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In recent years, there has been intense debate on the neural basis of associative priming, particularly on the role of
the medial temporal lobe (MTL) in retrieving associative information without awareness. In this study, event-related
fMRI was used while healthy subjects performed a perceptual identification task on briefly presented unrelated word
pairs and an associative recognition memory task. Contamination of priming by explicit memory was successfully
controlled, as associative priming and explicit memory were dissociated on the behavioral level. The fMRI results
showed a functional dissociation within the MTL with respect to associative priming effects. The right
parahippocampal cortex, but not the hippocampus, showed decreased activation for old vs. new pairs and old vs.
recombined pairs (associative priming). The bilateral hippocampus and the right parahippocampal cortex were
involved in explicit associative memory. These data provide evidence that subregions of the MTL participate in
associative priming even when explicit involvement was controlled. Thus, different regions within the MTL play

distinct roles in explicit and implicit associative memory.

Priming effects can be classified by changes of a person’s implicit
memory upon individual targets (item priming) or upon associa-
tions between two or more targets (e.g., window-reason, associa-
tive priming). Converging evidence from neuropsychological and
neuroimaging studies have suggested that the extrastriate cortex
and the prefrontal cortex are involved in item priming, showing
decreased activation for old items compared with new items (for
reviews, see Henson 2003; Schacter et al. 2004; Martin and Gotts
2005). In contrast, the neural basis of associative priming re-
mains unclear. An important issue is whether the medial tempo-
ral lobe (MTL) is involved in retrieving associative information
without awareness. The findings on associative priming in am-
nesic patients are conflicting. Some studies have shown that am-
nesic patients are impaired in both associative priming and ex-
plicit memory, indicating that the MTL is involved in associative
priming (e.g., Graf and Schacter 1985; Mayes and Gooding 1989;
Shimamura and Squire 1989; Chun and Phelps 1999; Yang et al.
2003; Verfaellie et al. 2006). Other studies have shown that am-
nesic patients are impaired in explicit memory tasks but show
normal performance in associative priming and item priming
tasks, suggesting that the MTL does not appear to be essential for
associative implicit memory (e.g., Moscovitch et al. 1986; Musen
and Squire 1993; Gabrieli et al. 1997; Goshen-Gottstein et al.
2000; Verfaellie et al. 2006).

Despite the conflicting findings, the literature on amnesia
suggests that associative priming is modulated by task demands,
as it is less impaired in perceptual tasks but severely impaired in
conceptual tasks. For example, when amnesic patients perform a
lexical decision task for word pairs (e.g., Goshen-Gottstein et al.
2000), their reaction times (RT) were faster for old pairs than
recombined pairs, and the performance was comparable to that
of normal controls. In contrast, when amnesic patients per-
formed conceptual tasks, such as stem-completion tasks (e.g.,
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Graf and Schacter 1985; Shimamura and Squire 1989) or cross-
modal tasks (e.g., Badgaiyan et al. 1999), the accuracy for old
pairs and recombined pairs or for items from the same and from
different modalities did not differ. By this, their performance was
clearly different from normal controls. It should be noted that
when conceptual tasks require subjects to judge the configura-
tion of the presented pairs (e.g., a related judgment task) (Ver-
faellie et al. 2006), amnesic patients manifest longer latencies for
old rather than for recombined pairs, as normal subjects do. Also,
when tasks require subjects to unitize the items into a whole,
associative memory is preserved in amnesia (Mayes et al. 2004).
Thus, it seems that the nature of association is an important
factor for associative priming.

The inferences drawn from studies with amnesic patients are
also complicated by uncontrollable factors concerning the loca-
tion and the extent of MTL lesions due to clinical diversities. As
indicated by recent studies, subregions of the MTL, e.g., the hip-
pocampus and the parahippocampal gyrus (PHG), may play dif-
ferential roles in memory processes (for reviews, see Aggleton and
Brown 2006; Davachi 2006; Diana et al. 2007; Eichenbaum et al.
2007; Mayes et al. 2007; but also, see Squire et al. 2004). Specifi-
cally, the anterior PHG (i.e., entorhinal/perirhinal cortex) is more
involved in familiarity-based remembering and the retrieval of
unitized association, whereas the hippocampus is more involved
in recollection-based remembering and the processing of arbi-
trary associations (Henson 2005; Diana et al. 2007). The posterior
PHG seems to play a role in the retrieval of contextual informa-
tion (Diana et al. 2007; Eichenbaum et al. 2007). Studies with
amnesic patients suggested that MTL subregions other than the
hippocampus are more related to implicit contextual task (Chun
and Phelps 1999; Manns and Squire 2001; Verfaellie et al. 2006).
For example, Chun and Phelps (1999) report that a group of
amnesic patients had deficits in an implicit contextual learning
task. However, if the damage was confined to the hippocampus,
the patients’ performance was preserved in the same task (Manns
and Squire 2001). In addition to the implicit contextual task,
patient studies that used perceptual identification tasks (e.g.,
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Gabrieli et al. 1997; Yang et al. 2003) also obtained inconsistent
findings. Gabrieli et al. (1997) found that amnesic patients iden-
tify old pairs better than recombined ones in amnesia, whereas
Yang et al. (2003) found impaired associative priming. Note that
most amnesic patients in the Gabrieli et al. (1997) study had
lesions in the diencephalon and in the temporal lobes due to
Korsakoff’s disease (Gazzaniga et al. 2002), and the patients in
the Yang et al. (2003) study mostly had lesions that were re-
stricted to the MTL. These disagreements on specific tasks suggest
that the heterogeneity in the location and the extent of MTL
lesions may limit strong conclusions from patient studies on the
brain regions involved in associative priming. Therefore, it merits
further exploration whether different subregions of the MTL—
the hippocampus and subregions of the PHG—contribute to as-
sociative priming.

