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According to conflict-monitoring models, conflict serves as an
internal signal for reinforcing top-down attention to task-relevant
information. While evidence based on measures of ongoing task per-
formance supports this idea, implications for long-term conse-
quences, that is, memory, have not been tested yet. Here, we
evaluated the prediction that conflict-triggered attentional enhance-
ment of target-stimulus processing should be associated with
superior subsequent memory for those stimuli. By combining func-
tional magnetic resonance imaging (fMIRI) with a novel variant of a
face-word Stroop task that employed trial-unique face stimuli as
targets, we were able to assess subsequent (incidental) memory for
target faces as a function of whether a given face had previously
been accompanied by congruent, neutral, or incongruent (conflict-
ing) distracters. In line with our predictions, incongruent distracters
not only induced behavioral conflict, but also gave rise to enhanced
memory for target faces. Moreover, conflict-triggered neural activity
in prefrontal and parietal regions was predictive of subsequent re-
trieval success, and displayed conflict-enhanced functional coupling
with medial-temporal lobe regions. These data provide support for
the proposal that conflict evokes enhanced top-down attention to
task-relevant stimuli, thereby promoting their encoding into long-
term memory. Our findings thus delineate the neural mechanisms of
a novel link between cognitive control and memory.
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Introduction

The influential conflict-monitoring model of cognitive control
proposes that conflict in information processing serves as a
signal for reinforcing top-down control processes associated
with the current task set (Botvinick et al. 2001). Specifically, it
is argued that when task-irrelevant (distracter) stimuli elicit
representations that clash with those stemming from
task-relevant (target) stimuli, a conflict signal is generated in
the dorsal anterior cingulate cortex (dACC) that triggers an up-
regulation in top-down attentional gain on the processing of
target information, mediated by the dorsolateral prefrontal
cortex (dIPFC), thus resolving the conflict (Botvinick et al.
2001). To date, predictions of this model have been derived
and tested exclusively in terms of immediate attentional pro-
cessing of conflicting (or incongruent) versus nonconflicting
(or congruent) stimuli. For instance, the neural substrates and
immediate behavioral consequences of preparing for and ex-
periencing conflict (MacDonald et al. 2000), and those of
having experienced conflict on the previous trial (Botvinick
et al. 1999; Kerns et al. 2004; Egner and Hirsch 2005), have all
been investigated extensively. In contrast, to our knowledge,
there have been no attempts to test the model’s implications
for offline, long-term (memory) consequences of conflict, even
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though subsequent memory can provide a rich window onto
cognitive-control processes (e.g., Richter and Yeung 2012).

Intriguingly, a key tenet of the conflict-monitoring model,
namely that conflict triggers enhanced attention to task-relevant
stimulus information, leads to a straightforward yet somewhat
counterintuitive prediction for subsequent memory of that
information: Specifically, target information stemming from an
incongruent trial should, due to conflict-driven attentional
enhancement (cf., Chun and Turk-Browne 2007), be recalled
with greater accuracy than those stemming from a congruent
trial. This prediction contrasts with the perhaps more intuitive
assumption that the additional control operations required to
overcome interference from incongruent distracters might
impair the processing of, and subsequent memory for, target
stimuli due to limited processing resources (Uncapher and
Wagner 2009). Moreover, if the behavioral hypothesis of
conflict-enhanced memory for target stimuli was to be con-
firmed, one would expect this effect to be mediated by pre-
frontal and parietal brain regions involved in attentional
enhancement during conflict resolution, presumably in con-
junction with medial-temporal lobe (MTL) structures respon-
sible for encoding long-term memories (e.g., Eichenbaum
et al. 2007). In the present study, we tested these predictions.

To this end, we developed a novel experimental protocol that
consisted of acquiring functional magnetic resonance imaging
(fMRD) data during a face-word Stroop task (e.g., Egner and
Hirsch 2005; Egner et al. 2008) that employed trial-unique target
stimuli (faces), combined with an incidental memory test for
those faces (cf., Richter and Yeung 2012). This design allowed us,
first, to test the basic prediction of conflict-enhanced, target-
stimulus memory we derived from the conflict-monitoring model,
and secondly, to delineate its neural substrates by employing a
difference-based-on-memory (DM) analysis approach (Paller et al.
1987; Wagner et al. 1998; Paller and Wagner 2002). This approach
can isolate brain regions that are more active during encoding of
items that are subsequently remembered compared with those
that are subsequently not-remembered (forgotten).

Materials and Methods

Participants

Twenty healthy individuals performed a face-word Stroop task in the
fMRI scanner (mean age = 22.5 years; range = 18-35 years; 8 males; 6
left-handed). All participants were recruited from the student popu-
lation of Ghent University and gave written informed consent. The
experimental protocol was approved by the ethical committee of the
Ghent University Hospital.

Experimental Procedure
The face-word stimuli consisted of male and female faces (Glasgow
Face Database, Bruce et al. 1999), overlaid by a word that could be



congruent, incongruent, or neutral with respect to the gender of the
face. Like in the classic color-naming Stroop task, incongruent displays
in this task are responded to more slowly than congruent ones
(MacLeod and MacDonald 2000; Egner and Hirsch 2005; Egner et al.
2008). In the present task, we also included neutral stimuli in order to
be able to dissociate memory effects attributable to a semantic mis-
match between target stimuli and distracters (present in both neutral
and incongruent trials) from those related to response conflict—which
is exclusively triggered by incongruent trials. Prior to the fMRI session,
participants performed a familiarization task on a standard laptop com-
puter, in which all faces that were later used in the Stroop task were
presented in a random sequence. We chose this procedure based on
recent observations that completely novel stimuli can reduce typical
behavioral costs in this kind of task (Krebs et al. 2013), likely due to an
automatic capture of attention by novelty that reduces the influence of
the irrelevant information. Also, such a procedure helps to avoid
potential floor effects in the incidental retrieval of unfamiliar stimuli
(Krebs et al. 2009). It should be noted that this preexposure is identical
for all experimental conditions, thus ruling out any differential effects
on later memory performance. During familiarization, all faces were
displayed 3 times in a random order for 1500 ms, with a stimulus-onset
asynchrony (SOA) of 2300 ms. To ensure that participants paid atten-
tion to all pictures, they were asked to indicate for each face presen-
tation whether they had seen the current face before or not via a
button-press response with the index and middle finger of the right
hand, respectively (button assignments were counterbalanced across
participants). All faces were presented in the center of a white screen
(visual angle 5 x 6°). Throughout the entire task, a black fixation dot
(0.3°) was visible in the center of the screen, and participants were in-
structed to keep accurate fixation.

