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Causal contribution of awake post-encoding processes to 
episodic memory consolidation

Arielle Tambini1,2, Mark D’Esposito1

1Helen Wills Neuroscience Institute and Department of Psychology; University of California; 
Berkeley; California; 94720; USA.

2Department of Neurobiology and Behavior; Center for Neurobiology of Learning and Memory; 
University of California; Irvine; California; 92617; USA.

SUMMARY

Stable representations of past experience are thought to depend on processes that unfold after 

events are initially encoded into memory. Post-encoding reactivation and hippocampal-cortical 

interactions are leading candidate mechanisms thought to support memory retention and 

stabilization across hippocampal-cortical networks. While putative consolidation mechanisms 

have been observed during sleep and periods of awake rest, the direct causal contribution of awake 

consolidation mechanisms to later behavior are unclear, especially in humans. Moreover, it has 

been argued that observations of putative consolidation processes are epiphenomenal and not 

causally important, yet there are few tools to test the functional contribution of these mechanisms 

in humans. Here, we combined Transcranial Magnetic Stimulation (TMS) and fMRI to test the 

role of awake consolidation processes by targeting hippocampal interactions with lateral occipital 

cortex (LOC). We applied theta-burst TMS to LOC (and a Control site) to interfere with an 

extended time window (approx. 30–50 minutes) after memory encoding. Behaviorally, post-

encoding TMS to LOC selectively impaired associative memory retention compared to multiple 

control conditions. In our Control TMS condition, we replicated prior reports of post-encoding 

reactivation and memory-related hippocampal-LOC interactions during periods of awake rest 

using fMRI. However, post-encoding LOC TMS reduced these processes, such that post-encoding 

reactivation in LOC and memory-related hippocampal-LOC functional connectivity were no 

longer present. By targeting and manipulating post-encoding neural processes, these findings 

highlight the direct contribution of awake time periods to episodic memory consolidation. This 

combined TMS-fMRI approach provides an opportunity for causal manipulations of human 

memory consolidation.
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Graphical Abstract

eTOC blurb:

Tambini and D’Esposito test the role of awake post-encoding processes in episodic memory 

consolidation by performing Theta-burst Transcranial Magnetic Stimulation after memory 

encoding. Stimulation to Lateral Occipital Cortex impairs associative memory retention and 

disrupts post-encoding reactivation and hippocampal-cortical interactions.

Keywords

resting state; memory consolidation; memory reactivation; hippocampal-cortical interactions; 
transcranial magnetic stimulation; causal manipulations

INTRODUCTION

After information is initially encoded into memory, post-encoding processes are thought to 

stabilize representations of past experience in the service of enduring memory formation [1]. 

While the hippocampus plays a critical role in the initial encoding of episodic memories, 

over time, memory representations are reorganized across hippocampal-cortical networks 

[2–5]. Memory reorganization, or systems-level consolidation, is thought to be mediated by 

post-encoding mechanisms: the ‘replay’ or reactivation of memory representations in 

conjunction with coordinated hippocampal-cortical interactions [6–9]. These processes are 

thought to occur in an off-line fashion, or during time periods when the hippocampus is not 

engaged in encoding new information into memory, such as sleep or awake, quiet restful 

periods [10,11].

To examine the contribution of post-encoding reactivation and hippocampal-cortical 

interactions to memory consolidation, many studies have established correlational links 

Tambini and D’Esposito Page 2

Curr Biol. Author manuscript; available in PMC 2021 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the relative strength of post-encoding processes and subsequent memory. 

Specifically, higher levels of spontaneous reactivation and experience-dependent changes in 

hippocampal-cortical interactions have been positively related to subsequent memory [12–

20] (for a review see [21]) and are modulated by factors that enhance memory, such as 

reward or novelty [22–24]. Although correlational relationships are helpful for assessing the 

potential contribution of these processes, they do not alone demonstrate that post-encoding 

mechanisms directly support memory. For example, it is possible that post-encoding 

consolidation measures reflect encoding-related activity that is itself predictive of later 

memory and simply persists in time (as suggested by [25]). One approach to addressing this 

issue is to assess correlations between post-encoding activity and later memory that are 

statistically independent from encoding activity [15,17]. However, targeted manipulations of 

post-encoding processes provide a powerful method to test their direct contribution to later 

behavior.

Few approaches exist to target and manipulate post-encoding reactivation and hippocampal-

cortical interactions in humans. In rodent studies, the causal role of reactivation has been 

tested by influencing neural activity during sharp-wave ripple (SWR) events, when 

hippocampal reactivation typically occurs. Disrupting SWRs impairs learning [26–28] and 

degrades subsequent hippocampal reinstatement [29,30], while prolonging SWRs improves 

memory [31], highlighting the importance of post-encoding SWR events. Prior work seeking 

to causally influence human consolidation has primarily targeted electrophysiological 

activity during non-rapid-eye-movement sleep, implicating slow-wave activity and spindles 

in memory retention (e.g. [32–34]). However, such studies primarily record scalp 

electroencephalography and cannot typically target or measure hippocampal-cortical 

interactions or reactivation (but see [35]). While other approaches seek to induce or bias 

reactivation during sleep via the presentation of external stimuli (targeted memory 

reactivation, [36,37]), this method typically cannot target neural processing in particular 

brain structures. Moreover, it has become apparent that post-encoding consolidation 

mechanisms are not limited to sleep but are also present during awake rest periods 

immediately after learning [21,38–40]. Yet, the causal contribution of awake hippocampal-

cortical interactions to human memory consolidation has not been tested.

Here, we sought to target and test the role of post-encoding processes in human memory 

consolidation using a combined transcranial magnetic stimulation (TMS) and fMRI 

approach. We took advantage of prior work showing that representational regions in 

occipitotemporal cortex spontaneously reactivate representations of recently encoded stimuli 

and display post-encoding interactions with the hippocampus that are related to later 

memory [13,15,20,41–43]. To interfere with these processes, we applied inhibitory 

continuous theta-burst TMS (cTBS, [44]) to lateral occipital cortex (LOC) after participants 

incidentally encoded object-face pairs and before an extended post-encoding awake rest 

period (Figure 1). cTBS influences neural function for up to approximately 30–50 minutes 

after application [44–47], allowing us to interfere with an extended time window of tens of 

minutes after encoding. We predicted that interference with post-encoding processes, via 

TMS to LOC, would impair memory retention and disrupt fMRI evidence of memory 

consolidation during post-encoding rest (reactivation and hippocampal-cortical interactions). 

To test these predictions, post-encoding cTBS was applied to either right LOC or a Control 
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site, surprise memory tests were given before TMS and after the influence of TMS subsided 

(Figure 1), and fMRI scanning was performed to assess consolidation measures. Lastly, we 

tested the hypothesis that if post-encoding interactions specifically support information 

encoded by the hippocampus, their disruption should preferentially impair the retention of 

associative versus item memories, as associative memory is most strongly supported by the 

hippocampus whereas item memory can be supported by extra-hippocampal structures [48–

50].

RESULTS

Memory Retention

To assess whether post-encoding TMS influenced memory retention, memory tests were 

administered before and after TMS (Immediate and Delayed tests, respectively). Associative 

and item memory were estimated separately to test whether TMS preferentially influenced 

associative versus item memory retention. We first established that Immediate (pre-TMS) 

associative and item memory did not differ between groups (Figure S1, Tables S1–2).

After verifying comparable pre-TMS memory, we assessed whether memory retention 

(Delayed relative to Immediate memory) was influenced by TMS and whether this differed 

based on the time of memory testing. A main effect of TMS site was found on associative 

memory retention (F1,56 = 8.06, P = .006, ηp
2 = .13), reflecting reduced associative memory 

retention after post-encoding TMS to LOC versus Control TMS (Figure 2A). No significant 

interaction was found between TMS and the time of Delayed memory testing (same-day 

versus next-day; F1,56 = 2.25, P = .14, ηp
2 = .04). As shown in Figure 2A (left bars), LOC 

TMS significantly impaired associative memory retention during same-day memory testing 

compared to Control TMS (t56 = 3.11, P = .003, Cohen’s d = .82) and the No TMS group 

(t53 = 2.61, P = .012, Cohen’s d = .71). Qualitatively, associative memory retention (.45 

± .12) three hours after LOC TMS decayed to levels of memory retention 24 hours later in 

the control groups (Control TMS, .45 ± .11; No TMS, .43 ± .07), which highlights the 

enhanced rate of forgetting associated with post-encoding LOC TMS. This reduction was 

also present when examining unnormalized corrected memory (Figure S1), rather than 

retention (Delayed normalized by Immediate memory).

Although LOC TMS numerically reduced associative memory retention during next-day 

testing (Figure 2A, right bars), this was not significantly different from Control TMS (t56 = 

1.27, P = .21), the No TMS group (t53 = 1.32, P = .19), or when compared to both control 

conditions (t82 = 1.53, P = .13). To better understand whether reductions in associative 

memory retention due to LOC TMS might have persisted during next-day testing, we asked 

whether participants with the lowest memory retention during same-day testing also showed 

reduced retention during next-day testing. Next-day associative memory (both retention and 

unnormalized memory accuracy) were reduced after LOC TMS for participants with the 

lowest associative memory retention during same-day testing, compared to both control 

groups (Figure S2). These results suggest that while LOC TMS did not, at the group-level, 

reduce associative memory one day later, participants with the strongest initial impairments 

in associative memory retention continued to show decreased associative memory 24 hours 

later. As expected, no differences in associative memory retention were found between 
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Control TMS and No TMS groups (same-day testing, t53 = 1.00, P = .32; next-day testing, 

t53 = .16, P = .87).