Moreover, although recent neuroimaging studies have
found that the MTL is activated in memory tasks for old items vs.
recombined/control items (e.g., Badgaiyan et al. 2003; Henke et
al. 2003a,b), its activation has been questioned by possible con-
tamination of explicit memory (for review, see Schacter et al.
2004). As explicit memory tasks usually elicit increased activa-
tion in the brain (for review, see Buckner and Wheeler 2001) and
as there is no distinct behavioral dissociation between explicit
and implicit memory performance, the increased activation in
the MTL is often considered to be a correlate of explicit memory
(Squire et al. 1992; Badgaiyan et al. 1999, 2001, 2003; Schacter et
al. 2004). For example, in a recent study by Henke et al. (2003a)
that used both implicit and explicit retrieval conditions, normal
subjects named the professions (e.g., artist, academic) of faces
faster when they judged the profession categories correctly (i.e.,
the profession of a face during the encoding). Thus, it is difficult
to exclude an involvement of explicit retrieval in implicit
memory tasks. Given this, the control of explicit contamination
is a crucial factor in exploring neural mechanisms of associative
priming.

To address these issues and to further determine the role of
the MTL in associative priming, two approaches were adopted in
this study. First, fMRI was used to take advantage of its higher
spatial resolution compared with that of the PET technique (Bad-
gaiyan et al. 2003). It allows a fine-grained analysis of the MTL
subregions contributing to associative memory tasks, which is
difficult to accomplish in studies with amnesic patients. Second,
a possible contribution of explicit memory to associative priming
was controlled by employing a perceptual encoding task with
Chinese words, in combination with a perceptual identification
test. Perceptually based associative priming can be found in nor-
mal subjects (Goshen-Gottstein and Moscovitch 1995; Yang et al.
1999) and usually is preserved in amnesic patients (e.g., Mosco-
vitch et al. 1986; Goshen-Gottstein et al. 2000). One advantage of
using Chinese words (two characters) is that each Chinese char-
acter has a distinctive perceptual configuration, e.g., left-right
(Jﬂ: , cup), up-down (ﬁ, flower). Thus, subjects can judge the
combination of the configurations and form perceptual associa-
tions between words (e.g., judge whether the two words had the
same combined configurations) (Yang et al. 1999). In addition,
by using a perceptual encoding task, subsequent explicit memory
performance was at chance level, and accordingly, the possible
explicit contamination of associative priming was excluded.
Contributions from explicit memory were further controlled by
the use of a perceptual identification task (Gabrieli et al. 1997;
Yang et al. 2003), in which word pairs were quickly flashed with
individually adjusted exposure durations. These manipulations
allowed us to investigate the role of the subregions of the MTL in
associative priming with a high control of contamination from
explicit memory processes. We predicted that within the MTL,
the PHG, but not the hippocampus, would be involved in the
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associative priming effect, whereas both the PHG and the hippo-
campus would be involved in associative recognition.

Results

Behavioral results

In this study, normal participants performed three different tasks
(Fig. 1; Yang et al. 2003), i.e., a perceptual associative task (en-
coding task), a perceptual identification task (priming task), and
an associative recognition task. Unrelated Chinese concrete word
pairs were used as stimuli, which were divided into subsets of old,
recombined, and new (only in the priming task) pairs. The be-
havioral data of the encoding and recognition tasks were col-
lected from subjects in the fMRI and the behavioral group; as the
results for the two groups were similar, only the behavioral
group’s data are reported in the text. As subjects identified the
word pairs covertly in the scanner in the priming task, the be-
havioral performance for this task was collected from subjects in
the behavioral group.

