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Abstract

The hippocampus plays a key role for episodic memory. In addition, a small but growing number of studies
has shown that it also contributes to the resolution of response conflicts. It is less clear how these two
functions are related, and how they are affected by hippocampal lesions in patients with mesial temporal
lobe epilepsy (MTLE). Previous studies suggested that conflict stimuli might be better remembered, but
whether the hippocampus is critical for supporting this interaction between conflict processing and memory
formation is unknown. Here, we tested 19 patients with MTLE due to hippocampal sclerosis and 19
matched healthy controls. Participants performed a face-word Stroop task during functional magnetic
resonance imaging (fMRI) followed by a recognition task for the faces. We tested whether memory
performance and activity in brain regions implicated in long-term memory were modulated by conflict
during encoding, and whether this differed between MTLE patients and controls. In controls, we largely
replicated previous findings of improved memory for conflict stimuli. While MTLE patients showed
response time slowing during conflict trials as well, they did not exhibit a memory benefit. In controls,
neural activity of conflict resolution and memory encoding interacted within a hippocampal region of
interest. Here, left hippocampal recruitment was less efficient for memory performance in incongruent
trials than in congruent trials, suggesting an intrahippocampal competition for limited resources. They also
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showed an involvement of precuneus and posterior cingulate cortex during conflict resolution. Both effects
were not observed in MTLE patients, where activation of the precuneus and posterior cingulate cortex
instead predicted later memory. Further research is needed to find out whether our findings reflect
widespread functional reorganization of the episodic memory network due to hippocampal dysfunction.

Keywords: Hippocampus, Memory, Mesial temporal lobe epilepsy, Response conflict

1. Introduction

Only a small proportion of our experiences is transferred into long-term memory. How long-term memory
encoding interacts with cognitive control and which brain areas support their relationship has been studied,
but many questions remain (Chun and Turk-Browne, 2007; Richter and Yeung, 2012).

In explicit learning tasks, attention improves memory encoding. Conversely, explicit memory performance
deteriorates when subjects perform a demanding secondary task (Chiu and Egner, 2015; Craik et al., 1996).

This suggests that cognitive control and memory encoding recruit similar resource-limited neurocognitive
processes in frontal and parietal regions (Reynolds et al., 2004). By contrast, in implicit learning tasks,

even highly demanding tasks which rely on brain structures that support memory functions may improve
memory encoding (Blumenfeld and Ranganath, 2006). For example, a task-switching paradigm caused

impaired memory for task-relevant but improved memory for task-irrelevant information (Richter and
Yeung, 2012). This suggests that memory performance depends on the selectivity of attention, i.e. in the
context of task-switching, the ability to maintain a stable task set and to effectively shield the relevant
stimuli from distraction.

An influential theory of conflict monitoring and cognitive control postulates that conflict in information
processing signals reinforcement of top-down control of attention to the current task, which helps resolving
conflict (Botvinick et al., 2001). This theory further assumes that while the anterior cingulate cortex
provides the conflict signal, the dorsolateral prefrontal cortex (dIPFC) underlies cognitive control

mechanisms that enhance attention to task-relevant stimuli (Botvinick et al., 2004). As a result, stimuli that

are presented with incongruent distractors should trigger enhanced selective attention and improve memory
encoding of the relevant stimulus. We tested this hypothesis in a previous study that combined a face-word
Stroop paradigm with a delayed incidental memory task (Krebs et al., 2015). Trial-unique male and female

faces were overlaid with congruent or incongruent distractor words (the words “man” or “woman”). This
study showed that processing incongruent trials elicited behavioral costs (i.e., longer reaction times), but
also improved later memory performance for the relevant stimulus. Conflicts induced activation of a
common cognitive control network, including dIPFC and precuneus, and recruitment of these areas was
associated with a memory benefit for face stimuli in conflict trials. Furthermore, functional coupling
between these areas and the medial temporal lobe was associated with improved memory of incongruent
items. These results suggest that prefrontal and parietal brain regions support control processes and exert a
top-down modulation of hippocampus mediated memory encoding, highlighting the hippocampus as a
crucial link between response conflict resolution and memory encoding.

In a series of studies, we recently investigated the role of the hippocampus in higher-order cognitive control
processes such as response conflict resolution. We found that in healthy participants, the left hippocampus
is recruited during the resolution of response conflicts (Ochrn et al., 2015). Patients with a mesial temporal

lobe epilepsy (MTLE) due to hippocampal sclerosis had an impaired conflict resolution performance
(Ramm et al., 2020a). In these patients, we further observed a reduced recruitment of the left hippocampus
that contributed to the deterioration in performance (Ramm et al., 2020b). These studies suggest that the

hippocampus is indeed required for the resolution of cognitive response conflicts. However, whether and
how these effects relate to the memory function of the hippocampus remains unclear. Specifically, it is still
an open question whether hippocampal dysfunction in MTLE patients affects the interaction between
conflict resolution and memory encoding.

Here, we employed the previously established paradigm by Krebs et al. (2015) in MTLE patients and

healthy controls to further explore the interaction between conflict resolution processes and memory
encoding. First, we tested whether stimuli that evoke a response conflict are subsequently better
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remembered than control stimuli in a delayed incidental memory task and whether this effect differs
between controls and MTLE patients. If cognitive control mechanisms recruited during response conflict
resolution promote memory encoding (Krebs et al., 2015) and MTLE patients exhibit reduced conflict
resolution performance (Ramm et al., 2020b), one would expect them to also show a reduced memory
benefit for conflict stimuli. Second, we tested whether brain regions recruited during response conflict
resolution predicted subsequent memory performance. In our previous study, we found increased functional
coupling between prefrontal and parietal conflict processing regions on the one hand and the medial
temporal lobe on the other hand in healthy participants (Krebs et al., 2015) which we interpreted as a top-
down modulation of hippocampal memory encoding. In the present study, applying the same paradigm in
healthy controls and hippocampus-lesioned patients allowed us to test whether conflict processing
specifically provided by the hippocampus further contributes to improved subsequent memory
performance. We predicted that a reduced conflict-induced hippocampal recruitment due to medial
temporal lobe dysfunction affects the memory benefit for conflict stimuli. We further explored whether

functional connectivity of the hippocampus differs between MTLE patients and healthy controls.
2. Methods

