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Object Unitization and Associative Memory Formation Are
Supported by Distinct Brain Regions
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While it has been established that the medial temporal lobe (MTL) is critical for successful memory formation, the precise contribution
of one of the key MTL subregions, the perirhinal cortex (PrC), has been the subject of intense focus and debate. Although this region has
been implicated in nonassociative item encoding, recent neuroimaging data have revealed that it also contributes to the binding of
specific item-related associations (e.g., an object- color association). Based on neuropsychological evidence that associative memory for
unitized word pairs does not require the hippocampus, it has been proposed that PrC contributes to associative memory formation by
means of unitization. However, the role of PrC in unitization processes remains unclear. Here, we used fMRI to assess the involvement of
PrC in object unitization as well as in successful episodic encoding of item-related details. Our results show that while PrC activation
linearly tracks the amount of item-related information successfully encoded, it is not modulated by object unitization demands. Instead,
the present data reveal that unitization of object fragments may be accomplished in visual/ventral temporal processing stages before PrC.
Indeed, we observed a gradual transition from unitization to successful memory formation across the ventral visual pathway. This
suggests that PrC may specifically serve to encode item-related event details, whereas their perceptual integration is established along

preceding processing stages.

Introduction

A major challenge in the study of human memory concerns the
specific contributions of medial temporal lobe (MTL) subregions
to successful memory formation (Squire et al., 2004; Henson,
2005; Davachi, 2006; Diana et al., 2007; Konkel and Cohen,
2009). One view holds that the perirhinal cortex (PrC) supports
simple item encoding promoting subsequent familiarity, whereas
the hippocampus supports associative memory formation, which
gives rise to later recollection (Aggleton and Brown, 1999;
Eichenbaum et al., 2007; Mayes et al., 2007). However, the asser-
tion that PrC only supports nonassociative item recognition/fa-
miliarity was recently questioned by data showing episodic
associative encoding effects in PrC (Staresina and Davachi, 2006,
2008). Interestingly, one possible mechanism that may reconcile
these seemingly discrepant findings has emerged from neuropsy-
chological findings: specifically, associative memory perfor-
mance has been demonstrated to be relatively spared in patients
with selective hippocampal damage if the to-be-remembered in-
formation is processed in a unitized manner (Giovanello et al.,
2006; Quamme et al., 2007) [the term “unitization” denotes the
process of representing separate items/stimulus components as a
single unit (LaBerge and Samuels, 1974; Graf and Schacter,
1989)]. Although the aforementioned data remain agnostic as to
(1) what brain region, if not the hippocampus, effectively en-
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codes the unitized components, and (2) where the separate com-
ponents, before their mnemonic encoding, are actually fused or
unitized into an integrated representation, one intriguing hy-
pothesis is that associative memory through unitization is sup-
ported by PrC (Giovanello et al., 2006; Diana et al., 2007, 2008). A
recent fMRI study by Haskins et al. (2008) further strengthened
the link between PrC and unitization. In their experiment, two
separate nouns (e.g., “slope” and “bread”) had to be processed
either as a novel compound representation (a “slopebread”; com-
pound trials) or as individual items separated by a sentence frame
(sentence trials). Not only did PrC activation predict associative
memory exclusively for compound trials, but it was also
enhanced during overall task performance (regardless of subse-
quent memory) for compound relative to sentence trials, suggest-
ing an active role in the process of unitization.

However, in that paradigm, PrC activation may in fact reflect
the amount and/or conceptual novelty of item-related informa-
tion being processed, rather than unitization per se. That is,
“slopebread” is a conceptually novel target item that is being
processed in the compound but not the sentence condition.
Thus, itis not clear whether PrC engagement represents the active
fusion of the separate event components as opposed to the pro-
cessing/encoding of novel object information. In the current
study, to systematically increase the demands on unitization
without including additional item/object information, we used
real object images instead of word pairs. Objects were either left
intact, separated into two fragments, or separated into four frag-
ments, and subjects were instructed to unitize the object frag-
ments into a single representation for further processing. A
subsequent memory test assessed object recognition as well as



Staresina and Davachi e Unitization and Memory Formation

Encoding

0-Fragmentation

2-Fragmentation

4 sec 4 sec 4 sec

TASK:“Imagine the integrated object/color combination in real life

and decide whether it is plausible”

4-Fragmentation

J. Neurosci., July 21, 2010 - 30(29):9890-9897 = 9891

for 1-3 iterations, so that no part aligned ver-
tically or horizontally with its originally neigh-
boring part in either direction (if the original
image consists the image-part matrix [11, 12;
21, 22], the F4 versions were either [21, 11; 22,
12], (22,215 12, 11], or [12, 22; 11, 21]).

