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Medial Temporal Lobe Involvement in an
Implicit Memory Task: Evidence of
Collaborating Implicit and Explicit Memory
Systems from fMRI and Alzheimer's
Disease

We used a prototype extraction task to assess implicit learning of
a meaningful novel visual category. Cortical activation was
monitored in young adults with functional magnetic resonance
imaging. We observed occipital deactivation at test consistent with
perceptually based implicit learning, and lateral temporal cortex
deactivation reflecting implicit acquisition of the category’s semantic
nature. Medial temporal lobe (MTL) activation during exposure and
test suggested involvement of explicit memory as well. Behavioral
performance of Alzheimer’s disease (AD) patients and healthy seniors
was also assessed, and AD performance was correlated with gray
matter volume using voxel-based morphometry. AD patients showed
learning, consistent with preserved implicit memory, and confirming
that AD patients’ implicit memory is not limited to abstract patterns.
However, patients were somewhat impaired relative to healthy
seniors. Occipital and lateral temporal cortical volume correlated
with successful AD patient performance, and thus overlapped with
young adults’ areas of deactivation. Patients’ severe MTL atrophy
precluded involvement of this region. AD patients thus appear to
engage a cortically based implicit memory mechanism, whereas their
relative deficit on this task may reflect their MTL disease. These
findings suggest that implicit and explicit memory systems collabo-
rate in neurologically intact individuals performing an ostensibly
implicit memory task.

Keywords: Alzheimer’s, explicit memory, fMRI, implicit memory,
medial temporal

Introduction

Implicit memory facilitates behavior without conscious aware-
ness of either the prior learning process or the resulting
knowledge. Numerous studies demonstrating good perfor-
mance on implicit memory tasks by amnesics, despite their
inability to recall or recognize specific training items (e.g., Graf
and Schacter 1985; Squire 1986; Nissen and Bullmer 1987,
Squire and Knowlton 1995; Reed et al. 1999; Reber, Martinez,
et al. 2003; Golby et al. 2005), have provided compelling
evidence for the independence of implicit and explicit memory
systems. Although investigators have thus posited that implicit
learning does not involve medial temporal lobe (MTL) structures
such as the hippocampus, the mutual exclusivity of implicit and
explicit memory processes has recently been questioned.
Evidence suggests that 2 distinct memory processes can be
employed within a single experimental task: Investigators
have attributed improved performance on ostensibly implicit
tasks to explicit memory for training stimuli (Willingham et al.
1989; Poldrack and Packard 2003; Schott et al. 2005). In a task
in which amnesics initially exhibit unimpaired performance,
further training enhances performance only for neurologically
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healthy subjects (Knowlton et al. 1994), and MTL involve-
ment has been implicated in healthy subjects’ performance
advantage (Poldrack et al. 2001). Some investigators have further
proposed that the MTL, a brain area generally associated with
explicit learning and retrieval of episodic knowledge, is part of the
system supporting implicit memory performance (Beauregard
et al. 1998).

Research in implicit learning and memory has tended to
employ stimuli devoid of semantic content (e.g., Nissen and
Bullmer 1987; Willingham et al. 1989; Ashby et al. 1998; Reber
et al. 1998; Reber, Gitelman, et al. 2003; Reber, Martinez, et al.
2003), such as dot patterns (e.g., Posner and Keele 1968; Squire
and Knowlton 1995; Reber et al. 1998; Aizenstein et al. 2000;
Reber, Gitelman, et al. 2003), letter strings (e.g., Reber 1967;
Fletcher et al. 1999; Skosnik et al. 2002; Reber, Martinez, et al.
2003), and arbitrary geometric shapes (Schacter et al. 1990,
1997). Implicit memory has thus often been associated with
perceptual tasks. Moreover, it has been claimed that patients
with Alzheimer’s disease (AD), a condition associated with
reasonable implicit learning on perceptually based tasks despite
severely impaired episodic memory (Butters et al. 1988), selec-
tively demonstrate impaired implicit memory on semantic tasks
(Fleischman et al. 1997, 2005; Fleischman and Gabrieli 1998).
Thus, our goals were twofold: 1) to assess the contribution of
episodic memory to performance of an ostensibly implicit
learning task, and 2) to examine implicit memory for se-
mantically meaningful material.