The behavioral results showed dissociation between implicit
memory (item priming and associative priming) and explicit
memory. Subjects identified old pairs more accurately than re-
combined pairs in the perceptual identification task, although
they could not distinguish old pairs from recombined pairs in the
explicit recognition memory task. In the perceptual identifica-
tion task, subjects showed significant associative priming and
item priming effects (Table 1). The main effect of word pair was
significant, F(, 34, =31.62, P <0.0001 for accuracy, and
F5,14)=15.03, P <0.02 for RT. The old pairs were identified more
accurately than the recombined pairs (0.67 vs. 0.61, t4,, = 2.17,
P <0.05), with no significant difference in RT (f;, = 0.13,
P <0.9). In addition, the recombined pairs were identified more
accurately (0.61 vs. 0.38, t;,, = 5.04, P <0.001) and faster (863
msec vs. 964 msec, t;, = 2.6, P <0.05) than the new pairs.

On the other hand, their associative recognition perfor-
mance (accuracy and RT) was at chance level, suggesting that
they could not distinguish old pairs from recombined pairs.
There was no significant difference between old and recombined
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Test session1: Perceptual identification task

(fish--tea)

new pairs
(egg--ocean)
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Figure 1. lllustration of the study and test sessions. In the study session,
Chinese unrelated word pairs were presented. Subjects made a percep-
tually associative judgment (whether the two words had the same struc-
ture combination). During the perceptual identification task, three types
of unrelated word pairs (old, recombined, and new) were presented with
the predetermined duration in the intermixed order. Backward masking
was used to minimize the explicit contamination. During the recognition
task, word and recombined word pairs were presented, and subjects
made an old/recombined judgment.
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Table 1. Behavioral data for the perceptual identification task and the associative recognition task (M + SD)

Accuracy RT (msec)
Task (o][¢] Recombined New oid Recombined New
Behavioral group Perceptual identification 0.67 = 0.22 0.61 = 0.21 0.38 = 0.17 866 + 120 863 + 151 964 + 185
Recognition 0.51 = 0.20 0.43 = 0.27 1290 + 168 1326 = 182
fMRI group Recognition 0.43 = 0.25 0.47 = 0.27 1248 = 152 1261 = 170
pairs for accuracy (0.51 vs. 0.43, t,,, = 0.82, P <0.42) or for RT Priming effects are generally associated with the phenom-
(1290 msec vs. 1326 msec, f,7 = 1.01, P <0.33). The d' was cal- enon of repetition suppression (Wiggs and Martin 1998; Grill-
culated based on scores of hit and false alarm for each subject. Spector et al. 20006), i.e., decreased hemodynamic responses in
The mean d’ was —0.53 + 0.86, which was not significantly dif- cortical regions for repeated/old stimuli compared with new
ferent from chance level (d' =0, t;, = —1.62, P<0.12). Al- stimuli. Based on this effect, we defined priming effects by con-
though there was no behavioral priming performance in the junction analysis of word pair comparisons. The brain regions
fMRI group, given that recognition memory for associations in related to item priming were identified as the conjunction of
the behavioral group and the fMRI group (d' = —0.27 = 0.92) significantly activated areas observed in both old < new and
was similar, we believe it is safe to conclude that there were also recombined < new pairs (i.e., old items < new items), while the
no group differences in associative priming. Thus, the associative regions related to associative priming were identified as the con-
priming and item priming effects were not confounded by con- junction of significantly activated areas observed in both,
scious retrieval of studied word pairs, and influences of explicit old < new and the old < recombined pairs (i.e., old
associative memory on associative priming task were successfully associations < new associations).
excluded. The conjunction analysis showed that item priming effects
were present in the cuneus (medial occipital lobe), right prefron-
tal cortex, right caudate, and cerebellum (Table 2; Fig. 2). This
Neuroimaging results finding is consistent with those of previous neuroimaging studies
. . (e.g., Buckner et al. 1998; Koutstaal et al. 2001; Slotnick and
Item and associative priming Schacter 2006) and confirms the relationship between priming
During the perceptual identification task, subjects were pre- effects and repetition suppression (Wiggs and Martin 1998; Grill-
sented with the old, recombined, and new word pairs using a Spector et al. 2006).
backward masking paradigm. The results showed that many Similar to the item priming effects, associative priming ef-
brain regions were activated for different word pair comparisons. fects (Table 2; Fig. 3) were obtained in the cuneus (medial occipi-
Compared with new pairs, old pairs showed decreased activation tal lobe, BA19) and the left inferior frontal gyrus. Different from
in the occipital cortex, prefrontal cortex, right PHG (11, —22, item priming, associative priming effects were also obtained in
-5,t=-3.67,and 27, —49, 6, t = —3.55), cingulate cortex, cau- the right posterior PHG (coordinate 21, —34, —7, t= —2.96 for
date, and cerebellum; recombined pairs showed decreased acti- recombined < new; 11, —42, -5, t= —3.67 for old < new) (Fig.
vation in the occipital cortex, prefrontal cortex, right basal gan- 4) and the ACC. That is, the activation in these two regions
glia, and bilaterally in the cerebellum. When compared with re- significantly decreased for old associations compared with new
combined pairs, old pairs showed decreased activation in the left associations (i.e., old vs. recombined pairs, and old vs. new pairs).
occipital cortex, bilateral prefrontal cortex, right posterior PHG Within the right PHG, the activation was located in the posterior
(coordinate 22, —33, —7, t= —3.06; 25, —42, 3,t= —2.93), and part, i.e., the parahippocampal cortex, following the distinction
the anterior cingulate (ACC). between the anterior and posterior PHG at about y = —20 in

