tasks was identical. A trial started with the appearance
of a black central fixation dot for 1000 ms followed by the presentation of the
sample array for 200 ms. The location of each square in the sample array was
pseudo-randomly chosen from 48 possible locations with the minimal distance
between two squares being at least 2.0° (centre to centre). Repetition of sample
arrays was avoided in each task. The presentation of the sample array was fol-
lowed by an unfilled memory delay of 900 or 5000 ms, during which subjects
continued fixating. After the delay, a test stimulus appeared and subjects indi-
cated by an unspeeded manual key press whether the test stimulus matched one
of the stimuli presented in the sample array or not (“match”, right index finger,
50% of trials; “non-match”, left index finger, 50% of trials). No feedback was
given. Test stimuli were presented for a maximum of 2000 ms, with presentation
being terminated by the key press. Between trials, the screen was cleared for a
variable inter-trial interval of 1000-3000 ms.

2.4.1. Colour task

Subjects were presented sample arrays consisting of coloured squares (Fig. 2,
top row). Colours were chosen from a set of nine highly discriminable colours
(red, orange, yellow, green, cyan, blue, violet, black, white). Each colour was
used only once in a given sample array. After the delay, a coloured test square
appeared in the centre of the screen. Subjects indicated whether or not its colour
had been presented in the sample array.

2.4.2. Location task

Subjects were presented sample arrays consisting of dark grey squares
(Fig. 2, middle row). After the delay, a dark grey test square appeared either
at one of the locations occupied by a square in the sample array or at a different
location. Subjects indicated whether or not the test square had been presented
at a location previously occupied in the sample array.

2.4.3. Association task

As in the colour task, subjects were presented sample arrays consisting of
coloured squares (Fig. 2, bottom row). After the delay, a coloured test square
was presented at 1 out of 48 possible locations. In match-trials, the test stimulus

SAMPLE DELAY PROBE
200 ms 900/ 5000 ms match non-match
u
COLOUR m * > > [ ]
]
- [ [ | [ ]
LOCATION L | > > e +
[ |
[ ]
o
|
™ ] [ ]
ASSOCIATION * > > +
+
[ ]

Fig. 2. Schematic of the three delayed-match-to-sample tasks. While fixating on a central fixation cross, subjects were presented an array of two, four or six squares.
After a memory delay of 900 or 5000 ms, subjects were presented a single probe stimulus and indicated by a key press whether or not the probe matched one of the
sample squares in colour (colour task), location (location task), or colour and location (association task).
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Table 3
Individual patients’ performance in the three delayed-match-to-sample tasks
Colour (%) Location (%) Association (%)
900 ms 5000 ms 900 ms 5000 ms 900 ms 5000 ms
HF patients
H.N. 83.3 84.0 91.0 86.8 79.9 76.4
S.W. 88.2 83.3 95.1 79.9 90.3 74.3
AM. 91.7 81.3 83.3 722 83.3 73.6
Mean (S.E.M.) 87.7 (2.4) 82.9(0.8) 89.8 (3.5) 79.6 (4.2) 84.5(3.1) 74.8 (0.8)
Controls (n=10)
Mean (S.E.M.) 89.7 (1.2) 86.0 (1.4) 92.2(1.8) 85.6 (2.0) 88.3 (1.1) 87.3(0.9)
p-Value 0.57 0.16 0.57 0.22 0.22 <0.007

p-Values from group comparisons with Mann—Whitney tests.

matched one of the squares from the sample array both in colour and location.
In non-match-trials, the test stimulus differed either in colour or location from
squares presented in the sample array. Subjects indicated whether or not the test
square matched a square from the sample array both in colour and location.

2.5. Procedure

Subjects were tested on two consecutive days. The experiment was run in
a blocked design with separate administration of the three DMS tasks. On both
days, subjects performed all three tasks with the order of the tasks being coun-
terbalanced across subjects and days. Each task consisted of six blocks per day.
Subjects started a task with two blocks of set size 2, followed by two blocks
of set size 4, and two blocks of set size 6. A single block consisted of 24 trials
arranged in pseudo-random order. Each block consisted of an equal number of
trials with 900 and 5000 ms delay. In total, subjects performed 288 trials for each
task. Subjects were given time to rest between blocks. Breaks of about 45 min.
duration were scheduled between tasks to avoid fatigue. Prior to each block with
a new set size, subjects performed 12 training trials.