Functional neuroimaging has provided new insights into
the neuroanatomic substrates of implicit memory. Two common
observations emerge from among many studies (e.g., Squire
et al. 1992; Schacter et al. 1996, 1997; Cabeza et al. 1997;
Reber et al. 1998; Petersson et al. 1999; Poldrack et al. 2001;
Skosnik et al. 2002; Nyberg et al. 2003; Reber, Gitelman, et al.
2003; Vuilleumier et al. 2005): First, implicit learning tends to
involve occipital and striatal regions, presumably reflecting
visual-perceptual processing and habit learning, respectively.
Second, implicit learning is associated with relative deactivation
of relevant brain regions, particularly in visual association cortex.
Such deactivation on implicit memory tasks is thought to reflect
perceptual fluency, that is, diminished processing demands that
result from repeated exposure and accrued familiarity with
similar-appearing material (Schacter and Buckner 1998; Fletcher
et al. 1999; Aizenstein et al. 2000; Reber, Gitelman, et al. 2003;
Kelly, Garavan, et al. 2005). In the present study, we used
functional magnetic resonance imaging (fMRI) to observe
cortical recruitment in healthy young subjects while they
implicitly acquired, and were subsequently tested on, a novel
category. We also examined performance of AD patients
participating in the same task as a behavioral protocol. MTL



structures are profoundly compromised in AD (Arnold et al
1991; Braak and Braak 1991), and thus we used analyses of AD
patients’ performance to help interpret the contribution of these
regions to the young subjects’ performance.

Previous work used fMRI to demonstrate competition
between explicit memory (supported by the MTL) and implicit
memory (supported by the caudate) in a habit learning task
(Poldrack et al. 2001; Foerde et al. 2006). In the present study,
by contrast, we address the collaborative involvement of ex-
plicit and implicit memory, using a different implicit memory
procedure—prototype extraction. Thus, this study is in
keeping with other work that posits concurrent use of the
2 independent memory systems. The prototype extraction
protocol was designed to examine implicit learning of non-
semantic visual categories such as dot patterns (Posner and
Keele 1968; Squire and Knowlton 1995; Reber et al. 1998, 1999;
Aizenstein et al. 2000; Reber, Gitelman, et al. 2003), and has
been adapted for categories of pictorial objects constructed of
discrete features (Reed et al. 1999). Subjects are initially
exposed to category exemplars that are derived from a pro-
totype, without being informed of the items’ categorical nature
until the start of a subsequent test session. During the test
session, subjects judge category membership for stimuli that
include category members and items that vary from the
prototype to greater and lesser extents. AD patients have been
shown to achieve above chance performance on prototype
extraction tasks (Keri et al. 1999; Reed et al. 1999; Eldridge
et al. 2002; Bozoki et al. 20006).

We expected the fMRI imaging study in young adults to show
relative deactivation in occipital areas for category members
compared with nonmembers, consistent with other imaging
studies of implicit learning of visually based categories. We also
monitored MTL activation because of this brain region’s
potential role in supporting an additional explicit memory
contribution to an ostensibly implicit memory task. If both MTL
and cortical regions play roles in prototype extraction, more-
over, we would expect AD patients to acquire the category at
a level that exceeds chance, commensurate with their levels of
preserved cortical functioning; but their limited MTL function-
ing should impair their performance relative to controls.