Table 2. Pair contrasts for item priming and associative priming effects in the perceptual identification task

Region t X y z t X y V4

L/R Item priming Old < New Recom < New
L Occipital (BA18/19) -3.83 -4 -78 =12 -2.75 -3 -85 -10
R Precentral/MFG -4.16 27 3 27 —4.52 27 2 27
R Precentral/MFG -3.35 26 =13 55 -3.95 26 -13 56
R SFG —3.84 2 -16 71 -272 10 =15 66
L Postcentral/BA3 —3.81 —47 =15 53 -3.15 —47 =15 53
L Precentral/BA6 -3.19 —24 -19 68 -3.57 -22 -13 73
Precentral/BA6 —3.50 —40 -26 59 —2.54 —-38 -19 65
PCC/BA30 —-2.69 -5 —54 6 —2.58 -3 =53 5
L Cerebellum —2.75 2 -74 —24 —3.85 0 =72 -26
R Caudate —-4.14 17 2 22 -2.82 16 2 21

Associative priming Old < Recom Old < New

L Occipital (BA19) —2.65 -7 -83 34 -3.32 -5 =77 33
R PHC (BA36) —2.96 21 —34 -7 —3.67 11 —42 -5
IFG/BA44 —2.80 —54 8 7 -3.89 -56 7 7
L ACC (BA24) -2.49 2 17 27 —3.05 2 18 28

L indicates left hemisphere; R, right hemisphere; MFG, middle frontal gyrus; SFG, superior frontal gyrus; PCC, posterior cingulate cortex; PHC,
parahippocampal cortex; IFG, inferior frontal gyrus; and ACC, anterior cingulate cortex.
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Figure 2. Brain regions showing both old < new pairs and

recombined < new pairs (item priming effect) in the perceptual identifi-
cation task. (Left) Conjunction maps overlayed on a standard anatomical
structure, masked by significant omnibus experimental effect at a thresh-
old of P< 10~ *. The cuneus and the right MFG elicited decreased acti-
vation for the old and recombined pairs compared with the new pairs
(P < 0.05). The left hemisphere is displayed on the left. (Right) Percentage
of signal change (and standard errors) of different types of word pairs for
regions identified in the activation maps.

Talairach space (Pruessner et al. 2002; Henson 2003).° These data
and other findings (e.g., Badgaiyan et al. 2003; Henke et al.
2003a,b; Preston and Gabrieli 2008) suggest that associative
priming is different from item priming in that it is related to
activation in the MTL. On the other hand, we did not find acti-
vation of the hippocampus for the contrasts between the word
pairs, which suggests a functional dissociation between the hip-
pocampus and the parahippocampal cortex in associative prim-
ing.

In addition to repetition suppression effects, several brain
areas showed increased activation (repetition enhancement) for
old vs. recombined, old vs. new, and recombined vs. new. For
example, the prefrontal cortex was activated for old vs. recom-
bined pairs (coordinate —34, —8, 65, t=3.57) and recombined
vs. new pairs (coordinate 34, 17, 25, t = 3.33). Note that the clus-
ter that showed repetition enhancement in the fusiform/MTL
was small (old vs. recombined pairs, coordinate 35, —36, —24,
t=2.86, EPI voxel < 1). Moreover, when conjunction analysis
was conducted for direct contrasts between word pairs as de-
scribed before, there were no overlapping areas for the
old > recombined and old > new effects, which suggests that rep-
etition enhancement is not the main mechanism contributing to
item and associative priming effects.

