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ABSTRACT 

Episodic memory retrieval relies on encoding–pattern reinstatement (EPR), the reactivation of 

neural representations formed during encoding. Although EPR has been associated with 

successful remembering, it remains unclear whether this process can be proactively enhanced at 

retrieval. Specifically, it is unknown whether targeted brain stimulation immediately before 

retrieval can strengthen cortical reinstatement and improve memory in a content-specific manner. 

To address this question, we combined noninvasive brain stimulation with EEG in a two-day 

associative memory paradigm. On Day 1, participants encoded word–face and word–scene pairs. 

On Day 2, immediately prior to retrieval, they received either intermittent theta burst stimulation 

(iTBS) or sham stimulation targeted to the right occipital face area, a region specialized for face 

processing. Pre-retrieval iTBS selectively enhanced associative memory for faces, but not 

scenes. While the behavioral findings demonstrate a category-specific enhancement of memory 

following stimulation, the exploratory MVPA analyses on EEG data remained inconclusive as to 

whether EPR represents the mechanism underlying the observed memory benefit. Together, 

these findings show that targeted stimulation of face-selective visual cortex can selectively 

enhance associative face memory at retrieval, supporting a core tenet of the EPR framework and 

offering a potential pathway for targeted brain stimulation to alleviate content-specific memory 

deficits.   

Keywords: Associative Memory, TMS, Theta Burst Stimulation, Visual Cortex 
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INTRODUCTION 

Episodic memory enables individuals to consciously re-experience past events by retrieving 

information rich in contextual and sensory detail (Conway, 2009; Tulving, 2002). This ability is 

fundamental for adaptive behavior, supporting flexible decision-making, problem-solving, and 

the mental simulation of future scenarios (Schacter et al., 2007; Shohamy & Daw, 2015). A 

widely accepted theoretical framework proposes that successful retrieval depends on the 

reinstatement of neural activity patterns present during encoding—a process thought to re-

engage the perceptual and associative circuits originally involved (Chen et al., 2017; Rugg & 

Vilberg, 2013). While this encoding–pattern reinstatement (EPR) model has become central to 

theories of episodic memory (Johnson & Rugg, 2007; Kuhl & Chun, 2014; Rissman & Wagner, 

2012), its empirical foundation is mainly based on correlational evidence from neuroimaging 

studies (Gordon et al., 2014; Tompary et al., 2016; X. Xiao et al., 2017), and it remains unclear 

whether such reactivation can be selectively modulated to improve memory performance.  

Current models of episodic memory emphasize the role of hippocampal–neocortical 

interactions in retrieval (Eichenbaum et al., 2007; Yonelinas, 2013), with the hippocampus 

thought to coordinate the reactivation of distributed, content-specific cortical representations 

(Barnett et al., 2021; Hebscher et al., 2021; Horner et al., 2015; Horner & Doeller, 2017; 

Staresina et al., 2012). Sensory-selective regions such as the occipital face area (OFA) are 

consistently engaged during both encoding and retrieval of faces, suggesting they may support 

content-specific reinstatement (Bracci et al., 2017; Epstein et al., 1999; Grill-Spector & Weiner, 

2014; Kanwisher et al., 1997). Yet whether these areas are functionally necessary for successful 

retrieval remains unclear. If such regions actively support memory reactivation rather than 

merely reflect it, then modulating their excitability at retrieval should selectively influence 
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memory for their preferred content. Although this prediction has not been directly tested, 

addressing it would critically evaluate a core tenet of the EPR framework and reveal whether 

retrieval-phase neuromodulation can serve as a mechanism for targeted memory enhancement. 

Noninvasive brain stimulation techniques, such as repetitive transcranial magnetic 

stimulation (rTMS), provide a promising tool for this purpose (Hermiller et al., 2020; Nilakantan 

et al., 2017; Wang et al., 2014). Intermittent theta burst stimulation (iTBS), in particular, has 

been shown to transiently boost cortical excitability (Huang et al., 2005). However, nearly all 

prior work has focused on stimulation during encoding or on general, content-unspecific, 

memory outcomes (Ezzyat et al., 2018; ; Nilakantan et al., 2017;Wang et al., 2014). Whether 

neuromodulation of category-selective regions prior to retrieval can enhance content-specific 

reinstatement and memory remains unknown. This represents both a conceptual and 

methodological gap. Targeting sensory-specific visual areas such as the OFA offers a novel and 

theoretically powerful approach to test whether episodic memory can be boosted by modulating 

the neural mechanisms of reinstatement at the point of recall. Such an approach also opens new 

possibilities for precision interventions in domain-specific memory deficits, such as impaired 

face memory in acquired prosopagnosia or semantic dementia (Greene & Hodges, 1996; Henke 

et al., 1998; Rivest et al., 2009; Yadollahikhales et al., 2024). 

In the current study, we employed a two-day associative memory design in combination 

with electroencephalography (EEG) and MRI-informed (‘neuro-navigated’) TMS to test whether 

the stimulation of a face-selective visual area at retrieval can boost face-specific retrieval 

processes. On Day 1, participants encoded pairs of words associated with either face or scene 

images. On Day 2, prior to a cued recall task, participants received either iTBS targeting the 

rOFA or sham stimulation in a double-blind manner. We hypothesized that iTBS would 
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selectively enhance both behavioral memory performance and neural reactivation for face-related 

associations. To test this, we applied multivariate pattern analysis (MVPA) to 

electroencephalography (EEG) data recorded during both encoding and retrieval phases.  

 

METHODS 

Participants 

Forty right-handed healthy young adults (20 males, 20 females; mean age = 24.9 years, 

SD = 3.3) with normal or corrected-to-normal vision took part in this study. Prior to 

participation, all individuals underwent a standardized screening interview to rule out exclusion 

criteria, including a history of neurological or psychiatric disorders, current medication or 

substance abuse, cardiovascular, thyroid, or renal conditions, current COVID-19 infection or 

exposure, and any contraindications for MRI or TMS. Participants with a body mass index 

(BMI) below 19 or above 26 kg/m² were also excluded. Written informed consent was obtained 

from all participants, who received monetary compensation upon completing the study. The 

experimental protocol was approved by the Ethics Committee of the Faculty of Psychology and 

Human Movement Science at the University of Hamburg and complied with the Declaration of 

Helsinki. An a priori power analysis was conducted using G*Power (Faul et al., 2007) for the 

primary group × category interaction in a mixed design with one within-subject factor (category: 

faces vs. scenes) and one between-subjects factor (stimulation group: iTBS vs. sham). Because 

no directly comparable studies combining the present stimulation protocol and experimental 

design were available, the analysis was based on an assumed medium effect size (f = 0.25), 

informed by related stimulation studies employing group × stimulus-category interactions 

(Abend et al., 2019; Manuel et al., 2019). The analysis indicated that a minimum sample size of 
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N = 38 would be required to achieve 85% power to detect the predicted interaction effect. 

Participants were pseudo-randomly assigned to either the iTBS group (n = 20; 10 females) or the 

sham group (n = 20; 10 females), ensuring balanced gender distribution across conditions. 

 

Experimental design 

Participants completed a two-day experimental paradigm combining paired-associate 

learning with noninvasive brain stimulation and EEG recording. On both days, 64-channel EEG 

was recorded to later employ MVPA to assess EPR by classifying neural activity patterns from 

Day 1 Encoding and Day 2 Retrieval. The experiment was designed to examine whether targeted 

visual cortex stimulation could causally enhance memory reactivation and performance in a 

category-specific manner (faces vs. scenes).  