A second goal of the present study was to extend findings on
implicit learning of material with meaningful content, and
hence we used the prototype extraction procedure with
semantically meaningful stimuli. fMRI studies have assessed
implicit acquisition of artificial grammars, considered to be
conceptual rather than perceptual in nature (Reber et al. 1998;
Reber, Martinez, et al. 2003), and patients with AD are able to
acquire an artificial grammar (Reber, Martinez, et al. 2003).
However, the conceptual nature of this kind of material has
been questioned, as apparent learning can be at least partially
attributed to superficial perceptual similarities among stimuli
(Knowlton and Squire 1996; Lieberman et al. 2004). Studies
of semantic priming, which draw on implicit semantic
memory, have yielded equivocal results in AD (Nebes 1989;
Glosser et al. 1998). Although apparently intact semantic
priming has been demonstrated in non-AD amnesics (Levy et al.
2004), implicit memory studies of semantic material failed
to demonstrate above chance performance in AD patients
(Fleischman et al. 1997; Fleischman and Gabrieli 1998).
However, these latter studies seem confounded by executive
resource demands selectively required by the semantic tasks,
such as mental search procedures involved in word generation.
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Thus, executive impairment in AD (LaFleche and Albert 1995;
Libon et al. 2007) may have influenced patients’ performance in
the semantic, but not in the perceptual, tasks. The present report
assesses implicit learning from a unique perspective by employ-
ing an established protocol for perceptual category learning in
order to assess acquisition of a meaningful novel category. If
a semantic category can be acquired with the prototype
extraction technique, the imaging study might show deactivation
in posterolateral temporal cortex that is implicated in semantic
memory (Martin et al. 1996; Josephs 2001; Kensinger et al. 2003;
Grossman et al. 2007). Moreover, to the extent that implicitly
acquiring a meaningful concept does not depend on the MTL, AD
patients might be able to learn this meaningful category with the
prototype extraction technique.

Methods: fMRI Study

Subjects

Nine healthy young volunteers (5 female) participated in this study.
The mean age was 20.3 (+2.0); mean education was 14.4 (+1.8) years.
All were right-handed, native English speakers. Informed consent was
obtained under a protocol approved by the Institutional Review Board
at the University of Pennsylvania.

Stimuli

We created a set of 64 unique images of realistic novel animals
comprising all possible combinations of 6 features, each with 2 variants:
snout (pointed or blunt), legs (short or long), neck (raised or lowered),
color (yellow or red), tail (straight or curled), and tooth (fang-like or
tusk-like). Ranking of the 6 features’ contribution to inter-item resem-
blance judgments was obtained as follows: All possible animal pairs were
formed, and 10 young volunteers rated each pair for interitem similarity.
With successive multidimensional scaling analyses for 1 through
6 dimensions performed on the ratings, head, leg, color, and neck
emerged as the features contributing the most to similarity assessments.
We refer to these as “contributing” features, and to the remaining 2 (tail
and tooth) as “noise” features. We created a category by randomly
choosing one variant of each of the 4 contributing features, that is,
pointed snout, short legs, yellow color, and upright neck. Category
membership was determined as follows: MEMBERS contained at least 3 of
these 4 contributing feature variants; AMBIGUOUS items contained
exactly 2 of the contributing variants; NONMEMBERS contained 1 or 0.
Four of the MEMBERS contained all four contributing feature variants
(with different combinations of noise feature variants), and thus
embodied the central tendency of the category. We refer to these 4
MEMBERS as prototypical. The variants of the noise features were evenly
represented among each type of stimulus. Examples are shown in
Supplementary Material (1). As detailed elsewhere (Koenig et al. 2000,
2007; Koenig and Grossman 2007), subjects appear to treat these stimuli
as a conceptual category rather than an exclusively perceptual category.
For example, individual features’ diagnosticity appears to reflect relevance
specific to classifying animals, rather than purely perceptual character-
istics, and accuracy of category membership judgments declines when
the category set is reconfigured so that membership involves noise
features. We have previously demonstrated that this novel category can be
learned by young subjects (Koenig et al. 2005) and by AD patients (Koenig
et al. 2007) by explicit categorization processes. Stimuli consisted of 50
items, reduced from the complete set because of time constraints, and
comprised 20 MEMBERS, 14 AMBIGUOUS items, and 16 NONMEMBERS.

Procedure

Exposure Session

The exposure session took place while subjects were being scanned.
The series of training items was back-projected on a screen visible via
a system of mirrors; presentation was controlled via computer.
Consistent with most prototype extraction studies (e.g., Reber et al.

Koenig et al.