Face-Word Stroop Task

In the actual Stroop task inside the MR scanner (Fig. 14), all 180 famil-
iarized faces were presented once in a random order for 900 ms each
in the center of a white screen (5 x 6°). Each face was overlaid with a
congruent, an incongruent, or a neutral word in red ink (Dutch words
for man, woman, and house: “man,” “vrouw,” and “huis”; capitalized
Arial font, 6 x 2°). These trial types occurred with a probability of 33%
each. Participants were asked to attend to the face while ignoring the
word and to decide as quickly as possible whether the face was male
or female by pressing with the left or right index finger, respectively
(button assignments were counterbalanced across participants). Through-
out the entire experiment, a black fixation dot (0.3°) was visible in the
center of the screen, and participants were instructed to keep accurate
fixation. To allow for effective event-related, blood-oxygen-dependent
(BOLD) response estimation (Hinrichs et al. 2000), trial onsets were
randomly varied with an SOA between 2000 and 8000 ms in steps of
500 ms (mean SOA = 3000 ms). Specifically, SOAs were pseudoexpo-
nentially distributed with 75% between 2000 and 3000 ms, 17%
between 3500 and 5000 ms, and 8% between 5500 and 8000 ms. This
SOA distribution resulted in a variable intertrial interval of 1100-7100
ms (Fig. 14). Response times (RT) and error rates in the Stroop task
were analyzed via 1-way repeated-measures analyses of variance
(rANOVAs) and planned follow-up paired #-tests testing for differences
between congruent, neutral, and incongruent trials.

Note that the signature of conflict-control we employed in the
present study was given by conventional conflict or interference
scores, that is, the difference in performance (and neural activity)
between incongruent and congruent and/or neutral trials. This metric
captures both the generation/detection as well as the within-trial resol-
ution of conflict—given that we only analyzed trials where a correct
answer was given (cf., Scherbaum et al. 2011). While an approximate
segregation of conflict-detection versus conflict-resolution processes
could, in principle, be achieved by analyzing first-order congruency se-
quence (conflict adaptation) effects (Gratton et al. 1992; Botvinick
et al. 2001; Egner 2007), this type of analysis would result in a substan-
tial reduction in trial counts in the present design, especially since our
study also involved neutral trials, as well as a subsequent DM analysis.
Since this approach would, therefore, have greatly reduced the power
of our key analyses, we opted instead to focus exclusively on the
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standard trial interference effects. An added benefit of this approach is
that it coincides with the way that the large majority of previous fMRI
studies of conflict processing have analyzed their data, thus rendering
the present results more comparable to much of the prior literature.

Incidental Memory Task

After an additional fMRI task and anatomical scans that were unrelated
to the present study, which also served as encoding-retrieval delay,
participants performed an incidental memory test on a standard laptop
computer (~1 h after the Stroop task). Half of all previously seen faces
and 60 completely novel faces were presented once in a random order
for 2000 ms each in the center of a white screen (5 x 6°) with an SOA of
3000 ms. Novel faces were included to promote a deliberate decision
on each picture thus preventing automated responses. The gender of
both familiar and novel faces was completely balanced (50%), as was
the former trial category of the familiar faces, that is, congruent,
neutral, and incongruent (33%). Participants were asked to indicate
whether they remembered the current face by pressing 1 of the 4
number buttons with the 4 fingers of the right hand according to a
4-point scale (4, “definitely old”; 3, “probably old”; 2, “probably new”;
1, “definitely new”). These 4 options and the corresponding buttons
were displayed at the bottom of the screen. On the next day, an analo-
gous retrieval task was employed that included the other half of all pre-
viously seen faces and 60 novel faces (~24 h after the face-word Stroop
task). Including retrieval day as an additional factor in the behavioral
analysis did not yield any significant main effect or interaction with the
effect of interest (P> 0.5), which led us to collapse retrieval data across
the 2 days, which had the added benefit of yielding higher trial counts
per experimental condition in the fMRI analysis. For the analysis, the
response categories were labeled as follows: 4, remembered; 3, fam-
iliar; 2, unfamiliar; and 1, forgotten. Given that all faces had the same
level of familiarity at the start of the face-word Stroop task, we focused
on the potential neural mechanisms that give rise to remembering
specific faces with high confidence. To this end, we focused on
congruency-induced differences in the “remembered” (or “definitely
old”) response rates, and considered the remaining responses as
“not-remembered.” Memory rates were analyzed via a 1-way rANOVA
and planned follow-up paired t-tests testing for differences between
congruent, neutral, and incongruent trials.

JMRI Acquisition and Preprocessing

Data were acquired using a 3-T Siemens Magnetom Trio MRI system
(Siemens Medical Systems, Erlangen, Germany) with a 32-channel
head coil. For all participants, an anatomical 7;-weighted 3D magneti-
zation-prepared rapid acquisition with gradient echo sequence (time
repetition [TR] = 1550 ms, time echo [TE] = 2.39 ms, TI =900 ms, acqui-
sition matrix = 256 x 256, FOV [field of view] = 220 mm, flip angle =9°,
voxel size=0.86x0.86x 0.9 mm) was acquired to enable coregistra-
tion, normalization, and localization of areas of interest. During the
face-word Stroop task, T,*weighted echo-planar images (EPIs) were
acquired in 33 slices with an interleaved scanning order (TR = 2000 ms,
TE=30ms, acquisition matrix=64x64, FOV=192mm, flip
angle = 80°, voxel size = 3 x 3 x 3 mm, no interslice gap). The first 4 EPT
volumes were discarded to allow a steady magnetization to be reached.
Images were preprocessed and further analyzed using Statistical Para-
metric Mapping (SPM8; University College, London, UK). Anatomical
images were spatially normalized to the SPM 7;-template image and re-
sliced to a voxel size of 1 x1x1 mm. Functional EPIs were slice-time
corrected and realigned to the first acquired EPI. Next, EPIs were nor-
malized based on the 7j-derived normalization parameters, resliced to
a final voxel size of 2 x 2 x 2 mm, and smoothed with an isotropic full-
width half-maximum Gaussian kernel of 6 mm.