On Day 1, participants completed two runs (~2 × 15 minutes) of 80 semantically 

unrelated word–picture pairs, each consisting of a neutral German noun and either a greyscale 

face or scene image (40 per category). The words were selected from the Leipzig Affective 

Norms for German database (Kanske & Kotz, 2010). The pictures consisted of neutral outdoor 

scenes from the SUN database (J. Xiao et al., 2010) and neutral faces from the CFD database 

(Ma et al., 2015). Each trial began with a 500 ms fixation cross, followed by a 2-second 

presentation of an image. After a 2-second delay, a word (coloured in red) was superimposed on 

the same image for 4 seconds (Figure 1A). Participants were instructed to perform a size-

judgment task: using a button press, they indicated whether the object named by the word would 

fit inside a shoebox. This task was designed to promote incidental deep encoding. A 2-second 

inter-trial interval with a fixation dot followed each trial. After encoding, participants completed 

a recognition task including all previously presented images from the encoding task, and 40 
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novel images (foils; 20 scenes and 20 faces). Each trial began with a 4-second image 

presentation (either old or new), followed by a screen asking the participant to classify the image 

as “old” or “new” and, if old, to type in the associated word.  

On the second day of the experiment, participants received either iTBS targeting the 

rOFA or sham stimulation, depending on their group assignment. Following stimulation, 

participants completed a cued recall test. Each trial consisted of the presentation of a single 

word—either previously studied on Day 1 or a novel lure—for 2 seconds. Participants were 

instructed to mentally visualize the image (scene or face) they had associated with the word 

during encoding. Within a 4-second response window, participants completed a four-alternative 

forced-choice (4AFC) task by selecting one of the following response options: “new”, “old”, 

“old/scene”, or “old/face”. Participants were instructed to respond “old” if they recognized the 

cue word as previously studied but could not retrieve either the associated picture or its category. 

The responses “old/scene” and “old/face” were to be selected only when both the word was 

recognized as old and the associated picture category could be retrieved. 

 

T1 MR Image Acquisition and Neuronavigation 

Before the experimental session, we obtained individual T1-weighted structural MR 

images using a 3T Siemens PRISMA scanner from each participant. These images were used for 

neuro-navigation with the PowerMag View! System (MAG & More GmbH, München, 

Germany). The system utilizes two infrared cameras (Polaris Spectra) to track the positions of 

the participant’s head and TMS coil in space. Based on the individual T1 MR images, we created 

3D reconstructions of the participants' heads, allowing us to precisely locate the right occipital 

face area coordinate (MNI: 38, -70, -6; Ganel et al., 2005; Kadosh et al., 2011; Pitcher et al., 
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2011) for TMS stimulation. Once the coordinate was entered, the coil was positioned in 

accordance with the template provided by the neuro-navigation system, aiming for a brain-to-

target distance of less than 3 cm. This procedure ensured precise coil placement tailored to the 

unique anatomy of each participant, while maintaining the shortest and therefore optimal 

distance to the cortex. 

 

‘Neuro-navigated’ Transcranial Magnetic Stimulation 

On Day 2, participants received iTBS targeting the rOFA, or sham stimulation, prior to 

completing the cued recall task. To determine the stimulation intensity, individual resting motor 

thresholds were assessed while participants were seated at rest, wearing an EEG cap (without 

electrodes attached). Surface electromyography (EMG) was recorded from the right abductor 

pollicis (APB) brevis muscle using disposable Ag/AgCl electrodes, with the reference electrode 

placed on the index finger and the ground electrode on the right elbow. To identify the motor 

hotspot over the left primary motor cortex, we used a 9-point grid (1 cm spacing) centered 

approximately 5 cm left and 3.5 cm anterior to the vertex, oriented at a 45° angle. Single TMS 

pulses were delivered starting at 40% of the maximum stimulator output (MSO), increasing in 

5% increments until reliable motor-evoked potentials (MEPs) were observed. The motor hotspot 

was defined as the location where stimulation consistently elicited MEPs in the APB. The resting 

motor threshold was defined as the minimum stimulator intensity (% MSO) required to elicit 

MEPs with a peak-to-peak amplitude of at least 50 μV in at least 8 out of 16 consecutive pulses. 

This threshold served as the basis for calculating stimulation intensity used in the iTBS protocol 

(80% of the participant’s resting MT). On average, stimulation in the iTBS group was applied 

with an intensity of 50.1 (± 5.0 SD %). A high-resolution T1-weighted anatomical scan had been 
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acquired for all participants in a prior session. These individual structural images were used to 

guide TMS coil placement via neuronavigation using an infrared camera system (PowerMAG  

View!). The rOFA target site was identified on each participant's T1 image and marked in the 

neuronavigation software. During stimulation, coil positioning was continuously monitored to 

ensure accurate and consistent targeting of the predefined anatomical site. 

Stimulation was administered using a PowerMAG Research 100 stimulator (MAG & 

More GmbH, Munich, Germany), a device specifically designed for repetitive TMS (rTMS) in 

both clinical and research settings. Depending on the experimental condition, participants 

received either iTBS or sham stimulation. For the active stimulation condition, we used the 

PMD70-pCool figure-of-eight coil, which delivers a maximum magnetic field strength of 2 

Tesla. For the sham condition, we employed the PMD70-pCool-SHAM coil, which is visually 

identical to the active coil but generates only a minimal magnetic field that does not penetrate the 

skull. This coil is designed to mimic the sensory experience of active stimulation by delivering 

surface-level pulses to the scalp, without inducing cortical activation. Both coils were 70 mm in 

diameter and attached to a mechanical holder to ensure a stable and tangential position on the 

scalp, with the coil handle pointing upward. Throughout stimulation, neuronavigation was used 

to maintain consistent targeting of the rOFA and to ensure that the coil-to-brain distance 

remained below 6 cm from the individualized stimulation coordinate. The iTBS protocol 

followed the standard stimulation pattern (Huang et al., 2005) consisting of 600 pulses delivered 

in 20 trains of 10 bursts each. Each burst comprised 3 pulses at 50 Hz, delivered every 200 ms (5 

Hz), with 8-second inter-train intervals, resulting in a total stimulation duration of 3 minutes and 

47 seconds. The experiment was conducted in a double-blind manner: neither participants nor 

experimenters were aware of the stimulation condition (iTBS vs. sham), as the different coils 
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looked exactly the same and produced the same kind of noise. The coil setup and stimulation was 

conducted by a separate experimenter. Both, participants and the experimenter were asked to 

guess the stimulation condition following completion of the experiment in order to assess the 

effectiveness of the double-blind procedure. The experimenter correctly guessed the active 

stimulation condition in 35.0% of cases and the sham condition in 50.0% of cases. Participants 

correctly identified the active stimulation condition in 50.0% of cases and the sham condition in 

55.0% of cases. Overall, these values were close to chance level, suggesting that neither 

participants nor the experimenter were able to reliably distinguish active from sham stimulation 

and supporting the effectiveness of the blinding procedure. 

 

Electric Field Simulations 

Individual electric field simulations were performed using SimNIBS 4.0 with the CHARM head-

modeling pipeline. For each participant, a subject-specific tetrahedral head model was generated 

from the individual T1-weighted MRI using CHARM with automatic tissue segmentation and 

mesh generation. TMS simulations were conducted using a Magstim 70-mm figure-of-eight coil. 

Individual stimulation intensities were incorporated by converting the applied stimulator output  

to the corresponding coil current rate of change (dI/dt), assuming a maximum dI/dt of 

1.0×1081.0 \times 10^81.0×108 A/s. In addition, individually measured coil-to-scalp distances 

were specified for each participant to account for differences in coil positioning. Electric field 

simulations were performed for each participant using the individualized head model and 

stimulation parameters. To quantify stimulation strength at the target site, the group-level target 

coordinate in the right occipital face area (MNI: 38, –70, –6) was transformed into each 

participant's native anatomical space. A spherical region of interest (10-mm radius) centered on 
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the transformed target coordinate was defined within gray matter, and the electric field 

magnitude (|E|) was extracted from all gray matter elements within this region. The primary 

measure of stimulation strength was the 99th percentile of the electric field magnitude (E99, 

V/m), which provides a robust estimate of peak stimulation while reducing the influence of 

numerical outliers. 