The 300 study items were divided into three
sets of 100 items per fragmentation level that
were evenly assigned to the colors blue, green,
red, and brown (25 trials per color). The stimulus
material was counterbalanced so that across sub-
jects, every object was shown with every color in
each fragmentation level and was used both as a
study item and as a lure for the subsequent recog-
nition memory test.

Procedure. For each scanned 4 s encoding
trial, subjects were presented with an object
and a surrounding color square (Fig. 1). Sub-
jects were instructed to imagine the given ob-
ject in the associated color and to rate the
plausibility of that particular object/color com-
bination as plausible or implausible. Responses
were given via a magnet-compatible button
box placed under the subject’s left hand. Im-

portantly, subjects were instructed to press a

third button in case they could not perform the
task on a given trial, be it because they did not
recognize the object or because they could not
imagine the object in the given color. Those
trials, as well as trials for which no response was
given, were excluded from all further analyses.

Following the encoding session, subjects
were given an unscanned and self-paced sur-
prise recognition memory test (Fig. 1), consist-

Retrieval
Object Recognition
incl. confidence rating Color Memory
old old
sure unsure
300 old, 150 new
Figure 1.  Experimental design. During the scanned encoding session, subjects were asked to rate the plausibility of the given

object/color combination. Critically, object images were either left intact (0-Fragmentation), split into two parts (2-
Fragmentation), or split into four parts (4-Fragmentation), systematically increasing the demand on perceptual unitization.
Encoding trials were intermixed with an active baseline condition (“arrows task,” not shown). During the surprise postscan
retrieval test, previously seen (old) objects were intermixed with objects not previously seen (new), and subjects had to indicate
whether the object was old (including confidence ratings) or new. For “old” responses, subjects were asked to indicate the color
with which the object had been presented during encoding (response options: blue, green, red, brown, and “don’t know”).

memory for an associated color, allowing us to probe differential
and overlapping effects of unitization and episodic encoding of
item-related event details.

Materials and Methods

Subjects. Eighteen (9 female) right-handed native English speakers with
normal or corrected-to-normal vision participated in the experiment
(mean age: 21 years, range: 18—28). Informed consent was obtained in a
manner approved by the institutional review board at New York Univer-
sity, and subjects were paid for their participation. One subject was ex-
cluded from all analyses due to poor memory performance (recognition
memory d’ < 2 SDs below the sample mean).

Stimuli. The stimuli consisted of 450 grayscale object images, 300 of
which served as study items and 150 of which served as lures during a
recognition memory test. The critical manipulation in this experiment
was the way in which the target object was visually presented during
encoding. For zero-fragments (F0) trials, the object images were left
visually intact/integrated. For two-fragments (F2) and four-fragments
(F4) trials, the object images were split into two or four parts, respec-
tively. F2 objects were split along the horizontal axis if the object’s height
exceeded its width and along the vertical axis if its width exceeded its
height, and the resulting parts were shifted up—down or left-right, re-
spectively. The four parts in F4 objects were randomly rotated clockwise

ing of all 300 previously presented objects
presented in grayscale as well as 150 novel ob-
jects (lures). First, the intact/integrated image
of an object was presented on the screen and
subjects were instructed to indicate whether
the object was old (presented during the en-
coding session) or new (not presented during
the encoding session). For objects endorsed as
old, subjects provided confidence ratings by
rating the object as “unsure old” (low confi-
dence) or as “sure old” (high confidence). Re-
gardless of the confidence level, objects
endorsed as old were followed by a prompt to indicate the color with
which the object was associated during encoding. Response options were
“blue,” “green,” “red,” “brown,” and “?.” Importantly, color response
options were represented by their verbal labels, not by actual color frames
as used during encoding, biasing responses toward color recollection
rather than color familiarity (further discussed below). Question mark
responses were further included to avoid familiarity-based guesses. This
testing protocol was used to sort the scanned encoding trials not only
based on fragmentation level, but also based on the amount of item-
related event details successfully encoded for subsequent memory
performance. The average duration of the test portion was 26 min
(SD = 7 min).

