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Summary

Episodic memory involves the reinstatement of distributed patterns of brain activity present when 

events were initially experienced. The hippocampus is thought to coordinate reinstatement via its 

interactions with a network of brain regions, but this hypothesis has not been causally tested in 

humans. The current study directly tested the involvement of the hippocampal network in 

reinstatement using network-targeted noninvasive stimulation. We measured reinstatement of 

multi-voxel patterns of fMRI activity during encoding and retrieval of naturalistic video clips 

depicting everyday activities. Reinstatement of video-specific activity patterns was robust in 

posterior-parietal and occipital areas previously implicated in event reinstatement. Theta-burst 

stimulation targeting the hippocampal network increased video-specific reinstatement of fMRI 

activity patterns in occipital cortex and improved memory accuracy relative to stimulation of a 

control out-of-network location. Furthermore, stimulation targeting the hippocampal network 

influenced the trial-by-trial relationship between hippocampal activity during encoding and later 

reinstatement in occipital cortex. These findings implicate the hippocampal network in the 

reinstatement of spatially distributed patterns of event-specific activity, and identify a role for the 

hippocampus in encoding complex naturalistic events that later undergo cortical reinstatement.
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eTOC blurb

Hebscher et al. test the effects of noninvasive brain stimulation targeting the hippocampal network 

on memory for naturalistic events. Stimulation improves memory accuracy, enhances cortical 

reinstatement of event-specific patterns of neural activity, and alters the association between 

hippocampal activity and cortical reinstatement.

Introduction

Episodic memory involves re-experiencing past events in detail. A prevailing view is that 

this involves reinstating patterns of neural activity that were present during the encoding of 

an event in a process supported by the hippocampus [1-3]. The hippocampus is thought to 

bind together episodic information distributed throughout the brain during encoding and to 

coordinate reinstatement of this distributed activity at retrieval [4-6]. The current study 

evaluated this hypothesis by testing whether modulating the hippocampal network via 

noninvasive brain stimulation affects cortical reinstatement, measured using functional 

magnetic resonance imaging (fMRI).

Episodic memory is related to reinstatement of cortical activity as measured by fMRI in 

humans. These experiments have used multivariate measures [7] to quantify the similarity of 

multi-voxel activity patterns between initial encoding and subsequent retrieval [8]. This 

metric of memory-related activity reinstatement is typically robust in occipitotemporal and 

parietal cortex [4-6,9-11], within areas thought to be involved in representing the sensory 

features comprising the reactivated memory [3]. Event-specific fMRI reinstatement occurs 

for complex video clips that approximate the content of naturally occurring events [9-11], 

thus demonstrating relevance to real-world memory function. Some experiments have 

further found that trial-by-trial fluctuations in hippocampal activity are related to 

corresponding fluctuations in cortical reactivation strength [4-6], suggesting that the 

hippocampus may be important for coordinating distributed reinstatement.

The hippocampus accomplishes memory-related functions via interactions with a distributed 

network of interconnected brain regions, including medial and lateral temporal and parietal 

cortex, medial frontal cortex, and a variety of subcortical nuclei [12-16]. The hippocampus 

and its network can be functionally influenced using a transcranial magnetic stimulation 

(TMS) approach referred to as “hippocampal-network-targeted” (HNT) stimulation [17]. In 

this approach, TMS is applied to subject-specific cortical locations based on their high 

functional connectivity to the hippocampus. HNT stimulation using a theta-burst pattern has 

enhanced performance on hippocampal-dependent word-list [18] and spatial-precision [19] 

tests of episodic memory, with associated changes in resting-state fMRI connectivity 

between the hippocampus and regions of its network [17,18], and in memory-related neural 

activity in the hippocampal network [20,21]. Notably, although previous studies have 

demonstrated that HNT stimulation can alter hippocampal-network function and episodic 

memory [17,20,22], the neural mechanisms by which this alteration occurs are unclear. In 

particular, the impact of HNT on cortical reinstatement of event-specific activity patterns has 

not been tested.
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The current study used HNT stimulation to test theorized hippocampal contributions to 

cortical reinstatement of naturalistic event memories. Participants received theta-burst 

stimulation to a lateral parietal region defined by high functional connectivity with the 

hippocampus (HNT stimulation) and then immediately completed a naturalistic video 

memory task during fMRI scanning. On a different day, the same procedure was performed 

but with stimulation of a control out-of-network location (vertex). On each day, memory 

encoding occurred immediately after stimulation during fMRI scanning. Participants viewed 

a series of short video clips depicting everyday activities, which afford high experimental 

control while more closely approximating memory for life events compared to traditional 

laboratory memory tasks. At retrieval, subjects used recall cues to mentally replay studied 

video clips. To enable comparison with previous episodic and autobiographical memory 

studies, we measured both objective and subjective memory for video clips (See Figure 1 for 

experimental design).

We measured reinstatement of individual video clips by comparing patterns of fMRI activity 

between encoding and retrieval [7]. Importantly, the video clips used here were unique from 

those used in previous studies to identify cortical reinstatement [9,23] in that the clips had 

relatively high feature overlap, including the same actor, similar contexts, and similar 

content. This is similar to natural memory demands in which specific events must be 

remembered given the consistent actors, locations, and objects typical of one’s everyday life. 

Further, relatively high trial counts (51 trials per session) supported event-specific analyses 

that allowed us to examine how similarities between neural activity associated with different 

videos at encoding influences later reinstatement of distinct, event-specific patterns of neural 

activity.

Based on prior findings of memory enhancement by HNT theta-burst stimulation [18,19] we 

predicted that, compared to control stimulation, HNT stimulation would improve memory 

accuracy and therefore also increase reinstatement of stimulus-specific activity patterns. 

Based on evidence for the impact of HNT stimulation on hippocampus [17,20] and the 

putative role of hippocampus in coordinating cortical reinstatement [4-6], we hypothesized 

that HNT stimulation would modulate hippocampal activity and its association with cortical 

reinstatement.

Results

Effects of stimulation on memory

We first examined the effects of HNT stimulation on memory for videos. Previous 

experiments have demonstrated improved memory accuracy due to HNT stimulation [17], 

and we tested for similar effects here by asking two objective yes/no questions about each 

video clip (Figure 1C). To assess the influence of stimulation on these two questions, we 

conducted a 2x2 repeated-measures ANOVA with accuracy as the dependent variable, and 

question number (Q1 vs Q2) and stimulation (HNT vs control) as factors (Figure 2A). There 

was a significant main effect of question number (F(1,57) = 4.81 , p = 0.033, η2
p = 0.078), 

no main effect of stimulation on accuracy (F(1,57) = 1.15, p = 0.288, η2
p = 0.020), and a 

significant stimulation by question number interaction (F(1,57)=6.09, p=0.017, η2
p = 0.097). 