2.1. Subjects

N = 22 patients with MTLE according to International League Against Epilepsy criteria (Scheffer et al.,
2017) participated in the study. These patients are identical with those from our previous study
(Ramm et al., 2020b). Two patients were excluded from the study due to their extremely low accuracies in

the Stroop task. One additional patient did not remember any faces and was excluded as well. The final
group consisted of 19 patients (age: 45.3 £ 14.7 years; 8 females; age at seizure onset: 29.7 + 13.2 years;
disease duration: 15.2 £ 13.5 years). All patients underwent neurological examination, EEG and structural
MRI as part of their clinical diagnostic procedure. Based on EEG and seizure semiology, 17 patients were
diagnosed with unilateral MTLE (left MTLE: n = 7; right MTLE: n = 10), two patients had a bilateral
MTLE. Nine patients received antiepileptic drug (AED) monotherapy, 10 patients were on polytherapy (for
AED dosages, please see supplemental patient characteristics in Table S1). Patients with multifocal
epilepsy, comorbid neurological diseases or severe psychiatric disorders were excluded.

In addition to patients, n = 19 age matched healthy controls participated in the study (age: 45.8 + 13.5
years; 9 females). Subjects with a neurological or psychiatric disease, a central nervous system-active
medication or cerebral lesions were excluded.

All participants gave written informed consent. The study was approved by the ethics committee of the
Arztekammer Westfalen-Lippe and University of Muenster (reference 2016 - 004 - f - S).

As described previously (Ramm et al., 2020b) the structural MRI scans received concordant evaluations by
two radiologists following a standardized protocol to assess signs of hippocampal sclerosis

(Dekeyzer et al., 2017). Healthy subjects did not show any signs of hippocampal sclerosis. In MTLE
patients, radiological findings of individual MRI scans are described in the Supplemental Results (Table

S1). Results of the volumetric analyses confirmed the qualitative findings of the radiologists with respect to
the lateralization of the hippocampal lesion (see Supplemental Results, Table S3).

2.2. Experimental procedure

The participants underwent functional MRI scanning using an adapted version of the face-word Stroop
paradigm from a previous fMRI study (Krebs et al., 2015). This version of the task featured conflict and
non-conflict trials, but no neutral trials (faces overlaid with an unrelated word) in order to reduce overall
memory demands for this sample including patients.

2.2.1. Familiarization and training Prior to the MRI session, the participants performed a familiarization
task for all face stimuli that were later presented in the face-word Stroop task. A pre-exposure to the stimuli
of the fMRI task appeared necessary for two reasons. First, MTLE patients are significantly impaired in
episodic memory (Helmstaedter, 2002). We aimed to avoid floor effects and moreover to equalize baseline
levels so that conflict modulation can be observed. Second, as there is an habituation of hippocampal
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response to novelty (Murty et al., 2013), a familiarization phase avoids group differences for this effect.

How pre-exposure may further affect interpretation will be addressed in the discussion.

During familiarization, the face stimuli were displayed three times in a randomized order for 2000 ms each
with a stimulus-onset-asynchrony (SOA) of 3000 ms. This procedure was chosen to avoid effects of
novelty and floor effects during the later memory task. To ensure continuous attention, subjects had to
indicate (via left vs. right button-press) whether they had seen the current face before or not. Stimuli were
shown in the center of a white screen, and a black fixation dot was presented throughout the entire task.
After familiarization, participants performed 20 separate training trials of the face-word Stroop task. These
stimuli were different from those presented in the fMRI task.

2.2.2. Face-word Stroop task The task comprised face-word stimuli consisting of male and female faces
[Glasgow Face Database, Bruce et al. (1999)], overlaid by the words “man” or “woman” (in German
language). These words could be either congruent or incongruent with the sex of the face (Fig. 1A). The
paradigm consisted of the 120 faces (60 males and 60 females) previously presented in the familiarization
task. Faces were displayed for 1500 ms in the center of a white screen. We used an event-related design in
order to identify separate trial-related Blood-oxygen-level-dependent (BOLD) responses. Trial onsets
randomly varied with a pseudo-exponentially distributed SOA of 5000 ms (75%), 7500 ms (17%) and
10,000 ms (8%). The words were displayed in red ink superimposed on the faces. Both trial types were
presented in a randomized order and occurred with a probability of 50%. Subjects were randomly assigned

to one of two stimulus sets. Stimuli that were congruent in one group of subjects were incongruent in the
other group. Subjects had to indicate whether a face was male or female by pressing the left or right mouse
button (button assignments were counterbalanced across participants in each group). Throughout the entire
paradigm, a black fixation dot was displayed in the middle of the face (and right below the word) to ensure
accurate fixation.

2.2.3. Incidental memory task About 30—45 min after the face-word Stroop task, an incidental memory
task of to the previously seen faces was conducted outside of the MRI scanner. All 120 faces that had been
shown in the face-word Stroop task and 40 novel faces were presented in a random order on a standard
laptop computer. The faces were displayed in the center of a white screen for 2000 ms, followed by an
inter-trial interval of 2000 ms (SOA = 4000 ms). Subjects were asked to indicate whether they had seen the
face before (during the fMRI task or the familiarization) or not by pressing one of four buttons (4:
“definitely old”, 3: “probably old”, 2: “probably new”, 1: “definitely new”). We tested whether this rating
scale was used differently by MTLE patients and healthy controls to exclude the possibility of strategic
differences. In the supplement, Fig. S1 shows the number of responses for each response category,
separately for target items and distractor items as well as for controls and MTLE patients. In a multivariate
ANOVA, “group” (MTLE patients vs. controls) did not affect the number of responses for the different
response categories (Pillai's Trace; V'=0.2, F (8, 29) = 1.0, p = 0.45), arguing against a differential use of
the rating scale in both groups.