MRI scanning and data analysis. Scanning was performed on a 3 T Siemens
Allegra MRI system using a whole-head coil. Functional data were acquired
using a gradient-echo, echo-planar pulse sequence (TR = 2000 ms, TE = 30
ms, 35 slices oriented perpendicular to the hippocampal axis, 3 X 3 X 3 mm
voxel size, 0.6 mm interslice gap, 400 volume acquisitions per run). High-
resolution T1-weighted (MP-RAGE) images were collected for anatomical
visualization. A vacuum pillow minimized head motion. Visual stimuli were
projected onto a screen that was viewed through a mirror, and responses
were collected with a magnet-compatible button box.

The scanned encoding portion of the experiment was divided into two
runs. Encoding trials were intermixed with an active, sensorimotor base-
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line task [“arrows task” (Stark and Squire, 2001)]. Arrows that randomly
pointed to the left or to the right for 1 s were repeatedly presented for the
length of a baseline trial (212 s), and subjects had to press the left middle
finger key if the arrow pointed to the left and the left index finger key if it
pointed to the right. The sequence of encoding trials of each fragmenta-
tion level (FO, F2, and F4) and of variable duration baseline trials was
pseudorandom and optimized for rapid event-related fMRI (Dale, 1999).

Data were analyzed using SPM5 (Wellcome Department of Cognitive
Neurology, London, UK). During preprocessing, images were corrected
for differences in slice acquisition timing, followed by motion correction
across both runs. Structural images were coregistered to the functional
images and spatially normalized to a T1 template provided in SPM5. The
resulting normalization parameters were applied to the functional
images, followed by spatial smoothing with a 6 mm full-width, half-
maximum isotropic Gaussian kernel. Statistical analyses were performed
using the general linear model (GLM) implemented in SPM5. For the
main analysis, encoding trials were separated by (1) fragmentation level
(F0, F2, F4) and (2) subsequent memory— old objects subsequently mis-
classified as new [misses (M)], objects correctly recognized as old, with-
out remembering the associated color [object only (OO)], and objects
subsequently recognized as old, including memory for the correct asso-
ciated color [object and color (OC)]. Thus, this paradigm resulted in a
3 X 3 factorial design, consisting of the factors fragmentation level (FO,
F2, F4) and subsequent memory (M, OO, OC). For subsidiary analyses,
OO and OC trials were further separated based on high- vs low-
confidence object recognition (see below).

For each of the nine conditions of interest, neural activity was modeled
via delta functions at stimulus onset and convolved with a canonical
hemodynamic response function together with its first-order temporal
derivative. The resulting vectors were entered as regressors into a fixed-
effects GLM, together with nuisance regressors modeling session means
and scanner drift. Parameter estimates (3 weights) for each condition of
interest were derived for each subject and carried forward to a second-
level group analysis. Here, individual subjects’ B weights for the nine
conditions of interest were entered into a repeated-measures ANOVA.
As a first step, to identify—in a stringent and unbiased manner—MTL
regions sensitive to any of our experimental manipulations, we used a
voxelwise omnibus F test. The resulting regions were then further exam-
ined for main effects and interactions of the factors fragmentation level
and subsequent memory. Next, to reveal regions sensitive to fragmenta-
tion level and subsequent memory at the whole-brain level, we used
targeted ANOVAs in conjunction with masking procedures. All f{MRI
results were thresholded at a minimum of five contiguous voxels whose
test statistic exceeds an uncorrected p value of .001. Voxel coordinates are
reported in Montreal Neurological Institute (MNI) space. ANOVA re-
sults were Greenhouse—Geisser corrected for nonsphericity where appro-
priate (indicated via adjusted degrees of freedom).