In contrast to the influence of post-encoding LOC TMS on associative memory, item 

memory was not reliably affected by TMS (Figure 2B and S1). A two-way ANOVA 

examining item memory retention showed no main effect of TMS site (F1,56 = .046, P = .83) 

or interaction between TMS site and memory test (F1,56 = .68, P = .41). Item memory 

retention also did not differ between either TMS group and the No TMS condition (LOC vs. 

No TMS, same-day, t53 = .28, P = .78, next-day, t53 = .50, P = .68; Control vs. No TMS, 

same-day, t53 = .33, P = .74, next-day, t53 = 1.53, P = .13). A lack of influence of post-

encoding TMS on item memory was also found when examining object and face memory 

separately (face retention, main effect of TMS: F1,56 = .33, P = .56, TMS by memory test 

interaction: F1,56 = 1.40, P = .24; object retention, main effect of TMS: F1,56 = 1.55, P = .22, 

TMS by memory test interaction: F1,56 = 1.37, P = .25).

We directly compared associative and item retention to test whether TMS preferentially 

influenced associative memory. A three-way mixed-effects ANOVA showed a significant 

interaction between memory-type (associative vs. item retention) and TMS site (F1,56 = 

5.37, P = .024, ηp
2 = .09), indicating a differential influence of post-encoding TMS on 

associative versus item retention. In conjunction with the prior findings, these results 

indicate that post-encoding TMS to LOC selectively impaired associative memory retention.

Reactivation Evidence in LOC

We next tested the prediction that post-encoding LOC TMS would impair reactivation of 

recently encoded stimuli, based on prior reports of multi-voxel reactivation of patterns 

corresponding to recently encoded visual stimuli in occipitotemporal cortex 

[19,41,42,51,52]. We first focused on object and face patterns within LOC, using a classifier 

approach and pattern similarity (see below for the similarity approach). Classifiers were 

trained in each participant to distinguish viewing faces and objects (versus scrambled 

images) using activation patterns from functional localizer scans and applied to individual 

time-points of the rest scans (Figure 3A). Before considering reactivation, we ensured that 

classifiers reliably detected face and object information content. Average cross-validated 

accuracy within the functional localizer scans was high (face-classifier accuracy = 94 ± 

2.1%, object-classifier accuracy = 88 ± 1.7%) and well above chance (face: t51 = 20.7, P = 

1.7 × 10−26, object: t51 = 22.8, P = 2.1 × 10−28). When applied to the encoding data, 

classifier outputs were modulated in a reliable, trial-evoked manner (Figure 3B, mean trial-

evoked change in face and object classification = .46 ± .02, t51 = 20.3, P = 4.6 × 10−26). 

Similar trial-evoked modulation of classifier outputs during encoding was present across 

TMS groups (comparison between LOC versus Control TMS, t50 = 1.30, P = .20).

Classifiers were then applied to the rest scans and reactivation evidence was operationalized 

as an experience-dependent increase in the proportion of volumes classified as an object (or 

face) from Baseline to Post-Encoding Rest (Figure 3A). Note that nuisance signals were 

previously removed and time-points surrounding high motion events were excluded. In the 

Control TMS group, an increase in the proportion of time-points classified as a face or 

object from Baseline to Post-Encoding Rest was found (Figure 3C, grey bars, mean 
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proportion across Post-Encoding Rest scans, t25 = 3.54, P = .0016, Cohen’s d = .69). This 

reactivation evidence after Control TMS did not reliably vary across the three Post-Encoding 

scans, as indicated by a non-significant main effect of rest scan (F2,50 = 1.88, P = .16).

In contrast to the Control TMS group, no reliable difference was found in the proportion of 

time-points classified as a face or object from Baseline to Post-Encoding Rest following 

LOC TMS (Figure 3C, blue bars, mean across Post-Encoding scans, t25 = .16, P = .87), and 

this did not vary across the three Post-Encoding scans (no main effect of rest scan, F2,50 = 

1.09, P = .34). A mixed-effects ANOVA comparing reactivation evidence between TMS 

groups showed a main effect of TMS site (F1,50 = 6.90, P = .011, ηp
2 = .12) and no 

interaction between TMS site and Post-Encoding Rest scan (F2,100 = .31, P = .73). These 

results demonstrate that LOC TMS impaired the reactivation of face and object 

representations in LOC (relative to Control TMS), paralleling the TMS-related impairment 

in associative memory retention.

We also examined reactivation using a similarity-based approach to ensure that the results 

were not driven by the particular classification method. Multi-voxel template patterns 

associated with viewing faces or objects (relative to fixation) were created for each 

participant and compared to individual time-points during the rest scans to identify a subset 

of time-points showing high similarity (correlation). An increase in the proportion of high 

similarity time-points was found between the Baseline and Post-Encoding Rest scans in the 

Control TMS group, while no reliable increase was found after LOC TMS across all Post-

Encoding Rest scans, and reactivation evidence significantly differed between TMS groups 

(Figure S3). These findings further support the notion that post-encoding LOC TMS 

impaired the reactivation of object and face patterns within LOC.

Given reliable reactivation after Control TMS, we asked whether object and face patterns 

were reinstated during adjacent time-points, suggesting reactivation of object-face 

representations. As shown in Figure S4, temporally clustered object-face reactivation in 

LOC was present in the Control TMS group, which was significantly greater than in the 

LOC TMS group. These results suggest that object and face representations tended to be 

reactivated in a temporally clustered fashion, which was reduced by LOC TMS.

Reactivation Evidence in the Hippocampus

Beyond LOC, the direct site of stimulation, we examined whether TMS impaired post-

encoding reactivation in the hippocampus using a previously developed PCA-based 

approach [14]. PCA was performed to derive the strongest multi-voxel hippocampal patterns 

(PCs) present during encoding for each participant (Figure 4A) and reactivation was 

operationalized as an increase in the variance explained by encoding patterns from Baseline 

to Post-Encoding Rest. We first confirmed that the strongest PCs captured reliable activation 

during encoding (Figure 4A; PC-1, t51 = 7.10, P = 3.7 × 10−9; PC-2, t51 = 3.43, P = .0012; 

PC-3, t51 = 1.21, P = .23; PC-4, t51 = 1.41, P = .16), as shown previously [13, Figure 3].

When examining reactivation evidence for the top hippocampal PCs (1–4), an increase in the 

amount of variance explained by the top four encoding PCs was found from Baseline to 

Post-Encoding Rest in the Control TMS group (Figure 4B; average across Post-Encoding 
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Rest scans; t25 = 2.81, P = .0095, Cohen’s d = .55). A repeated-measures ANOVA 

examining the change in variance explained (within-subjects factors of Post-Encoding scan 

and PC index) showed a significant intercept (F1,25 = 7.9, P = .0095), consistent with 

reactivation across all scans, and no reliable difference across the Post-Encoding scans (F2,50 

= .72, P = .49). Similar to prior work, in the Control TMS group, the strength of each 

encoding PC, within each participant, was correlated with its persistence from Baseline to 

Post-Encoding Rest (Figure 4C, t25 = 2.20, P = .031). In the LOC TMS group, no change in 

the amount of variance explained by the top encoding PCs was found from Baseline to Post-

Encoding Rest (Figure 4B; average across Post-Encoding scans; t25 = 1.04, P = .309), with 

no differences across the Post-Encoding scans (main effect of rest scan, F2,50 = 1.15, P 

= .33). Similarly, no consistent correlation between PC strength and Post-Encoding 

persistence was found after LOC TMS (Figure 4C, t25 = .98, P = .33). However, when we 

directly contrasted hippocampal reactivation evidence between TMS sites, no main effect of 

TMS (F1,25 = .194, P = .66) or interaction between TMS and other factors was found (TMS 

by rest scan, F2,100 = 1.004, P = .37; triple interaction, F6,300 = .90, P = .49; TMS by PC 

index, F3,150 = 1.72, P = .166). Likewise, correlations between encoding component strength 

and persistence did not differ between TMS groups (t50 = .84, P = .41). These results 

indicate that the Control TMS group showed expected hippocampal reactivation evidence 

during Post-Encoding Rest. Although no reliable hippocampal reactivation was found after 

LOC TMS, differences between TMS groups were not significant, making it unclear 

whether LOC TMS impaired hippocampal reactivation.

Hippocampal-LOC Interactions and Memory Retention

We next tested the prediction that post-encoding LOC TMS would disrupt experience-

dependent changes in hippocampal interactions with representational regions in 

occipitotemporal cortex, which have been related to associative memory [13,15,20,41]. We 

isolated hippocampal regions that we expected to show memory-related changes in resting 

functional connectivity (FC) from subsequent memory contrasts. A region in the left 

posterior hippocampus (Figure 5) showed the strongest subsequent associative memory 

effect across both TMS groups (P < .001, uncorrected). Although no group-level changes in 

hippocampal-LOC FC were found in the Control TMS group across all Post-Encoding scans 

(Baseline vs. average Post-Encoding, t25 = 1.13, P = .27), an increase was found when 

comparing the second Post-Encoding scan to Baseline Rest (t25 = 2.36, P = .026). 