 

EEG Data Acquisition and Preprocessing 

Continuous EEG data were recorded on both experimental days using a 64-channel 

BioSemi ActiveTwo system (BioSemi B.V., Amsterdam, The Netherlands), with electrodes 

positioned according to the international 10–20 system. The data were sampled at 1024 Hz, with 

an online band-pass filter of 0.03–100 Hz applied during acquisition. Additional electrodes were 

placed on the mastoids, above and below the right eye, and at the outer canthi to monitor ocular 

and muscle artifacts. Electrode impedance was controlled via BioSemi’s common mode sense 

(CMS) and driven right leg (DRL) electrodes, which served as active reference and ground, 

respectively, ensuring signal quality within a ±20 μV range. 

Offline preprocessing of the EEG data was conducted using the FieldTrip toolbox 

(Version 20200607; Oostenveld et al., 2011) in MATLAB (Version 2019a, The MathWorks, 

Inc.) along with custom scripts. EEG data were segmented into epochs from -2 to +10 seconds 

relative to stimulus onset (first image during encoding on Day 1, and word cue during retrieval 

on Day 2). Signals were re-referenced to the average of all scalp electrodes, demeaned based on 

the average signal within each trial, and linearly detrended. To remove line noise, a 50 Hz 

discrete Fourier transform filter was applied. Electrodes showing no signal or excessive noise 

(limited to a maximum of one per participant) were excluded and interpolated using weighted 
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neighboring electrodes. Trials with gross artifacts were removed based on visual inspection. On 

Day 1, on average 7 trials (SD = 5.37) out of 160 were excluded per participant. On Day 2, on 

average 9 trials (SD = 7.29) out of 160 were excluded per participant. To ensure that subsequent 

MVPA was trained and tested on corresponding data, any Day 1 (encoding) trials removed due 

to artifacts were also excluded from the Day 2 (retrieval) dataset, and vice versa. This trial-

matching procedure ensured that classification analyses were performed only on trials with 

usable data from both encoding and retrieval phases. Following artifact rejection, data were 

downsampled to 256 Hz to reduce computational load. Next, an extended infomax independent 

component analysis (ICA) was performed using the ‘runica’ algorithm, with a stopping criterion 

set to a weight change of <10⁻⁷. This was used to identify and remove components reflecting 

ocular artifacts and other stereotyped noise sources. A two-step procedure was applied: first, the 

time series of each independent component was correlated with horizontal and vertical EOG 

signals. Components showing a correlation > 0.9 were automatically rejected. Remaining 

components were then manually reviewed based on their time course and spatial topography. On 

average, 2.27 components (SD = 1.01) per participant were removed via this process. 

 

Encoding-Pattern-Reinstatement Analysis 

For the explorative multivariate decoding analysis, EEG data from the encoding and cued 

recall tasks were segmented into 2.5-second epochs. For the encoding phase, epochs covered (i) 

the encoding interval (during initial image presentation, without the word) as well as (ii) the 

post-encoding rest interval (after initial image presentation, without the word), and were 

baseline-corrected using the 500 ms window preceding fixation cross onset. For the cued recall 

phase, epochs spanned the presentation of the cue word and were baseline-corrected using the 
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500 ms interval before word onset. To reduce computational load and memory requirements 

associated with the large time × time decoding matrices, classifier outputs were spatially 

downsampled using a 3 × 3 averaging kernel prior to statistical analysis. We employed two L2-

penalized logistic regression classifiers, using data from all EEG channels as input features. 

The first classifier was trained and tested within the stimulus presentation period data 

(during image presentation, without the word), using a 5-fold cross-validation procedure to 

assess whether neural activity patterns could reliably distinguish between faces and scenes. This 

analysis aimed to probe category-specific encoding and processing during image presentation. 

The second classifier was trained and tested within the post-stimulus presentation period data 

(after initial image presentation, without the word), using a 5-fold cross-validation procedure to 

assess whether neural activity patterns could reliably distinguish between faces and scenes. This 

analysis aimed to probe category-specific encoding and processing immediately following image 

presentation. The resulting time-by-time decoding accuracy matrices captured the strength and 

temporal dynamics of this category-specific neural differentiation during the post-encoding 

interval. 

The third model explored whether category-specific encoding patterns would be 

reactivated during successful retrieval. To this end, the classifier was trained within-subject on 

the stimulus presentation data to distinguish between scene and face trials. This trained model 

was then tested on the cued recall data to decode neural patterns during cue word presentation on 

Day 2. The fourth model explored whether category-specific post-encoding patterns would be 

reactivated during successful retrieval. To this end, the classifier was trained within-subject on 

the post-stimulus presentation data to distinguish between scene and face trials. This trained 

model was then tested on the cued recall data to decode neural patterns during cue word 
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presentation on Day 2.  For both models, trial-wise time-by-time category reinstatement evidence 

was assessed using logits, which represent the signed distance of each sample to the separating 

hyperplane between scenes and objects. 

 

Statistical analysis 

In our analysis of word-picture associative memory for the cued recall tasks on Day 2 

(4AFC), associative category hits were defined as trials in which old word cues were presented 

and participants responded with the correct picture category (e.g. “old/face” when the associate 

had been a face), indicating the recognition of the presented word as old and category-level 

retrieval of the associated picture category. Associative category errors included all trials in 

which an old word was recognized, but the wrong category was chosen (e.g., “old/scene” when 

the associate had been a face). For our behavioral analyses, we employed a generalized linear 

mixed-effects model (GLMM), given its robustness to violations of distributional assumptions 

and its sensitivity to individual variability (Pinheiro & Bates, 2000; Schielzeth et al., 2020). To 

examine the effects of iTBS on associative memory performance, we focused on associative hits 

(i.e., correctly choosing “old/scene” or “old/face” during cued recall) and associative errors (i.e., 

incorrectly choosing “old/scene” when the word had been paired with a face on Day 1). A 

GLMM was fitted using the lme4 package in R version 4.0.4 (Bates et al., 2015), including 

group (iTBS vs. sham), category (scene vs. face), their interaction as fixed effects, a random 

intercept per participant as well as category as a random slope for the participant intercept. All 

models were evaluated using standardized beta coefficients. Prior to analysis, data were screened 

for outliers, defined as values exceeding ±3 standard deviations from the mean. All reported p-
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values from statistical models and post-hoc tests reported throughout the manuscript were 

corrected for multiple comparisons with Bonferroni correction (for number of tests). 

To assess decoding results, category-specific classification accuracy (faces vs. scenes) 

across time × time-decoding-matrices was first assessed using a within-subject cluster-based 

permutation t-test (10,000 permutations; Maris & Oostenveld, 2007). This test compared scene 

versus face reinstatement maps within each group (iTBS, sham) to identify clusters of time 

points showing significant differentiation. We then computed within-subject difference maps 

(faces – scenes) and subjected these to an independent-samples cluster-based permutation t-test 

(10,000 permutations) to assess differences in category-specific reinstatement between the iTBS 

and sham groups. This nonparametric approach controlled for multiple comparisons across time 

without imposing spatial or temporal constraints. Clustering was performed at a threshold of 

αcluster = 0.01 (for testing EPR across groups αcluster = 0.001), and clusters with corrected Monte 

Carlo p-values < 0.05 (two-sided) were considered statistically significant. 

 

 

RESULTS 

 

Day 1: Successful Memory Encoding 

On Day 1, participants encoded 80 semantically unrelated word–picture pairs (40 faces, 

40 scenes) across two runs. In a recognition task, immediately after encoding, participants were 

presented with all previously studied (“old”) images, as well as 40 new images (Fig. 1A). Within 

four seconds, participants were requested to select one out of two response options: “new” or 

“old” on each trial (2AFC decision). Participants correctly recognized old images in 83.9% (± 2. 