2.3. MR image acquisition

MR images were collected using a 3T Achieva Philips MR scanner (Philips Medical Systems, Best, NL)
equipped with a six-channel head coil. During the face-word Stroop task, a total of 294 T2*-weighted
gradient echo-planar images (EPI) were acquired (TR = 2500 ms; TE = 35 ms; 36 axial slices; interleaved

2; matrix = 64 x 63; slice-thickness = 3.6 mm; no

acquisition in ascending direction; FOV =230 x 230 mm
interslice gap; flip angle = 90°). The first 6 vol were discarded. The imaging volumes were tilted upwards
by 15° from the AC-PC-plane in order to reduce distortions and signal dropouts in the anterior temporal

lobes.

Additionally, an anatomical 3D T1-weighted (T1w) turbo field echo (TFE) sequence (repetition time
[TR] = 7.4 ms; echo time [TE] = 3.4 ms; inversion time [TI] = 900 ms; flip angle = 9°; 176 slices;
matrix =256 x 224; field of view [FOV] = 256 x 224 mm2; slice thickness = 1 mm) was acquired. To
investigate changes in medial temporal lobe structures, paracoronal T2-weighted (T2w) images
perpendicular to the long axis of the hippocampi were acquired using a turbo spin echo (TSE) sequence
(TR = 5196 ms; TE = 118 ms; parallel imaging factor [SENSE] = 1.5; turbo factor = 26; 38 slices;
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FOV =200 x 200mm2; acquisition matrix = 372 x 312; slice thickness = 2 mm; slice gap = 0.2 mm).

2.4. Data analysis

2.4.1. Behavioral data Mean response times (RT), including only correct responses, and accuracy of
responses in the face-word Stroop task were analyzed with two-way mixed analyses of variances
(ANOVAs) with “congruency” (incongruent vs. congruent) as a within-subject factor and “group” (healthy
controls vs. MTLE patients) as a between-subjects factor.

Memory performance was analyzed as follows. First, we sought to replicate the previous finding of
conflict-enhanced memory. As in our previous study, we contrasted the number of “definitely old”
(remembered) with all other ratings (forgotten) for target stimuli, reflecting a high confident recognition
measure (putatively mainly based on recollection). In an additional analysis, we counted previously
presented stimuli rated as either “definitely old” or “probably old” as remembered, and faces rated as
“probably new” and “definitely new” as forgotten, reflecting a more global measure of both recollection
and familiarity. We also assessed false alarm rates (distractor items rates as “definitely old” or “probably
old”). In all analyses, two-way mixed ANOVAs were conducted to investigate main effects of congruency
and group as well as their interaction.

We additionally analyzed response times for remembered target stimuli (“definitely old” and “probably
old”). These results are presented in the supplement.

We also tested for correlations between Stroop task performance and retrieval rates using non-parametric
Kendall's tau, as this parameter is particularly suitable for small groups analyses. We corrected for multiple
comparisons using Bonferroni correction (p-value/2). The results are presented in the supplement.

2.4.2. FMRI data preprocessing and analysis The fMRI data were preprocessed and analyzed with
Statistical Parametric Mapping (SPM12; University College, London, UK) using the same procedure as
applied previously (Ramm et al., 2020b). In short, functional EPIs were realigned, normalized, resliced and
smoothed using a Gaussian kernel with 8§ mm FWHM. We verified the accuracy of normalization in
patients with the greatest abnormalities in the medial temporal lobe. Correction of normalization
parameters was not necessary.

Based on our a-priori hypothesis that conflict-induced memory improvement is directly mediated by
hippocampal recruitment, in the fMRI analysis, we focused on the effects of congruency and the interaction
between congruency and memory within a hippocampal ROL. If significant, we further report main effects
of memory and group as well as the interaction “congruency x memory x group”. To not miss any effects
outside the hippocampus, we also tested for these effects in a whole-brain analysis.

In follow-up analyses, we extracted beta-values from significant activation clusters and performed within
and between group comparisons, respectively. Please note that such post-hoc comparisons are not corrected
for multiple comparisons. They are presented for illustrative purposes and they do not allow inferences.

The first level general linear model (GLM) included four regressors (and their temporal derivates) related
to the experimental conditions and six movement regressors derived from the realignment procedure. Due
to the overall high memory performance, the experimental conditions (congruent, incongruent) were
divided into trials with faces that were recollected with high confidence vs. faces that were not recollected
with high confidence.

Thus, in the fMRI analysis, we contrasted stimuli rated as “definitely old” with all other ratings,
corresponding to an fMRI measure that is putatively mainly based on recollection, as in our previous study
(Krebs et al., 2015). In the supplement, we also report fMRI results based on first-level models in which we
contrasted remembered (“definitely old” and “probably old”) with forgotten (“probably new” and

“definitely new”) items.

First-level individual contrast images for each of the four experimental conditions were entered into
random-effects second-level analyses for the two groups (healthy controls vs. MTLE patients). We applied
flexible factorial designs to investigate main effects of “congruency” (incongruent vs. congruent),
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“memory” (recollected with high confidence vs. not recollected with high confidence) and the interaction
(congruency x memory) within each group. Additionally, the contrast images from controls and MTLE
patients were entered into a common GLM (flexible factorial design) to test for a main effect of “group”
and for interactions of the two within-subject factors “congruency” and “memory” with the between-
subjects factor “group” (group X congruency, group X memory).

Voxel activations were identified at an initial cluster-forming threshold of p < 0.001 and family-wise error
(FWE) corrected for multiple comparisons at the cluster level (for whole-brain analyses) or at the voxel-
level (for hippocampal ROI analyses), respectively. In the hippocampal ROI analysis, we performed small
volume correction for a ROI containing left and right hippocampus as defined by the Automatic Anatomic
Labeling (AAL) atlas (Brett, 2002). In this analysis, MTLE patients with amygdalohippocampectomy were
excluded. For the interpretation of activations, we subdivided the hippocampus into an anterior ( Y >

-21 mm MNI) and a posterior (Y <-22 mm MNI) part (Poppenk et al., 2013).