1998, 1999; Reber, Gitelman, et al. 2003), instructions were minimal:
Subjects were told that they would see a series of animals, and were
instructed to look at them. The intention was to ensure that subjects
attended to each trial without unduly promoting deliberate semantic or
perceptual processing of the stimuli. During the session, subjects saw
a sequence of forty 12-s trials, each displaying a single animal that
remained on the screen for 9 s. The sequence consisted of 8 randomly
ordered nonprototype MEMBERS (i.e., items containing exactly 3 con-
tributing category feature variants), shown in 5 successive sets. Thus,
subjects saw each training MEMBER 5 times, and were exposed to each
categorical feature variant and combination of feature variants an equal
number of times, presented in no discernible pattern.

Test Session

Following the exposure session, subjects were told that the pictures
they had just seen were all the same kind of animal, called cruiters.
They were then told that they would see another sequence of animals,
some of which would be crutters and some of which would not be, and
that they were to indicate for each item whether it was a crutter or not.
Test items consisted of the 50-item stimulus set, presented in a fixed
pseudorandom order in which no more than 3 items of any type (e.g.,
NONMEMBERS) appeared sequentially. The MEMBERS included the
4 prototypical items and 16 items that contained exactly 3 contributing
feature variants: the 8 items that had previously been seen during the
exposure session (“old” MEMBERS), and 8 comparable items seen for
the first time at test (“new” MEMBERS). Subjects responded by a right-
hand press for “yes” and a left-hand press for “no” on a hand-held
button-box. Test items appeared 12 seconds apart, and remained on the
screen until a button-press response. Responses were recorded via the
computer controlling the image presentation.

Imaging Data Acquisition and Statistical Analysis

We used an event-related approach to data acquisition, carried out in
a 4T GE prototype Echospeed scanner capable of ultrafast imaging.
Event-related data acquisition allowed us to group and compare images
corresponding to specific stimuli. Each imaging session began with
a 10-15 min acquisition of 5 mm thick adjacent slices for determining
regional anatomy. This included sagittal localizer images (time
repetition [TR] = 500 ms, time echo [TE] = 10 ms, 192 x 256 matrix),
Tr-weighted axial images (FSE, TR = 2000 ms, TEeff = 85 ms), and
T;-weighted axial images used for fMRI anatomic localization (TR = 600 ms,
TE = 14 ms, 192 x 256 matrix). Gradient echoplanar images were
acquired for detection of alterations of blood oxygenation accompa-
nying increased mental activity. All images were acquired with fat
saturation, a rectangular field of view of 20 x 15 cm, flip angle of 90°, an
effective TE of 50 ms, a TR of 2000 ms, a 64 x 40 matrix, and 5 mm slice
thickness, resulting in a voxel size of 3.75 x 3.75 x 5 mm. The
echoplanar acquisitions consisted of 18 contiguous slices every 2 s. To
minimize susceptibility artifact, a separate acquisition lasting 1-2 min
was needed for phase maps to correct for distortion in echoplanar
images (Alsop et al. 1995). We also inspected raw data of individual
subjects. Raw data were stored by the MRI computer on DAT tape and
then processed off-line.

Initial data processing was carried out with Interactive Data
Language (Research Systems) on a Sun (Santa Clara, CA) SunBlade
workstation. Raw image data were reconstructed using a 2D FFT with
a procedure that minimized artifact due to magnetic field inhomoge-
neities. Individual subject data were then prepared for statistical
parametric mapping (SPM 99) developed by the Wellcome Department
of Imaging Neuroscience (http://www.fiLion.ucl.ac.uk/spm/software/
spm99). The images in each subject’s time series were registered to the
initial image in the series. The images were then aligned to a standard
coordinate system and spatially smoothed with an 8 mm Gaussian
kernel to account for small variations in the location of activation and
sulcal anatomy across subjects. Low-pass temporal filtering was
implemented to control autocorrelation with a first-order auto-
regressive method. To ensure that patterns of activation reflected
successful categorization, we analyzed activation at test only for
accurate responses to MEMBER and NONMEMBER stimuli, which
included 78% of these trials.