13 SE) of the trials, with a false alarm rate of 4.18% (± 0.97 SE). Importantly, image recognition 

https://www.science.org/doi/full/10.1126/sciadv.adm7504
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Figure 1. Overview of experimental procedure across days. A On Day 1, participants encoded 80 

semantically unrelated word–picture pairs (40 faces, 40 scenes) across two ~15-minute runs. Each pair 

consisted of a neutral German noun and a greyscale image—either a face or an outdoor scene. Each 

trial began with a 500 ms fixation, a 2-second image, followed by a 2-second delay and a 4-second 

word–image overlay. After encoding, participants completed a recognition test with all studied images 

and 40 foils. For each trial, they judged whether the image was “old” or “new” and, if old, typed in the 

associated word. B On Day 2, 24 h after encoding, participants received either intermittent theta burst 

stimulation (iTBS) targeting the right occipital face area (rOFA) or sham stimulation. Magnetic Field 

simulations confirmed successful iTBS stimulation, with all iTBS participants showing robust electric 

field induction on the group level. Following (sham-) stimulation, they completed a cued recall task. 

Each trial presented a word (old or lure) for 2 seconds, prompting participants to mentally visualize 

and recall the associated image. Within 4 seconds, they classified the word as “new,” “old,” 
“old/scene,” or “old/face” (4AFC). Finally, they completed a cued recall task by selecting the correct 
image from two face and two scene options. Notably, this Day 2 memory test differed from the one 

on Day 1 by presenting the word cue first and asking for the associated image.  

 

performance did not differ between stimulus categories (faces, scenes), nor between participants 

that would receive iTBS vs. sham stimulation on Day 2 (all main effect and interaction Ps > 

0.409). Upon successful image recognition, participants were asked to type in the associated 

word. Participants correctly entered the associated words in 34.8 % of the trials (± 2.88 SE). 

Across groups, word retrieval performance did not differ between word-scene and word-face 

associations (Main effect category: F(1,74) = 3.732, P = 0.057). Importantly, word retrieval 

performance did not differ between groups (group main effect and group interaction Ps > 0.349). 

Overall, these results suggest robust and similar word-picture pair acquisition across groups. 
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Day 2: ITBS on rOFA enhances subsequent associative memory retrieval for faces 

On Day 2, 24 hours after the encoding session, participants received either iTBS or sham 

stimulation over the rOFA (between-subjects design). Magnetic Field simulations confirmed 

successful iTBS stimulation, with all iTBS participants showing robust electric field induction (t-

test against 0: t(19) = 5.54, P < 0.001, d = 1.23; Figure 1B left). Immediately afterward, they 

completed a cued recall task to assess the effect of stimulation on associative memory 

performance (4AFC; Fig. 1B). In each trial, a word cue (previously encoded or novel) was 

presented for 2 seconds. Within a 4-second response window, they selected one of four options: 

“new”, “old”, “old/scene” or “old/face”. Participants were instructed to press the “old” option if 

they recognized a word but could not remember whether it was paired with a face or scene. 

Overall, participants correctly recognized old words in 90.2% (± 1.32 SE) of the trials (responses 

“old”, “old/scene”, and “old/face” to old word cues), with a false alarm rate of 15.24 % (± 1.49 

SE; responses “old”, “old/scene”, and “old/face” to new word cues). Importantly, overall word 

recognition did not differ between the iTBS and sham group (P = 0.462). 

In line with our main hypothesis, iTBS over the face-selective rOFA enhanced 

associative memory selectively for pairs including face stimuli. We analyzed participants’ 

performance in the cued recall task where they had to recognize whether a word was paired with 

a face or a scene 24 hours before. Across groups, an associative hit rate of 59.1 % (± 3.59 SE) 

was observed. Using a generalized linear mixed-effects model (GLMM), we examined how often 

participants correctly identified the category (face vs. scene) associated with each word 

(associative hits) versus how often they made errors by choosing the wrong category (associative 

errors). We found a significant interaction between the stimulation group (iTBS vs. sham) and 

stimulus category (faces vs. scenes), indicating that the iTBS group had a significant memory 
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improvement for faces compared to scenes (β = 0.84, P = 0.004; Fig. 2). Post-hoc comparisons 

revealed that participants who received active iTBS to the rOFA had a significantly higher 

predicted probability of recalling faces compared to scenes (β = 2.46, Pcorr < 0.001; Bonferroni-

corrected for two comparisons within the stimulus category × stimulation interaction), 

confirming a category-specific memory boost. Importantly, this effect was absent in the sham 

group, where no significant difference between face and scene memory performance was found 

(β = 1.11, Pcorr = 0.771; Bonferroni-corrected for two comparisons within the stimulus category 

× stimulation interaction). To rule out that the observed memory effect was based on an induced 

response bias towards face stimuli, we compared the associative error rates of the Day 2 Cued 

Recall across groups and categories. Importantly no group × category interaction on associative 

errors was detected (P = 0.632). Together these results indicate that the enhanced associative face 

memory was specifically due to stimulation of the rOFA, rather than a general improvement, 

response bias or placebo effect. Table 1 reports the complete distribution of responses, including 

both correct and incorrect response categories, separately for stimulation group and stimulus 

category. Importantly, the iTBS group did not exhibit an increased tendency to select face-

related responses when incorrect. These response patterns support the conclusion that the 

observed stimulation effect reflects enhanced associative retrieval for face-word pairs rather than 

a category-specific response bias. 
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Figure 2. Category-specific associative memory enhancement following iTBS over the rOFA. Predicted 

probabilities of correct associative memory (associative hits) for face- and scene-paired words in the 

cued recall task on Day 2, plotted separately for the iTBS and sham groups. A GLMM revealed a 

significant interaction between stimulation group and stimulus category, with active iTBS selectively 

improving memory for word-face associations compared to word-scene associations. Post-hoc 

comparisons confirmed that this face-specific enhancement was present only in the iTBS group and 

not in the sham group. Error bars represent ±1 SE. 

 

Table 1 Response distribution for the Cued Recall on Day 2 

 New words Old words 

paired with face 

Old words 

paired with face 

Response iTBS Sham iTBS Sham iTBS Sham 

New                 69.1 (1.60) 66.5 (1,76) 3.11 (0.43) 5.83 (1.14) 2.31 (0.32) 4.94 (0.74) 

Old 8.2 (1.14) 7.77 (0.97) 12.23 (2.06) 9.47 (1.64) 12.29 (2.0) 8.83 (1.68) 

Old_scene        1.5 (0.15) 4.30 (0 97) 2.42 (0.33) 4.93 (1.04) 23.6 (2.20) 23.45 (2.16) 

Old_face 2.64 (0.65) 4.14 (0.67) 24.85 (2.30) 22.65(1.82) 4.8 (1.08) 6 (1.06) 

Data reflect Mean ± SE. 

 

Following each 4AFC decision, participants proceeded to an image recognition task (if 

they selected one of the “old” response options). Here, they were presented with two face images 

and two scene images and were asked to choose the one that corresponded to the word presented 

in that trial. Average performance in this recognition test revealed however near ceiling effects 

of correct image recognitions (M = 88.6%, SE = ± 2.10 %), with no category × group interaction 

(P = 0.411). 
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To assess whether variability in stimulation delivery contributed to memory performance, 

we conducted a generalized linear mixed-effects analysis within the iTBS group. The model 

included stimulus category (faces vs. scenes) and estimated electric field strength (note that the 

individual coil-to-target distance was already included in the electric field simulations), and their 

interactions as fixed effects. Estimated electric field strength (P = .185) did not predict 

associative memory performance, and also did not interact with stimulus category (P = .079), 

indicating that the category-specific memory enhancement observed following iTBS could not 

be explained by individual differences in stimulation intensity. Notably, coil-to-target distance 

was comparable between groups (iTBS: 3.01 ± 0.20 cm; sham: 2.85 ± 0.19 cm), suggesting 

similar stimulation quality across conditions. 