Paired-samples t-tests were used to determine the effects that led to this interaction. 
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Compared to Q1, Q2 accuracy was significantly worse for control stimulation (t(19) = 

−3.40, p = 0.003, d = 0.838) but not for HNT stimulation (t(19) = 0.21, p = 0.833, d = 

0.045). This indicates that the typical pattern of performance on the task (under control 

stimulation) was worse accuracy for Q2 than Q1, and that this relative Q2 disadvantage was 

protected by HNT stimulation. Indeed, HNT stimulation significantly improved Q2 accuracy 

relative to control stimulation (t(19) = 3.20, p = 0.005, d = 0.751), but had no effect on Q1 

accuracy relative to control stimulation (t(19) = −0.74, p = 0.470, d = −0.206). A repeated-

measures ANOVA revealed that the order of stimulation sessions did not affect accuracy, as 

demonstrated by no significant counterbalance order (HNT vs. control stimulation first) by 

session (HNT vs. control) interaction on Q2 (F(1,18) = 3.33, p=0.085) or Q1 accuracy 

(F(1,18) = 0.149, p = 0.704). Overall, these findings suggest that HNT stimulation improved 

memory relative to a typical pattern of worse performance for Q2 than Q1 evident under 

control stimulation. This may be because Q2 included more questions about the background 

context of the episode than Q1, and context is likely dependent on the posterior portions of 

the hippocampal network that were targeted by HNT stimulation [24] (See Episodic memory 

task in STAR Methods for more information on the breakdown of question content).

To assess subjective qualities of memory, we measured vividness and confidence (See 

Episodic memory task in Methods). There was no effect of HNT relative to control 

stimulation on vividness or on confidence for either question (all p’s > 0.49; See Table 1). 

Consistent with previous findings and interpretations [17], this suggests that HNT 

stimulation affects hippocampal-related function, as indicated by improved memory 

accuracy, more than parietal-related functions [25], as indicated by no change in memory 

vividness and confidence judgments.

Effects of stimulation on reinstatement

We next tested the effect of HNT stimulation on reinstatement, which we defined as the 

video-specific similarity between encoding and retrieval fMRI activity patterns [4,7,9] 

within cortical regions of interest (ROIs) in each hemisphere. ROIs were chosen based on 

their identification in a previous video reinstatement study [9] (Figure 3D). For each ROI, 

encoding-retrieval similarity was computed as the Pearson correlation of a video’s fMRI 

activity pattern during encoding with the corresponding activity pattern when subjects 

attempted to mentally replay the same video during retrieval. Encoding-retrieval similarity 

was computed for all pairs of videos and the average Fisher-transformed correlation of all 

mismatched pairs (different videos at encoding versus retrieval) was subtracted from the 

mean correlation of all matched pairs (same video at encoding and retrieval), and z-scored 

against a null distribution of correlation difference scores obtained by permuting video 

labels (See Encoding-retrieval reinstatement in STAR Methods). The resulting z-scores 

reflect pattern similarity, or reinstatement, of video-specific activity for a particular ROI.

For control-stimulation sessions, one-sample t-tests corrected for multiple comparisons (see 

Encoding-retrieval reinstatement in Methods) indicated that reinstatement was significantly 

greater than the null distribution for left fusiform, right middle occipital, right angular, and 

bilateral middle temporal ROIs (See Figure 3A; Table 2). For HNT-stimulation sessions, t-

tests corrected for multiple comparisons revealed more ROIs with significant reinstatement, 
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including all of the same ROIs with significant reinstatement in the control-stimulation 

condition, plus additional ROIs (left middle occipital gyrus and bilateral precuneus) (See 

Figure 3B; Table 2). The additional ROIs showing reinstatement following HNT stimulation 

relative to control stimulation were predominately in the left hemisphere, which is notable as 

HNT stimulation was delivered to left hemisphere based on connectivity with left 

hippocampus, and connectivity of posterior cortex with hippocampus is primarily unilateral 

[14,26].

For all ROIs that showed significant reinstatement for either session, paired-samples t-tests 

corrected for multiple comparisons were used to test whether HNT stimulation led to greater 

reinstatement than control stimulation. HNT stimulation significantly increased 

reinstatement in the left middle occipital gyrus (t(19) = 3.66, p = 0.002, d = 0.936), but not 

in other ROIs (all p’s > 0.1). See Figure 3C; Table 2. Notably, this ROI showing greater 

reinstatement due to HNT stimulation is spatially distinct from the parietal location where 

HNT stimulation was applied (Figure 3D), with no subject’s HNT stimulation location 

falling within this ROI, and does not belong to the hippocampal network as defined in 

previous experiments [24,27].

Specificity of the effects of stimulation on reinstatement

Although the hippocampus is thought to be important for cortical reinstatement [1-3], we did 

not predict that such reinstatement would occur within the hippocampus itself, in line with 

several previous studies [4,5]. To test this, we used left and right hippocampus as ROIs for 

the same reinstatement analysis described above, and found no evidence of significant 

reinstatement for either control-stimulation (p’s > 0.063) or HNT-stimulation sessions (p’s > 

0.183), and no difference in reinstatement between stimulation sessions (p’s > 0.110).

To test the anatomical specificity of the effects of stimulation on reinstatement within the 

cortical ROIs that were used for the main analysis (Figure 3D), we performed the same 

analyses for ROIs that were not expected to show reinstatement effects: bilateral 

supplementary motor cortex and middle frontal gyrus. This ROI-based approach has similar 

power to the primary analyses reported above. No control regions had significant 

reinstatement for either the control or HNT stimulation sessions (all p’s > 0.087), and 

reinstatement did not differ between stimulation sessions for any region (all p’s > 0.643). 

These findings demonstrate that cortical reinstatement and the effects of stimulation on 

reinstatement were relatively specific to the ROIs selected a priori.

To test that the effects of stimulation on reinstatement were not merely due to different levels 

of univariate activity across the stimulation sessions [28], we assessed the effect of HNT 

stimulation on univariate activity at encoding and retrieval. We focused on the left middle 

occipital gyrus ROI because this allowed us to test whether the observed effect of HNT on 

reinstatement was driven by changes in univariate activity. Voxel-wise analysis of univariate 

activity within this region did not differ between stimulation sessions for either encoding or 

retrieval (no clusters > 10 voxels at p < 0.01 threshold). We next computed the trial-wise 

correlation between univariate activity and reinstatement within the left middle occipital 

gyrus. At encoding, average univariate activity was negatively correlated with reinstatement 

within this region for HNT stimulation (−t(19) = 2.98, p = 0.008), and trending towards a 
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negative relationship for control stimulation (t(19) = −2.00, p = 0.060), but the correlation 

did not differ between sessions (p = 0.270). At retrieval, univariate activity and reinstatement 

were positively correlated for both HNT (t(19) = 7.48, p < 0.001), and control stimulation 

(t(19) = 9.43, p < 0.001), however the correlation did not differ between sessions (p = 

0.386). Together these control analyses demonstrate that the effect of HNT stimulation on 

reinstatement is related to event-specific, distributed patterns of fMRI activity rather than to 

an overall effect on the magnitude of the fMRI response.

We next tested whether HNT stimulation affected relevant reinstatement (matched videos), 

or if it also affected irrelevant reinstatement (mismatched videos). There was a significant 

effect of stimulation on relevant reinstatement (matched videos) such that similarity was 

greater for HNT (mean = 1.43) than control stimulation (mean = 0.267) (t(19) = 3.67, p = 

0.002). There was also an effect of stimulation on irrelevant reinstatement such that 

similarity was more negative for HNT (mean = −1.465) than control stimulation (mean = 

−0.27) (t(19) = −3.78, p = 0.001). This indicates that HNT stimulation both enhanced the 

reinstatement of video-specific relevant videos and reduced irrelevant reinstatement of 

related videos.