JMRI Analysis

A standard 2-stage procedure was used for statistical analysis. In the
first stage, a general linear model (Friston et al. 1995) was employed
for each individual participant. BOLD responses were modeled by
delta functions at stimulus onset, which were then convolved with a
standard hemodynamic response function (HRF). The model included
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Figure 1. Face-word Stroop task trial structure and behavioral results. (A) Each trial consisted of a face stimulus (task-relevant), overlaid by a word (task-irrelevant) that could be
congruent, neutral, or incongruent with respect to the gender of the face (ITl, intertrial interval). (B) Both RTs and error rates in the Stroop task were modulated by the congruency of
the overlaid word, with linearly increasing behavioral costs from congruent to neutral to incongruent words. (C) Confident subsequent memory, as indexed by “remembered”
(“definitely old”) responses, was greater for faces that were overlaid by incongruent compared with congruent and neutral words. Error bars represent the standard error of the mean

(SEM).

regressors for a total of 6 experimental conditions, as well as 6 move-
ment regressors derived from the realignment procedure. Stimulus
onsets for the experimental conditions were derived by dividing the
Stroop-task conditions (congruent, neutral, and incongruent) based on
later remembered versus not-remembered face stimuli (mean trial
numbers [range] for remembered versus not-remembered: congruent
34 [13-63] versus 61 [35-83]; neutral 34 [12-62] versus 60 [35-80]; in-
congruent 38 [12-72] versus 57 [23-77]). The comparison between

neural activity during the encoding of subsequently remembered and
“forgotten” (or not-remembered) pictures is often referred to as the
“DM” effect (Paller and Wagner 2002) and allows one to identify brain
regions that contribute to successful long-term memory. Time series
were corrected for slow drifts by applying a high-pass filter of 128 s.
On the second level, considering the highly selective memory
benefit for incongruent trials (see Results), we sought to pin down
neural activity that is unique to incongruent trials during encoding in
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the face-word Stroop task. Specifically, BOLD activity in response to in-
congruent trials was compared with congruent and neutral ones via a
1-sample #test [incongruent — ([congruent + neutrall/2)]. Activations
were deemed significant if they survived a family-wise error (FWE) cor-
rection at the cluster level (P < 0.05), based on an auxiliary uncorrected
voxel-wise height threshold of P<0.001. Coordinates of significant
local maxima are reported in a standard stereotaxic reference space of
the Montreal Neurological Institute (MNI) system. Next, we tested
whether frontal and parietal conflict-control regions that were signifi-
cantly more active in the presence of conflict in the voxel-wise analysis,
that is, in incongruent compared with both congruent and neutral trials,
were contributing to the improved memory for faces stemming from
incongruent trials. To this end, we conducted a region of interest (ROI)
analysis using the Marsbar toolbox (Brett et al. 2002). ROIs were defined
as spheres (diameter=5 mm) around selected local activity maxima
yielded by the voxel-wise analysis [incongruent — ([congruent + neutral]/
2)]. Specifically, in keeping with the existing literature on conflict proces-
sing (e.g., Kerns et al. 2004; Egner and Hirsch 2005; Nee et al. 2007;
Egner et al. 2008), the ROI analysis was focused on the medial and lateral
prefrontal cortex as well as parietal cortex (see Results section for details).
Parameter estimates (beta values) of incongruent remembered and incon-
gruent not-remembered target stimuli were extracted from these ROIs
and compared via paired #tests in a DM analysis. Note that the latter test
is independent of the contrast by which the ROIs were defined.

Functional Connectivity (PPI) Analysis

Finally, to explore functional connectivity profiles of ROIs that are con-
tributing to the successful retrieval of faces from incongruent trials, we
performed psycho-physiological interaction (PPI) analysis (Friston
et al. 1997) using the automated generalized PPI toolbox (McLaren
et al. 2012). Individual PPI terms were created by multiplying the
BOLD time series from a given “seed” ROI with the psychological
vector reflecting the experimental conditions [e.g., incongruent—
([congruent + neutral]/2)]. After convolution with the HRF, mean cor-
rection, and orthogonalization, the interaction regressor (PPI term)
went into a second-level analysis to determine condition-dependent
changes of functional connectivity over and above any main effect of
task or any main effect of activity in the corresponding brain areas. To
this end, the individuals’ PPI contrast images were submitted to
1-sample -tests, revealing brain regions whose activity covaried with
activity in a given seed region. Statistical thresholding was analogous
to the regular fMRI analysis (FWE correction at the cluster level with a
threshold of P<0.05), except for a small-volume correction (SVC) ap-
proach for determining potential activations in a priori ROIs, namely
the hippocampus (HIP) and bordering parahippocampal gyrus (PHG),
as these regions are strongly implicated in long-term memory for-
mation (e.g., Eichenbaum et al. 2007). To this end, an anatomical mask
encompassing bilateral HIP and PHG was created using the MRIcron
software package (Rorden and Brett 2000).

Results

Bebavior—Face-Word Stroop Task

As anticipated, in the face-word Stroop task, both RT and error
rates were modulated by the congruency of the irrelevant dis-
tracter word stimulus (Fig. 1B). Specifically, participants were
significantly slower to respond correctly in incongruent and
neutral trials when compared with congruent ones (¥, 35 =10.52,
P<0.001; planned #tests: incongruent>congruent Igo)=4.0,
P <0.005; neutral > congruent #19y = 3.3, P<0.005; incongruent >
neutral f;9y=1.8, P>0.05), and committed significantly
more errors in incongruent compared with congruent trials
(F>38=5.51, P<0.01; planned #tests: incongruent > congruent
t19y=3.0, P<0.01; neutral >congruent f;9=1.9, P>0.05;
incongruent > neutral £y = 1.6, P>0.1). As can be seen clearly
in Figure 1B, there was moreover a significant linear trend for
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increasing RTs (F; 19=16.01, P<0.005) as well as increasing
error rates (Fy 19=9.21, P<0.01) from congruent, over neutral,
to incongruent trials. While the interference effect may not be as
large as in the traditional color-naming Stroop task, it is compar-
able to effects observed with similar face-word Stroop para-
digms (e.g., Egner et al. 2010). The reason for this might be
related to the categorical decisions that are more complex than
simply naming a color, hence reducing the impact of the irrele-
vant dimension on RT and accuracy.