Results
Behavioral results
Because increasing object unitization demands should increase pro-
cessing time, we expected a linear increase in response times (RTs)
for plausibility ratings as a function of fragmentation level. The av-
erage RTs (in seconds = SEM) for FO, F2, and F4 trials were 1.69
(0.10), 1.81 (0.12), and 2.00 (0.11), respectively. To test whether RTs
systematically varied with fragmentation level and/or subsequent
memory performance, we conducted a repeated-measures ANOVA
with the factors fragmentation level (FO, F2, F4) and subsequent
memory (M, OO, OC). While the main effect of fragmentation level
on RTs was highly significant (F, 5,y = 74.06, p < 0.001), there was
no effect of subsequent memory nor a subsequent memory X frag-
mentation level interaction (both F < 1.59, p > 0.22). For the factor
fragmentation level, pairwise ¢ tests showed a significant stepwise
increase in RTs with increasing fragmentation levels (FO vs F2, F2 vs
F4; both f.,5) > 4.66, p < 0.001).

With regard to subsequent memory performance, we ex-
pected object recognition to be superior for FO trials, as recogni-
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tion probes were always shown intact/integrated and thus
perceptually matched the study items presented during FO trials,
but not those presented during F2 or F4 trials. However, color
memory should not be affected by fragmentation level, as sub-
jects were instructed to apply the color to the object after success-
ful unitization of the fragments. Overall, 79% (SEM = 3%) of old
objects were correctly identified as old (hits), while 89% (SEM =
2%) of the lures were correctly identified as new (correct rejec-
tions) [d" = 2.07 (SEM = 0.10)]. As expected, object recognition
memory (hits vs misses) varied as a function of fragmentation
level (F(, 3,) = 6.03, p < 0.01). The proportion of hits was higher
for FO trials than for both F2 and F4 trials (both ¢, > 2.98, p <
0.01), but did not differ between F2 and F4 trials (¢,5, = 0.74,p =
0.47). Importantly, there were no significant increases in color
memory (following object recognition) from FO trials to F2 trials
or from F2 trials to F4 trials (both #,5) < 1.42, p > 0.16).

FMRI results

Our first approach was to identify, via an unbiased omnibus F test
(using the nine conditions of interest described above), MTL
regions that are sensitive to any effect (or combination of effects)
in our paradigm. Shown in Figure 2a, the only MTL regions
emerging from this analysis were located in bilateral PrC. Given
the anatomical variability of the collateral sulcus across individ-
uals (Insausti et al., 1998), we confirmed that the resulting clus-
ters lie within PrC across subjects (supplemental Figs. S1, S2,
available at www.jneurosci.org as supplemental material). Both
peaks survived small volume correction (Worsley et al., 1996)
using 15-mm-radius spheres (both p g eciea < 0.005). We then
extracted the subject-specific 3 weights of the voxels within the
resulting clusters and applied a repeated-measures ANOVA with
the factors fragmentation level (F0, F2, F4), subsequent memory
(M, OO, OC), and hemisphere (left, right). This analysis revealed
a main effect of subsequent memory (F, 511933 = 18.60, p <
0.001), but no effect of fragmentation level (F, 55, = 0.60, p =
0.55) or interaction between fragmentation level and subsequent
memory (F; 432,58y = 0.56, p = 0.58). As the factor hemisphere
did not interact with subsequent memory, fragmentation level, or
their interaction (all F < 1.73, p > 0.19), data from left and right
PrC were pooled for further analyses. Paired two-tailed t tests
showed that the main effect of subsequent memory was due to a
significant stepwise increase of PrC activation from M to OO
(t16) = 3.90, p < 0.005) and from OO to OC (t(;5) = 3.66, p <
0.005), linearly tracking the amount of item-related information
successfully encoded (Fig. 2b). However, no difference in PrC
activation was seen between FO and F2 trials (¢.,¢) = 0.47, p =
0.65), between FO and F4 trials (¢(,5, = 0.60, p = 0.56), or between
F2 and F4 trials (¢, = 1.16, p = 0.26). Critically, this result
strongly suggests that the fragmentation level and, thus, the de-
mand on unitization did not influence activation of PrC. How-
ever, replicating our previous findings (Staresina and Davachi,
2006, 2008) and extending them to using real object images, PrC
activation was systematically modulated by the amount of item-
related information successfully encoded.

To ensure that the absence of unitization effects in PrC was
not due to low statistical power resulting from a reduced signal-
to-noise ratio in this region (Ojemann et al., 1997; Olman et al.,
2009), we dropped the statistical threshold for the effect of frag-
mentation level to p < 0.1 (uncorrected). However, no signifi-
cant clusters emerged in PrC even at this reduced threshold.