Furthermore, average changes in hippocampal-LOC FC across Post-Encoding Rest scans 

were positively related to same-day associative memory retention in the Control TMS group 

(Figure 5A, r = .40, t24 = 2.14, P = .042, robust regression used for all across-participant 

correlations). In contrast, no reliable relationship was found between hippocampal-LOC FC 

changes and associative memory retention after LOC TMS (Figure 5A, r = −.18, t24 = −.87, 

P = .39). Additionally, correlations between hippocampal-LOC FC changes and same-day 

associative memory retention were significantly different between TMS sites (Figure 5A, 

permutation test, P = .021).

To assess whether this pattern of results was driven by the specific hippocampal ROI used 

(isolated from participants in both TMS groups), we defined hippocampal regions showing 

the strongest subsequent associative memory effects separately for each TMS group (Figure 
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5B,C). Similar to the prior results, changes in hippocampal-LOC FC from Baseline to Post-

Encoding Rest in the Control TMS group were related to same-day associative memory 

retention (using the hippocampal ROI from the Control TMS group, 5B, r = .42, t24 = 2.26, 

P = .033). No reliable relationships were found in the LOC TMS group, when using a left 

anterior hippocampal region (which displayed the strongest subsequent associative memory 

effect, Figure 5C, r = −.05, t24 = −.24, P = .81) or other hippocampal ROIs isolated from the 

LOC TMS group (middle left hippocampus, r = −.12, t24 = −.55, P = .59; right anterior 

hippocampus, r = .14, t24 = .68, P = .50). Together with the prior results, these findings 

suggest that post-encoding LOC TMS disrupted relationships between hippocampal-LOC 

connectivity and associative memory retention.

Beyond relationships between hippocampal-LOC connectivity changes and same-day 

memory retention, we asked whether FC changes were related to overnight (next-day) 

memory retention. No significant relationships were found between changes in 

hippocampal-LOC FC and next-day associative memory retention in either TMS group 

(control: r = −.33, t24 = −1.67, P = .11; LOC: r = .06, t24 = .31, P = .76).

Relationships between Reactivation and Memory Retention

Outside of hippocampal-LOC interactions, we also assessed whether memory retention was 

related to the set of reactivation measures examined and whether TMS influenced these 

relationships. To do so, we extracted a dominant pattern that captured the most variance in 

reactivation measures across participants (using PCA). The strongest component positively 

weighted most measures in both TMS groups (Figure 5D) and accounted for substantial 

variance in the data (Control: 48%; LOC: 44%). Each participant’s reactivation summary or 

component score (projection onto the first PC) was positively correlated with same-day 

associative memory retention in the Control TMS group (Figure 5D, r =.48, t24 = 2.70, P 

= .012), but not in the LOC TMS group (r =−.17, t24 = −.80, P = .43), and these correlations 

were significantly different from each other (P = .014, permutation test). Similar to the 

hippocampal-LOC results, next-day associative memory retention was not reliably 

correlated with the reactivation score in either TMS group (Control: r = −.21, t24 = −1.04, P 

= .31; LOC: r = .21, t24 = .96, P = .35).

Given that the reactivation measures analyzed thus far were related to same-day, but not 

next-day memory retention, we performed exploratory analyses to ask whether post-

encoding hippocampal interactions were related to next-day memory retention, and whether 

these were similar or distinct across TMS sites. In a whole-brain analysis, increases in 

hippocampal interactions with retrosplenial cortex (Figure 6A), from Baseline to Post-

Encoding Rest, were positively related to next-day associative memory retention across 

participants in the Control TMS group (FWE-corrected). In the LOC TMS group, a region in 

right anterior temporal cortex survived FWE-correction (Figure 6A). These exploratory 

analyses suggest that post-encoding hippocampal interactions were related to next-day 

memory retention, with differing hippocampal interactions predicting memory in each TMS 

condition.

The above findings suggest that TMS may modulate the sets of post-encoding hippocampal 

interactions that are related to memory retention. However, it is difficult to infer this using 
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thresholded statistical maps. To better address this possibility, we repeatedly estimated 

whole-brain patterns of correlations between hippocampal FC changes and memory 

retention in each TMS group (Figure 6B). This allowed us to test whether connectivity 

patterns associated with memory retention differed based on TMS site, by comparing the 

similarity of connectivity patterns related to memory within each TMS group to the 

similarity between TMS groups and from a mixed set of participants across groups. As 

shown in Figure 6B, the similarity of hippocampal FC patterns related to next-day 

associative memory retention was greater within each TMS group compared to the between-

group similarity (Control TMS vs. between-group, t36 = 18.4, P < 10−10; LOC TMS versus 

between-group, t36 = 14.9, P < 10−10) and to a mixed set of participants across TMS groups 

(Control versus mixed-group, t36 = 9.5, P < .001; LOC TMS versus mixed-group, t36 = 7.0, 

P < .001). The same pattern of results was found when examining patterns of hippocampal 

interactions related to same-day memory retention (Figure S5). These results suggest that 

distinct patterns of hippocampal post-encoding interactions support memory retention across 

TMS sites.

Questionnaires

To assess whether Post-Encoding fMRI measures may be driven by active rehearsal, 

questionnaires were given to assess participants’ thought content during Post-Encoding Rest. 

Many participants reported thinking about the stimuli encountered during encoding during 

rest (47/58; Table S3). However, the vast majority of stimulus-related mentation was 

reported to be spontaneous in nature (90.1%) while the minority (9.9%) was reported as 

intentional in nature (retrieval in preparation for an upcoming memory test, Table S3). These 

findings suggest that it is unlikely that fMRI Post-Encoding measures were driven by 

explicit rehearsal of stimuli.

DISCUSSION

Long-term memory retention is thought to depend, in part, on processes that unfold after 

events are initially encoded into memory. Post-encoding reactivation and hippocampal-

cortical interactions are leading candidate mechanisms thought to support memory retention 

and the stabilization of representations across hippocampal-cortical networks. However, 

most evidence for these mechanisms in humans have relied on correlational links between 

reactivation and later memory, making it unclear whether post-encoding reactivation plays a 

unique role supporting memory. Here, we causally tested the role of reactivation during 

awake rest periods by performing post-encoding theta-burst TMS to a region involved in 

consolidation (LOC). Post-encoding TMS to LOC, compared to Control TMS and a no TMS 

condition, impaired associative (object-face) memory retention. The influence of post-

encoding TMS to LOC was selective to associative memory as it did not influence item 

memory retention. By combining TMS with fMRI, we found that LOC TMS reduced multi-

voxel pattern reactivation during post-encoding rest and disrupted relationships between 

hippocampal-LOC interactions and associative memory retention. Together, these findings 

provide important evidence that awake post-encoding reactivation and hippocampal-cortical 

interactions play an important role in episodic memory.
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We specifically targeted LOC in this study because of prior work indicating that post-

encoding hippocampal interactions with occipitotemporal cortex were related to later visual 

memory [13,15,20,41,43] and reports of pattern reactivation in occipitotemporal cortex 

[19,41,42,51,52]. Here, we found evidence for these mechanisms after Control TMS which 

conceptually replicates prior work: multi-voxel pattern reactivation was present during post-

encoding rest, both in the hippocampus and LOC, and post-encoding hippocampal-LOC 

interactions were positively related to associative memory retention assessed during same-

day memory testing. However, theta-burst TMS to LOC disrupted several of these measures: 

reactivation of object and face patterns in LOC (Figure 3) and relationships between 

hippocampal-LOC interactions and same-day associative memory retention (Figure 5), 

although it did not reliably influence hippocampal reactivation (Figure 4). Thus, while 

reactivation and hippocampal-LOC interactions were positively related to same-day 

associative memory retention after Control TMS, they were no longer related to later 

memory after LOC TMS (Figure 5). Additionally, we found that distinct patterns of post-

encoding hippocampal interactions were related to associative memory retention between 

Control and LOC TMS conditions (Figure 6). These findings suggest that post-encoding 

TMS to LOC disrupted ongoing cortical reactivation and hippocampal interactions, possibly 

causing a change in the nature of the hippocampal interactions that support later memory.

The hippocampus is thought to play a critical role in orchestrating memory reactivation and 

driving hippocampal-cortical interactions [2,6,53–55]. This suggests that reactivation during 

rest should be preferentially related to memory representations that are most supported by 

the hippocampus. We tested this by contrasting the influence of post-encoding TMS on 

associative versus item memory and found that LOC TMS selectively impaired associative 

(object-face) memory retention without influencing memory retention for individual items 

(Figure 2). This suggests that post-encoding reactivation and hippocampal-cortical 

interactions specifically promote the retention of memories that are supported by the 

hippocampus. This resonates with behavioral work demonstrating that the presence of post-

encoding rest periods preferentially enhances later recollection as opposed to familiarity [56] 

and prior work showing a dissociation in the neural structures that support later associative 

versus item memory during post-encoding rest [57]. This dissociation also reinforces the 

notion that distinct processes underlie forgetting in a manner that is dependent on the nature 

of the memory representation [58,59]. Our findings add to this literature by showing that 

awake post-encoding processes preferentially influence memories that are most supported by 

the hippocampus.

