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Pattern Separation in the Human
Hippocampal CA3 and Dentate Gyrus
Arnold Bakker,1 C. Brock Kirwan,2 Michael Miller,3 Craig E. L. Stark1,4*

Pattern separation, the process of transforming similar representations or memories
into highly dissimilar, nonoverlapping representations, is a key component of many functions
ascribed to the hippocampus. Computational models have stressed the role of the hippocampus
and, in particular, the dentate gyrus and its projections into the CA3 subregion in pattern
separation. We used high-resolution (1.5-millimeter isotropic voxels) functional magnetic
resonance imaging to measure brain activity during incidental memory encoding. Although
activity consistent with a bias toward pattern completion was observed in CA1, the subiculum,
and the entorhinal and parahippocampal cortices, activity consistent with a strong bias
toward pattern separation was observed in, and limited to, the CA3/dentate gyrus. These
results provide compelling evidence of a key role of the human CA3/dentate gyrus in
pattern separation.

The medial temporal lobe (MTL) is criti-
cally involved in the ability to store and
retrieve facts and events (declarative

memory) (1). Theoretical models suggest that
declarative memory relies on both the ability to
orthogonalize overlapping or similar patterns
of activation (pattern separation) and the ability
to complete partial patterns or “clean up” sim-
ilar patterns of activity into a single common
representation (pattern completion) (2–6). Such
models of the MTL have stressed the role of the
hippocampus and, in particular, the dentate gy-
rus and its projections into the CA3 subregion in
the process of pattern separation. Specifically,
one computational model (4) proposed that the
dentate gyrus creates a sparse, orthogonalized
representation of its input from the entorhinal
cortex and projects this into the CA3 via themossy
fibers. The model also suggests that the recurrent
interconnected pyramidal cells of the CA3 sub-
region operate as an auto-association network
capable of reestablishing previously stored pat-
terns of activation based on noisy or degraded
cues (pattern completion) (2, 3, 6, 7, 8).

Only recently has empirical evidence been
provided supporting the role of the hippocam-
pus, and the dentate gyrus and CA3 in par-
ticular, in pattern separation. Rodent studies
have shown striking differences in the stability
of place cells in the CA1 and CA3 subfields in
response to changes in the environment by

means of early gene expression (9) and single-
cell recordings (10–14). Depending on the
degree of change in the environment, distorted
cues lead to either very similar neuronal rep-
resentations (completion) or very dissimilar neu-
ronal representations (separation), with the bias
toward separation or completion varying across
hippocampal subfields. In one example (11),
rodents were exposed to enclosures of varying
similarity during multiunit recording. In CA3,
small changes in the enclosure resulted in the
activation of a different, nonoverlapping set of
neurons (separation). In contrast, CA1 neurons
were relatively insensitive to change, with many
(although not all) showing a strong overlap in
activation between the different enclosures (with
the degree of overlap correlated with enclosure
similarity). Pattern separation and pattern com-
pletion can thus be observed in the rodent with a
clear functional distinction between neuronal
ensembles in the CA1 and CA3 subregions of
the hippocampus.

Here, we used high-resolution functional
magnetic resonance imaging (fMRI) (1.5 mm
isotropic) to measure brain activity while sub-
jects performed an incidental encoding task de-
signed to parallel many of the rodent studies,
including Leutgeb et al. (11), described above.
Eighteen subjects viewed a series of pictures
of everyday objects (making the task not overt-
ly spatial). The series included 144 sets of
slightly different pictures of the same object,
as well as unrelated single pictures of objects
used as foils (Fig. 1). Thus, on each trial, a
presented object could be either (i) new, (ii)
a repetition of a previously shown object, or
(iii) a slightly different version of a previously
shown object (lure). All trials were presented in
pseudorandom order with the limitation that a
repeat or a lure trial would be presented within
approximately 30 trials of each other. During

each trial, subjects were not asked to determine
whether the stimulus was a target, a repetition,
or a lure but rather were asked to make an un-
related determination about the object (whether
it was typically an indoor or outdoor object).
As such, the encoding was incidental and not
overtly mnemonic, paralleling the studies in
the rodent described above (15).