Next, we examined whether other brain regions were sensitive
to the level of object fragmentation. That is, where else in the
brain does object unitization occur, and are there regions that are
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Figure2. PrCencoding activation. a, Bilateral perirhinal clusters (shown on the mean ana-
tomical scan across subjects) were identified via an unbiased omnibus F test. b, Effects of
fragmentation level and subsequent memory in the resulting clusters (collapsed across left and
right PrC). While PrC activation was not sensitive to the demands on perceptual unitization, it
was systematically modulated by the amount of item-related information successfully en-
coded. *p < 0.05 (paired, two-tailed ¢ test); n.s., not significant.

sensitive to both unitization and successful encoding (i.e., show
overlapping effects)? To isolate the effects of fragmentation level,
subsequent memory, and their respective overlap, we applied a
three-step masking procedure. First, within the same whole-
brain repeated-measures ANOVA reported above, we computed
the main effect of fragmentation level ( p < 0.001 uncorrected,
minimum of five contiguous voxels) and masked out voxels that
also showed an effect of subsequent memory at the liberal thresh-
old of p < 0.1 (uncorrected). It should be mentioned that when
exclusively masking a target contrast with another contrast, using
a liberal threshold for the contrast used as an exclusive mask
renders the assessment of regions selectively sensitive to the target
contrast more conservative. Second, the inverse procedure was
used to reveal regions sensitive to successful episodic encoding
but not to unitization. Note that we also excluded regions from
the analysis showing negative subsequent memory effects, i.e.,
greater activation for objects later forgotten compared to objects
later remembered. Third, regions showing overlapping effects of
fragmentation level and subsequent memory were identified by
inclusively masking the main effect of subsequent memory with
the main effect of fragmentation level. Figure 3 depicts the results
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of this three-step analysis. While the effects of fragmentation level
were significant in posterior, visual cortical regions (Fig. 3a, bot-
tom), more anterior regions, including fusiform gyrus, were sen-
sitive to both fragmentation level and subsequent memory (Fig.
3a, middle). Finally, consistent with previous fMRI studies on
episodic memory formation (Wagner etal., 1998; Kirchhoff et al.,
2000; Staresina and Davachi, 2006), even more anterior regions,
including bilateral inferior temporal/anterior fusiform gyrus, left
PrC, and bilateral inferior frontal gyrus, were selectively sensitive
to subsequent memory, but not to fragmentation level (Fig. 3a,
top) [note that the right PrC cluster identified in the omnibus F
test above also emerges in this analysis, albeit at the slightly re-
duced threshold of p < 0.003]. For illustrative purposes, we visu-
alize this transition along ventral temporal cortex from (1)
regions only showing effects of object fragmentation to (2) re-
gions only showing subsequent memory effects by liberally
thresholding the respective statistical maps at p < 0.05 (uncor-
rected) (Fig. 3¢). Although this gradient is reminiscent of process-
ing hierarchies across ventral temporal cortex for increasingly
complex visual stimuli (Desimone et al., 1984; Ungerleider and
Haxby, 1994; Tanaka, 1996), our data reveal a gradient not within
the “cognitive domain” of perceptual unitization, but across the
cognitive domains of perceptual unitization and episodic mem-
ory formation.

Finally, a formal whole-brain interaction analysis revealed
only one cluster located in the left insula (peak MNI coordinates
—45,3,9). However, this interaction was due to a crossover in the
direction of subsequent memory effects for F2 and F4 trials (in-
crease from M to OO to OC for F4 trials (F(, 5, = 6.99, p <
0.005), with a corresponding decrease for F2 and FO trials), but
there was no systematically increasing subsequent memory effect
across increasing fragmentation levels. Importantly, these results
confirm that we had power to reveal regions involved in object
unitization in our paradigm. However, our data suggest that ob-
ject unitization is accomplished in processing stages before PrC.
This suggests that the object input to PrC has already been inte-
grated and implicates a role of PrC in the encoding of these rep-
resentations into memory. Of course, it is possible that the
fragmentation manipulation used herein engenders additional
processing demands. For instance, presenting two or four per-
ceptual fragments is likely to increase demands on visuospatial
attention. Attention can, in turn, modulate activation in poste-
rior visual cortical regions (Pessoa et al., 2003; Buffalo et al,,
2010). However, even with the added demands on attention and
increased response times, PrC did not show increased activation
with increasing levels of fragmentation.