Thus, our novel face-word Stroop task with trial-unique
target stimuli produced typical conflict effects, which in turn
allowed us to investigate whether incidental recall of these
target stimuli varied as a function of distracter word congruency.

Bebavior—Incidental Memory Task

An overview of the retrieval data can be found in Figure 1C.
Note that all error trials in the face-word Stroop task were ex-
cluded from this analysis, as were missed trials in the retrieval
task itself. In total, no more than 6% of all trials were excluded
(averaged across conditions). The rANOVA of memory rates re-
vealed a significant modulation by word congruency during
face encoding in the face-word Stroop task (F,35=3.72,
P<0.05). Planned #-tests revealed that faces from incongruent
trials yielded significantly better memory rates (38%) compared
with those from congruent (34%; fg9y=2.29, P<0.05) and
neutral trials (34%; t9y=2.23, P<0.05). We note that while a
numerical difference of 4% is modest in size, the effects were
statistically robust due to being very consistent across partici-
pants. Only 4 of 20 participants showed an effect in the opposite
direction in 1 of the 2 comparisons (incongruent < congruent or
incongruent < neutral) or in both. Taken together, the behavior-
al results show that incongruent task-irrelevant words caused
performance detriments (longer RTs and lower accuracy) in the
face-word Stroop task itself, but promoted subsequent memory
of the task-relevant face stimuli from correct trials. This novel
finding of conflict-enhanced target memory is in line with pre-
dictions derived from conflict-monitoring models, which holds
that conflict triggers controlled re-focusing on task-relevant
stimulus information. While within-trial effects of such re-
focusing have recently been described (Scherbaum et al. 2011),
the present study is the first that describes changes in the long-
term representation of the target stimuli. These data set the
stage for our fMRI analyses, which were geared at characterizing
the neural substrates of this conflict-triggered boost to target
memory.

Note that face stimuli in congruent, neutral, and incongruent
trials were displayed for the same duration, thus ruling out the
possibility that the memory benefit for incongruent trials could
be driven by differential exposure times. However, it could
potentially be argued that face stimuli on these trials were
subject to longer “processing time,” as reflected in prolonged
RTs. To rule out that the observed memory benefit for incon-
gruent trials during the face-word Stroop task was mainly a
result of differences in “time-on-task,” we conducted 2
additional analyses. First, to test for effects of the individual RT
level, memory rates were correlated with RTs in the face-word
Stroop task across participants. None of the correlations (aver-
aged across word congruency, congruent only, neutral only,
and incongruent only) reached significance (all P>0.5). Sec-
ondly, incongruent face-word Stroop trials were sorted based



on later memory success (remembered vs. not-remembered).
There was no significant RT difference between later remem-
bered and not-remembered incongruent target stimuli (paired
t-test P> 0.5), indicating that the memory benefit in incongru-
ent trials was not promoted by longer RTs per se during the en-
coding of the target stimuli, but rather by the (conflicting)
relationship between distracter and target stimuli and the resol-
ution of this conflict.

JMRI Results

Based on the observation of a unique memory benefit for
target stimuli in incongruent trials, our fMRI analysis strategy
was to first identify brain regions involved in conflict—control
processes, that is, regions that were more active during incon-
gruent than congruent and neutral Stroop trials. Areas ident-
ified based on this comparison thus represent candidate
regions that might have mediated the conflict-enhanced encod-
ing of target faces we observed in the behavioral data. Incon-
gruent compared with congruent and neutral trials elicited
several robust activation foci in the medial and lateral frontal
cortex (Fig. 24 and Table 1), including bilateral presupplemen-
tary motor area (pre-SMA) and dACC, bilateral dIPFC, and right
inferior frontal gyrus (IFG, at the trend level). Such activations
in the medial and lateral PFC are commonly observed in Stroop
and other interference paradigms and are thought to mediate
the detection and resolution of conflict (Miller and Cohen 2001;
Botvinick et al. 2004; Ridderinkhof et al. 2004). Additional acti-
vation clusters were observed in posterior regions, namely
bilateral inferior parietal lobe (IPL), bilateral precuneus, bilat-
eral fusiform gyrus (FG), and right middle temporal gyrus
(MTG). Again, these findings align closely with prior literature,
where parietal cortex areas have frequently been implicated in
conflict—control, particularly in relation to Stroop-like stimulus
conflict (e.g., Egner and Hirsch 2005; Liston et al. 2006; Egner
et al. 2007). Moreover, the activation observed in the FG likely
reflects the conflict-driven modulation of (target) face proces-
sing (Egner and Hirsch 2005).

To determine whether such conflict-related activity was pre-
dictive of subsequent memory success in incongruent trials,
we performed an ROI-based DM analysis. Specifically, we
tested which of the frontal and parietal regions that are most
closely associated with conflict-control may have contributed
to subsequent memory for faces seen in incongruent trials, by
contrasting ROI-based BOLD activation for incongruent trials
that were subsequently remembered with those that were
not-remembered (i.e., a DM analysis). Note that we focus on in-
congruent trials in this comparison, because it renders the DM
analysis independent of the conflict contrast that was em-
ployed to define these ROISs in the first place. However, it is
important to consider whether any differences in trial numbers
in the original conflict contrast (i.e., more remembered faces
from incongruent trials compared with congruent or neutral
ones) may have biased the results of the ROI-based DM analy-
sis. First, the numerical difference in trial numbers is very
small and thus unlikely to significantly bias the data. Secondly,
any potential bias due to such a difference would work in
favor for the conditions with fewer trials, here congruent re-
membered and neutral remembered ones, due to a higher level
of noise (Kriegeskorte et al. 2009). Hence, it is highly unlikely
that any DM effects in incongruent trials revealed by the ROI
analysis are affected by the contrast used for defining the ROISs.