Although the resolution of 1.5 mm repre-
sents the likely limit for fMRI (16), it is still far
too coarse to resolve the pattern of activity
across individual neurons and assess pattern
separation directly. However, if regions exhibit
a change in activity with repetition, we can
assess pattern separation versus pattern com-
pletion indirectly. We hypothesized that, if a
given subregion was engaged in processes of
pattern separation, the lure would more likely
be treated like a new stimulus than a repetition
and show activity similar to that for a first
presentation of a stimulus. In contrast, if a given
subregion was engaged in processes of pattern
completion, the lure would be more likely
treated as a repetition of the original stimulus
and show activity consistent with a repetition.

Results. To examine the effects of the
incidental encoding task, functional data from
all trials were subjected to a two-way analysis
of variance (ANOVA) with participants as a
random factor and trial type (first presenta-
tion, first repeat, and first lure) as a fixed factor.
Functional regions of interest (ROIs) were
based on the resulting F maps and defined by
setting a voxelwise threshold of P < 0.05 and
a spatial extent threshold of a minimum ROI
volume of 100 mm3. This threshold is delib-
erately somewhat liberal because the clusters
form the basis for a functional ROI analysis in
which all voxels within each ROI are col-
lapsed and the final alpha is set at P < 0.05.

This cluster analysis resulted in eight re-
gions in which activity varied in some way with
some form of repetition in the MTL (Fig. 2).
Using ROI large deformation diffeomorphic
metric mapping (ROI-LDDMM), segmenta-
tions of each subject’s individual anatomy
are used to align his or her brain to a high-
resolution model consisting of bilateral seg-
mentations of the CA1, the CA3/dentate gyrus
(including CA2 and CA4), the subiculum, and
the entorhinal, perirhinal, and parahippocampal
cortices (15, 17, 18). The model is further used
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Fig. 1. Sample stimuli sets showing versions A
and B of the same object.
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to localize each region identified in the group
analysis (Fig. 2 and fig. S1). We cannot
confidently isolate some regions from each
other, and some activations cannot be confi-
dently assigned to one region. In particular,
we cannot confidently isolate CA3 from the
dentate gyrus (DG) and therefore will refer to
a single, combined region (CA3/DG) in dis-
cussing the results. In addition, if activity spans
several regions (e.g., an ROI that covers both
the CA1 and CA3/DG regions, as observed
below), we prefer to acknowledge this ambigu-
ity in localization rather than strictly adopting
one location.

Using these techniques, the activations were
localized to the right CA1 subregion of the hip-
pocampus (CA1), bilateral CA3/dentate gyrus
subregions of the hippocampus (CA3/DG), a
region spanning both the left CA1 and CA3/
dentate gyrus subregion of the hippocampus
(CA1/3/DG), the left entorhinal cortex (EC),
the right parahippocampal cortex (PHC), and
finally the bilateral subiculum (Sub). Figure 2
shows these activities on representative coro-
nal slices through the MTL. (Only the tip of
the EC activity is shown. In more anterior
slices, the activity extends well into the gy-
rus.) Mean activity within each of the ROIs
was then calculated for the first presentation
trials, the repeat trials, and the lure trials by
collapsing all voxels within an ROI (Fig. 2).
Reliable differences were observed between
the three trial types in each ROI. In all but
one of the ROIs, the repeat trials showed a
lower mean activity compared with the first
presentation and the lure trials. Only in the
right parahippocampal cortex did the repeat
trials show a greater mean activity compared
with the first condition and the lure trials. In
all, activity associated with lure trials was
either in between the activity of the repetition

trials and the first presentation trials or in-
distinguishable from the activity of the repe-
tition trials or the first presentation trials. In
response to the presentation of a lure, activity
in the bilateral CA3/DG was significantly dif-
ferent from activity in response to a repeat
presentation (right CA3/DG, t17 = –5.147, P <
0.001; left CA3/DG, t17 = – 6.463, P < 0.001).
Activity in response to the presentation of a
lure stimulus in the bilateral CA3/DG was not
significantly different from activity in response
to a first presentation (right CA3/DG, t17 = 1.89,
P = 0.075; left CA3/DG, t17 = – 0.165, P =
0.871). This is in contrast to other areas of
activation observed in the medial temporal
lobe, where activity in response to the pre-
sentation of a lure was significantly different
from activity in response to a first presentation
(CA1/3/DG, t17 = 3.151, P < 0.001; left
entorhinal cortex, t17 = 3.697, P < 0.01; right
CA1, t17 = 6.224,P< 0.001) and not significantly
different from the repeat presentation of a
stimulus (CA1/3/DG, t17 = – 0.822, P = 0.422;
left entorhinal cortex, t17 = –1.117, P = 0.279;
right CA1, t17 = –1.25, P = 0.228).