To determine whether the effects of HNT stimulation on neural reinstatement are related to 

its effects on memory accuracy, we performed an additional control analysis comparing 

reinstatement between accurate and inaccurate trials. Comparison of left middle occipital 

reinstatement between trials on which Q2 was answered correctly versus incorrectly 

revealed a significant difference between for HNT (t(19) = 2.80, p = 0.011) but not control 

stimulation (t(19) = 1.61, p = 0.124), such that reinstatement was higher for correct trials. 

Comparing reinstatement between trials on which Q1 was correct vs. incorrect revealed no 

significant difference for HNT (t(19) = 1.77, p = 0.093) or control stimulation (t(19) = 1.58, 

p = 0.130). These findings suggest that the effects of HNT stimulation on reinstatement and 

on behavior are related.

Effects of stimulation on hippocampal contributions to reinstatement

To test the hypothesis that HNT stimulation would affect hippocampal activity, we compared 

univariate hippocampal activity between stimulation sessions. We focused on left 

hippocampus because it was the indirect target of HNT stimulation, chosen a priori on 

anatomical grounds and by indirect targeting via a lateral parietal site with high resting-state 

fMRI connectivity. A voxel-wise paired t-test on hippocampal activity at encoding revealed 

a cluster in the left posterior hippocampus showing reduced activity for HNT compared to 

control stimulation (7 voxels at p < 0.005, cluster corrected; peak t = −4.44) (Figure 4A). 

Control and HNT stimulation both showed positive activity for this cluster, although this 

activity was sub-threshold for HNT stimulation (control: peak t = 5.81 ; HNT: peak t = 

1.29). Moreover, activity in the left hippocampus as a whole was predominately positive for 

both control and HNT stimulation. This suggests that HNT stimulation reduced the degree 

of positive hippocampal activity rather than causing negative deflections in activity. No 

clusters survived thresholding for the comparison between stimulation sessions on 

hippocampal activity at retrieval. There were no differences between stimulation sessions in 

the right hippocampus for either encoding or retrieval. Thus, HNT stimulation led to reduced 
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activity at encoding, specifically in the left hippocampus which was indirectly targeted. This 

is consistent with previous findings of HNT stimulation’s effects on left hippocampal 

activity (12), and of reduced hippocampal activity due to the specific single-session theta-

burst TMS parameters that were used here [20].

To assess the relevance of HNT stimulation’s effects on hippocampal encoding activity for 

later reinstatement, we analyzed the trial-by-trial association between hippocampal activity 

and cortical reinstatement, and the effect of stimulation on this relationship. Based on the 

effects of HNT stimulation described above, we focused on the trial-by-trial relationship 

between left hippocampal univariate activity during encoding (Figure 4B) and left middle 

occipital gyrus encoding-retrieval reinstatement. For control stimulation, there was no 

significant relationship between univariate hippocampal activity and occipital reinstatement 

(t(19) = 0.02, p = 0.986, d = 0.004), whereas for HNT stimulation there was a significant 

negative association (t(19) = −3.08, p = 0.006, d = 0.689). 17 out of 20 participants 

demonstrated this negative relationship following HNT stimulation, compared to only 9 out 

of 20 for control stimulation. Paired-samples t-tests indicated that HNT stimulation led to a 

significantly more negative relationship relative to control stimulation (t(19) = 2.32, p = 

0.032, d = 0.634). See Figure 4C and 4D. This suggests that the degree to which HNT 

stimulation decreased hippocampal activity during encoding was associated with increased 

encoding-retrieval similarity. As we will describe below, this relationship may be related to 

the uniqueness of the activity patterns evoked by individual videos during encoding (i.e. the 

degree of fMRI activity pattern overlap between similar videos at encoding).

We next tested the alternative possibility that the local effects of HNT stimulation on the 

stimulated cortex rather than on hippocampal activity may have been responsible for its 

effects on cortical reinstatement. We measured the trial-by-trial correlation between left 

middle occipital gyrus reinstatement and univariate activity at the subject-specific sites of 

stimulation. Within-subject correlations were not significantly different from zero for either 

control or HNT stimulation, and there was no difference between the sessions (all p’s > 

0.516). These findings suggest that effects of HNT stimulation on activity at the stimulation 

site did not affect cortical reinstatement. Taken together with the reported effect of HNT 

stimulation on the trial-by-trial correlation between univariate hippocampal activity and 

reinstatement, these findings suggest that the hippocampus rather than the stimulated cortex 

is related to the effects of stimulation on cortical reinstatement.

We also examined the relationship between hippocampal activity at retrieval and cortical 

reinstatement [4,5]. Left hippocampal activity was positively associated with left middle 

occipital gyrus reinstatement for both control (t(19) = 3.95, p < 0.001, d = 0.883) and HNT 

stimulation (t(19) = 4.07, p < 0.001, d = 0.910). This association did not significantly differ 

between sessions (p = 0.784). Thus, hippocampal activity during retrieval was positively 

associated with reinstatement, without variation by stimulation condition, indicating that 

positive deflections in hippocampal activity reflect retrieval of video-specific content and 

that the effects of HNT stimulation were primarily on encoding.
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Testing the role of hippocampus in encoding activity that supports reinstatement

We performed an exploratory analysis to test a hypothesis about why HNT stimulation 

induced a negative association between left hippocampal activity during encoding and 

subsequent reinstatement in left middle occipital gyrus. We reasoned that greater 

hippocampal activity at encoding to a specific video might partially reflect retrieval of 

similar content from other videos, and that this could increase the similarity among video 

representations and thereby lead to reduced potential for reinstatement of specific videos. 

Thus, we hypothesized that greater hippocampal activity at encoding would be related to 

higher similarity of fMRI activity patterns between videos at encoding, and that this 

“encoding similarity” would in turn be related to reduced video-specific cortical 

reinstatement at retrieval. Encoding similarity was calculated as the average Fisher-

transformed correlation between the pattern of fMRI activity for each video and all other 

videos at encoding (See Encoding similarity in STAR Methods).

Within the left middle occipital gyrus, encoding similarity was significantly greater than 

zero for control (t(19) = 14.16, p < 0.001) and HNT sessions (t(19) = 14.49, p < 0.001) and 

did not differ by stimulation session (t(19) = 1.68, p = 0.109). Although they were not the 

focus of this exploratory analysis, we also assessed encoding similarity within each of the 5 

bilateral ROIs (Figure 3D). Values for all ROIs were significantly greater than zero for both 

stimulation sessions (all p’s < 0.001) with no significant differences between stimulation 

sessions (all p’s > 0.05, corrected for multiple comparisons), however all ROIs showed a 

trend towards lower encoding similarity for HNT versus control stimulation. This high 

similarity of activity patterns across videos is unsurprising and likely reflects similarity in 

video content and task demands across trials. The critical question of interest is thus whether 

encoding similarity is related to univariate hippocampal encoding activity and subsequent 

pattern reinstatement. Indeed, there was a significant within-subject correlation between 

encoding similarity and hippocampal activity at encoding, with greater hippocampal activity 

associated with higher encoding similarity in left middle occipital gyrus for both control 

(t(19) = 9.42, p < 0.001) and HNT sessions (t(19 = 5.37, p < 0.001), with no difference 

between sessions (p = 0.692) (Supplemental Information: Figure S1A). Thus, greater 

hippocampal activity was associated with more overlap of fMRI activity patterns among 

different videos in occipital cortex at encoding.

