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The role of the hippocampus and adjacent medial temporal lobe structures in memory systems has
long been debated. Here we show in humans that these neural structures are important for
encoding implicit contextual information from the environment. We used a contextual cuing task in
which repeated visual context facilitates visual search for embedded target objects. An important
feature of our task is that memory traces for contextual information were not accessible to conscious
awareness, and hence could be classified as implicit. Amnesic patients with medial temporal system
damage showed normal implicit perceptual/skill learning but were impaired on implicit contextual
learning. Our results demonstrate that the human medial temporal memory system is important for

learning contextual information, which requires the binding of multiple cues.

The hippocampus and adjacent medial temporal lobe (entorhinal,
perirhinal and parahippocampal cortex) are critical for encoding
and retrieving information'. In humans, the integrity of these medi-
al temporal lobe structures (termed the hippocampal system) enables
conscious recollection or recognition of facts and events, known as
explicit or declarative memory?. Thus, damage to the medial tem-
poral lobe system produces striking explicit-memory impairments,
as in the well-known amnesic patient, HM?. Such explicit-memo-
ry deficits can be contrasted with intact memory capacity for infor-
mation that does not require such conscious access, termed implicit,
nondeclarative or procedural memory?®. Amnesic patients typical-
ly show preserved learning performance for a variety of perceptual,
motor or cognitive skills8. These functional dissociations provide
strong evidence that our ability to benefit from past experience is
subserved by multiple memory systems within the brain, each spe-
cialized for different task and information demands®'°.

Although the notion of multiple memory systems is widely sup-
ported, it can be difficult to reliably identify a particular memory
process or task as ‘conscious’ or ‘explicit’ or to apply such distinc-
tions to animals. Eschewing memory distinctions based on acces-
sibility to awareness, researchers have proposed that the
hippocampus and medial temporal lobe structures are important
for encoding what has been variously described as contextual'"-'2,
configural?, spatio-configural' or relational'® information.
Although differences exist among these characterizations of medi-
al temporal lobe function, a common theme is that the hip-
pocampus and its neighboring structures are important for binding
configurations of multiple cues in memory, necessary for encoding
contextual information from the environment!¢. In animals, such
contextual encoding subserves various learning capacities such as
spatial navigation and context-dependent learning. In humans,
contextual (relational) encoding is proposed to mediate conscious
retrieval of memories of past facts and events!>!7.
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Memory performance on contextual tasks (and episodic tasks
that depend on relational information) is typically accompanied
by awareness of memory traces. Accordingly, it is unclear whether
the key feature of hippocampus-dependent tasks is that they are
context dependent or that they are accessible to awareness. That
is, can a contextual task be hippocampus dependent but inacces-
sible to awareness? Amnesic patients are impaired in learning novel
context associations that prime (facilitate) word-stem completion
tasks'®1%. However, ‘implicit’ retention of contextual associations
was often correlated with some degree of explicit awareness in nor-
mal controls in these tasks. Hence, any impairment in amnesics
may be attributed to the task’s dependence on conscious, explicit
memory processes?®?!. In another protocol, indirect eye move-
ment measures show that amnesic patients have deficits in remem-
bering relational information (S.D. Whitlow et al., Soc. Neurosci.
Abstr. 21, 754, 1995), but the use of an indirect measure per se does
not rule out the possibility that performance was mediated by con-
scious memory retrieval.

To circumvent these limitations, we examined human amnesics’
performance in a task that requires intact memory for contextual
information, which can be characterized as implicit. Our contextu-
al cuing protocol illustrates how implicit memory for visuospatial
context information facilitates perceptual processes such as visual
search?. Subjects searched visual displays for a rotated T target pre-
sented among rotated L distractors (Fig. 1), a classic visual task that
requires effortful scrutiny (focused spatial attention) of the visual
array®. In each session, a set of arbitrary, new visual contexts was
generated by manipulating the spatial configurations of the items
in the search display (Fig. 1). To examine contextual learning, we
repeated a set of spatial contexts across blocks of trials throughout the
session (old condition). In old displays, targets appeared in consis-
tent locations within their invariant contexts so that visual context
predicted target location. Search performance was compared
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Fig. |I. Two sample displays from our contextual cuing
visual search protocol. The task was to search for a T,
rotated to the right or to the left and presented among
rotated L distractors. The spatial configuration and colors
of these distractor items defined the visual context of the
target. (a) Sample search display for the task tested on the
amnesic and first control group. (b) Sample search display
for the more difficult search task tested on a second con-
trol group, in which the L distractors were made to look
more similar to the T target.

between targets appearing in old displays and those appearing in
new displays, randomly generated in each block as a baseline.