Associative recognition

As revealed by the behavioral data, recognition memory for as-
sociations was at chance level; i.e., subjects could not distinguish
the old and the recombined pairs. To get a hint on whether
different mechanisms are involved in implicit and explicit

To diminish the influence of spatial variability across subjects, we also con-
ducted a conjunction analysis for individual subjects and found a consistent
pattern in the MTL for associative priming. The results showed that 12 out of
13 subjects had PHG activation for the old < new pairs; nine subjects, for
old <recombined pairs; and nine subjects, for the conjunction of the above
contrasts.
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memory, we analyzed significant BOLD signal changes for suc-
cessfully recognized old vs. recombined pairs (hit vs. correct rejec-
tion [CR]), despite chance performance on the behavioral level.
The brain areas that showed hit > CR and hit < CR effects
were in the fusiform gyrus, bilateral occipital lobe, MTL, MTG,
prefrontal cortex, ACC, and parietal cortex. Within the MTL (Fig.
5), the right parahippocampal cortex (coordinate 23, —42, —14,
t=—-3.67;40, —31, — 16, t = —2.64), and different from associa-
tive priming, the bilateral hippocampus (coordinate —25, —25,
=5, t=—-4.10; 20, —20, —6, t = —5.89) exhibited the hit < CR
pattern. Note that the activation of the right parahippocampal
cortex during the explicit memory task was more posterior and
more lateral than that during the priming task. In addition, the
left PHG/fusiform (coordinate —35, —38, —14, t = 3.54) exhib-
ited the hit > CR pattern. The other two clusters in the bilateral

Right PHC
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Figure 3. Brain regions showing both old < new pairs and
old < recombined pairs (associative priming effect) in the perceptual
identification task. (Left) Conjunction maps overlayed on a standard ana-
tomical structure, masked by significant omnibus experimental effect at a
threshold of P < 10~ *. The right parahippocampal cortex (PHC), the an-
terior cingulate cortex (ACC), occipital cortex, and the left IFG elicited
decreased activation for old pairs compared with recombined and new
pairs (P < 0.05). The left hemisphere is displayed on the left. (Right) Per-
centage of signal change (and standard errors) of different types of word
pairs for regions identified in the activation maps.
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Figure 4. The activity of the right parahippocampal cortex for comparison of old vs. new pairs and
old vs. recombined pairs in the perceptual identification task. The activation maps overlayed on a
standard anatomical structure, masked by significant omnibus experimental effect at a threshold of
P <10~ “. The right parahippocampal cortex exhibited decreased activation for the old pairs compared
with recombined and new pairs (P < 0.05). The left hemisphere is displayed on the left.

PHG exhibited the hit > CR pattern (coordinate —25, —44, —11,
t=3.65; 34, —33, —11, t = 3.53), although they were small (1 EPI
voxel) and did not reach the criteria level. These data suggest that
both the bilateral hippocampus and the PHG participate in the
explicit recognition task, with the parahippocampal cortex ex-
hibiting both response patterns of hit < CR (right) and hit > CR
(left).

Discussion
The aim of this study was to investigate whether the MTL par-
ticipates in associative priming when contributions from explicit
memory are controlled for. By employing behavioral and event-
related fMRI measures in normal subjects, our study revealed
three main results: First, associative priming was dissociated from
associative recognition in behavioral performance; thus, explicit
contamination of associative priming was excluded. Second, the
right parahippocampal cortex and the ACC, together with the
occipital and the prefrontal cortex, were involved in associative
priming and showed decreased activation for old associations vs.
new associations. Conversely, the hippocampus did not exhibit
activation for item or associative priming. Third, the bilateral
hippocampus and the parahippocampal cortex were activated in
the associative recognition memory task. These findings indi-
cated a functional dissociation within the MTL in that the para-
hippocampal cortex, but not the hippocampus, was involved in
the implicit retrieval of associative
memories. In addition, they provided
evidence for the view that the MTL is
essential for retrieving associative infor-
mation, irrespective of conscious aware-
ness.

The critical finding of our study is
the functional dissociation of the MTL
in the associative priming task. Consis-
tent with our prediction, the right para-
hippocampal cortex (i.e., the posterior
PHG) exhibited decreased activation for
old associations vs. new associations,
but the hippocampus did not exhibit de-
creased activation for the word pair con-
trasts. As we used a perceptual encoding
task and tested the associations between \
words by their pair formats, the involve- 7=56
ment of the parahippocampal cortex in
associative priming may be perceptually
based (i.e., the cued information
matched the studied information by its
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perceptual format). The involvement of
the PHG in associative priming is further
supported by a variety of previous stud-
ies (e.g., Chun and Phelps 1999; Manns
and Squire 2001; O’Kane et al. 2005;
Preston and Gabrieli 2008). For example,
damage to MTL regions outside the hip-
pocampus is related to implicit contex-
tual learning in amnesia compared with
hippocampal lesions (Chun and Phelps
1999; Manns and Squire 2001). Using
the same paradigm as Chun and Phelps
(1999), Preston and Gabrieli (2008) have
found that the anterior PHG is involved
in contextual learning independent of
explicit memory. In addition, in the lat-
ter study, the parahippocampal cortex
exhibited decreased activation for re-
peated contexts that were later recog-
nized, and this repetition suppression effect did not differ be-
tween subjects with and without explicit recognition memory.
The left parahippocampal cortex is also more activated when the
tasks are the same (e.g., size judgment at both study and test) than
when they are different (e.g., shape judgment at study, and size
judgment at test) (O’Kane et al. 2005). To the extent to which dif-
ferent tasks in the study and test phases can be considered as dif-
ferent contextual association for single items (Schacter et al. 2004),
the results of the O’Kane et al. (2005) study provide support for the
view that decreased activation of the parahippocampal cortex is
confined to implicit retrieval of associative information.