As hypothesized, higher encoding similarity was in turn related to less cortical 

reinstatement. There was a significant negative within-subjects correlation between encoding 

similarity and reinstatement for both control (t(19) = −3.98, p < 0.001) and HNT stimulation 

sessions (t(19)= −3.69, p = 0.002), with no difference by stimulation session (p = 0.532) 

(Supplemental Information: Figure S1B). Together these exploratory findings suggest that 

lower hippocampal activity was generally related to more dissimilarity among video activity 

patterns during encoding, and that more dissimilar encoding patterns in turn predicted 

greater video-specific activity reinstatement during retrieval. The beneficial effect of HNT 

stimulation on reinstatement thus could have resulted from its suppressive effect on 

hippocampal activity during encoding.
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Discussion

This study tested the effect of HNT stimulation on memory for naturalistic episodes. We 

found that stimulation of parietal regions showing high functional connectivity with the 

hippocampus improved memory accuracy and induced reinstatement in a greater number of 

posterior cortical regions relative to control stimulation, significantly enhancing 

reinstatement in the middle occipital gyrus. We further found that HNT stimulation led to 

reduced univariate activity in the left hippocampus at encoding and identified a stimulation-

induced negative relationship between trial-wise hippocampal activity and cortical 

reinstatement that appeared to be mediated by the neural distinctness of videos at encoding. 

These findings demonstrate that perturbing one node of the episodic memory network can 

alter large-scale, multimodal patterns of neural activity which are considered to be 

fundamental to memory.

Episodic memory is thought to critically depend on cortical reinstatement mediated by the 

hippocampus [1-3]. Consistent with prior research [9,23,29], we identified reinstatement of 

video-specific patterns of neural activity within a set of posterior parietal and occipital 

regions following control stimulation. A greater number of regions showed significant 

reinstatement following HNT stimulation, and many of these regions were located in the left 

hemisphere, suggesting that left lateralized stimulation preferentially affects cortical areas in 

the left hemisphere. Direct comparison of the two sessions revealed that HNT stimulation 

led to greater reinstatement in the left middle occipital gyrus. This region might be have 

been affected by stimulation due to its reported role in episodic memory encoding success 

[30], recall of visual content [31,32] including videos [33], and reinstatement of video clips 

[9,23]. In addition, this region shows high functional connectivity with the hippocampus 

during memory formation [34] and retrieval. Importantly, these findings demonstrate that 

HNT stimulation alters reinstatement in posterior parietal and occipital regions.

We found that a single session of theta-burst HNT stimulation improves memory accuracy 

and enhances cortical reinstatement of naturalistic episodic memories. These findings add to 

prior research which identified improvements in hippocampal-dependent word-list [18] and 

spatial precision tests [19] of episodic memory using the same stimulation paradigm, with 

associated increases in resting-state fMRI connectivity between the hippocampus and its 

network [18]. Our findings of enhanced episodic memory accuracy and reinstatement are 

consistent with the improvements identified in these [18,19] as well as other HNT 

stimulation studies using a multi-day paradigm [21,35-37]. Conversely, theta-burst HNT was 

recently shown to reduce evoked anterior hippocampal activity and performance on a task 

thought to rely on episodic memory [20]. Differences between that study’s findings and ours 

may be related to the seed used to determine stimulation location, which was located in 

anterior hippocampus in that study and in hippocampal body in ours, and task differences, 

with that study measuring divergent thinking and episodic simulation, and ours measuring 

episodic memory. Others have similarly reported disrupted episodic memory following 

stimulation of lateral parietal regions [20,22,38-42], although these studies did not use an 

HNT stimulation approach. Notably, many of the studies showing disruptions tested the 

effects of stimulation on memory processes thought to be partially dependent on the parietal 

lobe, such as multimodal integration [38], generation [20] and recall of detailed 
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multisensory information [22,39], and memory vividness [40], which differ from the 

predominately hippocampal-dependent measure of memory in ours and similar studies 

[19,21,35-37,43]. This pattern of results is consistent with a recent proposal that stimulation 

may disrupt local processing at the site of stimulation while enhancing processing in 

downstream, functionally connected regions such as the hippocampus [17]. This proposal 

may also explain why HNT stimulation altered memory accuracy but not vividness in the 

present study. That is, although the parietal lobe plays an established role in subjective 

memory [40,41], stimulation targeted the hippocampus and was therefore more likely to 

alter hippocampal- than parietal-based functions. Thus, discrepancies in the effects of 

parietal stimulation on memory may be due to differences in the neural basis of the targeted 

memory function.

Prior work has shown that delivering TMS to accessible portions of the episodic memory 

network can alter performance on standard laboratory tests of episodic memory 

[18,19,21,37,44]. The present findings demonstrate that this approach can be used to 

improve objective memory for complex stimuli that more closely approximate memory 

demands experienced outside the laboratory. We found that HNT stimulation altered 

objective memory accuracy on the second of two true/false questions. Interestingly, 

participants performed worse on the second question than they did for the first question, but 

only for control stimulation. One possible explanation for this finding is that participants 

were better able to answer the second question following HNT stimulation because it more 

often asked about the contextual details of an event (see Methods), which may depend more 

on the posterior hippocampal network [24] that was targeted by HNT stimulation than 

answering other types of questions. This could have led to a greater effect of stimulation on 

the more contextual-biased second question. Another possible explanation is that HNT 

stimulation improved memory encoding, leading to higher fidelity reinstatement of 

memories which were more temporally stable throughout the question phase, allowing 

participants access to the details of a memory for longer and therefore to answer the second 

question more accurately. A final possibility is that HNT stimulation altered retrieval 

mechanisms that lessened interference between the elements retrieved to answer the second 

question from those retrieved to answer the first question. While the present behavioral data 

is not sufficient to formally test these idea, future studies could experimentally test the 

mechanism by which HNT stimulation improves memory accuracy.

We stimulated areas of the lateral parietal lobe with high functional connectivity to the 

hippocampus, aiming to indirectly target the hippocampus, and found that HNT stimulation 

led to reduced univariate activity at encoding in a small left posterior hippocampal cluster. 

At the trial-level, HNT stimulation led to a significant negative association between left 

hippocampal activity at encoding and reinstatement in the left middle occipital gyrus. 