A random-effects approach to statistical analysis was adopted. For the
test session, 3 independent models were computed on the subject
level, using the following variables as separate conditions: MEMBERS
versus NONMEMBERS, Old Members versus New Members, and First
Half versus Second Half. This latter model was used for the exposure
session as well. Images corresponding to these conditions were
convolved with the canonical HRF and entered into a first-level
analysis. Contrast images were created for each condition and fed into
a second-level #test. Statistical contrasts were converted to Z-scores for
each compared voxel. We used a statistical height threshold of P <
0.001 uncorrected for multiple comparisons. The extent criterion of
a cluster was set to a 20 voxel threshold, so the effective statistical
threshold of activated regions exceeded a P-value of 0.05 corrected for
multiple comparisons (Forman et al. 1995). Peak voxels were converted
from Montreal Neurological Institute coordinates to Talairach coor-
dinates (Talairach and Tournoux 1988) using the program MNI2TAL
(ftp://ftp.mrc-cbu.cam.ac.uk/pub/imaging/MNI2tal/mni2tal.m).

fMRI Study: Results and Discussion

Bebavioral Observations

Subjects demonstrated an endorsement pattern at test in-
dicative of category learning based on prototype extraction;
that is, they endorsed MEMBERS most frequently and NON-
MEMBERS least frequently. Scores are shown in Figure 14. A
repeated-measures analysis of variance (ANOVA) confirmed the
effect of stimulus type, F> 6 = 30.36, P < 0.001. Post hoc LSD
-tests showed that endorsements for MEMBERS exceeded that
for AMBIGUOUS items, P = 0.006, which in turn exceeded
that for NONMEMBERS, P= 0.003. This graded pattern indicates
that subjects did not derive the unspecified 3-out-of-4-features
“rule” underlying the category structure, as applying this rule
would have resulted in rejections of AMBIGUOUS items as well
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Figure 1. Behavioral performance at test in young controls during imaging. (4)
Endorsement of MEMBERS, AMBIGUOUS items, and NONMEMBERS. (B) Variability
of endorsements of old and new MEMBERS.
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as of NONMEMBERS. To confirm that subjects did not rely on
other deliberate strategies such as simpler 1- or 2-feature rules,
we compared the results with a hypothetical “perfect pro-
totype-extraction” pattern, that is, one in which endorsement
rates for items with 4, 3, 2, 1, or 0 prototypical features would
be, respectively, 100%, 75%, 50%, 25%, and 0%. Assuming no
biases for particular features, this would yield endorsement
rates of 63% for each prototypical feature variant, 38% for each
nonprototypical feature variant, and 50% for each noise feature
variant. Individual subjects approximated this pattern: Mean
endorsements of prototypical variants ranged from 67% to 69%;
mean endorsements of nonprototypical variants ranged from
39% to 43%; and mean endorsements of noise patterns ranged
from 47% to 64%. Thus, categorization judgments were
consistent with endorsements based on degree of prototypi-
cality, and no subjects based endorsements on an individual
feature or pair of features.

Implicit prototype extraction should result in potentially
higher endorsements of prototypes, even though prototypes
were not seen during the exposure period, as these items
best embody the extracted central tendency of the acquired
category. In contrast, explicit memory could result in a per-
formance advantage for old MEMBERS relative to new
MEMBERS, because only the former class of items was seen
during the exposure period. There was a high endorsement
rate for prototypical MEMBERS of 92%, compared with 83%
endorsement of old MEMBERS and 74% endorsement of new
MEMBERS. These scores were highly correlated: Pearson’s 7 for

that prototypicality has no detectable advantage when catego-
rization judgments rely on explicit rules. Thus, categorization
judgments in the present implicit learning study appear to
reflect processes that differ from those employed in these
explicit learning tasks.

Imaging Observations

Exposure Session

The observed areas of activation are summarized in Table 1;
coordinates represent activation peaks, and Brodmann areas
refer to the anatomical extent of the activated clusters. The
areas are consistent with neuroanatomic processes involved in
both implicit and explicit category learning. We observed MTL
recruitment (Fig. 24) throughout the course of the exposure
session. This region is associated with encoding and retrieval of
episodic memories (Stark and Squire 2000; Reber, Gitelman,
et al. 2003; Doeller et al. 2005) and other forms of explicit
memory (Cohen et al. 1999; Poldrack and Packard 2003). We
also observed activation in the caudate, an area frequently
associated with habit learning, which is a form of implicit
learning (Knowlton et al. 1996). Other areas activated during
the entire exposure session have frequently been associated