A simple bias score indexing how similar
lure activity is to repetition [(first – lure) /
(first – repetition)] can be used to assess the
tendency toward completion (bias approach-
ing 1) or separation (bias approaching 0)
across regions. This bias score is shown in
Fig. 3. A single bias score for each region is
shown, collapsing across ROIs in the same
region (e.g., bilateral CA3/DG). Bias scores
for CA1, the region that spanned across the
CA1/3/DG, the subiculum, and the entorhinal
and parahippocampal cortices, ranged from
0.59 to 0.83. Thus, although somewhat mixed
and not purely connoting completion, lure
stimuli were treated more like true repetitions
than first presentations of stimuli. In stark

contrast, the bias score of 0.15 in the CA3/DG
showed that lure stimuli were treated almost
exactly the same as the presentation of a novel
stimulus, consistent with a strong bias toward
pattern separation.

Discussion. We used high-resolution fMRI
to study processes of pattern separation in the
human MTL by scanning subjects while they
performed an incidental encoding task using
pictures of common objects. Embedded in the
task were direct repetitions of pictures and
lure stimuli that were only similar to previ-
ously presented objects. A bias toward pattern
separation was observed in the CA3/DG, and
biases toward completion were observed in
several MTL regions, including CA1.

Our design used an incidental encoding task
with no overt behavioral assessment of whether
or not pattern separation occurred on a given
trial. This was done both to more closely
parallel the rodent literature and to remove any
explicit memory components from the task that
might confound our findings. In an explicit
memory task, correctly rejecting the lure as
only similar to, but not the same as, the target
could provide behavioral evidence that pattern
separation occurred. However, as previously
suggested (18), this approach does not allow
us to cleanly isolate processes of pattern sep-
aration. If subjects are aware of the pattern
separation demands of the task, the subject
might employ a “recall to reject” strategy (8).
This strategy implies that when presented with
a lure, subjects first retrieve the original pre-
sentation from memory (thereby performing
pattern completion) and subsequently com-
pare the representations to determine whether
the stimulus is a lure or a target. The subject
can then make a determination based on the
comparison between the stimulus and the rep-
resentation of the initial presentation retrieved

Fig. 2. Anatomical location and mean activity in the three task conditions for
each of the eight MTL regions of interest. A model segmentation of hip-
pocampal subfields is overlaid on each brain slice to indicate the location of
the subiculum (green), CA1 (blue), and CA3/DG (red). Regions of activity
within the MTL are shown in white and labeled within each slice (PHC,
parahippocampal cortex; EC, entorhinal cortex). Regions of activity outside the

MTL (not part of the analysis) are shown in black. Three-dimensional rendering
(lateral, superior view) shows the location of each slice (white lines). The
distance of each slice from the anterior commissure (y = 0 in Talairach
coordinates) is indicated for each slice as well (y = 13 to 36 mm). The thicker
white lines represent two adjoining slices. Bar graphs show mean activity
(summed beta coefficients) in each ROI for each trial condition.
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from memory. As such, this task does not rely
merely on pattern separation but also on pattern
completion and even processes of encoding and
retrieval. Our indirect measure that simply ex-
amines activity for lure items relative to first
presentations and repetitions is not only closer
to the free exploration of an environment used
in the rodent studies but also suffers far less
from this difficulty.