This contextual cuing protocol reveals two learning compo-
nents. The first, context-independent component is standard per-
ceptual/skill learning, a facilitation in search reaction time (RT)>.
The second, context-dependent learning component is revealed
as faster performance for detecting targets in old displays relative to
new baseline displays. This contextual cuing benefit represents
learning of visual context information, which guides spatial atten-
tion to the target location, facilitating search for targets in old dis-
plays?2. Importantly for present purposes, the memory for context
was implicit. Normal subjects were at chance for explicitly dis-
criminating old displays from new displays in recognition tests
presented at the end of each experimental session.

Thus, we can decouple conscious, explicit learning from con-
textual, relational learning. If conscious accessibility and aware-
ness determines whether the hippocampal system participates in a
memory task, then amnesic subjects with explicit memory deficits
should show preserved implicit contextual cuing, that is, faster
search performance for old displays. Alternatively, if the hip-
pocampal system is important for encoding contextual informa-
tion, whether memory traces are consciously accessible or not,
then amnesic patients should not demonstrate a contextual cuing
benefit for targets in old contexts.

REesuLTs

Each block of 24 trials contained a randomly mixed set of 12 old
displays and 12 new displays. Subjects performed 20 blocks of
search. Importantly, subjects were simply instructed to perform
the search task; we gave no instructions whatsoever to learn the
displays. In all experiments, accuracy averaged above 98% correct
and did not differ between groups (p > 0.10) or between old and
new conditions (p > 0.10).

As expected??, the search performance of ten control subjects
showed two learning components (Fig. 2). Overall search RT
decreased over time (p < 0.001) by perceptual/skill learning, inde-
pendent of context information. In addition, two statistical analy-
ses revealed faster performance for detecting targets in old displays
relative to new displays, indicating context-dependent learning.
This benefit for search in old displays emerged only with experi-
ence (Fig. 2; epoch (1—4) x condition (old, new), p < 0.05). Fol-
lowing a previous convention??, we defined the magnitude of
contextual learning as the difference in performance between the
old and new conditions over the latter half of the experimental ses-
sion only (epochs 3 and 4). This analysis confirmed faster perfor-
mance in the old condition (48 ms difference, p < 0.002). Thus,
control subjects encoded the visual contexts of targets as they per-
formed the search task, and this contextual information benefit-
ted search performance as learning progressed.

An important feature of this learning protocol is that the mem-
ory representations for context were implicit. After the search task,
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subjects were given a test of explicit recognition and awareness. Con-
trol subjects performed at chance in discriminating old displays from
new displays (hit rate, 0.37 £ 0.09 s.e.; false-positive rate, 0.32 £ 0.08,
p>0.10). In addition, although 6 of 10 subjects reported noting that
repetitions had occurred, they did not differ from the remaining
subjects in recognition test performance (aware group, mean pro-
portion correct, 0.54; unaware group, 0.49, p > 0.10), and the mag-
nitude of contextual cuing was indistinguishable between the two
groups (aware group, 52 ms; unaware group, 43 ms, F < 1). This
replicates previous studies with more subjects, in which report of
awareness never correlated with recognition performance or mag-
nitude of contextual cuing??. Moreover, in a separate study (M.M.
Chun &Y. Jiang, unpublished data), subjects could not guess which
quadrant of the display was most likely to contain the target in either
old or new displays. In sum, contextual representations were implic-
it, but they nevertheless facilitated search performance.

Returning to our predictions, if the hippocampal system is
important for encoding contextual, relational information, inde-
pendent of whether it is consciously accessible or not, then amnesic
patients should not demonstrate contextual cuing. Indeed, con-
textual cuing was absent in the amnesic subjects. Search perfor-

17004 Amnesic Group

1600

1500 +

1400+

1300

Response Time (ms)

1200

1100

Fig. 2. Mean correct response time to localize and discriminate targets in
old versus new configurations as a function of epoch (groups of five
blocks), plotted separately for the control group (n = 10) and the amnesic
group (n = 4). For the control group, implicit learning of spatial configura-
tions (context) and their associated target locations facilitated search per-
formance in the old condition, as shown by the difference between the old
and new conditions with increasing epoch. The amnesic patients showed
standard perceptual/skill learning (performance improvements over time)
but no contextual cuing, suggesting a selective impairment for learning
contextual information. Error bars indicate within-subject 95% confidence
intervals®4, calculated separately for each epoch.
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mance for targets appearing in old versus new contexts was near-
ly identical throughout the session (Fig. 2). Amnesic patients
showed no contextual cuing in the second half of the experiment,
collapsed across epochs 3 and 4 (p > 0.10), and old versus new
condition performance was constant throughout the session (epoch
x condition, p > 0.10). Thus, in comparison to the control group,
amnesic patients did not show contextual cuing for search perfor-
mance in the second half of each session (group X condition, p <
0.005; across all 4 epochs, group x condition X epoch, p < 0.05).