Notably, there was no such relationship between activity at the stimulated parietal location 

and reinstatement, indicating that the effects of HNT stimulation on reinstatement were 

based on hippocampal rather than cortical activity modulation. Follow-up analyses revealed 

that this negative association was related to the similarity or interference between videos as 

they were being encoded. Greater neural similarity in the left middle occipital gyrus between 

different videos at encoding was associated with concurrent increases in hippocampal 

activity and lower cortical reinstatement during retrieval. This suggests that hippocampal 
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activity during encoding might partially reflect retrieval of content from other videos, which 

in turn makes later reinstatement of the unique elements of an individual video more 

difficult. The stimulation-induced reduction in hippocampal activity at encoding might 

therefore reflect less neural overlap (and interference) between similar videos at encoding, 

which in turn leads to greater reinstatement of unique videos and lower reinstatement of 

irrelevant videos. Indeed, we found that HNT stimulation both enhanced reinstatement of 

relevant videos and reduced reinstatement of irrelevant videos. Future studies could directly 

test the relationship between encoding similarity, hippocampal activity, and neural 

reinstatement by formally manipulating content similarity or by obtaining corresponding 

metrics of behavioral confusion or interference between videos.

Although the hippocampus is thought to be important for supporting cortical reinstatement 

[1-3], we did not observe video-specific reinstatement in the hippocampus itself. Previous 

findings are mixed [45], with some fMRI studies failing to find evidence for item- [4,5] or 

category-level [46] reinstatement within the hippocampus and other studies finding evidence 

for item-level [47] or category-level [48] reinstatement. It is unclear how the dominant 

trisynaptic circuit within the hippocampus could exhibit patterns of activity that could 

support item-specific reinstatement as measured by fMRI. However, the reported trial-wise 

correlation between hippocampal activity and cortical reinstatement implicates the 

hippocampus in the orchestration of cortical reinstatement, perhaps through a mechanism 

such as memory strength [49] or indexing of the location of cortical memory traces [50], 

rather than by reinstating video content itself.

To conclude, the present findings demonstrate that noninvasive stimulation of functionally 

connected regions can alter large-scale patterns of event-specific activity beyond the site of 

stimulation, leading to enhanced memory for complex, naturalistic events and their 

spatiotemporal contexts. This provides important direct evidence to support the causal role 

of the hippocampal network in supporting memory reinstatement. Together with prior 

findings of altered episodic memory and neural activity following network-targeted 

stimulation [18,19,21,37,44], the current findings support the ability of HNT stimulation to 

alter hippocampal-cortical networks important for naturalistic expressions of episodic 

memory, which could be of use in treating disorders of memory for life events.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources should be directed to and 

will be fulfilled by the lead contact, Joel Voss (joel-voss@northwestern.edu).

Materials Availability—This study did not generate new unique reagents

Data and Code Availability—Data and code are available from the lead contact upon 

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects—Twenty adults participated in the current study (11 females, mean age = 24.26, 

SD = 3.57, range = 19-32). A restricted age range was used to avoid age-related effects on 

memory and approximate male/female balance was used such that sex could not be 

responsible for reported effects. All participants were native or fluent English speakers, had 

normal or corrected-to-normal vision, and were free from a history of neurological illness or 

injury, psychiatric condition, substance abuse, or serious medical conditions. All participants 

passed standard MRI and TMS safety screenings [51]. Participants provided informed 

consent prior to participating in the experiment and were paid for participation. Study 

procedures were approved by the Northwestern University Institutional Review Board.

METHOD DETAILS

Experimental design—Participants completed a baseline session and two experimental 

sessions on separate days in a within-subjects design. During the baseline session, resting-

state fMRI and structural MRI were acquired, and TMS resting motor threshold was 

determined. Resting-state fMRI from this session was used to define the stimulation 

locations for subsequent sessions. Each experimental session lasted approximately 2 hours 

and occurred on separate days, at least 48 hours apart (mean = 3.1 days, range = 2-7). In 

experimental sessions, participants received continuous theta burst TMS to either the control 

site (vertex) or the lateral parietal target (HNT), with the order of stimulation site 

counterbalanced across participants. TMS was administered in a room adjacent to the MRI 

scanner room. Immediately following the final TMS pulse, participants were moved to the 

scanner where they performed an episodic memory task while fMRI was collected. See 

Figure 1B for an overview of experimental sessions. During the encoding phase of the 

episodic memory task, participants watched short video clips, and at retrieval they recalled 

the videos, answered true/false questions to test their accuracy for the videos, and rated their 

subjective vividness of the memory. The encoding phase of the memory task began on 

average 6.9 mins (SD = 1.1, range = 5-10 mins) after the end of TMS delivery and was 

completed within approximately 21 minutes (length of encoding phase = 14 mins) post-

TMS. Retrieval began immediately after encoding and was completed within approximately 

55 mins of the final TMS pulse (length of retrieval phase = 32 mins).

Subject-specific stimulation target identification—HNT lateral parietal stimulation 

locations were identified separately for each participant based on resting-state fMRI 

connectivity with a left hippocampal seed, measured during the baseline session. This 

procedure was adapted from previous studies from our laboratory [37,44].

Baseline resting-state and structural MRI data were preprocessed using AFNI Software 

(https://afni.nimh.nih.gov/) [52]. Preprocessing steps included motion correction, slice-

timing correction to the first slice, functional/structural co-registration, resampling to a 

resolution of 1.5x1.5x1.5 mm, stereotactic transformation using Montreal Neurologic 

Institute 305 (MNI-305) template, band-pass filtering (0.01-0.10Hz), spatial smoothing 

(with a 4-mm FWHM Guassian kernel), despiking, linear de-trending, and regressing out the 

motion timeseries. Participant-specific hippocampal coordinates were located by identifying 

a voxel in the left hippocampal body nearest to MNI [−29,−25,−13] that demonstrated high 
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connectivity with bilateral hippocampus. This hippocampal voxel was then used as a seed in 

a whole-brain resting-state functional connectivity analysis. We then identified clusters of 

voxels in left parietal cortex with high functional connectivity to the hippocampal seed that 

fell within left angular and supramarginal gyri, nearest to MNI [−47, −68, 36]. Left parietal 

TMS target coordinates were chosen as the peak of the parietal cluster that fell within ~2cm 

of the skull and was located on a gyrus (mean correlation between seed-target = .38, range 

= .23-.48). As a control site, the vertex was located on each participant at the MNI 

coordinate [0,−15,74], and adjusted slightly so it fell within the interhemispheric fissure. 

HNT and control stimulation locations were transformed from MNI space into each 

participant’s native MRI space for anatomically guided TMS. Individual hippocampal seeds, 

lateral parietal targets, and vertex targets are plotted in Figure 1A.

TMS procedure—Participants received TMS to the left parietal target or to the control 

vertex site on separate experimental days. Resting motor threshold (RMT), determined 

during the baseline session, was defined as the minimum stimulator output necessary to 

produce a visible contraction of the right thumb (abductor pollicis brevis) for 5 out of 10 

consecutive single biphasic pulses delivered to the left M1 thumb area. Continuous theta 

burst stimulation was applied at 80% RMT for both stimulation locations. The Localite 

(GmBH, Germany; https://www.localite.de/en/home/) frameless stereotactic system was 

used to target the selected stimulation locations. Five anatomical landmarks located on the 

face were used to co-register the anatomical MRI to the participant’s head, and landmarks 

on the scalp were used to improve registration based on the curvature of the participant’s 

head. An infrared camera recorded sensors attached to the participant and the TMS coil, 

allowing for real-time tracking of the TMS coil over the participant’s MRI. A MagPro X100 

stimulator connected to a Cool-B65 butterfly coil (MagVenture A/S, Farum, Denmark; 

https://www.magventure.com/us) was used to deliver stimulation. The continuous theta burst 

stimulation protocol consisted of a total of 600 biphasic pulses arranged in bursts delivered 

every 200 ms (5-Hz), with each burst containing three pulses delivered at 50-Hz (40 s 

duration). The coil was positioned perpendicular to the brain surface at the stimulation site 

with the magnetic field oriented across the gyrus.