To account for multiple comparisons, the DM analysis carried
out in candidate conflict-control ROIs derived from the voxel-
wise comparison [incongruent — ([congruent + neutral]/2] was
subjected to Bonferroni-correction (P<0.007 for 7 compari-
sons). The respective center coordinates of the selected ROIs
can be found in Table 1 (pre-SMA/dACC, left and right dIPFC,
left and right IPL, and left and right precuneus). This ROI
analysis revealed that activity in 2 of 7 regions was predictive
of the memory benefit for faces presented in incongruent trials
(incongruent remembered >incongruent not-remembered),
specifically right dIPFC (¢,9y = 2.26, P< 0.005; ROI centered on
MNI x, y, z=46, 8, 36) and left precuneus (f;0y=3.23,
P <0.006; ROI centered on MNI x, y, z=—26, 72, 36). To test
whether these effects were exclusive for incongruent trials,
neural activity in right dIPFC and left precuneus was analyzed
via rANOVAs with factors word congruency [incongruent vs.
([congruent + neutral]/2)] and memory success (remembered
vs. not-remembered). This analysis revealed a significant inter-
action between conflict and memory in the right dIPFC
(P<0.05) and a trend for an interaction in the left precuneus
(P=0.07), in both cases reflecting activity differences between
remembered and not-remembered incongruent trials, but no
such difference for congruent and neutral trials. Moreover, to
rule out that the DM effect in incongruent trials was the result
of an ROI-selection bias, due to the slightly higher number of
remembered faces from incongruent trials compared with con-
gruent or neutral ones in the original contrast, we analyzed 4
participants with an opposite behavioral pattern separately
(more faces remembered from congruent or neutral trials com-
pared with incongruent ones). This analysis still revealed
greater activity in dIPFC and precuneus for incongruent re-
membered compared with incongruent not-remembered trials
(1-tailed #-tests: right dIPFC t,=3.26; P<0.05; left precuneus
3y=3.23; P<0.05) and no difference for congruent or neutral
trials (all P>0.1), indicating that the DM effect in these regions
was not tied to greater trial numbers for incongruent remem-
bered trials.

None of the remaining ROIs (centered around local maxima
in pre-SMA/dACC, left dIPFC, left and right IPL, and right pre-
cuneus) revealed any trend for a DM effect in incongruent
trials (all P>0.1). These data suggest that while conflict pro-
cessing in incongruent trials elicited enhanced activity in a
large network of brain regions thought to be involved in
cognitive-control processes, the successful long-term encod-
ing of the respective target faces appeared to be subserved
specifically by the right dIPFC and left parietal cortex. We
further confirmed this anatomical specificity by conducting a
whole-brain search for additional regions displaying DM
effects, but no such areas were detected at the FWE-corrected
threshold.

Analogous to the behavioral analysis in which we tested
whether memory rates were dependent on RTs (or time-on-task)
in the face-word Stroop task, we tested whether the observed
activity difference between remembered and not-remembered
incongruent target stimuli in the right dIPFC and left precu-
neus ROIs was correlated with RTs in the face-word Stroop
task. No significant correlations between BOLD signal and RTs
were observed for incongruent remembered minus incongru-
ent not-remembered items (all P>0.1), indicating that the in-
creased activity for later remembered items in these regions
was not merely attributable to prolonged processing time
during incidental encoding of the target stimuli.
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Figure 2. fMRI results. (A) BOLD activity is shown for the contrast of incongruent — ([congruent + neutral]/2) Stroop trials (for display purposes, thresholded at P < 0.001,
uncorrected). Note that only activations that survived an FWE correction at the cluster level (Table 1) were considered for the subsequent ROI-based DM analysis. L indicates left
hemisphere, R indicates right hemisphere, and the red dot indicates MNI coordinates x, y, z = 0, 0, 0. (B) Two of these conflict-sensitive regions, that is, left precuneus and right
dIPFC, exhibited a significant difference between subsequently remembered and not-remembered faces that was exclusive to incongruent trials. BOLD parameter estimates
extracted from spherical ROIs around the local cluster maxima (left precuneus MNI x, y, z = —26, 72, 36; right dIPFC MNI x, y, z = 46, 8, 36). Error bars represent the SEM.

In summary, we found that incongruent trials were associ-
ated with enhanced memory for target information, as well as
with activation in fronto-parietal regions, 2 of which (right
dIPFC and left precuneus) displayed a DM effect, whereby
greater activity during conflict was predictive of greater sub-
sequent memory for the target stimuli, suggesting a direct invol-
vement of these regions in bringing about the conflict-driven
memory improvement. In a final analysis, we sought to corrobo-
rate this interpretation.
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Functional Connectivity (PPI) Results

If conflict-sensitive brain regions, in particular the right dIPFC
and left precuneus foci identified in the DM analysis above,
were indeed involved in mediating the conflict-enhanced en-
coding of target stimuli, one would assume that they were
engaged in some form of top-down modulation of encoding
processes in the MTL. We tested this prediction by conducting
condition-specific functional connectivity (PPI) analysis (Friston
et al. 1997; McLaren et al. 2012). Specifically, employing the



Table 1
Overview of activation clusters for incongruent — ([congruent + neutral]/2)