Prior work has shown that levels of reactivation or hippocampal interactions during 

immediate post-encoding awake periods are related to later memory, both when memory is 

tested minutes to hours later [13,14,16,17] and after one or more nights of sleep 

[15,57,60,61]. Here, we tested memory at multiple time-points after TMS (several hours 

after encoding, and approximately 24 hours later) to understand how post-encoding TMS 

influenced memory retention over time. Our findings are ambiguous as to whether post-

encoding LOC TMS showed a greater influence on same-day versus next-day memory 

retention; although a significant effect of LOC TMS was found on same-day associative 

memory retention, while no significant group-level difference was present for next-day 

associative memory retention, no reliable interaction was found across these time-points. 
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Additionally, a subset of LOC TMS participants (who showed the greatest impairment in 

same-day memory retention) exhibited a persistent reduction in next-day associative 

memory, suggesting that some individuals may show lasting memory deficits. It is thus 

unclear whether the impairment in associative memory seen here extends to memory tested 

at longer delays; future studies are needed to investigate this issue.

Considering the lack of a clear influence of LOC TMS on next-day memory retention, it is 

possible that other mechanisms, beyond the post-encoding processes that were targeted with 

LOC TMS, contributed to memory assessed 24 hours later. First, increased post-encoding 

hippocampal interactions with anterior temporal cortex were positively related to next-day 

associative memory retention in participants who received LOC TMS. This finding, coupled 

with the presence of distinct post-encoding hippocampal interactions that were related to 

memory retention after Control TMS (Figure 6), suggests that LOC TMS may have resulted 

in a reorganization of the interactions or processes that support later memory during the 

immediate post-encoding time period. Second, it is likely that consolidation mechanisms 

during intervening sleep (and other awake periods) contributed to next-day memory 

retention, which were not measured or manipulated in this study. These opportunities for 

subsequent consolidation (beyond the initial post-encoding time period influenced by TMS) 

may have resulted in a weak and non-significant TMS-related impairment in memory 

retention during next-day memory testing at the group-level.

The cTBS protocol used in this study is thought to be inhibitory and influence neural 

function for up to 50 minutes [44–46], with the strongest changes seen around 30 minutes 

post-stimulation. The properties of this protocol allowed us to interfere with ongoing 

reactivation processes for an extended time period (tens of minutes) after encoding and test 

the influence of TMS both on reactivation immediately after stimulation as well as on 

subsequent behavior. This approach is similar to prior work that has used external 

manipulations to influence memory consolidation. Specifically, repetitive TMS after 

reminder cues has been shown to impair reconsolidation [62,63] and repetitive TMS applied 

after learning influences changes in motor memory [64–66], visual skill learning [67], and 

competition between perceptual [68] or motor memories [69]. Here, we targeted immediate 

post-encoding time periods to interfere with hippocampal-cortical interactions and 

reactivation thought to underlie episodic memory. Additionally, behavioral studies have 

shown that the presence of 10 minute post-encoding rest periods, which may promote 

reactivation compared to active tasks, benefit memory retention [70–72]. Our findings 

extend prior approaches by targeting a brain region (LOC) that showed prior evidence of 

post-encoding reactivation and memory-related hippocampal interactions, and by combining 

TMS and fMRI, demonstrating that targeting LOC both reduced associative memory 

retention and fMRI measures of post-encoding reactivation and hippocampal interactions.

Given the timescale of cTBS, which has been investigated in prior studies and summarized 

in meta-analyses [38–40], we think it is unlikely that the behavioral impairment found here 

was due to an influence of TMS on retrieval processes three hours later. Although an 

influence of TMS on retrieval is consistent with a qualitatively stronger impairment on 

same-day versus next-day memory, it is incompatible with prior data showing that neural 

function returns to baseline 60 minutes after cTBS and beyond [38–40]. Moreover, an 
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influence of TMS on retrieval three hours later would not explain why a subset of 

participants showed persistent impairments in next-day memory retention (24 hours later). 

Our results showing altered reactivation and memory-related hippocampal-cortical 

interactions during immediate post-encoding rest further support the notion that LOC TMS 

influenced neural function during an initial consolidation period (rather than during 

retrieval).

The TMS protocol used here was intended to disrupt and test the role of systems-level 

processes during post-encoding rest (hippocampal-LOC interactions and reactivation). By 

combining TMS, fMRI, and memory testing, we demonstrate that LOC TMS disrupted 

associative memory retention, LOC reactivation, and memory-related hippocampal-cortical 

interactions. Yet, it is important to highlight that TMS likely did not selectively influence 

these processes, which is difficult to achieve using non-invasive procedures alone but can be 

accomplished in animal models [30,31,73,74]. It is likely that other underlying mechanisms 

which we cannot readily measure (e.g. changes in synaptic plasticity) contributed to our 

findings. For example, cTBS reduces cortical excitability in an NMDA receptor-dependent 

fashion [75] and BDNF, a regulator of plasticity, is related to the efficacy of cTBS [76], 

suggesting that cTBS may be mediated by LTD-like plasticity mechanisms [77,78]. It is thus 

possible that cTBS in this study may have induced synaptic changes and depotentiation 

within LOC, which may have in turn contributed to reduced multi-voxel pattern reactivation 

in LOC and other TMS-related changes (reduced associative memory retention and 

memory-related hippocampal-LOC interactions). Regardless of the potential underlying 

mechanisms, we think it is important to demonstrate that external manipulations which 

modulate post-encoding processes of interest also result in changes in memory, providing 

tighter links between these processes and later behavior.

In summary, by combining fMRI and post-encoding theta-burst TMS, this study 

demonstrates that processes unfolding during awake post-encoding time periods make an 

important contribution to episodic memory. This work adds to a growing body of literature 

highlighting the role of awake rest periods and reactivation in supporting memory 

[21,30,39,79,80] and provides a tool for modulating post-encoding hippocampal-cortical 

interactions and reactivation in humans. While it has been argued that correlations between 

post-encoding reactivation and later memory may be epiphenomenal and reflect encoding-

related activity that simply persists in time [25], these findings show that post-encoding 

processes make a unique contribution to subsequent memory that is separable from encoding 

activity. Although the current work examined the influence of post-encoding TMS on a 

simple measure of how memory changes over time (retention), this approach can be used to 

more broadly understand the contribution of post-encoding processes to other ways in which 

memory changes over time, such as the neural re-organization of memory representations 

[60] or the preferential retention of salient information [81], as well as other changes in 

behavior and to modify memory retention in disease states.
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STAR METHODS

RESOURCE AVAILABILITY

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

will be fulfilled by the Lead Contact, Arielle Tambini (atambini@uci.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The datasets and code used in this study are available from 

the corresponding author.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Healthy young adults were recruited to participate in the main experiment (referred to as the 

fMRI-TMS study) or a behavioral control study. Informed consent was obtained from all 

participants in accordance with the Committee for Protection of Human Subjects at the 

University of California, Berkeley.

fMRI-TMS Study—A total of 62 participants completed all sessions in the fMRI-TMS 

experiment (fMRI, TMS, and behavioral sessions shown in Figure 1). Of those, four 

participants were excluded due to chance initial memory performance (prior to TMS), 

resulting in data from 58 participants for behavioral analyses (29 per TMS site, with 16 

females and 13 males per TMS site). An additional six participants were excluded from 

fMRI analyses due to excessive head motion (see definition below) in five participants and a 

large number of scanner artifacts in one participant, resulting in fMRI data from 52 

participants (26 per TMS site, with 14 females and 12 males per TMS site). The average age 

of all participants was 20.6 years (LOC TMS participants: average 20.4 years, range 18 – 25, 

Control TMS participants: average 20.7, range 18 – 26). Excessive head motion was defined 

as more than 25% of volumes flagged to be removed (volumes surrounding motion spikes 

> .5mm Framewise Displacement, FD, see definition below) across more than one scan.

Behavioral Study—A control group (N=26 participants) was used to examine memory 

retention without an influence of TMS (referred to as the No TMS group). The average age 

of the participants was 20.3 years (range: 18 – 25) and included 11 male and 15 female 

participants.

METHOD DETAILS

Experimental Procedures—A between-subjects design was used to assess the influence 

of LOC TMS on memory. Specifically, the LOC TMS group was compared to an active 

TMS condition (Control TMS) as well as a No TMS control group. This allowed us to assess 

whether any modulation of memory was due to a general influence of TMS (by comparing 

the TMS groups to the No TMS condition) or was specific to targeting post-encoding 

processes involving LOC (by comparing LOC TMS and the Control TMS group). We tested 

memory before and after TMS in order to compare a normalized measure of memory 

(retention, or delayed relative to immediate memory) across groups, which explicitly 

controls for variability in pre-TMS memory across participants. Each memory test contained 
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randomly chosen subsets of stimuli seen during encoding such that each stimulus was only 

tested once.