On the other hand, although the bilateral hippocampus was
not involved in the associative priming task, it participated in the
associative recognition task. Even though the pattern of explicit
results has to be interpreted with caution due to chance perfor-
mance on recognition memory for associations, they may sug-
gest that the parahippocampal cortex and the hippocampus
serve distinct roles in different aspects of associative memory
(e.g., Cabeza et al. 2001; Duzel et al. 2003; Preston and Gabrieli
2008; for reviews, see Eichenbaum 2004; Schacter et al. 2004;
Squire et al. 2004). According to the model proposed by Diana et
al. (2007) and Eichenbaum et al. (2007), the PHG is involved in
retrieval of contextual information, whereas the hippocampus is
involved in recollection and binding of items and context. In our
study, only when subjects formed associations between unre-

| Old < New

Old > Recombined
Old > New

Parahippocampal cortex

Hit < Correct Rejection

Hit > Correct Rejection

Figure 5. Brain regions showing hit vs. CR in the associative recognition task. The activation maps
overlayed on a standard anatomical structure, masked by significant omnibus experimental effect at a
threshold of P < 10~ *. The right parahippocampal cortex and the bilatera hippocampus were activated
for hit < correct rejection (P < 0.05). The left hemisphere is displayed on the left.
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lated words, did they name the old pairs more accurately than
the recombined pairs. These data and others (e.g., O’Kane et al.
2005; Preston and Gabrieli 2008) provide evidence for a func-
tional dissociation between the PHG and the hippocampus. They
further extend this proposal in that the parahippocampal cortex
is involved in processes that unconsciously retrieve information
between unrelated items. When retrieval is accompanied by
awareness, the hippocampus is additionally activated. As the hip-
pocampus exhibited a hit < CR pattern, it may play a role in the
conscious detection of the novelty of the new associations in
recombined pairs.

The result of a functional dissociation of MTL subregions in
associative priming was obtained under testing conditions under
which contamination from explicit memory was controlled for.
This is an important prerequisite for determining neural corre-
lates of associative priming given that explicit contamination
was a critical confound in previous studies (e.g., Badgaiyan et al.
2003; Henke et al. 2003a,b. For reviews, see Henson 2003; Schac-
ter et al. 2004). Our study showed that associative priming was
dissociated from explicit associative recognition memory in nor-
mal subjects. Subjects had higher accuracy for old vs. recombined
word pairs in the priming task, even though the pairs were pre-
sented only briefly (i.e., at their threshold duration). On the
other hand, as subjects learned word pairs under perceptual en-
coding, their performance on associative explicit memory was at
chance level.

We should note that some studies have found that the hip-
pocampus is activated when subjects retrieve repeated associa-
tion by partial cues (e.g., word stems in Badgaiyan et al. [2003];
faces in Henke et al. [2003a,b]). It raises the possibility that both
excitatory and inhibitory BOLD responses are related to human
MTL during memory tasks (Fried et al. 2002; Ojemann et al.
2002), especially when associative priming relies on conceptual/
spatial information (e.g., Badgaiyan et al. 2003; Henke et al.
2003a,b). However, given that some of the previous studies did
not obtain behavioral dissociations between associative priming
and explicit tasks (e.g., Henke et al. 2003a), it is unclear whether
explicit memory plays a role in associative priming in these stud-
ies. Our data suggest that the hippocampus is recruited by ex-
plicit associative memory but not by the implicit retrieval of
associative information. By using paradigms to dissociate im-
plicit and explicit memory (e.g., Schott et al. 2005; Daselaar et al.
2006), further studies may be promising to give us a more con-
sistent picture of the mechanism by which the MTL mediates
different types of associative memory.

In addition to the PHG, the ACC was also activated in the
associative priming condition. Previous studies have shown that
the ACC has many different functions; one is to participate in
conflict monitoring (Carter et al. 1998). In the domain of
memory retrieval, the ACC shows stronger activation when sub-
jects had to discriminate old words from semantically related
new words (von Zerssen et al. 2001). As this activation pattern
was also present for erroneous “old” responses in the latter study,
it is reasonable to assume that the ACC is related to performance
monitoring under conditions of high task difficulty or high con-
flicting. In the present study, the recombined pair changed the
association between the two words that were initially studied
together. By this, it is possible that the memory for old pairings
interfered with the reading of recombined word pairs and that
this may have increased processing conflict and monitoring de-
mands. Moreover, as subjects could not distinguish old and re-
combined pairs, this monitoring may be unconscious in nature.
Therefore, our data are more consistent with the view that ACC
activity is not necessarily related to awareness (e.g., Critchley et
al. 2005; Hester et al. 2005) than the view that the ACC is crucial
for conscious conflict control (Dehaene et al. 2003).
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In conclusion, by controlling explicit contamination, our
study showed a functional dissociation within the MTL memory
system in that the right PHG but not the hippocampus was in-
volved in associative priming. The PHG exhibited decreased ac-
tivation for old pairs compared with both recombined and new
pairs. On the other hand, the bilateral hippocampus and the
PHG were involved in explicit associative memory. These data
provide evidence that different regions within the MTL play dis-
tinct roles in explicit and implicit associative memory.