Table 1
Activations and deactivations during implicit acquisition of a meaningful category

comparisons between prototypical MEMBERS and old MEM- Anatomic area Brodmann area  Talairach coordinates Z-score
BERS, between prototypical MEMBERS and new MEMBERS, and X y 4
between old and new MEMBERS were, respectively, 0.91 (P = Exposure phase
0.001), 0.87 (P < 0.005), and 0.72 (P < 0.05). An ANOVA L middle frontal 9 —o1 17 29 3.26
. L dorsal anterior cingulate 32 -8 21 39 3.99
confirmed a difference among the endorsement scores, F 16 = L parietal-occipital 19 _3 7 33 404
5.59, P = 0.01, and a within-subjects linear contrast confirmed R inferior frontal 47 28 7 -10 3.58
the pattern of increasing accuracy from new MEMBERS to old E tnignd;i);rilemporal 3 ‘113 152 :13 i'gg
MEMBERS to prototypes, F; g = 9.69, P = 0.01. Consistent with R parietal-occipital 7 20 —76 33 3.78
implicit learning, endorsements for prototypical MEMBERS 0 Rcaudate isecond hlf < fst ol 12 8 0 4.14
. 3 ) _ eactivation over time (second half < first hal
reliably exceeded endorsements both for old MEMBERS, #(8) = L temporal-parietal 40/22 67 _3 2 315
3.11, P = 0.01, and for new MEMBERS, 7 (8) = 2.31, P = 0.05, L striatum —28 -1 15 3.21
whereas the difference between endorsements for old MEM- Increased activation over time (second haff > first half)
K . B occipital 18/19 0 —69 22 3.35
BERS relative to new MEMBERS was not reliable, P = 0.17. We Test phase
also examined distinctions between old and new MEMBERS L inferior frontal 9 —55 9 29 3.29
: : : L inferior parietal 39 —36 —60 36 3.36
with an item analysis, and found .that cn.dorse.me.n.t patterns L lateral termporal 3722121 “u o5 ) 378
between old and new MEMBERS differed in variability, # (7) = L medial temporal 24 3 14 451
3.13, P < 0.05, as shown in Figure 1B. This suggests that the L ventral occipital 19 —48 —67 —10 3.98
high endorsement of old MEMBERS was more stable across E?:!ET;TS 7 722 :% 74? gg;
items than was the endorsement of new MEMBERS, consistent B anterior cingulate 32 4 18 40 3.52
with explicit memory for studied items. Hence, we observed R middle frontal 8 48 6 B AT
havi . ¢ h imolici lici Thi Deactivation over time (second half < first half)
behavior suggestive of both implicit and explicit memory. This B occipital 18/19 0 62 7 352
contrasts with the results of our previous fMRI study in which L lateral temporal 22/21/20 —59 —16 -9 3.1
. P : Increased activation over time (second half > first half)
young sub]ec.ts Were.e)fph.atly taught the same novel animal R posterior cingulate 23/31 % 18 3 3.75
category by either a similarity-based process, whereby compar- L caudate 94 49 13 311
isons were made to a specified prototype, or a rule-based L medial temporal —32 —46 6 an
. hich defini feat ified (K . Deactivation for members (MEMBERS < NONMEMBERS)
process, in which defining features were specified (Koenig | medial frontal 6 4 9 18 336
et al. 2005). In that study, subjects who categorized by L occipital 7 -20 —76 30 3.16
similarity endorsed prototypical members most frequently R parietal/occipital 37 o -2 9 38
. . ) . Activation for members (VEMBERS > NONMEMBERS)
while endorsing old and new MEMBERS equivalently (and with L frontal 40622 T 13 4 392
equal variability), suggesting that episodic memory for studied L inferior frontal 1 28 42 —12 3.53
items provides no detectable advantage when categorization Eigqh?dlllaclcﬁiglmral 19 *fg :gé 71? gﬁ
judgments rely on explicit comparisons with a specified Activation for old members (old > new) '
prototype. Subjects who categorized by an explicit rule-based L lateral temporal 22/ —44 —50 7 3.16
process endorsed all 3 MEMBER types equivalently, suggesting L lateral temporal 2 - -3 -8 312
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