Finally, as mentioned in the Introduction, PrC has been
strongly implicated in supporting familiarity-based recognition
(Diana et al., 2007; Eichenbaum et al., 2007). Given that we as-
sessed object familiarity (high- and low-confidence object recog-
nition) and color recollection (indicating the color label out of
four choices) in two independent steps, our paradigm allowed
us to test whether PrC activation correlates only with later
familiarity-based object recognition, or whether successfully
binding the associated color recruits additional PrC engagement.
We thus further separated OO trials and OC trials by the levels of
object recognition confidence before color assessment, resulting
in “object only” trials in which the object was recognized with low
confidence (OO_lc), “object only” trials in which the object was
recognized with high confidence (OO_hc), and “object and
color” trials in which the object was recognized with high confi-
dence (OC_hc) [there were not enough cases in which low-
confidence object recognition was followed by correct color
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recollection (OC_Ic) to be included in the
analysis]. If PrC engagement were re-
stricted to supporting subsequent
familiarity-based recognition, we would
expect enhanced activation for OO_hc
and OC_hc trials (both reflecting high-
confidence object recognition) relative to
OO_lc trials, but no additional increase
for OC_hc relative to OO_hc trials (be-
cause the level of object confidence, and
hence, familiarity is the same). Alterna-
tively, PrC may not be directly modulated
by the levels of subsequent familiarity, but
only by the amount of item-related event
details encoded. In that case, we would
expect no difference between OO_Ic and
OO_hc trials (both reflecting memory for
the object without memory for the associ-
ated color), but enhanced activation for
OC_hc trials (where object and an addi-
tional object detail were encoded). After
confirming a significant main effect of
subsequent memory (OO_lc, OO_hc,
OC_hc) (Fe0.1552 = 6.02, p < 0.05),
paired two-tailed ¢ tests revealed a signifi-
cant increase from OO_lc to OO_hc (¢4,
= 2.17, p < 0.05) as well as from OO_hc
to OC_hc (4 = 2.32, p < 0.05). These
results are consistent with the notion that
PrC activation correlates with subsequent
levels of familiarity, but also indicate that
additional binding of item-related details
(an associated color) yields an additional
increase in PrC engagement (Fig. 4). It
should be emphasized that in the test part
of our current paradigm, we (1) used four
different colors, (2) deliberately chose
verbal labels of the possible colors instead
of presenting object and color in the same
perceptual format as during encoding,
and (3) allowed for “?” responses instead
of having subjects guess the correct color.
While familiarity-based recognition is
thought to drive performance in forced-
choice tests, open test formats (e.g.,
source tests allowing for “?” responses) are
thought to bias responses toward a recollection-based memory
process rather than toward a bottom-up familiarity signal (Man-
dler, 1980; Jacoby, 1991; Holdstock et al., 2002; Norman and
O’Reilly, 2003). Thus, we would argue that our experimental
assessment of associative color memory is unlikely to rely solely
on familiarity-based recognition.

Figure 3.

Discussion

This study was designed to further elucidate the relationship be-
tween unitization and memory formation. In particular, we as-
sessed whether regions of PrC associated with episodic encoding of
item-related event details would also be modulated by the demands
to fuse perceptual stimulus components. The demands on unitiza-
tion were modulated by presenting object images in varying degrees
of fragmentation, while the amount of item-related memory encod-
ing was assessed by probing subsequent object recognition along
with associative color memory (Fig. 1). Consistent with prior work,
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Cortical stages of unitization and memory formation. a, Effects of successful memory formation (top) and of frag-
mentation level (bottom) and their overlap (middle) revealed via whole-brain ANOVAs and masking procedures (see text for
details). b, Pattern of activation (represented via 3 weights) as a function of fragmentation level and subsequent memory in the
respective ventral temporal maxima clusters (peak voxel including 3-mm-radius sphere). ¢, To illustrate the posterior/anterior
transition from unitization to memory encoding, the individual effects in @ were thresholded at p << 0.05 (red, selective effects of
fragmentation level; green, overlapping effects of fragmentation level and subsequent memory; blue, selective effects of subse-
quent memory). *p << 0.05 (paired, two-tailed ¢ test); n.s., not significant.

we found that the extent of successful item-related encoding system-
atically modulated PrC engagement (supporting object recognition
as well as memory for an associated color) (Figs. 2, 4). However, this
region remained unaffected by increasing demands on unitization in
our paradigm. Instead, our data suggest that object unitization is
accomplished in prior processing stages along the ventral visual
pathway (Fig. 3), revealing a posterior—anterior gradient with poste-
rior visual cortical regions showing modulation by object fragmen-
tation and anterior regions, including perirhinal cortex, showing
modulation by successful memory formation and regions in be-
tween showing both patterns.