Participants in the main fMRI-TMS study first completed a Baseline Session to localize 

TMS targets (from anatomical and functional localizer scans) and measure each participant’s 

TMS motor threshold. The main session (depicted in Figure 1) consisted of Baseline Rest 

scans (one blood-oxygen-level-dependent or BOLD scan followed by one arterial spin 

labeling or ASL scan), a brief practice of the imagery task performed during encoding 

(outside of the MRI scanner after Baseline Rest), incidental object-face encoding (an 

imagery task performed across five BOLD scans), an immediate memory test, cTBS to 

either right LOC or a Control site, and Post-Encoding Rest scans (three BOLD and two ASL 

scans, collected in an interleaved fashion). Participants were randomly assigned to each 

TMS site (LOC or Control). Delayed memory tests were administered on the same day 

(approximately three hours after TMS) and the next day (20–28 hours after TMS). 

Participants left the laboratory and went about normal activities in between the scanning 

session and the delayed memory test. All memory tests and TMS sessions took place outside 

of the MRI scanner. Participants completed questionnaires after the last memory test to 

assess their thought content during the rest scans. Results from ASL rest scans are beyond 

the scope of the current manuscript and are not reported here.

The time of day of the procedures was not fixed but was permitted to vary across 

participants for practical considerations to accommodate participant scheduling. On average, 

TMS was administered in the main session between 3 and 4pm (15.6 ± .5 hours for LOC 

TMS, 15.2 ± .5 hours for Control TMS), with no systematic differences in the time of day of 

the procedures across TMS groups (comparison of the time of TMS, t56 = .46, P = .65). No 

significant interactions were found between the time of day and the influence of TMS on 

memory retention.

The TMS protocol used in this study (cTBS) influences neural function for up to 

approximately 50 minutes after stimulation, such that cortical excitability and BOLD 

responses are most strongly decreased from 0–30 minutes after stimulation, with smaller but 

reliable changes in excitability present 40–50 minutes post-stimulation [44–47]. Levels of 

cortical excitability and BOLD responses return to pre-TMS baseline levels after 1 hour and 

beyond [38,44; for meta-analyses see 39, 40]. Thus, the 3-hour delay between TMS and 

delayed memory testing allowed us to influence the post-encoding time period without 

explicitly manipulating retrieval processes.

Participants in the behavioral, No TMS study performed the same encoding and memory 

tests as in the fMRI study, but all procedures took place in behavioral testing conditions.

Encoding—Participants incidentally encoded object-face pairs while performing an 

imagery task; they were not informed that their memory would be later tested. The object-

face encoding procedure used here was chosen based on prior work which found 

correlations between post-encoding hippocampal-LOC interactions and subsequent 

associative memory [13]. Stimulus pairs (180) were viewed over the course of five 9.6-

minute blocks or scans (36 pairs per block). Participants were instructed to vividly imagine 
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the specific person pictured interacting with the specific object shown and to rate the 

vividness of their mental imagery. Each trial consisted of a fixation cross (.25 seconds), 

followed by an object-face pair (5.75 seconds), a response period (1 second), and an active 

baseline arrows task (9 seconds). Each object-face pair contained one stimulus to the right 

and left of a central cross. Trials were counterbalanced with respect to face gender and left/

right screen position of object and face stimuli. During the response period, the words “High 

Medium Low” were presented on the screen and participants were instructed to rate the 

vividness of their mental imagery via button press (index, middle, and ring finger, 

respectively). An active baseline arrows task was used to reduce hippocampal BOLD 

activity during the inter-trial interval [82]. The arrows task was self-paced and consisted of 

the presentation of a series of arrows pointing to the left, up, or the right. Participants 

responded via button press to indicate the direction of the arrow (index, middle, and ring 

finger, respectively); a new arrow was presented after each correct response. A brief practice 

session was performed before the first encoding block (after the Baseline Rest scan).

Memory Assessment—All participants performed three memory tests: one immediately 

after encoding and before TMS (referred to as Immediate memory test) and two Delayed 

tests (approx. three hours and 20 – 28 hours after TMS). Object-face pairs were presented 

during all memory tests. Participants first rated each stimulus pair as ‘Intact’ (meaning the 

stimuli were presented together during encoding), ‘Rearranged’ (meaning both stimuli were 

seen during encoding but were presented with other stimuli) or ‘New’ (either one or both 

stimuli were not seen during encoding). If participants chose ‘New’ they were asked which 

stimulus was new: the object, face, or both stimuli. Memory testing was self-paced and 

participants were instructed to be as accurate as possible. Participants were not informed that 

their memory for stimuli seen during encoding would be tested during the Immediate or 

Delayed tests; they were only instructed about each memory test immediately before it was 

administered.

A subset of the encoded stimuli was presented on each memory test. The Immediate 

memory test contained a total of 60 stimulus pairs (32 intact, 8 rearranged, 8 one new/one 

old, 12 both new stimuli). Each Delayed memory test contained 92 pairs (48 intact, 12 

rearranged, 16 one new/one old, 16 both new stimuli). The presentation of Intact pairs 

during memory testing was prioritized to perform subsequent associative memory analysis 

of the fMRI data, which require an adequate number of Intact trials to obtain both 

associative hit and miss trials.

Functional Localizer Scans and Analysis—Functional localizer scans were collected 

during the Baseline Session. Participants performed a one-back task while viewing blocks of 

object, face, scene, and scrambled images. Each block lasted for 16 seconds and contained 

20 stimuli per block (300 ms stimulus presentation followed by a blank 500 ms inter-

stimulus interval). Two stimuli were repeated in each block and participants were instructed 

to respond to stimulus repetitions via button press. Each scan contained six blocks of each 

stimulus class, which were interleaved with seven blocks of passive fixation. Each 

participant performed two localizer scans and a brief practice was performed before the 

scanning session.
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Stimuli—A total of 244 object and face stimuli were presented across encoding and 

memory testing (180 pairs seen during encoding, with the remaining stimuli serving as new 

images during memory testing). The pairing of face and object stimuli and the assignment of 

stimuli to be seen during encoding or serve as new images during memory testing was 

randomly determined for each participant. Face stimuli consisted of frontal views of faces 

that were cropped in an oval shape. Face gender was counterbalanced during encoding and 

memory testing. Object stimuli consisted of common everyday objects. Separate stimuli 

were used for the functional localizer scans (containing faces, objects, scenes, and phase 

scrambled images) such that there was no overlap in the stimuli between encoding and 

localizer scans. To equate visual content across stimulus categories, all images were 

presented on phase scrambled backgrounds. All stimuli were sized 350 × 350 pixels 

displayed on a screen of resolution 1024 × 768 pixels.

Questionnaire—A questionnaire was given to participants after the final memory test to 

assess their thought content during rest scans in the fMRI-TMS study. We sought to estimate 

how often participants thought about stimuli encoded during the imagery task during Post-

Encoding Rest and whether stimulus-related mentation was intentional or spontaneous in 

nature. Participants were asked to estimate the proportion of time (of the entire Post-

Encoding Rest period) spent thinking about object or face stimuli seen during the imagery 

task. If participants reported thinking about the stimuli at all during Post-Encoding Rest, 

they were further asked to estimate whether stimulus-related thoughts that were intentional 

in nature (“you thought that your memory for the images would be tested and that trying to 

think about/remember them during the rest period might improve your memory”) or 

spontaneous in nature (“they just popped into your mind somewhat randomly/you were not 

trying to strategically recall them to prepare yourself for a potential upcoming memory 

test”). This allowed us to assess both the occurrence and nature of stimulus-related 

mentation during Post-Encoding Rest.

TMS Sites—TMS sites were defined in a participant-specific manner. The LOC TMS site 

was defined as a 6mm region around the site of maximal responsiveness to objects (objects > 

scrambled objects contrast from the functional localizer scans) in right lateral occipital 

cortex using a threshold of P < .0001 (as in prior TMS work, 46). Right LOC (as opposed to 

left LOC) was targeted as prior work found post-encoding hippocampal-LOC interactions 

that were greater for right versus left LOC [13] and other studies have successfully 

interfered with object processing by targeting right LOC [83]. The control TMS site 

(dorsomedial somatosensory cortex, S1) was defined anatomically (the most superior portion 

of the right postcentral gyrus that fell within a gray matter mask). The TMS sites for all 

participants are shown in normalized (MNI) space in Figure 1B. An active control condition 

was used to ensure that any influence of TMS was not due to non-specific effects of 

stimulation or potential changes induced by the acoustic or tactile scalp sensations 

associated with TMS. As in prior work [84–86], dorsomedial S1 was chosen as the active 

control site since it demonstrates relatively local connectivity within somatosensory cortex 

[87] and corresponds to the leg somatosensory representation, making it unlikely that S1 

cTBS would influence hippocampal function or interactions related to memory 

consolidation.
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TMS Procedures—TMS was applied using a MagStim Super Rapid 2 stimulator with a 

figure-eight double air film coil with a 70mm diameter. Active Motor Threshold (AMT) was 

measured during the Baseline Session. Electromyography (EMG) was recorded using 

electrodes placed on the first dorsal interosseus (FDI) muscle on the left hand. To localize 

the hand area of right motor cortex, single TMS pulses were delivered to find the region that 

elicited a visible finger twitch when the participant’s hand was at rest. AMT was then 

defined as the minimum intensity required to produce a motor-evoked potential (of at least 

200 μV) on 5 out of 10 trials while the participant maintained 20% of their maximum 

contraction of the FDI muscle. Visual feedback of the EMG signal was presented to the 

participant to aid in the maintenance of the appropriate level of muscle contraction.

cTBS was applied after the immediate memory test during the Main Session (to either LOC 

or the Control site). TMS targets were localized using a computerized frameless stereotaxic 

system (Brainsight, Rogue Research). cTBS was applied at 80% of AMT and comprised of 

50 Hz triplets (three single pulses separated by 20ms) repeated at a frequency of 5 Hz (every 

200ms) for a duration of 40s or 600 pulses (using parameters from Huang et al., 2005). This 

TMS protocol is considered to be inhibitory, as it reduces cortical excitability [44–46] and 

BOLD responses for up to 50 minutes after application [47], such that excitability and 

BOLD responses are most strongly impacted from 0–30 post-stimulation with measures of 

neural function returning to pre-TMS baseline levels approximately 60 minutes after 

stimulation [44–47].