Our observation of activity consistent with
pattern separation specifically in the CA3/DG
subregion of the hippocampus is consistent
with computational models that have stressed
the role of the dentate gyrus in particular in
creating sparse orthogonalized representa-
tions (2, 4, 6, 8). Although high-resolution
fMRI allows us to study these processes with-
in the hippocampus, the resolution remains
insufficient to distinguish the neuronal activ-
ity of the dentate gyrus from the activity of
the CA3 subregion, so these two areas were
combined and treated as one. As such, task-
related activity of the dentate gyrus cannot be
distinguished from activity of the CA3 sub-
region, and processes of pattern separation
cannot be ascribed specifically to the dentate
gyrus. However, because the sparse orthogo-
nalized representations created by the dentate
gyrus are projected predominantly to the CA3
subregion, one would expect to observe ac-
tivity related to processes of pattern separation
in both subregions of the hippocampus. Animal
studies have shown pattern separation signals
in both the dentate gyrus and the CA3 subregion
(14, 19, 20). Thus, our findings remain con-
sistent with both the computational models
and the animal studies described earlier.

There are limitations to our method. First,
if pattern separation was present in a region,
but overall activity remained stable across the
various repetition conditions, we would fail to
detect pattern separation in this region. In-
deed, all findings in this study are dependent
on a change in blood oxygen level–dependent
(BOLD) activity across the conditions in our

task (e.g., dropping activity with repetition of
the stimulus), because fMRI is based on con-
trasts and is sensitive only to differences across
conditions.

Second, pattern separation and pattern com-
pletion are processes that are not limited to the
MTL (21, 22). Indeed, one could argue that
pattern separation and pattern completion occur
in all sensory modalities in response to differ-
ent or similar stimuli. It is thus possible that
activity in the CA3/DG reflects the mere pro-
cessing of patterns already separated elsewhere
in the brain rather than active pattern separa-
tion. Although computational models and ani-
mal studies suggest the CA3/DG serves an active
role in pattern separation, the current data do not
allow us to differentiate unequivocally between
these possibilities.

Third, because novelty, recency, and fa-
miliarity signals have played important roles
in understanding the MTL (23), we must con-
sider the present results in light of these codes.
Each of the regions showed activity consistent
with novelty (and recency) detection in that
simple repetition was associated with less
activity than the first presentation (with the
exception that the parahippocampal cortex
showed an inverted signal, increasing activ-
ity with repetition). In the regions outside
the CA3/DG, the same change in activity
was observed for lures, whereas the CA3/DG
responded with elevated activity. These results
would be consistent with the hypothesis that
the same pattern of activity was present (i.e.,
the same neurons were firing and no pattern
separation occurred) but at rates that coded for
novelty. The novelty coding in the CA3/DG
must be less tolerant of small changes than
other regions. Although a plausible account of
our data, this view is inconsistent with several
other sources of data. It is inconsistent with
the pattern of novelty signals typically ob-
served in the hippocampus (23). We observed
multiple patterns in the hippocampus, and it is
not clear that the CA3/DG would best be
interpreted as coding for item-place (or sim-
ilar) associations. Further, the simpler pattern
of activity that is consistent with novelty sig-
nals was not observed in the perirhinal cortex.
Finally, this account would ignore the data
showing that neuronal activity in the dentate
gyrus and the CA3 subregion of the hippo-
campus does in fact exhibit changes in the
representation as the environment changes
(11–14). Our results are in no way incon-
sistent with novelty signals in the hippocam-
pus that differ from novelty signals elsewhere
in the MTL (23). However, we suggest that
the present results are more indicative of pat-
tern separation and completion and that they
are not synonymous with various novelty codes.

With the ability to perform fMRI with suf-
ficiently high resolution, pattern separation can
be observed in the human MTL and even spe-
cifically be ascribed to the bilateral CA3/DG

subregions of the hippocampus. These find-
ings provide compelling evidence of a key
role of the human CA3/DG in pattern sepa-
ration and further evidence supporting the com-
putational models’ account of hippocampal
function. The process of pattern separation is
central to and heavily taxed by many of the
functions ascribed to the hippocampus in var-
ious cognitive theories (e.g., recollection, epi-
sodic memory, and conjunctive memory). We
suggest that an understanding of the division
of labor within the MTL and between the MTL
and other structures will require a greater un-
derstanding of how pattern separation and
completion function throughout the MTL and
elsewhere in the cortex.
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Fig. 3. Bias scores in the MTL. A single bias
score for each of the six different areas in the
MTL was calculated by collapsing the bias scores
for multiple ROIs in the same area. Bias scores
closer to 0 connote separation; scores closer to
1 connote completion.
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