2.4.3. Functional connectivity analyses We performed exploratory functional connectivity analyses using
the CONN toolbox V18.b (www.nitrc.porg/projects/conn, RRID:SCR_009550). Functional images were
preprocessed using SPM and corrected for noise using the default denoising pipeline (Whitfield-

Gabrieli and Nieto-Castanon, 2012). In addition to temporal band-pass filtering (0.008 — 0.09 Hz), the
procedure included linear regression of confounding factors, i.e. effects of no interest from white matter,

cerebrospinal fluid and movements (realignment parameters).

The functional connectivity analysis was a seed-based connectivity measure (seed to voxel) based on
bivariate correlational analyses during the task (averaging congruent and incongruent trials). We chose two
anatomical seed regions, i.e. left and right hippocampus, based on the ROI in the univariate analysis. First-
level connectivity maps representing z-transformed correlation coefficients in the BOLD signal between
the seed and each voxel in the brain were entered into a second-level ANOVA, allowing us to investigate
differences of hippocampal connectivity between MTLE patients and controls. The statistical threshold was
identical to that used in the univariate fMRI analysis (i.e. p < 0.05; FWE-corrected at the cluster level with
an initial cluster-forming voxel threshold of p < 0.001). Analysis and results of regional brain volumes are
described in the supplement.

2.5. Data and code availability

Group-level statistical maps are accessible under the following link: https://identifiers.org

/neurovault.collection:8706. Behavioral data can be made available via data sharing agreement upon

request to the corresponding author.

Software used in this study is openly available.
3. Results

3.1. Behavioral results
3.1.1. Face-word Stroop task The results of the Stroop task are shown in Fig. 1B,C.

With respect to RT, a mixed ANOVA revealed significant main effects of “congruency” (incongruent vs.
congruent; F(1,36) =44.3; p <0.001) and “group” (MTLE patients vs controls; F(1,36) =4.7; p = 0.037) as
well as a significant interaction (group x congruency; F(1,36) = 4.6; p = 0.039). RT slowing in incongruent
compared to congruent trials was found in both healthy subjects (t(18) = —5.4; p < 0.001) and MTLE
patients (t(18) =—3.9; p = 0.001), confirming robust interference effects in our paradigm. Comparing
patients with left MTLE and patients with right MTLE, a mixed ANOVA did neither reveal a main effect of
group (F(1,15) <0.001; p = 1.0) nor an interaction (group x congruency; F(1,15) =0.01; p =0.9).

For response accuracy, a mixed ANOVA showed no significant main effects (congruency: F(1,36) = 0.5;
p = 0.46; group: F(1,36) =2.5; p=0.12) or interaction (group x congruency; F(1,36) =0.5; p=0.51). A
mixed ANOVA comparing left and right MTLE patients did not yield a significant main effect of group

(F(1,15)=0.4; p=0.6).
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In sum, in both groups, responses were significantly slower in incongruent trials while accuracy was
unaffected. The results indicate conflict effects in both controls and MTLE patients, providing the basis for
testing whether memory performance is modulated by conflict-related control processes.

3.1.2. Incidental delayed memory task Retrieval rates are presented in Fig. 2. Before analysis, we
excluded all error trials and misses in the face-word Stroop task. The number of analyzed items did not
differ between controls (97%) and MTLE patients (93%; t(36) = 1.79; p = 0.082). Notably, false alarm rates
(new faces rated as “definitely old” or “probably old”) did not differ between MTLE patients (33%) and
controls (34%; t(36) = 0.1; p = 0.9).

We first tested whether stimulus congruency (incongruent vs. congruent) influenced the number of high
confident recognition responses for target stimuli, i.e., faces rated as “definitely old”. A mixed ANOVA
yielded a significant main effect of “group” (healthy controls vs. MTLE patients; F(1,36) = 7.0; p = 0.012)
and a trend for an interaction (group x congruency; F(1,36) = 3.0; p = 0.092) but no significant main effect
of conflict (F(1,36) = 0.2; p = 0.9). Thus, MTLE patients reached lower high confident recognition scores
than healthy controls. This was true for both congruent (t(18) = 2.1; p = 0.046) and incongruent trials
(t(18) = 3.2; p = 0.003). Within groups, high confident recognition scores did not differ between congruent
and incongruent trials in either controls (t(18) =—1.3; p =0.21) or MTLE patients (t(18) = 1.2; p = 0.25).
Retrieval rates did not differ between right and left MTLE patients (main effect of group: F(1,15) = 2.6;

p = 0.13) and were independent of congruency (interaction: F(1,15) <0.1; p = 0.8).

In a complementary analysis, stimuli were counted as remembered when rated as either “definitely old” or
“probably old” (reflecting a low confidence recognition measure and possibly reflecting familiarity). In a
mixed ANOVA of this more global memory measure, MTLE patients reached lower scores (main effect of
group; F(1,36) = 6.6; p = 0.015) and the interaction between “group” and “congruency” was significant
(F(1,36) =5.0; p = 0.032). This indicates that word congruency modulated memory differently in healthy
controls and MTLE patients when considering a more global measure of memory. Specifically, healthy
controls showed improved retrieval of faces from incongruent compared to congruent trials in healthy
controls (81.6% vs. 77.6%; t(18) = —2.5; p = 0.021). By contrast, MTLE patients did not show such
memory benefit of incongruent stimuli (65% vs. 66%; #(18) =—0.7; p = 0.5). In incongruent trials, retrieval
rates were significantly higher for controls than MTLE patients (#38) = 3.0; p = 0.005), while this
difference only reached a trend for congruent trials (#(30.5) = 2.0; p = 0.052).

In sum, incongruent distractor words in the face-word Stroop task caused typical behavioral costs in terms
of RT slowing in both healthy controls and MTLE patients, but familiarity-based recognition scores
increased during conflict only in healthy controls.