2.6. Data analysis

Patients and controls kept fixation in the majority of trials. Eye movements
exceeding 1° during sample array presentation and delay period were rare in
both groups (group mean for sample presentation period: patients 3.1% of trials,
controls 3.0%; p=0.83; delay period: patients 1.9% of trials, controls 5.9%;
p=0.18). For each task, delay and set size, performance was expressed both in
percent correct and d’ scores (Macmillan & Creelman, 2005). Since we found
no differences between results from statistical analyses using either measure
of performance, percent correct scores are reported. As the number of subjects
permitted no meaningful conclusions on the normality of the data distribution,

non-parametric statistical analyses with Wilcoxon-tests, Mann—Whitney-tests
and Friedman-ANOVAs were applied throughout (Altman, 1991).

3. Results

Individual results of patients are summarized in Table 3,
group results are shown in Fig. 3. In the colour task (Fig. 3), no
significant effect of the group factor was found in overall perfor-
mance (collapsed over delays and set sizes; p = 0.37). The effects
of delay (performance collapsed over set sizes; p=0.003) and
set size (performance collapsed over delays; d.f. =2; x> =22.6;
p <0.001) were significant, indicating that performance changed
with delay and set size. On an average, performance dropped
from 89.2% at 900 ms delay to 85.3% at 5000 ms delay and
from 98.5% at set size 2 to 76.9% at set size 6. (900 ms; controls:
98.8%, 88.5% and 81.7% for set sizes 2, 4 and 6, respectively;
patients: 98.6%, 90.3% and 74.3%; 5000 ms; controls: 98.8%,
85.6% and 73.8%; patients: 96.5%, 77.8% and 74.3%). Sim-
ilar results were obtained in the location task (Fig. 3). The
effect of the group factor was not significant in overall perfor-
mance (p =0.29), while effects of delay (p =0.002) and set size
(d.f.=2; x>=14.9; p=0.001) were significant. Average perfor-
mance dropped from 91.6% at 900 ms delay to 84.2% at 5000 ms
delay and from 93.3% at set size 2 to 81.8% at set size 6 (900 ms;
controls: 97.3%,91.9% and 87.3% for set sizes 2, 4 and 6, respec-
tively; patients: 95.1%, 90.3% and 84.0%; 5000 ms; controls:

COLOUR LOCATION ASSOCIATION
—, 100 100 100
=
3
g % n n
o
o
4
= 80 4 80 - 80 A
°
e
8 70{ -@- patients(n=3) 70 4 70 - o
-O— controls (n=10)
900 5000 900 5000 900 5000
delay [ms] delay [ms] delay [ms]

Fig. 3. Average performance of patients (black dots) and controls (white dots) in the three delayed-match-to-sample tasks. Mean correct responses in percent £S.E.M.
collapsed over set sizes, shown as a function of delay. Asterisks indicate significant difference between groups (p =0.007).
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90.2%, 87.9% and 78.5%; patients: 88.2%, 78.5% and 72.2%).
Taken together, these results therefore suggest that short-term
memory of colours and locations was intact in our patients, at
least at memory delays of up to 5000 ms and set sizes of up to
six to-be-remembered items.

A different picture emerged in the association task (Fig. 3).
Here, a significant effect of the group factor was found in overall
performance (p = 0.007). Comparing the performance of patients
and controls, we found a significant difference in task perfor-
mance between groups at 5000 ms memory delay (collapsed over
set sizes; p =0.007) but not at 900 ms (p =0.22), suggesting that
patients performed significantly worse compared to controls as
the length of the memory delay increased from 900 to 5000 ms.
However, it may be argued that this finding may simply be due to
increased task difficulty of the association condition compared
to the colour and location conditions. We therefore compared
the controls’ performance between the three tasks and found
no significant effect of the factor task at both memory delays
(900ms: d.f.=2; x*=5.3; p=0.07; 5000 ms: d.f.=2; x*=1.9;
p=0.39). Hence, greater task difficulty of the association task
appears not to account for our findings. Although evidence
from behavioural studies suggests that short-term memory stores
integrated chunks of visuo-spatial information (Jiang, Olson,
& Chun, 2000), it may further be argued that performance
differences between groups at 5000 ms memory delay in the
association task may be due to increased memory load (six
colours +six locations) compared to the colour and location
tasks. Patients may have failed to maintain large set sizes because
of a deficit in short-term memory capacity. Additional analyses
render this explanation unlikely. Like in the single-feature con-
ditions, there was a significant effect of set size across groups in
the association task (performance collapsed over delays; d.f. =2;
x>=26.0; p<0.001). However, the decrease in performance
from set sizes 2 to 6 was very similar in both groups at both mem-
ory delays. At 900 ms delay, average performance dropped from
set sizes 2 to 6 by 20.1% in patients and by 21.9% in controls
(p=0.57). At 5000 ms delay, performance dropped by 22.2% in
patients and by 20.8% in controls (p =0.81). With group aver-
age performance plotted as a function of set size separately for
each delay (Fig. 4), curves are indeed largely running in parallel