 

Day 2: Exploratory analysis of encoding–pattern reinstatement during successful 

associative retrieval of faces following pre-retrieval iTBS over the rOFA 

Our behavioral results provide strong evidence that iTBS over the rOFA prior to retrieval 

selectively improves associative memory for faces but not scenes, demonstrating a content-

specific memory enhancement effect. In a next step, we explored potential neural mechanisms 

underlying this behavioral benefit using multivariate pattern analysis (MVPA) of the EEG data. 

First, we trained and tested classifiers to distinguish neural face patterns from scene 

patterns within the Day 1 encoding data using a 5-fold cross-validation procedure. Separate 

models were trained on activity during stimulus presentation and during the post-stimulus period. 

Dependent-sample cluster-based permutation t-tests against chance level (0.5) revealed one 

significant cluster ranging from 0.1 to 0.3 s after stimulus onset (P < 0.001, Tsum = 1022.51) 
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during stimulus presentation. For the post-encoding model, dependent-sample cluster-based 

permutation t-tests against chance level (0.5) revealed two significant clusters in both analyses, 

confirming that neural activity reliably differentiated faces from scenes during encoding (Early 

Cluster: 0.1–0.7 s from stimulus onset, P < 0.001, Tsum = 1790.81; Late Cluster: 0.9–1.75 s 

from stimulus onset, P = 0.001, Tsum = 1388.88). These findings demonstrate robust category-

specific neural representations during and shortly after encoding. 

Next, we conducted exploratory analyses of encoding–retrieval pattern reinstatement 

(EPR) during successful retrieval. For these analyses, classifiers trained to distinguish face and 

scene representations during Day 1 encoding were tested on Day 2 EEG data recorded during the 

word-cue period of successful associative retrieval trials. The resulting time × time reinstatement 

matrices quantified the reactivation of category-specific encoding patterns during retrieval. 

Before testing for stimulation effects, we first examined encoding–retrieval pattern reinstatement 

across groups (cluster-tests against 0). Significant reinstatement was observed for both face- 

(Cluster: 0.2–0.7 s from stimulus onset, P < 0.001, Tsum = 6368.90) and scene-associated 

memories (Cluster: 0.25–0.6 s from stimulus onset, P < 0.001, Tsum = 4533.61), indicating that 

the decoding approach successfully captured EPR at the group level. To examine whether the 

behavioral effects of stimulation were accompanied by changes in reinstatement, we compared 

face-versus-scene reinstatement differences between the iTBS and sham groups using 

independent-sample cluster-based permutation t-tests. Neither the stimulus-presentation (all 

channels: all cluster Ps >  0.360;  parietal: no significant clusters; occipital: no significant 

clusters; frontal: all cluster Ps > 0.348; central: all cluster Ps > 0.296; temporal: no significant 

clusters) nor the post-stimulus model (all channels: all cluster Ps > 0.377 ;parietal: all cluster Ps 

>  0.079; occipital: all cluster Ps > 0.121; frontal: all cluster Ps > 0.369; central: all cluster Ps > 
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0.530; temporal: all cluster Ps > 0.210) revealed a significant difference in reinstatement between 

faces and scenes in the iTBS.. Thus, although iTBS selectively enhanced associative memory for 

faces, the exploratory MVPA analyses did not provide evidence that stimulation modulated 

encoding–retrieval pattern reinstatement. Together, these findings suggest that the observed 

behavioral benefit cannot be readily explained by enhanced EPR. 

 

 

DISCUSSION 

The present study combined noninvasive brain stimulation, EEG-based multivariate pattern 

analysis, and a two-day associative memory paradigm to test whether targeted modulation of a 

face-selective cortical region can enhance associative face memory. Crucially, stimulation was 

applied immediately prior to retrieval, allowing us to directly manipulate neocortical 

reinstatement at retrieval without altering encoding. Behaviorally, iTBS to the rOFA selectively 

improved associative memory for faces, with no effect on associative scene memory. By 

showing that focal neuromodulation can selectively enhance associative face memory via 

retrieval-targeted stimulation, our findings advance theories of episodic memory and suggest a 

novel, translationally relevant approach to treating domain-specific memory deficits such as 

semantic dementia or acquired prosopagnosia. 

Our behavioral findings demonstrate a robust category-specific enhancement of 

associative memory following iTBS to the rOFA. Specifically, participants who received iTBS 

before retrieval showed significantly improved recall for word-face pairs compared to word-

scene pairs, an effect absent in the sham group. This finding shows that modulating neural 

excitability in face-selective visual cortex can selectively facilitate the retrieval of face-related 

episodic associations. These results significantly extend prior neuroimaging studies that have 



    

 

23 

 

shown increased functional connectivity between the hippocampus and category-selective 

regions (such as the FFA and OFA) during associative memory tasks (Nilakantan et al., 2017; 

Staresina et al., 2013; Wang et al., 2014), by providing causal evidence that directly stimulating 

these sensory regions at retrieval can enhance associative memory performance. Moreover, our 

findings resonate with reports that disrupting activity in the OFA using inhibitory TMS can 

impair face processing (Bona et al., 2018; Eick et al., 2021; Pitcher et al., 2007), but importantly 

extend these data to the domain of associative memory reinstatement and move beyond 

disruption to show that facilitative stimulation can improve memory outcomes in a category-

specific manner. 

To explore the neural mechanisms underlying this behavioral benefit, we conducted 

exploratory MVPA analyses of EEG data recorded during encoding and retrieval. Consistent 

with previous work, classifiers reliably distinguished face-related from scene-related neural 

activity during encoding, confirming the presence of robust category-specific neural 

representations (Cauchoix et al., 2014; Grootswagers et al., 2017, 2019). However, contrary to 

our expectations, the exploratory reinstatement analyses did not reveal evidence that iTBS 

modulated encoding–retrieval pattern reinstatement (EPR). Although stimulation improved 

associative memory performance for faces, this behavioral enhancement was not accompanied 

by detectable changes in EEG-based reinstatement measures. 

Several interpretations of this null finding are possible. First, the behavioral effects of 

iTBS may be mediated by neural processes that are not adequately captured by the present 

MVPA approach. For example, stimulation may have influenced attentional allocation, retrieval 

monitoring, decision-related processes, or other retrieval-related computations that contribute to 

successful remembering without necessarily producing measurable changes in category-level 
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reinstatement. Second, although the decoding approach successfully detected reinstatement 

overall, it remains possible that stimulation-related changes occurred at a spatial or temporal 

scale that could not be resolved using scalp EEG and the present MVPA framework. 

Consequently, the current findings do not rule out a contribution of reinstatement to the observed 

memory enhancement but indicate that we found no evidence that iTBS modulated EPR as 

measured here. 

Interestingly, our decoding analyses nevertheless revealed robust category-specific neural 

representations during and shortly after encoding. Neural activity reliably differentiated faces 

from scenes both during stimulus presentation and during subsequent post-stimulus processing 

periods. This finding aligns with previous work suggesting that memory-relevant neural 

representations extend beyond the initial perceptual response and remain active during sustained 

encoding-related processing (Heib et al., 2015; Khader et al., 2005; Michelmann et al., 2018; 

Sederberg et al., 2003). Such post-stimulus activity may reflect elaborative processing, 

associative binding, or early consolidation-related mechanisms that contribute to the formation of 

durable memory traces (Ranganath et al., 2005; Ranganath & Ritchey, 2012). 