FWE-corrected  Cluster  Peak
cluster P-value  sizek  voxel

Peak voxel MNI Hemisphere Region

tvalue X y z
0.000 814 501 -32 =52 54 L IPL
422  -46 42 46 L IPL
418 56  —40 36 L IPL
408 -42 48 58 L IPL
0.000 1270 4.80 46 8 36 R dIPFC
432 8 10 54 R Pre-SMA/dACC
4.16 32 0 62 R Medial frontal gyrus
4.09 -6 10 50 L Pre-SMA/dACC
3.89 4 18 48 R Pre-SMA/dACC
3.69 -6 0 56 L Pre-SMA/dACC
3.48 40 16 24 R IFJ
3.48 56 24 30 R dIPFC
347 8 2 62 R Pre-SMA/dACC
0.000 508  4.68 42 46 56 R IPL
3.98 38 40 40 R IPL
341 54 48 48 R IPL
0.000 847 456  -38 -6 44 L dIPFC
453 56 10 32 L dIPFC
435 =30 -6 60 L Medial frontal gyrus
430 48 -2 38 L dIPFC
409 36 16 2 L IFJ
392 48 28 36 L alPFC
3.59 —24 -2 52 L Medial frontal gyrus
3.55 =30 -12 46 L Medial frontal gyrus
0.000 300 44 —-40  -62 =12 L FG
418 38 44 18 L FG
344 =30 -62 -20 L FG
0.001 240 4.36 22 —62 40 R Precuneus
3.82 32 —62 34 R Precuneus
0.000 485 434 50 -64 0 R MTG
427 40 —60 -16 R FG
4.05 42 -70 12 R FG
3.82 44 —62 10 R MTG
371 32 -52 -12 R FG
3.44 32 =72 -8 R FG
0.021 161 428 26 =72 36 L Precuneus
412 -26 —78 24 L Precuneus
0.074 116 419 42 24 6 R IFG
343 54 14 8 R IFG

MNI: coordinates according to the Montreal Neurological Institute system; L: left hemisphere; R:
right hemisphere; IPL: inferior parietal lobe; dIPFC: dorsolateral prefrontal cortex; Pre-SMA:
presupplementary motor area; dACC: dorsal anterior cingulate cortex; IFJ: inferior frontal junction;
alPFC: anterolateral prefrontal cortex; FG: fusiform gyrus; MTG: middle temporal gyrus; IFG: inferior
frontal gyrus.

right dIPFC and left precuneus sites as seed ROIs, we tested
whether their functional coupling with other brain regions was
significantly modulated by conflict [incongruent — ([congruent +
neutral]/2)]. Given our specific predictions regarding memory
encoding, we also used a statistical SVC for investigating func-
tional connectivity specifically with the MTL. To this end, we
used the clusters in the right dIPFC and left precuneus (see
Fig. 2A4) as seed ROIs in separate PPI analysis and searched for
brain regions that exhibited increased connectivity in incongru-
ent compared with congruent and neutral trials (Fig. 3 and
Table 2). We found that the right dIPFC displayed significantly
greater coupling during incongruent trials with a cluster includ-
ing the retrosplenial cortex, the precuneus, and the posterior
cingulate cortex (PCC), as well as with a cluster in the left HIP/
PHG (SVC within an anatomical mask). The analogous analyses
using the left precuneus as seed region also revealed a
conflict-enhanced functional coupling between that region and
the left HIP/PHG (SVC within the anatomical mask), as well as
with the right dorsomedial PFC (dmPFC) and the right precu-
neus. Thus, both of the regions that displayed a DM effect for
conflict-enhanced target memory also showed increased

functional coupling under conflict with MTL regions known to
be crucial to episodic memory encoding.

Finally, in addition to assessing conflict-driven coupling per
se, we also explored whether the right dIPFC and left precu-
neus ROIs displayed connectivity modulations as a function of
subsequent memory, by comparing the connectivity patterns
for subsequently remembered versus not-remembered incon-
gruent trial target faces. For this comparison, we found in-
creased functional connectivity between left precuneus and a
cluster in the left ventromedial PFC (vmPFC). The analogous
analysis using the right dIPFC as a seed region did not yield
any significant clusters at our conservative, whole-brain FWE-
corrected threshold. However, we observed increased coup-
ling between right dIPFC and a cluster in the right MTL at a
trend level (P=0.06; SVC with the anatomical mask) for re-
membered versus not-remembered incongruent items.

Discussion

The present study investigated the influence of conflict on the
long-term encoding of target stimuli in a face-word Stroop task
that employed trial-unique target stimuli. We found that irrele-
vant incongruent information (words), which led to typical be-
havioral costs in the Stroop task itself, gave rise to improved
subsequent memory for the relevant target stimuli (faces). The
comparison of fMRI activity in subsequently remembered and
not-remembered incongruent trials revealed that the conflict-
induced memory benefit was selectively associated with activity
modulations in the dIPFC and the precuneus, both of which are
part of the conflict—control network in the present as well as in
previous studies (e.g., Nee et al. 2007). Finally, under conditions
of conflict, both of these regions displayed enhanced functional
coupling with each other, as well as with the left MTL.

The behavioral observation of conflict-induced benefits in
target-stimulus memory is, to the best of our knowledge, a
completely novel finding. On the one hand, this observation
seems counterintuitive, given that processing of target infor-
mation is clearly hindered by incongruent distracters (as evi-
denced by the ubiquitous congruency effect). On the other
hand, it is actually highly consistent with cognitive-control
models postulating that interfering information triggers a
top-down reinforcement of the ongoing task set and increases
attention to the target stimulus (Egner and Hirsch 2005),
which, in turn, appears to lead to a deeper encoding thereof.
Such a mechanism would be consistent with observed mnemo-
nic benefits due to augmented attentional selection (Chun and
Turk-Browne 2007). While this appears to be a feasible expla-
nation for the observed results, it is important to consider
whether the memory benefit could simply be attributed to
longer processing time (as reflected in longer mean RTs) in in-
congruent trials during the face-word Stroop task. Our data do
not support this idea: We neither observed any relationship
between RT and memory benefits in any of the conditions, nor
a relationship between RT and brain activity in the regions pre-
dicting later retrieval success. Moreover, such a time-on-task
explanation would predict that memory rates should be
highest for incongruent, intermediate for neutral, and lowest
for congruent trials. However, in the present study, memory
was selectively better only for incongruent trials, supporting
the notion that the memory benefit resulted from within-trial
conflict-control processes that are unique to incongruent trials.
While the absence of a relationship between RTs in the conflict
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Figure 3. Functional connectivity (PPI) results. (4) The functional coupling between left precuneus (seed region) and right dmPFC and right precuneus, as well as with the left HIP/
PHG (SVC within the anatomical mask in blue, MNI y = —10), was increased for the contrast of incongruent — ([congruent + neutral]/2) Stroop trials. (B) The right dIPFC (seed
region) was coupled with a cluster that included parts of the retrosplenial cortex, precuneus, and PCC, as well as with the left HIP/PHG (SVC within anatomical mask in blue, MNI
y = —8) for the contrast of incongruent — ([congruent + neutral]/2) Stroop trials. L indicates left hemisphere, R indicates right hemisphere, red dot indicates MNI x, v,z =0, 0, 0

(for display purposes, thresholded at P < 0.001, uncorrected).