The absence of contextual learning did not reflect a general
learning impairment, as search performance improved with increas-
ing epoch, demonstrating intact perceptual/skill learning (p < 0.01).
Thus in the same task, our amnesic subjects produced the standard
signature of preserved implicit memory or perceptual/habit learn-
ing. Only contextual cuing was abolished, suggesting selective
impairment for encoding contextual information. The amnesic
group also performed at chance in the recognition test (p > 0.10).
Although their hit rate was higher than their false positive rate (0.64
versus 0.42), this was mainly driven by one amnesic patient who
had a hit rate of 0.83 and a false positive rate of 0.33. This patient
did not show contextual cuing in the reaction time task and did not
report awareness of the repetition manipulation. Thus, hippocam-
pus and neighboring medial temporal lobe damage impaired con-
textual learning in a task that can be defined as implicit.

As in other studies, our amnesic group performed the search
task more slowly than the control group (p < 0.05). To rule out the
possibility that the absence of contextual cuing may have been
caused by general perceptual/cognitive slowing, we tested a separate
group of control subjects (n = 5) on a more difficult version of our
task (see Methods; Fig. 1b). Significantly more contextual cuing
was obtained in this control group relative to the amnesic group
(Fig. 3; group X condition for epochs 3 and 4, p < 0.05), even
though search RT was slowed down relative to the amnesic sub-
jects. Hence, the lack of contextual cuing in our amnesic group
was not due to slow search performance.

DiscussioN

This study introduced a new protocol for studying the neural sub-
strate of contextual encoding in humans. We showed that such
contextual learning depended on the hippocampus and neigh-
boring medial temporal lobe structures. An important feature of
our task was that memory traces for novel spatial context were
implicit. Thus, our study demonstrates that the hippocampal sys-
tem mediates contextual (relational) encoding in humans, with-
out having to evoke conscious memory processes.

An alternative view is that our amnesic patients successfully
encoded spatial context information but were impaired at learn-
ing the novel associations between spatial contexts and embedded
target locations. As noted earlier, this seems unlikely for two rea-
sons. Previous demonstrations of novel association learning
deficits'®1® have used tasks that may require explicit memory to
perform, as normal control subjects show explicit awareness of
stimulus contingencies?»?!. More importantly, amnesic patients
can learn novel single associations in more sensitive tasks that rely
on perceptual identification, rather than stem completion, espe-
cially when the information is presented over multiple trials?!,25:26
as in the present contextual cuing task. These considerations indi-
cate that our patients were impaired at learning novel spatial con-
figurations (which involves binding several relational associations
between objects), rather than novel simple associations between
global context and target locations.

Whether accessible to awareness or not, contextual information
is clearly important for a variety of perceptual and cognitive oper-

846

2500+
24004
2300+
22004
2100+
2000 A
1900
1800
1700
1600 +
1500 +
1400
1300+

e

Difficult Control Task

Amnesic Group
(replotted)

Response Time (ms)

Fig. 3. Mean correct response time for a second group of controls (n =
5) on a more difficult version of the search task (Fig. Ib). Although this
version slowed search performance, control subjects still showed signif-
icant contextual cuing. Data from amnesic patients are replotted from
Fig. 2 for comparison. Error bars indicate within-subject 95% confidence
intervals34, calculated separately for each epoch.

ations such as object identification, scene processing, navigation
and episodic memory?”-?%. Our findings are consistent with demon-
strations that lesions to medial temporal lobe structures produce
deficits for object-in-place learning and context-dependent object
learning in non-human primates?*°. Our new results also support
evidence that the hippocampal system may be important for some
forms of priming. For example, voice-specific priming in identifi-
cation tasks of low-pass filtered auditory stimuli may require bind-
ing of word-specific phonological information and speaker-specific
acoustic information, thus perhaps explaining why it is impaired
in amnesia®'. More broadly, our work supports theoretical views of
medial temporal lobe function based on its role in binding contex-
tual cues in the environment!!-1732, Such computational capacities
for contextual (relational, declarative, configural) encoding may
support explicit, episodic memory in humans!>!7.