3.2. FMRI results

3.2.1. Main effect of congruency ROI analysis in the hippocampus: In line with our main hypothesis and
previous work (Oehrn et al., 2015; Ramm et al., 2020b), we first analyzed congruency effects in a ROI

consisting of bilateral hippocampus. In healthy controls, we found a small but significant activation
increase for incongruent vs. congruent trials in both left posterior hippocampus (MNI —30/—24/-16,
Z=3.74, p(FWE) = 0.036; cluster size = 1) and right posterior hippocampus (MNI 28/-36/—4, Z=3.72,
p(FWE) = 0.038; cluster size = 1). No effect in the reverse direction was observed in the hippocampus. In
MTLE patients, the same analysis did not reveal a main effect of congruency in the hippocampus. In a
mixed ANOVA with MTLE patients and controls, we did neither find main effects of congruency or group
nor an interaction (group X congruency) within the hippocampus ROI.

Whole-brain analysis: In healthy controls, we found several significant clusters of increased activity during
incongruent trials (including bilateral insula, bilateral supplementary motor area and cingulate cortex, left
precentral gyrus, bilateral middle frontal gyrus, precuneus, caudate nucleus, left putamen; Table 1, Fig. 3
A). No clusters showed a reverse effect. These clusters largely replicate results of our previous study
(Krebs et al., 2015) and are typical findings in cognitive tasks that require behavioral inhibition

(Niendam et al., 2012).

In MTLE patients, the same analysis did not yield any significant activation clusters. A mixed ANOVA
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including controls and patients showed a significant group x congruency interaction in the precuneus
spreading to the PCC (MNI peak coordinates: —4/—58/38; cluster size = 182; p(FWE) = 0.048; Fig. 3B).
This interaction indicates a reduced conflict-induced activation increase in MTLE patients compared to
controls. Post-hoc paired t-tests in this interaction cluster showed increased activation during incongruent
relative to congruent trials in healthy subjects (#(18) =—4.5; p < 0.001) but not in MTLE patients
(«(18)=1.1; p=0.27; Fig. 3C).

In sum, we found conflict-related activations in an extended frontoparietal network in healthy controls and
reduced effects in MTLE patients.

3.2.2. Subsequent memory effects ROI analysis in the hippocampus: In healthy controls, we did not
observe a significant main effect of memory in bilateral hippocampi in an ANOVA with the within-subject
factors “congruency” (congruent vs. incongruent) and “memory” (recollected with high confidence vs. not
recollected with high confidence). Interestingly, however, we found a significant congruency x memory
interaction with a peak in the left posterior hippocampus (MNI peak coordinates —32/—24/-16; Z = 3.81;
p(FWE) = 0.028; cluster size = 4; Fig. 4A), spreading into anterior hippocampus (max/min Y(mm):
—20/—24). This cluster, which comprises only voxels surviving voxel-level FWE-correction within the
hippocampal ROI, was directly adjacent to the area where we found conflict-related activation increase
(MNI peak coordinates: —30/—24/-16).

Post-hoc paired #-tests of the extracted beta values revealed a positive subsequent memory effect for
congruent trials (#(18) = 2.4; p = 0.029), but, somewhat surprisingly, the reverse pattern for incongruent
trials (#(18) =2.3; p = 0.033), with higher activations for later forgotten as compared to remembered
incongruent faces (Fig. 4B). In MTLE patients, neither the main effect of memory nor the interaction
(congruency x memory) revealed significant activations within the hippocampal ROI.

In sum, in controls, hippocampal activation was associated with greater memory benefits for faces from
congruent trials compared to faces from incongruent trials.

Whole-brain analysis: We next tested whether other brain regions were predictive of memory success. In
healthy controls, the whole-brain analysis did not reveal any activation cluster with either a main effect of
memory or an interaction (congruency X memory).

In MTLE patients, we found an activation cluster comprising the PCC and the precuneus (MNI peak
coordinates: 0/—52/22, cluster size = 182, p(FWE) = 0.022, Fig. 4C) that showed a main effect of memory
but no interaction with congruency.

Post-hoc t-tests of the extracted beta values revealed that activation was increased during encoding of later
remembered compared to forgotten faces from both congruent (t(18) =2.9 p = 0.01) and incongruent trials
(t(18) =3.7 p = 0.002; Fig. 4D).

The results indicate that the PCC/precuneus contributed to later memory success in MTLE patients
independent of congruency.

3.3. Functional connectivity results

We investigated functional connectivity between activations in hippocampal seeds and each voxel in the
brain. For the left hippocampal seed, functional connectivity (over tasks) did not differ between groups.
However, MTLE patients showed significantly decreased coupling between right hippocampus and right
PCC compared to healthy subjects (MNI 12/—44/30; cluster size = 197, p(FWE) = 0.004; Fig. 5). The
analysis did not reveal a significant interaction (group x congruency).

4. Discussion

We investigated how hippocampal lesions in MTLE patients affect the impact of conflict resolution on

memory encoding at a behavioral level and at the level of BOLD responses. Using a previously established
face-word Stroop paradigm and an incidental memory task, we tested whether the conflict-induced memory
benefit that we had found in healthy subjects (Krebs et al., 2015) was reduced in MTLE patients. Moreover,
we investigated whether recruitment of the hippocampus or other conflict-related brain regions is necessary
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for a memory benefit of conflict stimuli.

While both MTLE patients and healthy controls showed behavioral costs of conflict processing in the
Stroop task, only healthy controls exhibited improved memory for incongruent items. Conflict processing
was associated with activation of bilateral hippocampus, precuneus and PCC in healthy controls. Conflict-
related activation of precuneus and PCC was significantly reduced in MTLE patients compared to controls.
Furthermore, activation of precuneus and PCC instead predicted subsequent memory in MTLE patients.
Interestingly, in healthy controls, left hippocampal activation was less efficient for memory encoding in
case of conflict compared to non-conflict, a seemingly counterintuitive activation pattern.