MRI Data Acquisition—Scanning was performed using a 3T Siemens TIM/Trio MRI 

system with a 12-channel whole-head coil located at the UC Berkeley Henry H. Wheeler Jr. 

Brain Imaging Center. High-resolution T1-weighted (magnetization-prepared rapid-

acquisition gradient echo) images were acquired during the Baseline Session (240 × 256 × 

160 matrix of 1 mm isotropic voxels; TR = 2300 ms; TE = 2.98 ms; flip angle = 9). 

Functional T2*-weighted BOLD data were collected using a gradient-echo planar pulse 

(EPI) sequence (repetition time [TR] = 2 s, echo time [TE] = 28 ms, field of view = 210 mm, 

32 slices, 3 × 3 × 3 mm voxel size, .6 mm interslice gap, flip angle = 78°). EPI scans lasted 

for 9 minutes/270 volumes (rest scans), 9.6 minutes/288 volumes (encoding scans), or 8.27 

minutes/248 volumes (functional localizer scans) after discarding the first five volumes to 

allow for T1 equilibration. During the rest scans, participants were instructed to close their 

eyes and simply rest and think about anything that they wanted to while remaining awake.

QUANTIFICATION AND STATISTICAL ANALYSES

Memory Analyses—A key question of this study was to assess how TMS to LOC 

influenced memory retention from before to after TMS. Corrected memory (hits minus false 

alarms) was computed for each test for both associative and item information (shown in 

Figure S1, S2, Tables S1 and S2). Memory retention was computed as delayed divided by 

immediate corrected memory (shown in Figure 2, S2). Associative memory was measured as 

the proportion of associative hits (proportion of Intact trials that were labeled Intact) minus 

associative false alarms (proportion of Rearranged trials labeled Intact plus proportion of 

New trials labeled Intact). Item memory was computed for each individual stimulus 

regardless of associative memory accuracy; each old item was considered a hit if it was 
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endorsed as old regardless of the status of the item it was presented with, and new items 

were considered to be false alarms if they were labeled as old via any response option (e.g. 

labeled as Intact, Rearranged, or labeled as old with the other stimulus labeled as new). Item 

memory was primarily assessed across both faces and objects (shown in Figure 2), but we 

also examined whether results were consistent across stimulus categories (separately for 

faces and objects).

Memory retention was compared across TMS groups (LOC versus Control) using mixed-

effects ANOVAs implemented in R. Two-way ANOVAs were performed to assess whether 

memory retention was influenced by TMS, using a between-subjects factor of TMS site 

(LOC or Control) and a within-subjects factor of time of Delayed memory testing (same-day 

and next-day). Separate ANOVAs were performed for associative and item memory 

retention. To compare TMS-related changes between associative and item memory, a three-

way mixed-effects ANOVA was performed with a between-subjects factor of TMS (LOC or 

Control) and within-subjects factors of time of memory test (same and next day tests) and 

memory-type (associative and item memory retention). Unpaired t-tests were used to 

perform direct comparisons between TMS groups, as well as between each TMS group and 

the no TMS group.

Exploratory analyses were also performed to assess whether next-day memory retention was 

reduced by LOC TMS, based on levels of memory retention during same-day memory 

testing. To do so, a split half analysis was performed on levels of same-day LOC TMS 

associative memory retention, such that 14/29 participants with the lowest retention after 

LOC TMS were placed into one group (‘Low’ group in Figure S2), with the other 15 

participants with the highest retention after LOC TMS placed into another group (‘High’ 

group in Figure S2). Next-day associative memory retention (and corrected next-day 

associative memory) was then examined for these sets of participants and compared with the 

control groups using unpaired t-tests.

MRI Preprocessing—The imaging data were preprocessed using SPM8 (Wellcome 

Department of Cognitive Neuroscience, University College London, London, UK). 

Functional data were first corrected for differences in slice timing acquisition followed by 

motion correction across all runs and removal of low frequency trends (< .009 Hz, using 

spm_filter). Each participant’s functional data was co-registered to their own T1-weighted 

anatomical image using the mean functional image from that session and spatially smoothed 

with a 6-mm full-width at half-maximum (FWHM) isotropic Gaussian kernel. A group-level 

anatomical template was created with ANTs [88] using brain extracted anatomical scans of 

the fMRI-TMS study participants. Most analyses were performed in each participant’s 

native space (multi-voxel reactivation analyses) and data were transformed to the group-level 

template space when needed (for group-level subsequent memory analyses and group-level 

functional connectivity analyses).

Noise was removed from all functional EPI scans by performing nuisance signal regression 

followed by the exclusion of volumes surrounding motion events (motion scrubbing, 52). 

Nuisance signal regression was performed using a modified version of aCompCor [90] as 

previously implemented [14]. After brain tissue segmentation, white matter (WM) and 
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cerebrospinal fluid (CSF) probability maps were resampled in functional resolution and 

converted to binary masks. The top principal components (PCs) from WM and CSF voxels, 

in addition to six motion parameters and their 1st temporal derivatives, were removed from 

the BOLD signal in each scan a voxel-wise manner using linear regression. As in (53), a 

variable number of WM/CSF PCs was used for each participant based on null simulations. 

For functional connectivity analyses, a low-pass filter was applied to data from rest scans 

(< .1 Hz, 4th order Butterworth filter) after nuisance signals were removed. Motion 

scrubbing was performed as a final step for all scans by discarding volumes surrounding 

sudden motion events (one volume before and two volumes after all events of FD > .5 mm, 

computed according to 52).

Functional Localizer Analysis—Localizer scans were modeled by convolving each 16 

second block with a standard double gamma hemodynamic response function (HRF). One 

regressor was used to model each stimulus category (faces, objects, scenes, and scrambled 

images). The lateral occipital complex region of interest (ROI) used for reactivation and 

hippocampal functional connectivity analyses was individually defined for each participant 

by performing a standard contrast to isolate object-responsive voxels (objects > scrambled 

images). All voxels reaching a threshold of P < .0001 within lateral occipital cortex and the 

posterior fusiform gyrus were included in the ROI [91]. Anatomical masks of these regions 

were created using Freesurfer (Desikan-Killiany atlas, 55). The LOC TMS site was defined 

as described above (see TMS Sites).

LOC Reactivation Analysis—Multi-voxel pattern classification was performed to assess 

object and face reactivation in LOC during Post-Encoding Rest in addition to a similarity-

based approach (described below). The approaches used for assessing reactivation both in 

LOC and the hippocampus (see below) assume that: 1) patterns of activation that are present 

during the object-face encoding task are similarly present again during rest scans after 

encoding (as is typical in memory reactivation studies, e.g. [93]) and 2) reactivation 

evidence during Post-Encoding Rest may reflect the re-processing of specific information or 

memories from prior encoding (shown in a similar tasks in [14]). To examine reactivation in 

LOC, support vector machine (SVM) classifiers were trained based on data from the 

functional localizer scans and then applied to the main session (rest and encoding scans; 

Figure 3A). Two primary classifiers were trained for each participant: an object classifier 

(trained to discriminate objects vs. scrambled images) and face classifier (trained to 

discriminate faces from scrambled images). Classification was performed using MATLAB 

(R2015a) with a binary linear SVM classifier (via the “fitcsvm” and “predict” functions). 

The default parameters were used (including a default parameter of C = 1) with the 

exception of setting standardization to true (which z-scores individual samples or patterns 

across voxels). Time-series from the functional localizer runs were extracted for all voxels in 

LOC and z-scored over time for each scan. Each classifier was trained on data from blocks 

of interest (face, object, and scrambled object blocks); the average patterns across TRs 4–7 

after block onset (7 – 13s) were used for classification. Voxels were excluded if they 

contained excessive noise (variance > four standard deviations above the median variance) 

during either the functional localizer or the rest scans. The primary classifiers (which were 
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applied to data from the main session) were trained on all samples from the functional 

localizer scans.