Episodic memory task—Practice sessions were performed prior to TMS administration 

to familiarize participants with the task and to ensure correct performance. Once moved to 

the MRI scanner, participants completed the episodic memory task in which they watched 

and recalled a series of short video clips. Videos consisted of 102 short (7 s) depictions of 

common events such as draining pasta, kicking a ball, and putting a sheet on the bed. Each 

video depicted a unique event centered around the same one character and occurred in a 

fixed number of locations, resulting in high overlap between elements of the videos. All 

videos were presented without sound. Videos were divided into 2 lists of 51 for presentation 

on separate experimental sessions, the order of which was counterbalanced across days and 

stimulation conditions. Within each list, videos were presented in a randomized order at both 

encoding and retrieval phases.

At the start of the encoding phase, participants were reminded of the task instructions and 

were instructed to pay close attention to all elements of the videos as their memory for the 
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videos would later be tested. Each video was then presented alone for 7 s, followed by an 

interstimulus interval (ISI) of 1 s. Participants then judged whether a number was odd or 

even for 2 s to discourage continued processing of the video. Previous evidence suggests that 

such judgments drive activity in key regions such as hippocampus back to zero during the 

intertrial interval (ITI) [53]. The trial ended with an ITI (fixation cross), jittered at 4, 6, and 8 

s. Each encoding trial was 16 s on average. All encoding trials occurred within 1 fMRI run 

lasting 13.9 mins.

The retrieval phase began immediately following completion of the encoding phase. 

Following a reminder of the instructions for this phase, participants were presented with the 

description of a video for 3 s and told to mentally replay the video within the allotted time, 

within a blank box that remained on the screen alone for 7 s. After mentally recalling each 

video, participants rated their vividness of the memory on a scale from 1-4, with 1 meaning 

they did not recall the video at all, and 4 meaning they recalled it vividly. 4 s were allotted 

for vividness ratings. Following the vividness rating, participants answered two true/false 

(yes/no) accuracy questions about the videos, incorporating their confidence (1- definitely 

yes, 2- maybe yes, 3-maybe no, 4-definitely no). 5 s were allotted for each accuracy 

question. Accuracy questions asked about (1) the contextual details of an event (i.e. “Is the 

actor’s foot on a wood floor”, for a video about tying shoelaces, or “Is there a toaster on the 

counter” for a video about opening a can of soup; 18/51 questions for Q1, 23/51 questions 

for Q2), (2) perceptual details central to the event (i.e. “Are the shoes black and white”, for a 

video about tying shoelaces, or “Is there a snowman in the globe” for a video about shaking 

a snow globe; 19/51 questions for Q1, 18/51 questions for Q2), or (3) the story or the series 

of actions performed (i.e. “Does the actor blow on the spoon before eating” for a video about 

eating soup, or “Does the lid come off of the can” for a video about opening a can of soup; 

(14/51 questions for Q1, 10/51 questions for Q2). There was a total of 1.2 s ISI within each 

trial, and an ITI (fixation cross) jittered at 4, 6, and 8 s, with an average trial length of 34 s. 

Responses were made using 2 response boxes, each with 2 buttons. Retrieval trials occurred 

over 3 fMRI runs (17 trials each), each lasting 10 mins. Presentation software was used to 

display the task and collect response data (https://www.neurobs.com/).

MRI acquisition—Structural and functional images were acquired using a Siemens 3 T 

Prisma whole-body scanner with a 64-channel head coil located in the Northwestern 

University Center for Translational Imaging Facility. Baseline resting-state and functional 

images during experimental sessions were acquired using a whole-brain BOLD EPI 

sequence (TR = 2000 ms, TE = 20 ms, FOV = 1116x1080 mm, flip angle = 80°, and 

1.7x1.7x1.7 mm voxel resolution, over 275 volumes). Structural images were acquired using 

a T1-weighted MPRAGE sequence (TR = 2170 ms, TE = 1.69 ms, FOV = 256x256 mm, flip 

angle = 7°, voxel resolution: 1.0 × 1.0 × 1.0 mm, 1-mm thick sagittal slices). During the 

baseline resting-state scan, participants were instructed to lie still with their eyes open. The 

baseline resting-state scan was 275 volumes (9.2 mins). The encoding phase of the memory 

task consisted of one 13.9 min run (418 volumes), while retrieval was split among three 10 

min runs (299 volumes each).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analyses—To determine the effect of HNT stimulation on objective episodic 

memory, we conducted a 2x2 repeated-measures ANOVA with accuracy as the dependent 

variable, and question number (Q1 vs Q2) and stimulation session (HNT vs control) as 

factors. Follow-up paired-samples t-tests were performed to assess significant interactions 

and main effects. Effect sizes were reported for primary behavioral outcomes. Confidence 

ratings were extracted from accuracy ratings, such that responses 1 and 4 reflected high 

confidence and responses 2 and 3 reflected low confidence. Paired-samples t-tests were 

conducted comparing HNT to control stimulation on vividness and confidence ratings. Trials 

were excluded from behavioral analyses if there was no response to either of the three 

retrieval questions. On average, 97% of trials were included for HNT stimulation sessions, 

and 98% of trials were included for control stimulation sessions. Means, standard deviations, 

and statistics on behavioral data are reported in Table 1. All paired-sample t-tests reported as 

significant passed Benjamini-Hochberg [54] correction for multiple comparisons.

MRI preprocessing—Functional MRI data for experimental sessions were preprocessed 

using AFNI software. Preprocessing included functional-structural co-registration, motion 

correction, spatial smoothing using a 1.7-mm full-width-half-maximum (FWHM) isotropic 

Gaussian kernel, and signal intensity normalization by the mean of each voxel. Motion 

parameters were calculated for each volume, and volumes with excessive frame to frame 

displacement (>0.3 mm) were flagged for later censoring.

Single-trial estimates were generated for multivariate analyses using a general linear model 

(GLM) in AFNI (3dDeconvolve). A separate model was constructed for each individual trial 

to estimate its’ activity separately from all other trials and nuisance variables, an approach 

known to work effectively for single-trial estimation for multivoxel pattern analyses [55]. 

For each functional run, individual trials were modelled separately against all other trials 

using a response model of a 7-s block convolved with a canonical hemodynamic response 

function. Nuisance variables included the six affine motion estimates generated by motion 

correction as well as linear drift. Motion estimates were regressed out using framewise 

displacement and the derivative of framewise displacement as a covariate. For encoding 

trials, the 7-s block began at the start of video presentation, while at retrieval the 7-s block 

began when participants saw the cued video title. The resulting single-trial t-maps for each 

trial were used for subsequent analyses, based on recommendations that using t-maps rather 

than beta maps for representational similarity analyses reduces the influence of noisy voxels 

[28]. All multivariate analyses were carried out in native space.