Materials and Methods

Subjects

Thirty-three healthy, right-handed subjects (18 male, 15 female)
participated in this study, with a mean age 21.58 + 2.04 yr. Fif-
teen (eight male) of them participated in the fMRI group. Given
that speaking aloud will produce excessive head movement, sub-
jects were asked to read pairs silently in the MR scanner. Two
subjects’ fMRI data were excluded because of large head motion.
A separate behavioral group (18 subjects, 10 male) was selected to
perform the same tasks outside of the scanner with loud speaking
as the response. There were no significant gender and age differ-
ences between the two groups. All subjects were paid for their
participation and gave written informed consent in accordance
with procedures and protocols approved by the Institutional Re-
view Board of Beijing MRI Center for Brain Research.

Stimuli

A total of 320 two-character Chinese concrete words were
selected to form 160 unrelated word pairs; for example,
WBR-BE%k (rose—magnet), £H %g—*};?h (key—walnut). No
obvious semantic, orthographic, or phonological relationship ex-
isted between two words in each pair. All context and target
words had medium frequencies of occurrence (187 + 90 per mil-
lion) and medium numbers of stroke (17.51 + 4.56). Since all
Chinese characters correspond to one spoken syllable, each word
(two characters) has two syllables.

The word pairs were divided into two sets, i.e., a threshold
set and a test set. The threshold set (90 word pairs) was used to
determine the exposure duration for each subject. The test set (60
word pairs) was used in both the behavioral and the fMRI groups.
It was further divided into three subsets, each composed of 20
pairs that were used as repeated, recombined, and new pairs,
respectively. The repeated and recombined subsets were pre-
sented in both study and test sessions, and the new subset was
used as the baseline in the perceptual identification test. Each
word and its characters appeared only once in all three subsets.
Word frequency (F; 95y = 0.36, P < 0.59) and stroke
(F 208 = 0.23, P < 0.63) were not significantly different between
the threshold set and the test set, or among the three subsets
(F(2,117) = 0.02 for frequency, and F, 1,7, = 0.19 for stroke, respec-
tively). The arrangement of the three subsets was counterbal-
anced so that each word pair had an equal chance to be repeated,
recombined, and new pairs across subjects. The remaining 10
pairs were used for practice in both groups.

Procedure

The study included two stages. In the first stage, the optimal
exposure durations for minimizing possible explicit memory
contamination were determined for each subject. A series of tests,
each with 10 unrelated word pairs in the threshold set, were
carried out outside of the scanner. Before the presentation of
each word pair, a fixation “+” was displayed in the center of the
screen. Five hundred milliseconds later, a word pair was pre-
sented for a certain duration and then masked immediately by an
irregular and meaningless drawing consisting of character-like
strokes. Subjects were asked to speak out the word pairs as quickly
and accurately as possible. The exposure durations of the word
pairs changed according to the subjects’ performance. If the per-
centage of correct report was higher than 30%, the exposure du-
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ration of the next 10 pairs was reduced by 16.7 msec. Otherwise,
if the percentage correct was lower than 20%, the duration of the
next 10 pairs was increased by 16.7 msec. By use of this proce-
dure, the exposure duration for each subject was gradually ad-
justed to yield a correct identification rate of 20%-40%. For more
details on the threshold procedure, see the study of Yang et al.
(2003).

The second stage, either conducted in the scanner for the
fMRI group or outside of the scanner for the behavioral group,
was composed of three tasks, i.e., a perceptual encoding task, a
perceptual identification (priming) task, and an explicit recogni-
tion task. During the encoding task, subjects were asked to decide
whether the two Chinese words had the same structural configu-
rations (e.g., up-down, left-right), given each Chinese character
has distinct orthographical structure. Each pair was presented for
2 sec and then replaced by “+” on the screen. During the percep-
tual identification task, subjects were asked to covertly read the
quickly flashed word pairs. Sixty test pairs, consisting of repeated,
recombined, and new pairs, mixed with 20 masks were presented
in random order with the individually predetermined exposure
duration and then masked with the character-like strokes. During
the explicit recognition task, subjects were asked to make old/
recombined judgment as quickly and accurately as possible. Each
word pair was presented for 2 sec in either the same or different
combinations as those in the study session. To control for re-
hearsal of the studied stimuli, subjects performed a mental arith-
metic task (serial subtraction of 7 starting from 1000) continu-
ously for 3 min between the two tasks.