In contrast to the auditory Stroop task in our previous studies (Ramm et al., 2020a, 2020b), in the face-
word Stroop task, MTLE patients showed normal response accuracy and increased RT in congruent but not

incongruent trials. This discrepancy may be related to the difference between the tasks: Compared to
naming the pitch of a tone (as in our previous study), decisions on the sex of a face are more complex and
require integrating various kinds of information. As Krebs et al. (2015) already stated, this might have

attenuated effects of conflict on behavioral measures and also explain why the present results do not
perfectly match with our previous findings.

Previous studies found that the processing of incongruent items improved subsequent memory (Krebs et al.,
2015; Rosner et al., 2015). Recently, Jimenez et al. (2020) showed that memory was only enhanced for

those incongruent items that were presented after another incongruent trial. These contradictory findings
might be explained by different trial orders of congruent and incongruent trials and/or different Stroop trials
that were selected for the later memory task. In the present study, the behavioral results in healthy
participants indicate a memory benefit for incongruent items, but only when adapting a more global
memory measure including high and low confident recognition. Thus, conflict-induced memory benefit
seems to depend on task features such as trial composition or which kind of recognition measure is used.

Importantly, no such memory benefit was found in MTLE patients. More specifically, MTLE patients
showed reduced memory particularly for incongruent items. As we found impairments of response conflict
resolution during an auditory Stroop task in an MTLE patient cohort largely overlapping with the current
sample (Ramm et al., 2020b), one may assume that the decreased memory benefit relates to reduced

conflict resolution performance of patients.

Based on our previous finding of a reduced conflict-related left hippocampus recruitment in MTLE patients
(Ramm et al., 2020b), we hypothesized that the hippocampus itself might contribute to improved memory

encoding of incongruent items. Indeed, we found a significant interaction between memory and congruency
in the left posterior hippocampus in healthy controls. However, hippocampal activation was actually less
pronounced for encoding items from incongruent trials compared to congruent trials. This cluster was close
to the region showing conflict-related activation in this study as well as in our previous study that used an
auditory Stroop paradigm (Ramm et al., 2020b). This suggests that recruiting the hippocampus for the
resolution of response conflicts interferes with its role in memory formation. This finding was unexpected

since previous fMRI results found posterior hippocampal recruitment during encoding of repeated stimuli
(Poppenk et al., 2010). One explanation might be that it reflects a competition for limited resources

between two functions that are both hippocampus-dependent. A similar competition for neural resources in
prefrontal cortex has previously been suggested as an explanation for lower memory encoding during a
demanding secondary task (Reynolds et al., 2004). Furthermore, converging evidence from animal lesion
studies and human fMRI recordings suggest that multiple simultaneously activated memory systems
interact in a bidirectionally competitive way (Poldrack and Packard, 2003). For example, disruption of

hippocampal function in rodents enhanced striatal instrumental learning (McDonald and White, 1993;
Packard et al., 1989). The theory of a hippocampal competition is also in line with human neuroimaging
studies showing that the type of representation that is used for memory or spatial navigation (hippocampal
or striatal mediated) affects both performance and activation (Hartley et al., 2003; Poldrack et al., 2001).

Alternative explanations for the counterintuitive activation pattern in the hippocampus should be taken into
account. Considering that participants had performed a familiarization task before the main experiment, it
might be plausible that they did not only encode information during the Stroop task but also retrieved the
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previously presented items, leading to a competition between encoding and retrieval. This notion is
supported by evidence suggesting that encoding and retrieval cannot occur at the same time and, again,
compete for limited resources (Huijbers et al., 2009; Reas and Brewer, 2013). Thus, an increased
recruitment of the posterior part of the hippocampus might reflect retrieval success (Eichenbaum et al.,
2007), leading to reduced memory encoding. This interpretation would be in line with the notion that
encoding of familiar or repeated stimuli (possibly due to a retrieval component) more strongly relies on
posterior hippocampus (Greicius et al., 2003; Kim, 2015; Poppenk et al., 2013). Nevertheless, since healthy

subjects showed an improved memory for conflict-related stimuli, neural activity in other brain regions
must have had an even greater impact on memory encoding.

We further tested whether activation of other, possibly connected, brain areas could account for the
behavioral results. Healthy controls exhibited conflict-related activation clusters in prefrontal and parietal
brain regions, largely in line with the results of our previous study (Krebs et al., 2015). More specifically,
activations in the lateral and medial PFC are thought to mediate conflict monitoring and conflict resolution
(Botvinick et al., 2001; Oehrn et al., 2014). From a network perspective, controls’ bilateral activation in the
anterior insula suggest an involvement of the salience network (Uddin, 2015). This might represent the
neural signal which initiates a switch from default mode activity to cognitive control activity

(Sridharan et al., 2008). Posterior midline regions, particularly the precuneus, are also involved in cognitive

control processes, probably through their role in directing attention (Cavanna and Trimble, 2006; Leech and

Sharp, 2014). Conflict-related activation in the precuneus and partly the PCC was significantly reduced in
MTLE patients. Notably, these functional changes in the recruitment of precuneus/PCC of MTLE patients
were not reflected by volumetric changes in these areas (see Supplemental Results, Table S3). The results
are largely in line, however, with our functional connectivity results that revealed decreased coupling
between the right hippocampal seed and right PCC (Fig. 5). This finding is consistent with previous studies
showing extratemporal functional changes in MTLE patients, particularly in regions involved in the default
mode network (DMN; Laufs et al., 2007; Waites et al., 2006), and, more specifically, a decoupling between
hippocampus and other parts of the DMN (Liao et al., 2011; Pittau et al., 2012; Zhang et al., 2010).