900 ms 5000 ms
— 100 4 100 A
=
n
3 90 4 90 4
c
2
»n 80 1 80 A
o
™
k7]
@ 70 70 -
s —@- patients (n=3)
o -0~ controls (n=10)
60 T T T 60 T T T
2 4 6 2 4 6
items items

Fig. 4. Average performance of patients (black dots) and controls (white dots)
in the association task. Mean correct responses in percent £S.E.M., shown as a
function of set size separately for both delays. Note that the two group average
curves at 5000 ms delay are running in parallel.

at both delays (900 ms; controls: 99.2%, 88.3% and 77.3% for
set sizes 2, 4 and 6, respectively; patients: 94.4%, 84.7% and
74.3%; 5000 ms; controls: 98.1%, 86.5% and 77.3%; patients:
87.5%, 71.5% and 65.3%). These analyses indicate that patients
had a deficit in short-term memory of colour—location associa-
tions rather than a deficit in maintaining large set sizes. In the
latter case, we would have expected an increasing difference in
performance between groups with increasing set size.

4. Discussion

The present study shows that patients with well-defined uni-
lateral lesions of the anterior MTL are significantly impaired
in visuo-spatial short-term memory. With the tasks used here,
this deficit appears to affect memory of colour—location asso-
ciations selectively, while short-term representation of colours
and locations is normal. In the following, we discuss how these
findings relate to the anatomy of the MTL and current theories
of hippocampal function.

4.1. Convergence of visual and spatial processing in the
MTL

In our patients, the common lesion zone was restricted to
the right anterior hippocampal formation, i.e. entorhinal cortex
and anterior hippocampus proper, with additional involvement
of middle portions of perirhinal cortex. This zone therefore
corresponds closely to damage of the right MTL in patient
H.M. (Corkin, Amaral, Gonzalez, Johnson, & Hyman, 1997).
Within the affected MTL structures, candidate sub-regions medi-
ating memory of colour—location associations should receive
afferents both from regions involved in processing spatial and
visual information. For perirhinal cortex, the strongest neocorti-
cal inputs are from visual areas TE and TEO in infero-temporal
cortex (Suzuki & Amaral, 1994a). Spatial information reaches
perirhinal cortex only indirectly via projections from areas TF
and TH in the parahippocampal cortex (Suzuki & Amaral,
1994a). The hippocampal formation in turn receives input both
from perirhinal and parahippocampal cortex (Suzuki & Amaral,
1994b), with additional direct afferents to its subicular por-
tion and CA1 from neocortical regions involved in visual and
spatial cognition (Cavada & Goldman-Rakic, 1989; Goldman-
Rakic, Selemon, & Schwartz, 1984; Rockland & Van Hoesen,
1999; Suzuki & Amaral, 1990; Yukie & Iwai, 1988). Although
the hippocampal formation appears thus to be well positioned
for visuo-spatial associative memory tasks, neurophysiologi-
cal studies have shown neurons responding to combinations
of visual and spatial information not only in the hippocampus
but also in perirhinal/parahippocampal cortex (Rolls, Xiang, &
Franco, 2005). Consistent with this finding, lesion studies in
monkeys found deficient memory for object—location associa-
tions both after lesions of the hippocampus (Parkinson, Murray,
& Mishkin, 1988) and the parahippocampal cortex (Malkova
& Mishkin, 2003). By contrast, results from functional imag-
ing studies in humans investigating memory of object—location
and face—location associations have shown mostly right-sided
activations of the anterior hippocampal formation, which are
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congruent with the hippocampal part of the common lesion zone
of our patients (Diizel et al., 2003; Kohler, Danckert, Gati, &
Menon, 2005; Mitchell, Johnson, Raye, & D’Esposito, 2000;
Pickema, Kessels, Mars, Petersson, & Fernandez, 2006). The
apparent parallelism of these latter findings with our results must
be interpreted with caution, as processing in the MTL of the
comparatively complex visual material in these tasks may be dif-
ferent from processing of the simple colours in our experiment
(Sato & Nakamura, 2003). Moreover, disconnection of cau-
dal hippocampal regions remains an alternative explanation for
memory deficits after anterior MTL resections (Beason-Held,
Rosene, Killiany, & Moss, 1999; Corkin et al., 1997). Therefore,
anatomical data support a role of the anterior MTL, in particular
the anterior hippocampal formation, for visuo-spatial associa-
tive memory, but do not allow to definitely relate the observed
deficits to a distinct sub-region within the common lesion zone
of our patients.