Before applying the classifiers to examine LOC reactivation evidence during rest (Figure 

3A), we ensured that they accurately decoded face and object information content. To do so, 

we first performed cross-validation within the functional localizer scans (while objects and 

faces were viewed during separate blocks), and secondly confirmed that object and face 

content was accurately detected during the object-face encoding task (when object-face pairs 

were viewed). Cross-validation was performed across the two scans of the functional 

localizer task, such that a classifier was trained on the data from the first scan and applied to 

the second scan, and vice versa. This resulted in a measure of cross-validated accuracy for 

each scan and participant which was compared to chance levels (50%).

To apply the classifiers to the encoding and rest data, time-series from the LOC voxels were 

extracted, z-scored over time, and patterns corresponding to individual TRs were fed into the 

classifier (see schematic in Figure 3A; note that nuisance signals were already removed the 

time-series and volumes surrounding high motion events were excluded from all analyses). 

Trial-evoked changes in object and face classification during encoding (shown in Figure 3B) 

were estimated by averaging classifier output across trials for the eight TRs corresponding to 

each trial. A summary measure of trial-evoked decoding was computed by averaging 

classifier output 5 – 7s after trial onset (corresponding to TRs 4–5) and subtracting the 

average classifier output at trial onset. This summary measure of trial-evoked classification 

was compared across TMS conditions in order to ensure that similar object and face 

information was present during encoding between TMS conditions. Reactivation of object 

and face information during rest (‘reactivation evidence’) was measured by computing the 

proportion of volumes in each Post-Encoding Rest scan classified as a face (or object) and 

subtracting the proportion of Baseline Rest volumes classified as a face (or object). 

Reactivation evidence was averaged across the object and face classifiers for each participant 

and then compared across TMS conditions (Figure 3C).

A similarity-based approach was also used to measure LOC reactivation, to ensure that the 

above results were driven by the specific classifiers used. Here, two multivoxel patterns 

(associated with viewing faces and objects during the localizer scans) were constructed for 

each participant by calculating the average, z-scored BOLD signal across TRs 4–8 (7 – 13s) 

after block onset relative to an implicit fixation baseline. Noisy voxels were excluded from 

this analysis in the same manner as above. We then measured the similarity (correlation) of 

each (face or object) template pattern from the localizer scans with each time-point during 

rest. High similarity events were defined for each Post-Encoding Rest scan by examining the 

distribution of correlation values across the Baseline Rest and the current Post-Encoding 

scan and isolating time-points with the highest correlation values (> 90% of all correlations). 

The proportion of volumes labeled as a high similarity events were then contrasted between 

the Baseline and Post-Encoding scans (shown in Figure S3). This approach yielded similar 

results as using a standard deviation cutoff for isolating high similarity events, which has 

been used in prior work [16,18].
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Hippocampus Reactivation Analysis—Given that the hippocampus does not typically 

show category-specific multi-voxel activation patterns [94], hippocampal reactivation 

evidence was assessed using a prior approach [14]. Briefly, we first characterized multi-

voxel hippocampal patterns present during encoding using principal components analysis 

(PCA) on denoised, unsmoothed data from the hippocampus (anatomically defined) and then 

measured the amount of variance explained by these encoding patterns during rest. 

Anatomical hippocampal ROIs were created using FSL’s FIRST [95] and altered when 

necessary to conform to the definitions of [96]. Voxels with low signal (< 2 standard 

deviations below the mean of a whole brain mask) or excessive variance (> four standard 

deviations above the median variance across hippocampal voxels) in any scan were excluded 

from the analysis. PCA was performed on denoised hippocampal multi-voxel data 

concatenated across all encoding scans (each voxel was z-scored before the data was 

concatenated). Based on [14], which found reactivation of the top 4 hippocampal encoding 

PCs, we focused our analyses on PCs 1–4.

We verified that the top hippocampal PCs captured task-evoked activity by analyzing the 

time course or temporal projection of each PC on the encoding data. Average time courses 

(trial triggered averages) of the z-scored temporal projection are shown in Figure 4A from 

an example participant (for the top PCs). Summary measures of trial-evoked activity were 

computed for each participant by averaging the temporal projection 5 – 7 seconds after trial 

onset (corresponding to TRs 4 – 5) and subtracting the average value at trial onset (the same 

metric used for the LOC classifier analyses). The amount of variance explained by each 

encoding PC during each rest scan was calculated as in [14]. Reactivation was 

operationalized as an increase in the amount of variance explained from Baseline Rest to 

Post-Encoding Rest. Paired t-tests were used to assess average reactivation evidence across 

the top four PCs and all three Post-Encoding Rest scans (vs. Baseline Rest; Figure 4B). One-

way repeated measures ANOVAs assessed whether reactivation varied across scans within 

each TMS group (using a within-subjects factor of rest scan number). We also assessed 

whether reactivation evidence across individual PCs within each participant was correlated 

with the strength of each hippocampal PC during encoding (eigenvalue of each PC) across 

the top ten PCs (Figure 4C); this measure has previously been related to individual 

differences in later memory [14]. Average reactivation evidence (across the top four PCs) 

was compared across TMS groups using mixed effects ANOVA with a within-subjects factor 

of rest scan number and a between-subjects factor of TMS condition (LOC and Control). 

Correlations between encoding strength and reactivation evidence were Fisher Z-

transformed and compared to zero for each TMS group (paired t-test) and across TMS 

groups (un-paired t-test).

fMRI Encoding Analysis—Subsequent memory analyses were performed on the 

encoding scans to localize group-level hippocampal ROIs likely to show memory-related 

resting functional connectivity changes. Encoding trials were modeled as a 6 second boxcar 

(from fixation onset through to stimulus offset) which was convolved with a standard double 

gamma HRF. Trials were sorted according to subsequent associative memory, with separate 

regressors modeling associative hits (trials that were presented intact during memory testing 

and labeled as intact), associative misses (trials presented as intact and labeled as 
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rearranged), and item misses (trials presented intact and labeled as one item being new or 

both items labeled as new). To isolate regions that contributed to delayed memory, separate 

regressors were included for stimulus pairs assessed during immediate and delayed memory 

testing. This resulted in a total of 7 regressors: delayed associative hits, delayed associative 

misses, delayed item misses, immediate associative hits, immediate misses (immediate 

associative and item misses were combined into one regressor due to low counts across these 

trial types), all other trials (those not presented as intact during memory testing), and a 

regressor corresponding to the one second response period. Nuisance signals (motion and 

WM/CSF signals) were removed prior to model estimation. High motion time-points were 

removed or temporally censored at the level of model estimation by removing flagged time-

points from both the functional data and design matrices.

To isolate group-level hippocampal ROIs that track associative memory formation 

commonly across both TMS groups, a general linear model (GLM) was first estimated using 

the data from all participants. Separate GLMs were also estimated for participants in each 

TMS group to isolate ROIs specific to each group. Participants were included in subsequent 

memory analyses if they had at least 10 trials in each relevant trial type (i.e. delayed 

associative hits and delayed associative misses). Given our a priori focus on defining 

hippocampal ROIs, group-level contrasts were masked with a group-level hippocampal ROI 

(when isolating hippocampal ROIs).

fMRI Resting Functional Connectivity Analyses—Functional connectivity was 

estimated to measure hippocampal post-encoding interactions and their relationship with 

memory retention. As in prior work, we focused on experience-dependent changes in 

functional connectivity, or changes from Baseline to Post-Encoding Rest [13,15,57]. 

Hippocampal-LOC interactions were measured for each rest scan by computing Fisher Z-

transformed Pearson’s correlation values between the relevant time-series (after nuisance 

signal removal, low-pass filtering, and temporal censoring or removal of high motion time-

points). Post-encoding functional connectivity was estimated by averaging connectivity 

values across the three Post-Encoding Rest scans. Robust regression was used to assess 

relationships between functional connectivity changes and memory retention (shown in 

Figure 5 and 6), separately for memory retention measured during each delayed memory test 

(same-day and next-day memory).

Exploratory analyses were used to ask whether post-encoding hippocampal interactions 

were related to next-day associative memory retention, and whether distinct patterns of 

hippocampal interactions are related to memory retention for Control versus LOC TMS. 

First, a whole-brain analysis was performed separately for each TMS group to isolate 

regions that showed increases in functional connectivity with the hippocampus (from 

Baseline to the average connectivity across Post-Encoding Rest scans) that were positively 

correlated with next-day associative memory retention (using robust regression in a voxel-

wise manner, P < .001, one-tailed test; shown in Figure 6A). Family-wise error (FWE) 

correction was performed on whole-brain maps using permutation testing. Specifically, on 

each permutation (N=1000), the pairings between memory retention and changes in 

connectivity were randomized, correlations were computed, and the size of clusters 

remaining that exceeded P <.001 significance (one-tailed, showing positively correlations 
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with memory) were stored. The size of the clusters from the true analysis was then 

compared to the null distribution to estimate significance.