METHODS
Five amnesic patients were tested. Data from one patient were excluded
due to an excessively high error rate. Amnesia resulted from an anoxic
episode in two patients and from encephalitis in the other two. Hip-
pocampal damage was confirmed by MRI for the two encephalitic patients,
both of whom also showed some additional atrophy of the surrounding
temporal lobe consistent with this etiology. A CAT scan revealed bilateral
hippocampal damage in one of the anoxic patients. The other anoxic
patient is suspected to have hippocampal damage on the basis of etiology.
The four patients averaged 48 years of age (range, 41 to 55 years) with an
average of 15 years of education. Their mean full scale IQ was 99 on the
Wechsler Adult Intelligence Scale. Three of the four patients scored below
50 and one patient scored 57 on the Wechsler Memory-Scale Delay sub-
test. All patients scored normally on the Wisconsin card sort task of frontal
lobe functioning. The 15 control subjects averaged 47 years of age and 16
years of education. Ten control subjects were tested in the first experiment,
and five were tested in the second experiment. Informed consent was
obtained after the nature and possible consequences of the studies were
explained. The experimental protocol was approved by the Yale Universi-
ty Faculty of Arts and Sciences Human Subjects Committee.

The experiment was conducted on a Macintosh Powerbook 5300 with
active matrix LCD screen. Unrestrained viewing distance was approxi-
mately 50 cm. Each search display contained 12 items, which could appear
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within a grid of 8 x 6 locations. The background was set at gray. In gener-
ating the visual search arrays, the position of each item was jittered in a
random location within its cell in the rectangular array to prevent colin-
earities with other stimuli. (See ref. 22 for details.) Each display contained
an equal number of red, green, blue and yellow colored items. The color
configurations were preserved across repetitions.

Each trial started with a small dot appearing in the middle of a com-
puter screen for fixation. After a brief pause of 500 ms, the array of stimuli
(Fig. 1) appeared on the screen. The subjects were asked to search for a
rotated ‘T’ target as quickly and accurately as possible. Every trial con-
tained a target, which was either rotated 90 degrees in the clockwise direc-
tion so that the base pointed left (left-pointing target) or rotated 90 degrees
in the counter-clockwise direction (right-pointing target). Upon detection
of the target, subjects were instructed to press one of two labeled response
keys corresponding to the orientation of the localized target. The ‘z’ and
‘I’ keys were to be pressed for the left-pointing and right-pointing targets,
respectively. The response cleared the display with a blank screen, and audi-
tory feedback was given for errors. A mandatory 10-s break was given at
the end of each block. ANOVA was used for statistical analyses of RT, based
on trials performed correctly within 6 s.

Target identities (pointing left or right) were fully randomized across
trials and repetitions of old displays to ensure correct localization and to
eliminate any context-response contingencies. Hence, any learning effects
cannot be attributed to motor response learning, distinguishing contex-
tual cuing from serial reaction time tasks of skill learning??.

Each subject performed 20 blocks of the search task. Each block con-
tained 24 intermixed trials of 12 old and 12 new displays. Thus, a total of 12
old and 240 new search arrays were used. To rule out location probability
effects, the target appeared equally often in each of 24 possible locations
throughout the experiment: 12 locations were used in repeated old con-
figurations, and the other 12 were used in unrepeated new configurations.
Hence, any difference in performance between old and new locations must
be attributed to learning of invariant contextual information rather than
target location per se. In addition, we equated the eccentricity of targets
between the old and new conditions. The experimental session was pre-
ceded by a practice block of 24 trials.

Immediately after block 20 of the search task, we administered an explic-
it recognition test to assess awareness of the contextual displays. The inter-
val between the recognition test and the last search block was comparable
to the interval between successive blocks of the search task. The explicit
recognition test procedure was identical to that used in a prior contextual
cuing study?%. Subjects were first asked “Did you notice whether certain
configurations (spatial layout) of the stimuli were being repeated from
block to block (press ‘y” or ‘0’)?” If they answered yes, they were further
asked to estimate when (during which block of trials, 1-20) they think they
began to notice the repetition manipulation. They were also asked if they
explicitly tried to memorize any of the configurations (none did). Regard-
less of whether they reported awareness of the repetition manipulation, all
subjects were given one block of trials containing 12 old displays from the
search task, and 12 new displays constructed in an identical manner. Sub-
jects were asked to press ‘y’ if they recognized a particular display as having
been repeated across blocks throughout the experiment, and ‘n’ if they did
not. They were encouraged to make their best guess, and they were assured
that they were under no time pressure to respond quickly. Due to com-
puter error, the recognition test data from one control and one amnesic
subject (tested on the same day) were not included in this analysis.

In the more difficult version of our task, tested in five control subjects,
we changed the shape of the distractor items to be more visually similar
to the T targets (Fig. 1b). This makes search less efficient, producing longer
reaction times. Essentially all other aspects of the experiment (stimulus
sequences, configurations, target locations and so forth) were identical to
those used in the first experiment.
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