4.2. Visuo-spatial short-term memory in patients with MTL
lesions

How do our findings compare to visual short-term memory
deficits in previous human lesion studies of the MTL? The
claim that the MTL contributes significantly to visuo-spatial
short-term memory is controversial, and unequivocal anatom-
ical evidence for this hypothesis has been lacking in humans
(Ranganath & Blumenfeld, 2005). Lesions in numerous studies
of human patients either involved structures outside the MTL or
were not precisely documented by structural brain imaging (e.g.
Nichols et al., 2006; Owen et al., 1995). Another set of studies
used patients with hippocampal dysfunction following global
cerebral hypoxia (e.g. Hannula et al., 2006; Olson et al., 2006).
Transient global hypoxia frequently leads to neuronal damage
in the hippocampal formation, and this damage may be selec-
tive in some cases (e.g. Rempel-Clower, Zola-Morgan, Squire,
& Amaral, 1996; Zola-Morgan, Squire, & Amaral, 1986). The
study of the cognitive deficits of these patients has advanced
our understanding of human hippocampal function considerably
(Stark, 2007). However, in most patients, extra-hippocampal
brain regions are also affected, including regions of cerebral
cortex, basal ganglia and thalamus, some of which are involved
in declarative memory too (Auer & Sutherland, 2002; Caine
& Watson, 2000; Grubb et al., 2000). Consequently, isolated
amnesic syndromes are rare and amnesia is often associated
with variable executive and motor deficits (Caine & Watson,
2000; Lim et al., 2004). In the face of the limited sensitivity
of current neuroimaging techniques to subtle neuronal damage,
it has thus been stated that the study of amnesic patients after
global hypoxia does not necessarily imply the study of selec-
tive hippocampal damage, even when the hippocampus is the
only affected structure on MRI (Stark, 2007). This objection
does not apply to the patients reported here, since they suf-
fered from conditions which were confined to the right MTL,
showed no additional cognitive deficits, and maintained fixation
during stimulus presentation and memory delay similar to con-
trols. We therefore think that our results provide clear evidence
that the MTL significantly contributes to visuo-spatial memory

at delays which are commonly considered short-term memory
delays.

While the delay-dependency of our patients’ deficit in the
association task argues against the possibility of a perceptual
impairment, the lack of a significant deficit at 900 ms mem-
ory delay does not necessarily mean that performance at this
delay was entirely intact. It remains possible, that by increas-
ing statistical power with a larger sample of patients, deficits
may also emerge at delays as short as 900 ms. Moreover, it
appears likely that our findings underestimate the real magni-
tude of the contribution of the MTL to short-term memory, since
our patients’ lesions were unilateral, while there is evidence
for bilateral processing of visual memory in the human MTL
(Hornak, Oxbury, Oxbury, Iversen, & Gaffan, 1997). In addi-
tion, the caudal hippocampus, parts of perirhinal cortex and the
entire parahippocampal cortex were not included in our patients’
lesions, i.e. structures which may also be involved in visuo-
spatial associative memory (e.g. Malkova & Mishkin, 2003;
Rolls et al., 2005). The incompleteness of the lesions may also
explain why copying of the Rey-Osterrieth figure was not sig-
nificantly impaired in our patients. Previous research suggests
that both the right hippocampus and the parahippocampal cortex
may contribute to performance in the Rey-Osterrieth complex
figure test (Bohbot et al., 1998).