Beyond elucidating the neural underpinnings of episodic memory, our results highlight 

the utility of iTBS as a tool not merely for probing causal involvement of brain regions by 

disruption, but for actively enhancing neural processes and associated cognitive functions. While 

a vast range of TMS studies on episodic memory have employed protocols designed to 

transiently inhibit cortical activity to infer functional necessity (Eick et al., 2021; Platz et al., 

2016; Vékony et al., 2018), iTBS represents a distinct approach aimed at increasing cortical 

excitability and plasticity (Huang et al., 2005). Here, we show that iTBS targeting face-selective 

visual cortex can selectively boost the fidelity of mnemonic reinstatement and thereby improve 
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behavioral memory outcomes. This demonstrates the promise of moving from “virtual lesion” 

paradigms toward protocols that can facilitate targeted neural processes and their cognitive 

correlates. 

It is, however, important to note that although the use of a sham condition as the control 

is a standard and methodologically valid approach, it does not afford the same level of regional 

specificity as a design including an active, functionally related but dissociable control site. 

Hence, the present design does not allow us to fully dissociate the effects of rOFA stimulation 

from potential effects on other stimulus domains (e.g., scenes), as no group received iTBS to a 

scene-selective visual region. Moreover, evidence that the effects of offline TMS can spatially 

diffuse further necessitates caution when interpreting region-specific mechanisms. Consequently, 

the current findings cannot determine whether the observed enhancement in associative memory 

retrieval is uniquely attributable to modulation of face-selective cortex or reflects a more general 

influence of visual cortical stimulation on memory processes. Nevertheless, the effect was 

selective to the face-associated retrieval condition, providing converging support for the 

functional involvement of the targeted face-selective visual region (OFA). Future studies 

incorporating active control sites in other category-selective regions, such as scene-selective 

cortex, will be necessary to test for such dissociations and to strengthen claims regarding 

functional and regional specificity.  

Another limitation of the present study concerns the definition of the rOFA stimulation 

target. Specifically, stimulation coordinates were based on a previously reported group-level 

MNI coordinate that was transformed into each participant’s native anatomical space. Although 

this procedure accounts for inter-individual variability in neuroanatomy, it does not necessarily 

capture variability in functional face selectivity across participants. Consequently, the stimulated 



    

 

26 

 

site may not have corresponded to the functionally most face-selective region in every 

individual. Future studies could address this limitation by combining neuronavigated stimulation 

with individual functional localizers to identify participant-specific rOFA regions showing 

maximal face responsiveness, potentially improving targeting precision and sensitivity to 

stimulation effects. 

Taken together, our findings provide causal evidence that focal neuromodulation of face-

selective visual cortex before retrieval can selectively enhance associative face memory. These 

results highlight the contribution of category-selective cortical regions to episodic retrieval and 

demonstrate that memory performance can be improved through targeted stimulation 

immediately prior to recall. Although exploratory EEG-MVPA analyses did not reveal 

corresponding changes in encoding–retrieval pattern reinstatement, the robust behavioral effects 

observed here establish retrieval-phase neuromodulation as a promising approach for selective 

memory enhancement. From a translational perspective, these results open avenues for 

developing targeted brain stimulation interventions to alleviate content-specific memory 

impairments, such as those seen in prosopagnosia or domain-specific amnesia, laying the 

groundwork for individualized cognitive enhancement approaches. 

 

 



    

 

27 

 

REFERENCES 

Abend, R., Sar-El, R., Gonen, T., Jalon, I., Vaisvaser, S., Bar-Haim, Y., & Hendler, T. (2019). Modulating 

emotional experience using electrical stimulation of the medial-prefrontal cortex: A preliminary 

tDCS-fMRI study. Neuromodulation: Technology at the Neural Interface, 22(8), 884–893. 

Barnett, A. J., Reilly, W., Dimsdale-Zucker, H. R., Mizrak, E., Reagh, Z., & Ranganath, C. (2021). Intrinsic 

connectivity reveals functionally distinct cortico-hippocampal networks in the human brain. 

PLOS Biology, 19(6), e3001275. https://doi.org/10.1371/journal.pbio.3001275 

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B., Singmann, H., Dai, B., Grothendieck, 

G., Green, P., & Bolker, M. B. (2015). Package ‘lme4’. convergence, 12(1), 2. 

Bona, S., Silvanto, J., & Cattaneo, Z. (2018). TMS over right OFA affects individuation of faces but not of 

exemplars of objects. Neuropsychologia, 117, 364–370. 

Bracci, S., Ritchie, J. B., & Beeck, H. O. de. (2017). On the partnership between neural representations of 

object categories and visual features in the ventral visual pathway. Neuropsychologia, 105, 153–

164. https://doi.org/https://doi.org/10.1016/j.neuropsychologia.2017.06.010 

Cauchoix, M., Barragan-Jason, G., Serre, T., & Barbeau, E. J. (2014). The neural dynamics of face 

detection in the wild revealed by MVPA. Journal of Neuroscience, 34(3), 846–854. 

Chen, J., Leong, Y. C., Honey, C. J., Yong, C. H., Norman, K. A., & Hasson, U. (2017). Shared memories 

reveal shared structure in neural activity across individuals. Nature Neuroscience, 20(1), 115–

125. https://doi.org/10.1038/nn.4450 

Collins, J. A., & Dickerson, B. C. (2019). Functional connectivity in category‐selective brain networks after 

encoding predicts subsequent memory. Hippocampus, 29(5), 440–450. 

https://doi.org/10.1002/hipo.23003 

Conway, M. A. (2009). Episodic memories. Neuropsychologia, 47(11), 2305–2313. 



    

 

28 

 

Danker, J. F., & Anderson, J. R. (2010). The ghosts of brain states past: Remembering reactivates the 

brain regions engaged during encoding. Psychological Bulletin, 136(1), 87–102. 

https://doi.org/10.1037/a0017937 

Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The Medial Temporal Lobe and Recognition 

Memory. Annual Review of Neuroscience, 30(1), 123–152. 

https://doi.org/10.1146/annurev.neuro.30.051606.094328 

Eick, C. M., Ambrus, G. G., & Kovács, G. (2021). Inhibition of the occipital face area modulates the 

electrophysiological signals of face familiarity: A combined cTBS-EEG study. Cortex, 141, 156–

167. https://doi.org/10.1016/j.cortex.2021.03.034 

Epstein, R., Harris, A., Stanley, D., & Kanwisher, N. (1999). The parahippocampal place area: Recognition, 

navigation, or encoding? Neuron, 23(1), 115–125. 

Ezzyat, Y., Wanda, P. A., Levy, D. F., Kadel, A., Aka, A., Pedisich, I., Sperling, M. R., Sharan, A. D., Lega, B. 

C., Burks, A., Gross, R. E., Inman, C. S., Jobst, B. C., Gorenstein, M. A., Davis, K. A., Worrell, G. A., 

Kucewicz, M. T., Stein, J. M., Gorniak, R., … Kahana, M. J. (2018). Closed-loop stimulation of 

temporal cortex rescues functional networks and improves memory. Nature Communications, 

9(1), 365. https://doi.org/10.1038/s41467-017-02753-0 

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G* Power 3: A flexible statistical power analysis 

program for the social, behavioral, and biomedical sciences. Behavior research methods, 39(2), 

175–191. 

Ganel, T., Valyear, K. F., Goshen-Gottstein, Y., & Goodale, M. A. (2005). The involvement of the “fusiform 

face area” in processing facial expression. Neuropsychologia, 43(11), 1645–1654. 

Gauthier, I., Tarr, M. J., Moylan, J., Skudlarski, P., Gore, J. C., & Anderson, A. W. (2000). The Fusiform 

“Face Area” is Part of a Network that Processes Faces at the Individual Level. Journal of 

Cognitive Neuroscience, 12(3), 495–504. https://doi.org/10.1162/089892900562165 



    

 

29 

 

Gordon, A. M., Rissman, J., Kiani, R., & Wagner, A. D. (2014). Cortical Reinstatement Mediates the 

Relationship Between Content-Specific Encoding Activity and Subsequent Recollection 

Decisions. Cerebral Cortex, 24(12), 3350–3364. https://doi.org/10.1093/cercor/bht194 

Greene, J. D. W., & Hodges, J. R. (1996). Identification of famous faces and famous names in early 

Alzheimer’s disease: Relationship to anterograde episodic and general semantic memory. Brain, 

119(1), 111–128. https://doi.org/10.1093/brain/119.1.111 

Grill-Spector, K., & Weiner, K. S. (2014). The functional architecture of the ventral temporal cortex and 

its role in categorization. Nature Reviews Neuroscience, 15(8), 536–548. 