In addition to examining whether individual brain regions survive whole-brain correction in 

the prior analysis, we also asked whether distinct hippocampal connectivity patterns were 

related to memory retention across TMS groups. To do this, we used subsampling to 

repeatedly estimate patterns of hippocampal connectivity (across gray matter voxels) that 

were related to memory retention for three groups of participants: Control TMS, LOC TMS, 

and a mixed group of participants (from both TMS groups). This allowed us to test the 

prediction that hippocampal connectivity patterns related to memory within each group are 

distinct by comparing the reliability or similarity of these patterns within each TMS group 

(across subsampling iterations) vs. the similarity of the patterns between TMS groups and 

the similarity of the mixed TMS group patterns (shown in Figure 6B). This analysis was 

performed separately to relate hippocampal connectivity to next-day (Figure 6B) and same-

day associative memory retention (Figure S4).

On each iteration of the subsampling procedure, a subset of 20 participants was randomly 

chosen (for Control and LOC TMS groups, 20 out of 26 participants were randomly chosen, 

and for the mixed TMS group, a random set of 10 participants from each TMS group was 

chosen to create a group of N=20 participants) and correlations between hippocampal 

functional connectivity changes and next-day associative memory retention were computed 

in gray matter voxels to estimate a pattern. A total of 1,000 subsampling estimates were 

created for each group, and the similarity or correlation between patterns within and 

between groups was computed. Since this procedure generates a large and arbitrary number 

of patterns to compare (which would artificially inflate the degrees of freedom in statistical 

testing), we randomly chose a small number (N=19, the degrees of freedom in the initial 

correlation) of similarity values from each condition to compare across conditions when 

performing statistical testing. This was done in a repeated fashion to ensure that the results 

were reliable; average statistics (unpaired t-tests comparing similarity across conditions) are 

reported in the results.

fMRI Summary Reactivation Measure—Beyond examining relationships between 

specific measures (changes in functional connectivity) and memory retention, we used PCA 

to create a summary measure of reactivation (shown in Figure 5D). PCA was performed for 

each group (Control and LOC TMS) across five main reactivation measures: 1) LOC 

reactivation using the classifier approach (change in proportion of volumes classified as a 

face/object from Baseline to Post-Encoding Rest, averaged across scans and face and object 

classifiers, shown in Figure 3C), 2) LOC reactivation using the similarity approach (same as 

classifier approach, but change in the proportion of volumes labeled as high similarity 

events, shown in Figure S3), 3) Hippocampal reactivation (change in variance explained by 

top hippocampal encoding PCs from Baseline to Post-Encoding Rest scans, averaged across 

scans and top four PCs, shown in Figure 4B), 4) correlation between Hippocampal 

reactivation and encoding strength (correlation between encoding PC strength and 

Hippocampal reactivation for each participant, shown in Figure 4C), and 5) change in 

hippocampal-LOC FC from Baseline to Post-Encoding Rest scans (Fisher Z-transformed 

and averaged across scans). Before performing PCA on each group, these values were z-
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scored across participants. The top (first) PC is shown in Figure 5D as a vector below each 

scatterplot, which indicates the weighting of the five reactivation measures. The resulting 

reactivation summary or component score (shown on x-axis in Figure 5D) is the projection 

of each participant’s data onto the first PC, which was correlated with associative memory 

retention using robust regression.

Supplementary Material

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

• Post-encoding TMS was applied to manipulate awake memory consolidation 

in humans

• Associative memory retention was selectively reduced by TMS to LOC

• TMS impaired cortical memory reactivation and hippocampal-cortical 

interactions

• TMS modified patterns of post-encoding hippocampal interactions related to 

memory
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Figure 1. Experimental Design.
(A) Participants completed a Baseline Session and Main TMS-fMRI Session. Theta-burst 

TMS was administered after the Immediate memory test. Participants returned 

approximately three and 24 hours after TMS for surprise Delayed memory tests. A unique 

subset of stimuli were tested in each memory test. Memory tests were performed outside of 

the MRI scanner. (B) TMS sites (LOC, blue; Control, black) are shown in MNI space.
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Figure 2. Memory retention (delayed divided by immediate memory accuracy).
(A) Associative memory (associative hits minus associative false alarms) retention differed 

across groups, with reduced retention after LOC TMS. (B) No reliable influence of TMS 

was found on Item memory (item hits minus false alarms) retention. A significant TMS site 

by memory-type (associative versus item retention) interaction was found, indicated by the 

comparison across plots. Error bars show standard error of the mean. *P < .05, **P < .005. 

See also Figures S1, S2, Tables S1, S2.
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Figure 3. Post-encoding reactivation in LOC.
(A) Analysis approach: object and face classifiers (yellow box) were trained in each 

participant (using data from functional localizer scans) and LOC patterns were extracted 

from volumes during rest and encoding were fed into the classifiers (depicted as vectors). 

Reactivation evidence was operationalized as an increase in the proportion of volumes 

classified as a face or object from Baseline to Post-Encoding Rest scans (increase in green 

squares). (B) As expected, a stimulus-evoked increase in classifier evidence (proportion of 

volumes classified as a face or object) was found during object-face encoding in both TMS 

groups (LOC, blue; Control, gray). Shaded region represents standard error of the mean 

across participants. (C) Reactivation evidence or change in the proportion of time-points 

classified as a face or object from Baseline to each Post-Encoding Rest scan. An increase 

was found in the Control TMS group (gray bars) but not the LOC TMS group, with a 

significant difference between TMS groups. *P < .05, **P < .005. See also Figures S3, S4.
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Figure 4. Post-encoding reactivation in the hippocampus.
(A) Analysis approach: denoised hippocampal encoding patterns were extracted (matrix on 

the left) and PCA was performed on each participant’s data, resulting in principal 

component (PC) encoding patterns (vectors on the right). Trial-triggered averages of the 

temporal projection of encoding PCs showing stimulus-evoked activity are displayed to the 

right of PC patterns. Shaded region depicts standard error of the mean across trials. (B) 

Reactivation evidence (change in the proportion of variance explained by each encoding PC 

from Baseline to Post-Encoding Rest) is shown for the top four PCs for each TMS group and 

scan (lightest bar = first Post-Encoding scan, second bar = second Post-Encoding scan, 

darkest bar = third Post-Encoding scan). Reactivation evidence is present in the Control 

TMS group, but not the LOC TMS group. (C) Correlation (Fisher Z-transformed) between 

the strength of each hippocampal encoding PC (eigenvalue) and its reactivation evidence 

(change in variance explained from Baseline to the average across Post-Encoding Rest 

scans) was assessed for each participant. A significant correlation is found in the Control 

TMS group, but not in the LOC TMS group. *P < .05
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Figure 5. Relationships between Post-Encoding measures and memory retention.
(A) Hippocampal ROI (right) defined from a subsequent associative memory contrast across 

all participants. Experience-dependent changes in hippocampal-LOC FC (from Baseline to 

the average across Post-Encoding Rest scans, Fisher Z-transformed) were related to same-

day associative memory retention across participants in the Control TMS group (left), but 

not in the LOC TMS group (right). A significant difference was found between these 

correlations. Robust regression was used for all across-participant correlations. (B) The same 

as (A), using a hippocampal ROI defined from Control TMS participants. (C) The same as 

(A), using a hippocampal ROI defined from LOC TMS participants. (D) Summary score of 

reactivation measures was positively correlated with same-day associative memory retention 

in the Control TMS group, but not in the LOC TMS group. Summary reactivation score was 

derived from PCA on five measures: LOC reactivation (two measures), hippocampal 

reactivation (two measures), and changes in hippocampal-LOC FC. Vector below 
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scatterplots depicts weighting of these measures to construct summary score (first PC). *P 
< .05
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Figure 6. Exploratory analyses of whole-brain changes in hippocampal interactions related to 
next-day memory retention.
(A) Correlations between hippocampal (Figure 5A) FC changes across the whole brain and 

next-day associative memory retention (FWE-corrected using permutation testing). The only 

regions surviving FWE-correction are shown: retrosplenial cortex in the Control TMS group 

and right anterior temporal cortex in the LOC TMS group. Maps are shown on study-

specific group-level template brain. (B) Patterns of correlations between hippocampal FC 

changes and next-day associative memory retention were repeatedly estimated for random 

subsets of each TMS group (left and middle) and a mixed set of participants across TMS 

groups (right) using subsampling. Plot shows similarity or correlation of these patterns 

across subsamples within each TMS group, within the mixed group, and the between-group 

similarity. Bars show mean Fisher Z-transformed correlation (similarity) and error bars show 

the standard deviation of Fisher Z-transformed correlations across iterations. *P < .001. See 

also Figure S5
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

MATLAB R2015a www.mathworks.com RRID: SCR_001622

SPM8 www.fil.ion.ucl.ac.uk/spm RRID: SCR_007037

FSL www.fmrib.ox.ac.uk/fsl RRID: SCR_002823

BrainNet Viewer www.nitrc.org/projects/bnv RRID: SCR_009446

RStudio www.rstudio.com RRID: SCR_000432

ANTs www.picsl.upenn.edu/ANTS RRID: SCR_004757

Psychtoolbox www.psychtoolbox.org RRID: SCR_002881

Freesurfer surfer.nmr.mgh.harvard.edu RRID: SCR_001847

Brainsight rogue-research.com/tms/brainsight-tms RRID: SCR_009539

NeuroElf www.nitrc.org/projects/bvqxtools RRID: SCR_014147
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