Table 2
Overview of the functional connectivity results for right dIPFC and left precuneus
FWE-corrected Cluster size k Peak voxel t-value Peak voxel MNI Hemisphere Region
cluster P-value
X y z
Seed region: right dIPFC, incongruent — ([congruent + neutral]/2)
0.002 183 5.50 -14 —56 4 L Retrosplenial cortex
5.43 =22 —56 20 L Precuneus/PCC
441 -10 —48 16 L Precuneus/PCC
0.045° 12 427 —24 -8 -10 L HIP/PHG
413 —24 -6 -14 L HIP/PHG
Seed region: left precuneus, incongruent — ([congruent + neutral]/2)
0.026 104 5.21 26 0 62 R dmPFC
4.24 30 -6 50 R dmPFC
0.042 93 4.65 30 —64 46 R Precuneus
0.0257 16 4.86 —24 -10 -10 L HIP/PHG
Seed region: right dIPFC, incongruent remembered-not-remembered
0.060° 8 4.08 32 -8 —24 L HIP/PHG
Seed region: left precuneus, incongruent remembered-not-remembered
0.006 162 6.62 —-26 24 24 L vmPFC
4.64 -30 36 18 L vmPFC
4.04 -34 44 22 L vmPFC

MNI: coordinates according to the Montreal Neurological Institute system; L: left hemisphere; R: right hemisphere; PCC: posterior cingluate cortex; HIP: hippocampus; PHG: parahippocampal gyrus; dmPFC:

dorsomedial prefrontal cortex; vmPFC: ventromedial prefrontal cortex.
?Additional SVC based on the anatomical mask.

task and memory benefit in incongruent trials speaks against a
simple time-on-task confound, such a relationship would, in
fact, be predicted by conflict-resolution models as conflict resol-
ution may take time. We can only speculate why there is no
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such relationship in our data set. First of all, an absent corre-
lation is not an ultimate proof of an absent relationship (this
could be due to a lack of statistical power). Secondly, it seems
plausible to assume that an increased attentional focus, which is



in our opinion the basis for the DM effect, might as well speed
up conflict resolution and ultimately RTs in a subset of incon-
gruent trials. This would, of course, dilute a systematic corre-
lation between the 2 measures, and there is no way to dissociate
these processes.

Recall that participants had been preexposed to all faces
before the actual conflict task, which raises the possibility that
the memory benefits in incongruent trials might be caused by
active retrieval of the face during conflict resolution. While we
cannot conclusively rule out this possibility, given that we have
no measure of active retrieval during conflict resolution, it
appears rather unlikely. Since participants are not aware of the
subsequent memory test, they are likely focusing on the
gender judgment during the conflict task rather than trying to
actively retrieve the faces. It should furthermore be noted that
the present memory effects also cannot be attributed to a Von
Restorff effect (Wallace 1965), which refers to encoding benefits
for novel or distinctive stimuli, since all face stimuli in our task
were equally familiar to the participants, and the proportions of
congruent, neutral, and incongruent trial types were balanced.
An intriguing counterpart to the conflict-enhanced memory for
target stimuli we observed in the present study has recently
been reported in a behavioral task-switching study by Richter
and Yeung (2012), in the shape of relatively impaired incidental
memory for target stimuli (relative to distracters) from task-
switching when compared with task-repetition trials. These
opposing effects of conflict-enhanced and switch-impaired
target-stimulus memory are perfectly in line with the assump-
tions that conflict serves as a task-set reinforcement or shield-
ing signal (thus enhancing target processing, Botvinick et al.
2001; Goschke and Dreisbach 2008), and that task-switching
necessarily involves a loosening of task-set shielding (thus
impairing target processing) in order for its contents to be
updated (Goschke 2000; Dreisbach and Wenke 2011). In other
words, the converse effects on subsequent memory for target
stimuli due to encountering conflict versus performing a task-
switch are direct reflections of the stability-promoting nature
of conflict-triggered control and the flexibility-inducing nature
of task-switch operations. Both effects highlight a previously
untapped potential for exploring the architecture of cognitive-
control processes via subsequent memory measures that will
hopefully be further exploited in future studies. Another closely
related aspect that could be addressed in follow-up studies is the
influence of trial history. Specifically, it has been demonstrated
that encountering conflict on one trial can improve performance
on the subsequent incongruent trial (Egner 2007). While it would
be very interesting to test whether such conflict-adaptation
effects would interact with the conflict-driven memory benefit,
the present paradigm is not really suited for this purpose.
Specifically, using first-order trial history as an additional
factor will yield insufficient trial numbers for the DM analysis.

In further contextualizing our findings, it should be noted
that the present results of conflict-enhanced target-stimulus
memory pertain to a very different situation than, and are per-
fectly compatible with, a previously reported semantic con-
gruency benefit for associative memory (van Kesteren et al.
2010). Specifically, the latter describes a finding whereby se-
mantic congruency benefits the intentional integration of
several task-relevant stimuli into a multisensory association,
whereas our finding deals with implicit encoding benefits for
target stimuli in the presence of to-be-ignored incongruent
distracters.