The reduced effects of congruency mainly in the precuneus and partly the PCC in MTLE patients compared
to healthy controls are in line with the behavioral finding that congruency modulated memory performance
in controls but not in MTLE patients. However, can functional changes in the precuneus/PCC indeed
explain the reduced memory benefit for conflict stimuli in MTLE patients? Precuneus and also PCC have
been suggested to be core nodes of the DMN which is active in the absence of a task and associated with
internally directed cognition (Fransson and Marrelec, 2008). In contrast, other studies argued against an
involvement of the precuneus in the DMN (Buckner et al., 2008; Margulies et al., 2009). It is likely that
there is a functional differentiation within precuneus and PCC. Whereas the ventral precuneus and ventral
PCC (corresponding to Brodmann areas 29/30) shows integration in the DMN, the dorsal precuneus (or
Brodmann area 7) and dorsal PCC are more strongly related to brain areas of motor execution and
cognitive control (Leech et al., 2011; Zhang and Li, 2010, 2012). In MTLE patients, functional changes in
the precuneus did not show clear restriction to either ventral or dorsal precuneus. Thus, interpretation on

the level of functional networks seems equivocal. Instead, there is convincing evidence for a crucial role of
the precuneus in episodic memory (Berryhill et al., 2007; Dorfel et al., 2009; Lundstrom et al., 2005;
Richter et al., 2016; Rugg and Vilberg, 2013). The idea that the role of the precuneus in episodic memory
explains the reduced conflict-related memory benefit in MTLE patients is in line with the finding in our

previous study that the precuneus was predictive of a conflict-induced memory benefit (Krebs et al., 2015).
Moreover, and most importantly, we found a distinct activation cluster comprising parts of the PCC and the
precuneus which predicted retrieval success independent of congruency in MTLE patients. Notably, the
precuneus is more strongly related to memory retrieval (Lundstrom et al., 2005) which is in line with the
idea that subjects did not only encode but also retrieved the faces they had been familiarized before.
Functional impairment in the precuneus due to hippocampal damage might reflect (presumably)

maladaptive reorganization of memory processes from hippocampus to posterior midline regions which
might contribute to episodic memory impairment and deficits in their modulation by cognitive control. This
is largely in line with a previous study showing that functional changes in the posterior cingulum were
related to memory performance (Doucet et al., 2013). We speculate that due to changes in precuneus
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recruitment, memory recall was not modulated by congruency in MTLE patients, leading to similar
(additional) encoding efficiency in both trial types.

From a broader perspective, the present findings are relevant with regard to a related research line on
hippocampal involvement during approach-avoidance conflicts (for review, see Ito and Lee, 2016). For
instance, it has been shown that behavioral adaptations in an approach-avoidance conflict paradigm, and in
particular the avoidance of threats, was associated with larger activity in the anterior hippocampus of

healthy participants (Bach et al., 2014). Crucially, behavioral adaptation was impaired in TLE patients, and
this did not merely reflect general memory impairments (based on neuropsychological assessment).
Moreover, in a recent study, patients with a mesial temporal lobe lesion were impaired in approach-
avoidance decision-making but showed recollection of threat memory similar to controls (Bach et al.,
2019). These findings suggest that hippocampal involvement during approach-avoidance conflict tasks is
not necessarily related to memory. In how far hippocampal activity during these particular conflicts is
directly contributing to long-term memory is, however, a matter of debate. Specifically, a recent behavioral
study (Chu et al., 2020) did not find memory improvements in an approach-avoidance conflict task. This is
not only challenging the above view, but is also inconsistent with our previous (Krebs et al., 2015) and
current findings in the face-word Stroop task. As discussed by Chu et al. (2020), this behavioral
discrepancy might be explained by differences in the task design (i.e., presence vs. absence of incentive
valence; associative vs. item memory) and a ceiling effect due to pre-exposure. Moreover, the interpretation

of hippocampal involvement in approach-avoidance conflict tasks is complicated by the incentive valence
dimension, which is known to modulate memory formation via the hippocampus (Shohamy and

Adcock, 2010). Together, the diverse set of results across different studies and domains support the notion
that the hippocampus has a role in both (approach-avoidance) conflict processing and conflict-based
memory formation, but the exact relationship between these processes seems to depend on the nature of the
paradigm. In the light of this discussion, our observation that hippocampal lesions abolish conflict-induced
memory improvements might indicate that an active hippocampus during conflict processing indirectly
enhances memory encoding by allowing the conflict-related recruitment of other brain regions, such as the
precuneus.

In the present study, we found reduced BOLD signal in several brain regions in MTLE patients. As patients
showed altered conflict-modulation of memory, we interpreted changes of the activation pattern as a
dysfunctional process. This is in line with the majority of previous studies showing that activation changes
represent a pathological process or an inefficient compensatory attempt in TLE (Vlooswijk et al., 2010).
The situation is even more complex because the BOLD signal depends on neurovascular coupling between
neural activity and blood oxygenation (and volume), and this coupling may be substantially altered in
epilepsy. Specifically, in epilepsy patients, interictal epileptiform discharges can affect the BOLD signal
and thus lead to deviations from linearity in neurovascular coupling (Voges et al., 2012; Watanabe et al.,
2014). In our study, we reduced the impact of this confound by testing the group differences in the relative
activations between two conditions (congruent vs. incongruent). Nevertheless, future studies which allow
for a direct measurement of neural activity such as intracranial EEG recordings should be conducted with
the same paradigm, ideally after running the experiment via fMRI before electrode implantation.

Our study has several limitations. Our main behavioral outcome measures of the Stroop task were RT and
accuracy which we analyzed separately. The results show that RT was clearly modulated by conflict, while
accuracy was not affected (ceiling effect), neither in controls nor in patients. This indicates that the present
conflict manipulation did not evoke a substantial number of response errors (a reflection of automatic
response capture by the irrelevant stimulus), but led to significantly prolonged RTs (a reflection of
cognitive control processes to prevent response errors). The low error rate might be related to the fairly
simple two-alternative choice (instead of four responses in the regular Stroop task), and the processing of
superimposed gender labels might not be as “automatic” as color-word reading in the regular Stroop task.
Having said this, integrating the behavioral data into a diffusion decision model, e.g. see Ratcliff and
McKoon (2008), could be useful to better characterize the neural and cognitive processes of decision
making in the face-word Stroop task (and in comparison to the color-word Stroop task), but this is beyond
the scope of the current study. Here, we focused on how memory processes were modulated by previous
conflict processing. The precise mechanisms underlying the Stroop effect in different paradigms may be
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addressed in future studies. Moreover, RT and accuracy assess partly different aspects of conflict
processing and the data do not suggest that participants have traded speed for accuracy.