For univariate analyses, encoding- and retrieval-related neural activity were separately 

modelled for all trials using 7 s block functions convolved with a hemodynamic response 

function in addition to six motion regressors. Neural activity associated with accurate trials 

(measured by accuracy on the second question) were modelled separately from inaccurate 

trials, and then added together to represent all trials. For both sets of GLMs, trials were 

excluded from analyses if there was no response to the odd/even question at encoding, or no 

response to either of the three retrieval questions. This resulted in inclusion of an average of 

97% trials for control sessions, and 96% trials for HNT sessions.
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Regions of interest—Multivariate analyses were focused on a set of ROIs. ROIs included 

bilateral precuneus, angular gyrus, middle occipital gyrus, middle temporal gyrus, and 

fusiform gyrus. These regions were chosen because they are known to show reinstatement 

effects of video-specific patterns of activity [9-11]. Moreover, the memory task and analyses 

in [9] were very similar to ours, prompting us to adopt ROIs from that study. In addition to 

these main ROIs, we examined multivariate activity in three regions not expected to show 

reinstatement: (1) bilateral hippocampus, which may be involved in coordinating 

reinstatement but we did not expect to show reinstatement itself, (2) bilateral middle frontal 

gyrus, which is thought to be involved in episodic memory but has not been implicated in 

reinstatement of specific episodic memories, and (3) bilateral motor cortex, which should 

neither be involved in episodic memory nor in reinstating the content of videos. ROIs were 

defined using the Eickhoff-Zilles macro labels from N27 in MNI space (CA_ML_18_MNI 

atlas in AFNI) on a template brain in MNI space and warped to native space for each 

participant by calculating the transformation matrix needed to warp into MNI space and then 

reverse-transforming all ROIs into native space using affine transformation (3dAllineate). 

ROIs are shown in Figure 3D.

Encoding-retrieval reinstatement—We examined reinstatement of video-specific 

patterns of neural activity by conducting a series of representational similarity analyses 

(RSAs) on patterns of neural activity within ROIs. RSAs measured encoding-retrieval 

similarity by computing the Pearson correlation between neural activity patterns for all pairs 

of videos, for each ROI. Only trials that were self-reported as recollected (vividness score of 

> 1) were included in these analyses (86% trials for control; 85% trials for HNT). Pairwise 

correlations between all videos resulted in a matrix with the diagonal reflecting correlations 

between the same video at encoding and retrieval (matched pairs), and the off-diagonal 

reflecting correlations between different videos (mismatched pairs). Pairwise correlation 

values were Fisher transformed. We then subtracted the mean of the off-diagonal correlation 

values from the mean of the diagonal correlations, resulting in a metric that reflects the 

degree to which neural pattern similarity was greater for matched versus mismatched video 

pairs. This metric was then z-scored against a null distribution of correlation difference 

scores, calculated by randomly shuffling trials over 1000 permutations. Group-level statistics 

were performed on these z-scored pattern similarity values. RSAs were computed in 

MATLAB 2018a (The MathWorks, Inc., Natick, MA, USA; https://www.mathworks.com/

products/matlab.html), using the CoSMoMVPA toolbox (http://www.cosmomvpa.org/) [56] 

functions to load and organize fMRI datasets (cosmo_fmri_dataset), and calculate encoding-

retrieval similarity matrices (cosmo_correlation_measure). All subsequent analyses on 

correlation matrices were performed using in-house MATLAB scripts.

To assess the presence of neural reinstatement of video-specific patterns of neural activity, 

we first ran one-sample t-tests on z-scored pattern similarity values for each ROI, within 

each session. We next ran a series of paired-samples t-tests to determine the effect of 

stimulation on reinstatement. Only ROIs that showed reinstatement significantly greater than 

zero for individual sessions were entered into paired-samples t-tests. All p-values were 

submitted to Benjamini-Hochberg correction for multiple comparisons [54] using a q of 

0.05, and only p values that passed this correction are listed as significant. Effect sizes were 
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reported for primary outcomes. Means, standard errors, and statistics for reinstatement 

analyses are reported in Table 2.

To test whether HNT stimulation affected relevant reinstatement (matched videos), or if it 

also affected irrelevant reinstatement (mismatched videos), we extracted the average Fisher-

transformed correlation of all matched and mismatched pairs of videos separately, and z-

scored them against a null distribution of correlation. This differs from the reinstatement 

measure reported above which consists of a correlation difference (matched – mismatched). 

Group-level statistics were performed on these z-scored values.

Univariate analyses—To determine whether HNT stimulation alters hippocampal 

activity, maps for both stimulation sessions were submitted to paired t-tests. Maps were first 

warped from native space to MNI space using affine transformation (3dAllineate), and 

masked by the left hippocampus, defined using the CA_ML_18_MNI atlas. The voxel-wise 

threshold was p < .005, with cluster size determined based on the spatial smoothness of the 

data using Monte Carlo simulations from the 3dClustSim tool in AFNI using the spatial 

autocorrelation function (ACF). Based on this procedure, the minimum cluster size at p = 

0.005 for a combined threshold of p < 0.05 was determined to be 5 voxels. All univariate 

analyses were performed in AFNI.

Association between univariate activity and cortical reinstatement—We next 

examined the association between left univariate hippocampal activity and reinstatement in 

the left middle occipital gyrus. Average hippocampal activity was calculated for individual 

subjects by taking the average across all voxels encompassing the left hippocampus 

(CA_ML_18_MNI ROI reverse-transformed into native space using affine transformation). 

For each participant, we computed the trial-level correlation between mean hippocampal 

activity and reinstatement of a given trial. Trial-level reinstatement was calculated for each 

participant by taking the difference of the Fisher transformed correlation between the 

diagonal value for a trial (matched videos at encoding and retrieval) and the mean of the off-

diagonal correlation values for that trial (mismatched videos). Correlation values were 

submitted to one-sample t-tests within stimulation sessions to determine if the association 

between univariate activity and reinstatement is greater than zero, and paired-sample t-tests 

were used to assess differences between stimulation sessions.

We also tested whether the effects of HNT stimulation on the stimulated cortex rather than 

on hippocampal activity were responsible for its effects on cortical reinstatement. We 

measured the trial-by-trial correlation between left middle occipital gyrus reinstatement and 

univariate activity at the subject-specific sites of stimulation, defined as average univariate 

activity within a 5-mm-radius sphere centred around each subject’s lateral parietal 

stimulation site, and submitted these correlation values to group-level statistics.

Encoding similarity—We performed a series of exploratory analyses examining 

similarity between patterns of neural activity for different videos at encoding. Encoding 

similarity was measured by computing the dissimilarity matrix between each video and all 

other videos at encoding using the cosmo_dissimilarity_matrix function in CoSMoMVPA 

[56]. This function computes the Pearson correlation distance between patterns of neural 
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activity, resulting in a correlation matrix reflecting the dissimilarity of each video to every 

other video. Dissimilarity values were subtracted from 1 to reflect similarity, or the 

correlation between videos, and Fisher transformed. Each video/trial’s average correlation 

with all other trials was calculated across a row, including values in the upper triangle of the 

correlation matrix only, and excluding the diagonal value. We computed the within-subjects 

correlation between encoding similarity values and neural reinstatement in the left middle 

occipital gyrus, measured as the correlation difference between matched videos and the 

mean of mismatched videos for that trial. Finally, we computed the within-subjects 

correlation between encoding similarity and univariate left hippocampal activity. All 

correlations were performed using encoding similarity within the left middle occipital gyrus. 