The notion that enhanced memory for target stimuli stem-
ming from incongruent trials in the present study was a conse-
quence of conflict-triggered control mechanism receives strong
support from our fMRI results. Specifically, activity in the right
dIPFC, a region that has been repeatedly implicated in con-
flict-control processes in previous studies (e.g., Kerns et al.
2004; Egner and Hirsch 2005; Egner et al. 2008), was selec-
tively increased for incongruent compared with congruent and
neutral items, as well as for subsequently remembered com-
pared with not-remembered items (DM effect) from incongru-
ent trials. This region, thus, satisfies traditional neural
signatures of both conflict-control and memory-formation pro-
cesses. An analogous effect was observed in the precuneus, a
region in the medial posterior parietal cortex that is known to
be implicated in attentional selection and orienting, and which
displays strong anatomical connectivity with the dIPFC
(Cavanna and Trimble 2006). Taken together, the DM effects in
dIPFC and precuneus, as well as the finding of conflict-
enhanced functional coupling between these regions, strongly
suggest that both regions are involved in a processing cascade
whereby conflict triggers top-down control to overcome inter-
ference by increasing attention to the target stimulus, which
promotes elaborate encoding thereof and, ultimately, leads to
a more robust long-term representation. Although the present
data cannot establish whether the precuneus activity was tem-
porally subsequent to (and evoked by) the conflict-induced
dIPFC signal, it certainly represents a plausible possibility, as it
is well established that the dIPFC can impose top-down biases
on parietal regions in the service of selecting task-relevant
stimulus information when directing attention to different
spatial locations (Grent-"t-Jong and Woldorff 2007), as well as
to different stimulus features (e.g., Banich et al. 2000).
Notably, the behavioral and neural modulations observed in
the present study arise from immediate, that is, within-trial, at-
tentional enhancements (cf., Scherbaum et al. 2011).

Furthermore, the present results are also compatible with an
elaboration of the conflict-monitoring model, proposing that
behavioral adaptation to conflict is mediated by arousal (Verguts
and Notebaert 2009)—assuming that moderate arousal has ben-
eficial effects on the encoding of target information into long-
term memory, an assumption that has received substantial
support in the emotional memory literature (Mather and Suther-
land 2011). However, the absence of a DM effect in the dACC,
the ROI that is most closely associated with arousal (Critchley
2005), suggests that mere arousal is not the key driving force
for the DM effect in the present study. The absence of a DM
effect in the dACC, moreover, indicates that the memory benefit
in incongruent trials is not critically dependent on initial con-
flict detection (see, e.g., Botvinick et al. 1999; MacDonald et al.
2000; Kerns et al. 2004). Rather, the memory benefit seems to
arise from top-down attentional enhancement during conflict-
resolution processes, which are subserved by dorsolateral pre-
frontal and parietal regions (see, e.g., MacDonald et al. 2000;
Kerns et al. 2004; Egner and Hirsch 2005; Liston et al. 2000;
Egner et al. 2007). In other words, most incongruent trials will
elicit a conflict signal in the dACC, but only those that also
trigger a high degree of within-trial control in response to that
conflict (thus recruiting dIPFC and parietal regions, resulting in
attentional enhancement) will be remembered more vividly.

A key additional piece of supportive evidence for the
suggested roles of the dIPFC and precuneus in mediating
conflict-driven memory benefits for target stimuli is that

Cerebral Cortex March 2015, V25N 3 841



incongruent trials enhanced the functional coupling of either
region with the MTL—a region that has long been explicitly
associated with long-term memory formation (Eichenbaum
et al. 2007). In addition to this general boost in coupling
between conflict-control and memory-related regions in incon-
gruent trials, which were overall remembered more accurately
than congruent and neutral trials, we observed a marginally
significant relationship between this coupling and retrieval
success across trials. Specifically, the functional coupling
between dIPFC and MTL was differentially enhanced for incon-
gruent remembered versus not-remembered target stimuli,
indicating that the conflict-triggered prefrontal activation pro-
moted MTL-supported memory formation. However, this effect
was not overly robust, which could be due to a lack of statisti-
cal power for the DM PPI analysis (in spite of significant find-
ings in the standard DM analysis). Specifically, all face stimuli
had been familiarized before the Stroop task, and our DM ana-
lyses are thus examining quite subtle differential effects of the
truly remembered items compared with the sum of all familiar,
unfamiliar, and truly forgotten items, which represent the
majority of trials. A second possibility relates to an overall low
variability in the conflict-driven coupling across trials, which
would mitigate the observation of DM PPI effects. Thirdly, we
may be observing a true null effect here, in that the encoding
success may not primarily depend on conflict-control inter-
actions with the medial MTL, but with the vmPFC, which dis-
played enhanced functional coupling with the precuneus for
incongruent remembered versus not-remembered target stimuli.
This possibility is consistent with the previously observed overall
shift from HIP-dependent to HIP-independent processes with
progressing consolidation (e.g., McClelland et al. 1995). Specifi-
cally, by the time interference occurs in the present paradigm, all
stimuli had already been encountered several times, which
might attenuate the initial hippocampal encoding signal at least
to some extent. In contrast, encoding-related activity in the PFC
is known to “increase” with progressing consolidation (Nieu-
wenhuis and Takashima 2011).

Above and beyond the potential interactions between dIPFC
and precuneus, on the one hand, and memory-related regions,
on the other hand, it is moreover important to consider that
dIPFC and precuneus have been directly linked to memory for-
mation in their own right. First, successful long-term encoding
has been associated with dIPFC activity in general (see Wagner
2002; Blumenfeld and Ranganath 2007; Kim 2011), and with
right dIPFC activity for objects (as compared with, e.g., words)
in particular (Wagner 2002). Moreover, successful long-term
encoding appears to critically depend on the interaction
between prefrontal cortex and MTL, as demonstrated in a
lesion study using the above-mentioned von Restorff paradigm
(Parker et al. 1998). The increased functional coupling between
dIPFC and HIP in the present study is well in line with this
observation and provides an interesting link between these
different memory paradigms. Secondly, the precuneus, together
with the PHG and the retrosplenial cortex, is considered to hold
an important role in episodic memory formation, especially
with regard to integrating different contextual inputs (Ranga-
nath and Ritchey 2012). The functional coupling between these
3 regions in the present study might hence be related to disso-
ciating relevant and irrelevant pieces of information with regard
to long-term encoding.

In conclusion, then, we present in the current paper the first
behavioral and neural evidence for conflict-enhanced memory
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of target stimuli. Our results suggest that conflict induced by
incongruent distracter stimuli triggers a reinforcement of top-
down attention (via fronto-parietal cortices) toward relevant
target stimuli (cf., Botvinick et al. 2001; Egner and Hirsch 2005),
which at the same time serves to enhance encoding of those
target stimuli into long-term memory in conjunction with MTL
and vmPFC regions. These data characterize a novel link
between ongoing cognitive-control operations and associative
processing in the form of incidental memory encoding.
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