4.3. Associative and non-associative memory in patients
with MTL lesions

Considering the connectivity of the MTL, influential the-
ories of hippocampal function propose a partial division of
labour between MTL sub-regions (see Squire et al. (2004) and
Morris (2007) for recent reviews). A hypothesis central to sev-
eral of these theories is, that the hippocampal formation is
mainly concerned with associative representations, i.e. memory
which integrates information from diverse cortical processing
streams (e.g. Brown & Aggleton, 2001; Cohen & Eichenbaum,
1993; Eichenbaum & Cohen, 2001; Mayes et al., 2007). In this
framework, the representation of non-associative information
is believed to depend mainly on the adjacent perirhinal and
parahippocampal cortices. While these theories complement the
anatomical convergence of multiple distinct afferents through
the latter regions into the hippocampal formation (Insausti &
Amaral, 2004), human lesion studies have yielded inconsis-
tent results. Hence, a clear functional specialization of the
MTL in sub-regions processing either associations or non-
associative information has been questioned (Squire et al.,
2004). For example, in experiments where memory of single
words was contrasted to memory of word pairs or associa-
tions between words and imagined scenes, some patients with
amnesic syndromes secondary to global cerebral hypoxia scored
significantly below controls both for single item memory and
associative memory (Gold, Hopkins, & Squire, 2006; Gold,
Smith et al., 2006; Stark & Squire, 2003), while in other studies
relative sparing of item memory and a clear impairment in cer-
tain associative memory tasks was observed (Holdstock et al.,
2002; Mayes et al., 2004). For visuo-spatial short-term memory,
several studies of patients with unilateral post-surgical lesions
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of the MTL and studies of patients with bilateral lesions follow-
ing global hypoxia or encephalitis found an almost equivalent
impairment in memory of visual or spatial items and of asso-
ciations between them (Owen et al., 1995; Stark, Bayley, &
Squire, 2002; Stark & Squire, 2003). By contrast, in two recent
series of patients with MTL lesions of mixed aetiology, selective
deficits in short-term memory of associations between complex
visual and spatial information were found (Hannula et al., 2006;
Olson et al., 2006). This finding is in line with the majority
of recent functional imaging studies on this matter, which sug-
gest that the hippocampus supports associative processing across
domains (see Davachi, 2006 for a recent review). While differ-
ences in methodology and task design may explain some of the
above-mentioned discrepancies, the strong heterogeneity of the
literature further suggests that several interacting factors may
influence the contribution of the MTL and its sub-regions to
memory of items and associations.

In this context, the results reported here suggest that, at
least for delays of up to some seconds, associative and non-
associative memory are not equally supported by the anterior
MTL. Alternative accounts, e.g. a general deficit in short-term
memory capacity revealed in a condition with relatively large
set sizes, appear unlikely, as patients showed no differential set
size effect in the association task. In addition, performance of
normal controls in the association condition was not inferior
to performance in the single-feature conditions. Task difficulty
does therefore not account for our findings. Rather, our results
point to a predominant role of the anterior MTL, possibly the
anterior hippocampal formation, for the short-term representa-
tion of associations between visual and spatial information. This
function appears not to be limited to complex visual material,
as has been speculated recently (Hannula et al., 2006), since it
manifests itself already with the simple stimulus material of our
tasks. However, facing the clear non-associative memory impair-
ments in several previous human lesion studies (see above), it
would be premature to infer that this specialization is absolute.
It appears possible, that in patients with bilateral selective hip-
pocampal lesions or in a larger sample of patients with unilateral
hippocampal lesions, deficits in colour- or location-only condi-
tions emerge which were undetected in the present study. Lastly,
it remains to be investigated whether the associative memory
deficit of our patients is confined to associations between infor-
mation of different domains such as colours and locations or
extends to other types of associations. Recent research suggests
that only the former may critically depend on the hippocampal
formation (Mayes et al., 2007).

5. Conclusion

The results of the present study substantiate recent doubts
about a strict dichotomy of short-term and long-term memory
(Ranganath & Blumenfeld, 2005). In addition, they call for
an explanation that reconciles an involvement of the MTL
in short-term memory with theories of hippocampal function
which postulate an at least partial segregation in the representa-
tion of visuo-spatial items and associations in the MTL. Tasks
and memory delays similar to those used here have previously

been employed in several studies of short-term memory-related
neuronal activity in fronto-parietal cortices. Particularly in
prefrontal cortex, like in the MTL, there is both segregation
and convergence of processing from diverse sensory modalities
(Fuster, 1995; Goldman-Rakic, 1988; Miller & Cohen, 2001).
For example, single-unit recordings from prefrontal neurons
of monkeys performing object—location short-term memory
tasks revealed neurons with delay-period activity related either
to objects or locations but also a considerable number of
neurons engaged in processing of both types of stimuli (Rainer,
Asaad, & Miller, 1998; Rao, Rainer, & Miller, 1997). Similarly,
functional imaging studies have revealed prefrontal activations
with associative short-term memory tasks, which differed from
activations in single-feature conditions (e.g. Munk et al., 2002;
Prabhakaran, Narayanan, Zhao, & Gabrieli, 2000). While our
results are consistent with the general claim that representations
in short-term memory are distributed across a large-scale
network that includes the MTL (Fuster, 1995; Goldman-Rakic,
1988; Miller & Cohen, 2001), the precise respective contri-
butions of the frontal, parietal and medio-temporal nodes of
this network are still under debate. The findings in our patients
suggest that, within this network, the recruitment of the MTL
also depends on the associative nature of to-be-remembered
visuo-spatial material.
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