Grootswagers, T., Robinson, A. K., & Carlson, T. A. (2019). The representational dynamics of visual 

objects in rapid serial visual processing streams. NeuroImage, 188, 668–679. 

https://doi.org/10.1016/j.neuroimage.2018.12.046 

Grootswagers, T., Wardle, S. G., & Carlson, T. A. (2017). Decoding dynamic brain patterns from evoked 

responses: A tutorial on multivariate pattern analysis applied to time series neuroimaging data. 

Journal of cognitive neuroscience, 29(4), 677–697. 

Haxby, J. V., Gobbini, M. I., Furey, M. L., Ishai, A., Schouten, J. L., & Pietrini, P. (2001). Distributed and 

Overlapping Representations of Faces and Objects in Ventral Temporal Cortex. Science, 

293(5539), 2425–2430. https://doi.org/10.1126/science.1063736 

Hebscher, M., Kragel, J. E., Kahnt, T., & Voss, J. L. (2021). Enhanced reinstatement of naturalistic event 

memories due to hippocampal-network-targeted stimulation. Current Biology, 31(7), 1428-

1437.e5. https://doi.org/10.1016/j.cub.2021.01.027 

Heib, D. P., Hoedlmoser, K., Anderer, P., Gruber, G., Zeitlhofer, J., & Schabus, M. (2015). Oscillatory theta 

activity during memory formation and its impact on overnight consolidation: A missing link? 

Journal of Cognitive Neuroscience, 27(8), 1648–1658. 



    

 

30 

 

Henke, K., Schweinberger, S. R., Grigo, A., Klos, T., & Sommer, W. (1998). Specificity of face recognition: 

Recognition of exemplars of non-face objects in prosopagnosia. Cortex, 34(2), 289–296. 

Hermiller, M. S., Chen, Y. F., Parrish, T. B., & Voss, J. L. (2020). Evidence for Immediate Enhancement of 

Hippocampal Memory Encoding by Network-Targeted Theta-Burst Stimulation during 

Concurrent fMRI. The Journal of Neuroscience, 40(37), 7155–7168. 

https://doi.org/10.1523/jneurosci.0486-20.2020 

Horner, A. J., Bisby, J. A., Bush, D., Lin, W.-J., & Burgess, N. (2015). Evidence for holistic episodic 

recollection via hippocampal pattern completion. Nature communications, 6(1), 7462. 

Horner, A. J., & Doeller, C. F. (2017). Plasticity of hippocampal memories in humans. Current opinion in 

neurobiology, 43, 102–109. 

Huang, Y.-Z., Edwards, M. J., Rounis, E., Bhatia, K. P., & Rothwell, J. C. (2005). Theta Burst Stimulation of 

the Human Motor Cortex. Neuron, 45(2), 201–206. 

https://doi.org/10.1016/j.neuron.2004.12.033 

Jacobs, J., Miller, J., Lee, S. A., Coffey, T., Watrous, A. J., Sperling, M. R., Sharan, A., Worrell, G., Berry, B., 

Lega, B., Jobst, B. C., Davis, K., Gross, R. E., Sheth, S. A., Ezzyat, Y., Das, S. R., Stein, J., Gorniak, R., 

Kahana, M. J., & Rizzuto, D. S. (2016). Direct Electrical Stimulation of the Human Entorhinal 

Region and Hippocampus Impairs Memory. Neuron, 92(5), 983–990. 

https://doi.org/10.1016/j.neuron.2016.10.062 

John, R. H., & Greene, J. D. W. (1998). Knowing about People and Naming Them: Can Alzheimer’s 

Disease Patients Do One without the Other? The Quarterly Journal of Experimental Psychology 

Section A, 51(1), 121–134. https://doi.org/10.1080/713755753 

Johnson, J. D., & Rugg, M. D. (2007). Recollection and the reinstatement of encoding-related cortical 

activity. Cerebral cortex, 17(11), 2507–2515. 



    

 

31 

 

Kadosh, K. C., Walsh, V., & Kadosh, R. C. (2011). Investigating face-property specific processing in the 

right OFA. Social cognitive and affective neuroscience, 6(1), 58–65. 

Kanske, P., & Kotz, S. A. (2010). Leipzig Affective Norms for German: A reliability study. Behavior 

Research Methods, 42(4), 987–991. https://doi.org/10.3758/BRM.42.4.987 

Kanwisher, N., McDermott, J., & Chun, M. M. (1997). The Fusiform Face Area: A Module in Human 

Extrastriate Cortex Specialized for Face Perception. The Journal of Neuroscience, 17(11), 4302–

4311. https://doi.org/10.1523/jneurosci.17-11-04302.1997 

Khader, P., Burke, M., Bien, S., Ranganath, C., & Rösler, F. (2005). Content-specific activation during 

associative long-term memory retrieval. NeuroImage, 27(4), 805–816. 

https://doi.org/10.1016/j.neuroimage.2005.05.006 

Kuhl, B. A., & Chun, M. M. (2014). Successful Remembering Elicits Event-Specific Activity Patterns in 

Lateral Parietal Cortex. Journal of Neuroscience, 34(23), 8051–8060. 

https://doi.org/10.1523/JNEUROSCI.4328-13.2014 

Ma, D. S., Correll, J., & Wittenbrink, B. (2015). The Chicago face database: A free stimulus set of faces 

and norming data. Behavior Research Methods, 47(4), 1122–1135. 

https://doi.org/10.3758/s13428-014-0532-5 

Manuel, A. L., Murray, N. W., & Piguet, O. (2019). Transcranial direct current stimulation (tDCS) over 

vmPFC modulates interactions between reward and emotion in delay discounting. Scientific 

Reports, 9(1), 18735. 

Maris, E., & Oostenveld, R. (2007). Nonparametric statistical testing of EEG-and MEG-data. Journal of 

neuroscience methods, 164(1), 177–190. 

Michelmann, S., Bowman, H., & Hanslmayr, S. (2018). Replay of stimulus-specific temporal patterns 

during associative memory formation. Journal of cognitive neuroscience, 30(11), 1577–1589. 



    

 

32 

 

Nilakantan, A. S., Bridge, D. J., Gagnon, E. P., VanHaerents, S. A., & Voss, J. L. (2017). Stimulation of the 

Posterior Cortical-Hippocampal Network Enhances Precision of Memory Recollection. Current 

Biology, 27(3), 465–470. https://doi.org/10.1016/j.cub.2016.12.042 

Oostenveld, R., Fries, P., Maris, E., & Schoffelen, J.-M. (2011). FieldTrip: Open source software for 

advanced analysis of MEG, EEG, and invasive electrophysiological data. Computational 

intelligence and neuroscience, 2011(1), 156869. 

Pinheiro, J. C., & Bates, D. M. (2000). Mixed-effects models in S and S-PLUS. Springer. 

Pitcher, D., Walsh, V., & Duchaine, B. (2011). The role of the occipital face area in the cortical face 

perception network. Experimental brain research, 209(4), 481–493. 

Pitcher, D., Walsh, V., Yovel, G., & Duchaine, B. (2007). TMS Evidence for the Involvement of the Right 

Occipital Face Area in Early Face Processing. Current Biology, 17(18), 1568–1573. 

https://doi.org/10.1016/j.cub.2007.07.063 

Platz, T., Schüttauf, J., Aschenbach, J., Mengdehl, C., & Lotze, M. (2016). Effects of inhibitory theta burst 

TMS to different brain sites involved in visuospatial attention–a combined neuronavigated cTBS 

and behavioural study. Restorative neurology and neuroscience, 34(2), 271–285. 