In order to get behavioral priming scores, the behavioral
group followed the same procedure except that subjects overtly
read the quickly flashed word pairs in the perceptual identifica-
tion task. For the behavioral group, the accuracy data were re-
corded for all 18 subjects, and RTs were recorded additionally for
eight subjects. For the fMRI group, a rapid event-related design
was applied in both the perceptual identification and recognition
sessions, with 268 and 147 volumes collected, respectively. All
stimuli, including word pairs and the fixations, were optimally
intermixed in a pseudo-random order.

MRI acquisition

MR data were collected on a Siemens 3 Tesla scanner (Magnetom
Trio). Stimuli were presented through a back projector. Subjects
viewed the stimuli through a mirror attached to the head coil.
The anatomical data were acquired using high-resolution SPGR
(TR = 845 msec, FOV =22 c¢m, matrix = 256 X 256, resolu-
tion =1 X 1 X 1.3 mm?) sequence before the study session. The
whole brain functional data were acquired using a gradient echo,
echo-planar imaging (EPI) sequence (TR =2 sec, TE = 30 msec,
flip angle = 90°, FOV = 22 cm, matrix = 64 X 64, resolu-
tion = 3.75 X 3.75 X 5 mm?). To better observe the signals in
the MTL regions, oblique slices that were perpendicular to the
long axis of the hippocampus were adopted.

Data analysis

AFNI (http://atni.nimh.nih.gov) was used for fMRI data prepro-
cessing and statistical analyses. The first five EPI volumes before
magnetization and intensity which remained steady state were
discarded. The remaining volumes were registered to the nearest
volume close to anatomical images to correct subjects’ head
movement. Spatial smooth with a root-mean-square (RMS) width
of 4 mm was applied to all registered volumes. To better compare
data between subjects, all MRI signals in each volume were nor-
malized to the percentage of signal change before performing the
deconvolution analysis. In 3dDeconvolve, a time window of six
TRs (12 sec) was selected to model the hemodynamic response of
each stimulus. Altogether 18 regressors of interest (repeated, re-
combined, and old pairs) and six regressors of noninterest mo-
tion parameters were applied in the perceptual identification ses-
sion, and the B weights of the impulse response function (IRF)
were used to estimate the amplitude for each condition (vs. fixa-
tion).

After transforming functional IRF of each subject to stan-
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dard stereotactic coordinates of the Talairach and Tournoux atlas
(Talairach and Tournoux 1988), a voxel-wised mixed-effect
model of ANOVA was adopted in the group analysis, with word
pair type (old, recombined, old) as the fixed factor for the per-
ceptual identification task. The conjunction analysis was then
applied to find the activated brain areas for item and associative
priming effects. The group activation map was first masked by
significant omnibus experimental effect at a threshold of
P<10~* and then masked by significant pair contrasts at the
threshold of P < 0.05 (two-tailed, above 140 voxels). We defined
the priming effects in terms of repetition suppression (Wiggs and
Martin 1998; Grill-Spector et al. 2006), i.e., decreased hemody-
namic responses in cortical regions for repeated (old) stimuli
compared with new stimuli. During the perceptual identification
task, old pairs included the repetition of identical pairs from the
study session; recombined pairs were repeated (old) items in new
associations, whereas new pairs had both new items and new
associations. Therefore, if brain regions showed decreased activa-
tion for both old vs. new pairs and recombined vs. new pairs,
they were considered to reflect item priming effects; i.e., old items
showed more repetition suppression effects. Similarly, if brain
regions showed decreased activation for both old vs. recombined
pairs and old vs. new pairs, they were considered to reflect asso-
ciative priming effects; i.e., old association showed repetition sup-
pression effects compared with new associations. To demonstrate
the mean percentage of signal changes in regions related to item
and associative priming, the g weights were averaged across sub-
jects. For the explicit recognition task, the difference between
correct old (hit) and correct recombined (correct rejection, CR)
was compared to find the association-related brain activation
(P <0.05, two-tailed, above 140 voxels), after the group activa-
tion map was masked by the significant omnibus experimental
effect at a threshold of P < 10 %
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Erratum
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Decreased parahippocampal activity in associative priming: Evidence from an
event-related fMRI study
Jiongjiong Yang, Axel Meckingler, Mingwei Xu, Yanbing Zhao, and Xuchu Weng

Coauthor Axel Mecklinger’s surname was misspelled in the author line (above) and should have printed as
Mecklinger. We apologize for any confusion this may have caused.
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