Only trials that were self-reported as recollected (vividness score of > 1) were included in 

these analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TMS tested whether the hippocampus coordinates cortical memory 

reinstatement

• Hippocampal network-targeted (HNT) TMS improved memory for video 

clips

• HNT-TMS enhanced reinstatement of video-specific fMRI activity patterns in 

cortex

• HNT-TMS altered coupling between hippocampal activity and cortical 

reinstatement
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Figure 1. Experimental design overview
(A) HNT stimulation was delivered to subject-specific locations in lateral parietal cortex 

(blue spheres) defined based on resting-state fMRI connectivity (arrow) with anatomically 

defined subject-specific hippocampal locations (red spheres). Subject-specific vertex control 

sites (purple spheres) were anatomically defined in the interhemispheric fissure. (B) In each 

of two distinct experimental sessions, participants first received stimulation (HNT or vertex 

control in counterbalanced order across participants). Immediately following stimulation, 

participants performed a memory task during fMRI. (C) Participants watched a series of 

videos (51 per session) at encoding and made odd/even judgments to numbers following 

each video to limit continued processing of videos during the intertrial interval. At retrieval, 

participants were cued with titles describing each of the studied videos. Subjects mentally 

replayed each video while viewing a blank screen. They then rated the vividness of the 

memory and answered two true/false (yes/no) questions to test memory accuracy, including 

a 4-point confidence judgment.
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Figure 2. Effects of HNT stimulation on video memory accuracy
(A) Accuracy by question number and stimulation session (HNT and control stimulation). 

Accuracy on Q2 was significantly better for HNT (red) than control (blue) stimulation. For 

control stimulation, accuracy was significantly worse on Q2 than on Q1, but there was no 

difference between questions for HNT stimulation sessions. Error bars represent standard 

error of the mean. Asterisks indicate tests that were significant after correction for multiple 

comparisons (p < 0.05). (B) Difference scores for Q2 accuracy (HNT minus control) by 

participant, showing a relatively consistent improvement in Q2 accuracy for HNT versus 

control stimulation. 15 out of 20 subjects had higher Q2 accuracy for HNT versus control 

stimulation, and only 3 out of 20 subjects showed moderately lower Q2 accuracy for HNT 

versus control stimulation.
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Figure 3. HNT stimulation increases video-specific reinstatement
(A) Reinstatement was significantly greater than zero in the indicated posterior parietal and 

occipital regions following control stimulation. Left (LH) and right (RH) hemispheres are 

plotted separately. (B) HNT stimulation led to significant reinstatement in a larger set of 

ROIs, including all of those showing reinstatement in control stimulation sessions. (C) 

Direct comparison of the two sessions (HNT – control) showing that HNT stimulation 

increased reinstatement in left middle occipital gyrus. Error bars represent standard error of 

the mean. Asterisks indicate regions that were significant after correction for multiple 

comparisons. (D) ROIs shown on a glass brain, with the average lateral parietal HNT 

stimulation location plotted as a red sphere.
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Figure 4. Effects of HNT stimulation on hippocampal contributions to reinstatement
(A) Univariate activity during encoding masked by the left hippocampus showed a 

significant cluster of negative activation for HNT vs control stimulation sessions (p < 0.005 

cluster corrected, image thresholded at p = 0.01 for visualization purposes). Voxel-wise t-

values are overlaid on a template MNI brain. (B) Left hippocampal mask used for (A), and 

for calculating average hippocampal activity for (C) and (D). (C) Mean within-subject (trial-

wise) correlation between left hippocampal activity at encoding and reinstatement in left 

middle occipital gyrus (L-MOG) for control (blue) and HNT (red) stimulation sessions. 

Error bars represent standard error of the mean. Asterisks indicate significant comparisons 

(p< 0.05). (D) Within-subjects correlation between hippocampal activity and L-MOG 

reinstatement plotted for control and HNT stimulation sessions separately. Each line 

represents an individual participant’s linear fit for a given session. See Figure S1 for 

additional within-subjects correlations exploring the association between hippocampal 

activity and reinstatement.
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Table 1.

Objective and subjective memory assessment values.

Measure Mean (SD) t-value

Control HNT

Accuracy Q1 0.73 (.09) 0.71 (.10) −0.76

Accuracy Q2 0.67 (.07) 0.72 (.06)
3.24

a

Vividness 2.71 (.36) 2.68 (.37) −0.49

Confidence Q1 1.60 (.19) 1.63 (.17) 0.70

Confidence Q2 1.16 (.23) 1.16 (.24) 0.01

t-value reflects HNT vs. control stimulation

a
p< 0.01
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Table 2.

Reinstatement by ROI and stimulation condition

Region   Mean z score (SE) p value

Control HNT HNT - control Control HNT HNT vs.
control

L fusiform gyrus 0.74 (.21) 0.57 (.24) −0.17 (.29)
0.003

a
0.032

a 0.628

R middle occipital gyrus 0.95 (.29) 1.04 (.25) 0.09 (.35)
0.004

a
<0.001

a 0.810

R angular gyrus 0.91 (.33) 0.88 (.27) −0.03 (.39)
0.012

a
0.004

a 0.925

L middle temporal gyrus 0.70 (.27) 0.64 (.27) −0.07 (.32)
0.017

a
0.031

a 0.754

R middle temporal gyrus 0.85 (.32) 0.84 (.31) −0.01 (.40)
0.015

a
0.013

a 0.884

L middle occipital gyrus 0.28 (.31) 1.45 (.24) 1.18 (.31) 0.388
<0.001

a
0.002

a

R precuneus 0.38 (.27) 0.70 (16) 0.32 (.30) 0.183
<0.001

a 0.300

L precuneus 0.23 (.25) 0.60 (.21) 0.36 (.35) 0.362
0.010

a 0.318

R fusiform gyrus 0.55 (.27) 0.63 (.29) 0.08 (.35) 0.054 0.042 0.828

L angular gyrus 0.41 (.23) 0.64 (.31) 0.23 (.37) 0.096 0.054 0.546

a
reported p-value passed Benjamini-Hochberg correction for multiple comparisons

Bolded mean values are significant as measured by one-sample t-tests

Difference z-score reflects the average of within-subject differences between HNT - control
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Subject IDs This paper Subject_List.csv

Software and Algorithms

AFNI NIH https://afni.nimh.nih.gov/

Localite GmBH https://www.localite.de/en/home/)

Presentation Neurobehavioral Systems https://www.neurobs.com/

MATLAB 2018a MathWorks https://www.mathworks.com/products/matlab.html

CoSMoMVPA toolbox Nikolaas N. Oosterhof & Andrew C. 
Connolly

http://www.cosmomvpa.org/

Other

MagPro X100 stimulator connected to a Cool-
B65 butterfly coil

MagVenture https://www.magventure.com/us

Siemens 3 T Prisma Siemens https://www.siemens-healthineers.com/
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