PrC and unitization

As mentioned in the Introduction, it has been challenging to
reconcile recent findings of PrC contributions to associative
memory formation (Staresina and Davachi, 2006, 2008) with the
established role of this region in supporting nonassociative or
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Figure4. PrCencoding beyond familiarity-based recognition. 00 trials were split into those

with high-confidence object recognition (“sure old”) and those with low-confidence object
recognition (“unsure old”). Both object familiarity and recollection of an item-related detail
(0C) modulate PrC encoding activation. *p << 0.05 (paired, two-tailed ¢ test).

familiarity-based recognition (Davachi et al., 2003; Ranganath et
al., 2004; Uncapher and Rugg, 2005; Kensinger and Schacter,
2006; Dougal et al., 2007). Given that associative encoding effects
in PrC were found to be restricted to binding item-related ele-
ments [such as a color in which an object had to be imagined
(Staresina and Davachi, 2008)], one intriguing possibility that
has been offered is that PrC supports the associative unitization
of episodic details (Diana et al., 2008), where unitization denotes
the representation of disparate elements (items or stimulus com-
ponents) as a single/integrated unit (LaBerge and Samuels, 1974;
Graf and Schacter, 1989). One appeal of this proposal is that it
bridges associative encoding effects in PrC with this region’s
putative role in supporting familiarity rather than recollection
(Diana et al., 2007; Eichenbaum et al., 2007), as unitization has
been shown to enhance subsequent measures of familiarity dur-
ing associative recognition (Yonelinas et al., 1999; Quamme et al.,
2007). Indeed, recent neuropsychological data have shown that
associative memory, typically linked to hippocampal functioning
(Mayes et al., 2007), is relatively preserved after hippocampal
damage if the associations are processed in a unitized manner
(Giovanello et al., 2006; Quamme et al., 2007). Showing that PrC
activation was enhanced during unitization of two unrelated
words (relative to separate processing), a recent fMRI study by
Haskins et al. (2008) further corroborated the idea that PrC sup-
ports associative memory by means of unitization.

Upon closer examination, however, it is not clear whether (1)
PrC mediates the process of unitization, or (2) whether PrC sup-
ports episodic encoding of representations resulting from unit-
ization. That s, in the study by Haskins et al. (2008), subjects were
instructed to create a new representation (e.g., “steamtoken”) from
two individual representations (“steam” and “token”) in the unitiza-
tion condition, which results in a conceptually novel object repre-
sentation being processed during that trial. Thus, enhanced
involvement of PrC in processing and encoding of word pairs in the
unitized condition may reflect an increase in the amount of objects
or item-related details being encoded. Similarly, the neuropsycho-
logical findings mentioned above (showing relatively spared asso-
ciative memory for unitized representations after hippocampal
damage) do not show that unitization is accomplished by PrC, but
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indicate that the hippocampus is not needed for (1) the process of
unitization and/or (2) encoding of unitized representations. How-
ever, the creation of unitized representation may well be accom-
plished in areas other than PrC.

By holding the number and novelty of objects being processed
constant while controlling (1) the demands on unitization [three
levels of fragmentation (F0, F2, F4)] and (2) the amount of item-
related details successfully encoded [forgetting, recognition of
the object, additional memory for an associated color (M, OO,
OC)] (Fig. 1), our data are consistent with the notion that PrC
contributes to episodic encoding of item-related event details
(Fig. 2) but do not show that activation is modulated by unitiza-
tion demands. Importantly, however, fragmentation level and
the ensuing demand on unitization directly modulated engage-
ment of regions in preceding processing stages along the ventral
visual pathway (Fig. 3). These results suggest that unitization may
occur in processing stages before PrC and that PrC primarily
supports episodic encoding of items (objects) and item-related
event details (an associated object color).