Furthermore, none of the conflict-related activation clusters we found in the whole-brain analysis in healthy
controls turned out to be predictive of healthy subjects’ memory performance, neither over both task
conditions, nor specifically for faces of incongruent trials. This might be explained by an insufficient study
power. Moreover, it might be related to the generally increased retrieval rates in healthy subjects in the
present study compared to the previous one (Krebs et al., 2015). To account for memory deficits in MTLE

patients, we extended the learning phase (familiarization), assuming that this may reduce memory encoding
demands during the actual Stroop task. Furthermore, the absence of neutral trials (compared to the
paradigm in our previous study) possibly reduced the saliency of the conflict condition. Thus, we suspect
that changes in the paradigm that were necessary for investigating MTLE patients reduced the effects of
congruency on memory and the corresponding BOLD contrasts of healthy subjects. Related to this, the
behavioral congruency effect was particularly evident for the true remembered vs. forgotten comparison.
However, which type of memory (i.e. hippocampus-dependent episodic details or hippocampus-
independent schematic information) is particularly modulated by conflict, cannot be answered by the
current study. This might be an interesting step towards a better understanding of conflict-modulation of
memory processes. Furthermore, in contrast to the behavioral contrast, the fMRI recollection contrast (high
confident vs. not high confident recollection) revealed more reliable effects due to balanced item numbers.
Thus, the relation between behavioral and fMRI results is limited.

Another limitation is that patients with unilateral left and right MTLE as well as bilateral MTLE were
involved in the study, so that we cannot infer whether the fMRI results are modulated by epilepsy
lateralization. We did not further analyze fMRI results of subgroups due to their small sample sizes. The
delay between learning and retrieval task was not identical between subjects but was between 30 and

45 min. However, the delay randomly varied in all participants and it is unlikely that a systematic error
affected group differences.

5. Conclusion

Our study provides first evidence that the memory benefit of conflicting information is absent in MTLE
patients and thus seems to critically rely on the integrity of the hippocampus. In healthy participants, the
two functions of memory formation and response conflict resolution competed for resources in the
hippocampus. In addition, posterior midline areas such as precuneus and PCC supported conflict resolution.
In MTLE patients, these posterior midline areas showed reduced conflict-related activation but were
recruited for memory formation instead. These results would be in line with a large-scale reorganization of
memory networks in epilepsy patients. These alterations may be related to memory impairments and/or
deficits in the employment of memories for cognitive control functions. However, further studies in
hippocampus-lesioned patients are needed to test the association between episodic memory networks and
cognitive control mechanisms.
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Face-word Stroop task and behavioral results. (A) In the face-word Stroop task, each trial consisted of a face
overlaid by the words “man” and “woman” that were either congruent or incongruent with the sex of the face. ITI,

inter-trial interval. (B) Mean of response times (left) and mean of response time differences (right), overlaid with

single-subject results. (C) Mean of the response accuracies (left) and response accuracy differences (right),

overlaid with single-subject results.
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Behavioral results of the retrieval task. (A) Distribution of retrieval ratings. (B) Relative retrieval rates (“definitely
old” and “probably old”) and difference scores (incongruent - congruent), overlaid with single-subject results.
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Table 1

Activation clusters in controls (main effect of congruency).

Brain region Voxels Peak voxel Coordinates (x,y,z) FWE-corrected cluster p-value
R Anterior Insula 5832 32 20 -6 <0.001

L Anterior Insula 640 —26 22 -10 <0.001

R SMA 2841 2 16 48 <0.001

L Caudate Nucleus 188 -10 16 -2 0.018

L Precuneus 690 —-18 —74 30 <0.001

L MFG 374 —48 26 30 <0.001

L Precentral Gyrus 277 —48 2 46 0.003

L Putamen 157 -32 -2 -10 0.038

MNI, Montreal Neurological Institute system; L, left hemisphere; R, right hemisphere; FWE, family-wise error; SMA,
supplementary motor area; MFG, middle frontal gyrus.
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Whole brain analysis of activations related to response conflict. (A) Results in healthy controls for the main effect
of congruency (incongruent > congruent trials). (B) Results for the interaction (group x congruency). Activations
are presented when surviving an FWE-corrected cluster threshold of p < 0.05. Initial cluster-forming threshold was
set to p < 0.001. (C) Corresponding contrast estimates for the interaction cluster. Error bars show standard error of
the mean.
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BOLD activity related to subsequent memory performance. (A) Results (FWE-corrected) for the “congruency” x
“memory” interaction within a hippocampal mask in controls. (B) Corresponding contrast estimates for the
hippocampal interaction cluster. (C) Results of the main effect of memory on whole-brain activation in MTLE
patients. Activations are presented when surviving an FWE-corrected cluster threshold of p < 0.05. Initial cluster-
forming threshold was set to p <0.001. (D) Corresponding contrast estimates for the FWE-corrected
PCC/precuneus cluster in MTLE patients (top) and controls (bottom). Error bars show standard error of the mean.
* significant (p < 0.05).
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Fig. 5
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Results of functional connectivity analysis for the right hippocampal seed. Differences in functional connectivity
of the right hippocampus between controls and MTLE patients. The color bar represents t-values. Yellow areas
indicate significantly increased functional connectivity with the right hippocampal seed in controls compared to
MTLE patients. Clusters are presented when surviving a family-wise-error corrected cluster threshold of p < 0.05.
Initial cluster-forming threshold was set to p < 0.001. The left side of the images corresponds to the left side of the
brain. MTLE, mesial temporal lobe epilepsy.
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