Ranganath, C., Heller, A., Cohen, M. X., Brozinsky, C. J., & Rissman, J. (2005). Functional connectivity with 

the hippocampus during successful memory formation. Hippocampus, 15(8), 997–1005. 

https://doi.org/10.1002/hipo.20141 

Ranganath, C., & Ritchey, M. (2012). Two cortical systems for memory-guided behaviour. Nature reviews 

neuroscience, 13(10), 713–726. 

Rissman, J., & Wagner, A. D. (2012). Distributed Representations in Memory: Insights from Functional 

Brain Imaging. Annual Review of Psychology, 63(1), 101–128. https://doi.org/10.1146/annurev-

psych-120710-100344 



    

 

33 

 

Rivest, J., Moscovitch, M., & Black, S. (2009). A comparative case study of face recognition: The 

contribution of configural and part-based recognition systems, and their interaction. 

Neuropsychologia, 47(13), 2798–2811. https://doi.org/10.1016/j.neuropsychologia.2009.06.004 

Rugg, M. D., & Vilberg, K. L. (2013). Brain networks underlying episodic memory retrieval. Current 

Opinion in Neurobiology, 23(2), 255–260. https://doi.org/10.1016/j.conb.2012.11.005 

Schacter, D. L., Addis, D. R., & Buckner, R. L. (2007). Remembering the past to imagine the future: The 

prospective brain. Nature Reviews Neuroscience, 8(9), 657–661. 

https://doi.org/10.1038/nrn2213 

Schielzeth, H., Dingemanse, N. J., Nakagawa, S., Westneat, D. F., Allegue, H., Teplitsky, C., Réale, D., 

Dochtermann, N. A., Garamszegi, L. Z., & Araya‐Ajoy, Y. G. (2020). Robustness of linear mixed‐

effects models to violations of distributional assumptions. Methods in ecology and evolution, 

11(9), 1141–1152. 

Sederberg, P. B., Kahana, M. J., Howard, M. W., Donner, E. J., & Madsen, J. R. (2003). Theta and gamma 

oscillations during encoding predict subsequent recall. Journal of Neuroscience, 23(34), 10809–

10814. 

Shohamy, D., & Daw, N. D. (2015). Integrating memories to guide decisions. Current Opinion in 

Behavioral Sciences, 5, 85–90. https://doi.org/10.1016/j.cobeha.2015.08.010 

Staresina, B. P., Cooper, E., & Henson, R. N. (2013). Reversible Information Flow across the Medial 

Temporal Lobe: The Hippocampus Links Cortical Modules during Memory Retrieval. Journal of 

Neuroscience, 33(35), 14184–14192. https://doi.org/10.1523/JNEUROSCI.1987-13.2013 

Staresina, B. P., Henson, R. N., Kriegeskorte, N., & Alink, A. (2012). Episodic reinstatement in the medial 

temporal lobe. Journal of Neuroscience, 32(50), 18150–18156. 

Takahashi, N., Kawamura, M., Hirayama, K., Shiota, J., & Isono, O. (1995). Prosopagnosia: A clinical and 

anatomical study of four patients. Cortex, 31(2), 317–329. 



    

 

34 

 

Titiz, A. S., Hill, M. R. H., Mankin, E. A., M Aghajan, Z., Eliashiv, D., Tchemodanov, N., Maoz, U., Stern, J., 

Tran, M. E., Schuette, P., Behnke, E., Suthana, N. A., & Fried, I. (2017). Theta-burst 

microstimulation in the human entorhinal area improves memory specificity. eLife, 6, e29515. 

https://doi.org/10.7554/eLife.29515 

Tompary, A., Duncan, K., & Davachi, L. (2016). High‐resolution investigation of memory‐specific 

reinstatement in the hippocampus and perirhinal cortex. Hippocampus, 26(8), 995–1007. 

https://doi.org/10.1002/hipo.22582 

Tulving, E. (2002). Episodic memory: From mind to brain. Annual review of psychology, 53(1), 1–25. 

Vékony, T., Németh, V. L., Holczer, A., Kocsis, K., Kincses, Z. T., Vécsei, L., & Must, A. (2018). Continuous 

theta-burst stimulation over the dorsolateral prefrontal cortex inhibits improvement on a 

working memory task. Scientific reports, 8(1), 14835. 

Waldhauser, G. T., Braun, V., & Hanslmayr, S. (2016). Episodic Memory Retrieval Functionally Relies on 

Very Rapid Reactivation of Sensory Information. The Journal of Neuroscience, 36(1), 251–260. 

https://doi.org/10.1523/jneurosci.2101-15.2016 

Wang, J. X., Rogers, L. M., Gross, E. Z., Ryals, A. J., Dokucu, M. E., Brandstatt, K. L., Hermiller, M. S., & 

Voss, J. L. (2014). Targeted enhancement of cortical-hippocampal brain networks and 

associative memory. Science, 345(6200), 1054–1057. https://doi.org/10.1126/science.1252900 

Xiao, J., Hays, J., Ehinger, K. A., Oliva, A., & Torralba, A. (2010). SUN database: Large-scale scene 

recognition from abbey to zoo. 2010 IEEE Computer Society Conference on Computer Vision and 

Pattern Recognition, 3485–3492. https://doi.org/10.1109/CVPR.2010.5539970 

Xiao, X., Dong, Q., Gao, J., Men, W., Poldrack, R. A., & Xue, G. (2017). Transformed Neural Pattern 

Reinstatement during Episodic Memory Retrieval. The Journal of Neuroscience, 37(11), 2986–

2998. https://doi.org/10.1523/JNEUROSCI.2324-16.2017 



    

 

35 

 

Yadollahikhales, G., Mandelli, M. L., Ezzes, Z., Pillai, J., Ratnasiri, B., Baquirin, D. P., Miller, Z., De Leon, J., 

Tee, B. L., Seeley, W., Rosen, H., Miller, B., Kramer, J., Sturm, V., Gorno-Tempini, M. L., & 

Montembeault, M. (2024). Perceptual and semantic deficits in face recognition in semantic 

dementia. Neuropsychologia, 205, 109020. 

https://doi.org/10.1016/j.neuropsychologia.2024.109020 

Yonelinas, A. P. (2013). The hippocampus supports high-resolution binding in the service of perception, 

working memory and long-term memory. Behavioural Brain Research, 254, 34–44. 

https://doi.org/10.1016/j.bbr.2013.05.030 

 

  

 



    

 

36 

 

 Funding 

 This study was funded by the University of Hamburg. Lars Schwabe is funded by the DFG 

(RTG2753 “Emotional Learning and Memory”). Aidan J. Horner is funded by the ESRC 

(ES/X00791X/1) and Leverhulme Trust (RPG-2023-003). 

 

Acknowledgements 

We gratefully acknowledge the assistance of Carlo Hiller with the programming of the task and 

of Ellie Sophie Siegel, Selen Soylu, Mari Casall, and Ayse Ceren Sun during data collection. 

 

Conflict of interest 

The authors declare no competing financial interests related to this manuscript. 

 

Data and Code Availability 

The behavioral and raw as well as processed EEG data generated in this study have been 

deposited together with the code used for analyses in the Federal Data Repository of the 

University of Hamburg (https://www.fdr.uni-hamburg.de/record/17815).  

 

CRediT authorship contribution statement 

Hendrik Heinbockel: Data curation, Formal analysis, Validation, Visualization, Methodology, 

Writing – original draft, Writing – review and editing. Aidan J. Horner: Conceptualization, 

Validation, Writing – review and editing. Lars Schwabe: Conceptualization, Project 

administration, Resources, Supervision, Funding acquisition, Writing – original draft, Writing – 

review and editing. 

 

https://www.fdr.uni-hamburg.de/record/17815