However, one potentially critical difference between our cur-
rent paradigm and the study by Haskins et al. (2008) is that we
operationalized unitization as establishing a perceptually intact
object representation as opposed to new semantic concepts (the
concept of a “steamtoken” in the example above). If not for unit-
ization per se, PrC may play a significant role in mediating con-
ceptual representations, consistent with findings of conceptual
repetition suppression (reduced response to repeated processing
of semantic information) (O’Kane et al., 2005) or cross-modal
integration (sensitivity to overlapping features) (Taylor et al.,
2006) in this region. Although one advantage of the present par-
adigm is that it controls for this factor given that the fused repre-
sentation does not lead to an additional concept being created,
future studies are needed to clarify whether PrC specifically con-
tributes to semantic unitization/generation rather than to per-
ceptual unitization.

PrC and familiarity
Previous work has consistently shown that PrC activation corre-
lates with later familiarity-based recognition [for review, see
Diana et al. (2007) and Eichenbaum et al. (2007)]. However, its
contribution to later familiarity may only be a particular subcom-
ponent of this region’s role in memory formation. In fact, one
could consider that, from a mechanistic perspective, it is unlikely
that a single brain region is primarily concerned with a high-level
phenomenological state such as the introspective level of item
familiarity. Instead, the factor likely modulating PrC engagement
is the amount of item-related event details successfully encoded.
As familiarity is thought to be largely supported by the mnemonic
availability of item details (Mandler, 1980), the finding that PrC
supports later familiarity is entirely consistent with this view.
Importantly, though, familiarity may be a byproduct of item-
related encoding in PrC, not its ultimate contribution to memory
formation. Accordingly, the present data, along with previous
work (Staresina and Davachi, 2006, 2008; Awipi and Davachi,
2008) show that PrC also supports memory for item-related de-
tails that are later recollected (beyond item familiarity) (Fig. 4).
Is it possible that additional memory for the associated color
merely enhanced item familiarity, leaving familiarity as the criti-
cal dimension for PrC engagement? Indeed, in an elegant recent
study Diana et al. (2008) showed, by manipulating the task in-
structions, that encoding the same event detail (color) as an item-
related feature impacts familiarity parameters for subsequent
color memory more than does encoding it as contextual infor-
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mation (derived from ROC curves). However, that does not rule
out the possibility that binding the color as an item-related detail/
feature also contributes to recollection. In fact, in the study by
Diana and et al. (2008), the parameter estimates of color recol-
lection were consistently above zero both when color was made
an item feature and when it served to indicate a context (and in
some cases even greater when made an item feature), suggesting
that item—color associations may well elicit recollection (see also
Haskins et al., 2008). In sum, we suggest that the contribution of
PrC to memory formation might be best characterized as sup-
porting subsequent memory for item-related event details, which
may encompass, but is not restricted to, enhanced feelings of
familiarity.

PrC and non-mnemonic aspects of cognition

Finally, our current results also bear on the debated role of PrC in
cognitive processes beyond memory [see Baxter (2009) and
Suzuki (2009) for recent discussion]. Briefly, it has been pro-
posed that the role of PrC is not restricted to episodic memory,
but may also support perception and visual discrimination by
solving “feature ambiguity” (Bussey and Saksida, 2005; Murray et
al., 2007). Object fragmentation resulted, as expressed in RTs, in
increased perceptual difficulty in our current paradigm, but PrC
activation was not sensitive to this factor. However, given that
featural overlap across trials did not necessarily increase with
object fragmentation, this is not a well suited paradigm to test the
proposed contribution of PrC to perception. Nevertheless, re-
solving feature ambiguity may be a viable account for color bind-
ing effects observed in PrC. That is, feature ambiguity across trials
in our paradigm may increase because we use four repeating
colors throughout the study. Although methodologically chal-
lenging in our current paradigm, it would be interesting to assess
whether PrC shows similar mnemonic color-binding effects
when using trial-unique colors. Likewise, PrC may contribute to
establishing sufficiently separate complex/conjunctive “gestalts,”
which would render the item representation more resistant to
interference (Cowell et al., 2006). Thus, the more elaborate the
object representation/gestalt is, the less net overlap with poten-
tially interfering objects/features. In sum, although “item-related
episodic encoding” may be the most parsimonious account of
PrC contributions, the underlying mechanisms remain a chal-
lenge for future investigation.
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