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Abstract

Decades of work in rodents suggest that movement is a powerful driver of hippocampal low-

frequency “theta” oscillations. Puzzlingly, such movement-related theta increases in primates are 

less sustained and of lower frequency, leading to questions about their functional relevance. 

Verbal memory encoding and retrieval lead to robust increases in low-frequency oscillations in 

humans and one possibility is that memory might be a stronger driver of hippocampal theta 

oscillations in humans than navigation. Here, neurosurgical patients navigated routes and then 

immediately mentally simulated the same routes while undergoing intracranial recordings. We 

found that mentally simulating the same route that was just navigated elicited oscillations that 

were of greater power, higher frequency, and longer duration than those involving navigation. Our 

findings suggest that memory is a more potent driver of human hippocampal theta oscillations 

than navigation, supporting models of internally-generated theta oscillations in the human 

hippocampus.

eToc

Low frequency “theta” oscillations are strongly linked to movement in the rodent hippocampus 

but are more transient in humans. By directly comparing the prevalence of human hippocampal 
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theta oscillations during navigation and episodic simulation, Seger et al. show that memory is the 

primary driver of human hippocampal theta oscillations.
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Introduction

Low-frequency, semi-periodic fluctuations in the local field potential of the rodent 

hippocampus (3–12 Hz) have been linked strongly to voluntary movements1–6, suggesting 

a tight coupling between sensorimotor driven behavior that occurs during navigation 

and hippocampal theta oscillations7. Invasive recordings in patients undergoing seizure 

monitoring have also revealed transient bouts of hippocampal theta oscillations during 

virtual navigation8–13 and non-invasively (but less precisely localized) in healthy human 

participants14–16. These findings support a relationship between theta oscillations and 

the sensorimotor integration that is present during navigation17,18, although such semi-

periodic fluctuations in the local field potential are less sustained and of lower frequency 

than those typically recorded in rodents19. Notably, verbal encoding tasks employed to 

study episodic memory, such as freely recalling or recognizing a list of words, which 

involve no explicit sensorimotor or movement-related processing, elicit robust hippocampal 

theta oscillations20–22. Therefore, an important question to address is whether the theta 

oscillations observed during navigation, which are linked to self-motion and sensory 

processing, share similar properties to those observed during memory tasks when directly 

contrasted in the same experiment when controlling for content. Here, we directly test this 

idea by comparing bouts of navigation in virtual reality with mental simulation of those 

same routes in patients with electrodes implanted in the hippocampus.

Determining whether the sensorimotor or memory-related processing is the primary 

correlate of human hippocampal theta oscillations directly relates to another important 

question: to what extent is external input, in the form of sensory rhythmicity combined with 

its affiliated self-motion signals, central to the emergence of oscillations? Several theoretical 

models suggest that hippocampal theta might arise through the integration of sensory 

and motor components during navigation, and is termed “the sensorimotor integration 

hypothesis”7. Other models suggest that oscillations derive more generally through a 

process of “active sensing” whereby rhythmic processing of the sensory stimuli entrains 

oscillations at similar frequencies and harmonics23–25. A common theme across these 

models is that theta oscillations are related to externally directed sensorimotor processing. 

Yet, the presence of oscillations during verbal memory encoding and retrieval in humans, 

in which there is no obvious sensorimotor rhythmicity due to a lack of sustained external 

cues, present somewhat of an issue for such theoretical models. In addition, a recent study 

demonstrated that hippocampal theta oscillations persist during periods of teleportation 

in which no sensory input or motor output is present26. Both memory encoding and 

teleportation involved relatively brief periods (on the order of seconds) and given that human 

hippocampal theta oscillations are transient compared to rodents19, it is possible that the 
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presence of hippocampal theta oscillations in these studies could be related to lingering 

signals from interrupted sensory stimuli. In addition, some theoretical models suggest 

that memory and navigation-related theta may involve different peak frequencies27,28, and 

therefore directly comparing human hippocampal theta oscillations during navigation and 

subsequent mental simulation is important to addressing such debates.

To address how navigation and mental simulation-related theta oscillations might compare, 

we recorded intracranial EEG (iEEG) in patients while they performed a spatial navigation 

task, with joystick movements and optic flow providing a sense of virtual movement shown 

to elicit theta oscillations in past studies13. Immediately following navigation, patients 

then mentally simulated the route they just took, placing demands on their memory in 

the absence of any sensory or self-motion cues. Participants also encoded storefronts they 

would subsequently experience during navigation and passively viewed a fixation cross 

as additional control comparisons. We hypothesize that if hippocampal low frequency 

oscillations are driven by self-motion related to external sensory information (such as in 

the rodent), we should observe an increase in low frequency oscillations when self-motion is 

driven by external sensory cues compared to when external sensory and corresponding self-

motion cues are absent. In contrast, if hippocampal low frequency oscillations are related 

to mnemonic processing and are driven strongly by internally-generated activity29, then we 

expect that low frequency oscillations will increase when memory demand increases.

Results

Comparing navigation with mental simulation behaviorally

To determine whether navigation or mental simulation results in greater low-frequency 

oscillations, iEEG patients performed a spatial navigation task on a laptop computer using 

an Xbox controller. As shown in Figure 1a, the spatial navigation task required participants 

to use a joystick to navigate between stores within a sparse environment (Figure 1d) 

and subsequently perform mental simulation by “mentally navigating” the route. Mental 

simulation of each route began upon arrival at the storefront of the target destination and 

occurred as patients stared at a black screen with a white crosshair (i.e., in the absence of 

sensory input) and without movement of the joystick (Figure 1a; see Methods). To determine 

whether patients mentally simulated the routes in a comparable way to the same route 

they had just navigated, we calculated the linear correlation between the duration for each 

navigation trial and the duration for each mental simulation trial using a robust regression 

(Figure 1b; Supplemental Figure 1a). The median rate of compression, which is the ratio 

of time to navigate a route divided by the time to replay a route, was significantly greater 

than 1 (Wilcoxon signrank test p < 0.001, median navigation / mental simulation = 3.43, 

Figure 1c). We performed an additional control experiment involving healthy participants 

who performed the same experiment but involved additional catch trials (see Methods; 

Supplemental Figure 1c-f) in which they moved the joystick in concert with their mentally 

simulated route. Healthy controls showed a significant correlation between the duration 

of navigation and mental simulation (Wilcoxon signrank p < 0.001; Supplemental Figure 

1c) and a significant correlation between the path tortuosity for navigation and mental 

simulation catch trials (Wilcoxon signrank p < 0.001; Supplemental Figures 1e,f)30. These 
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analyses, and additional analyses performed on the patient data, support the inference that 

patients mentally simulated the routes in a comparable way to the same route they had just 

navigated and is consistent with past work showing similar results31.

Mental simulation elicits significant increases in theta oscillatory power compared to 
control conditions

Inspection of brain recordings from the hippocampus during navigation and mental 

simulation revealed prominent examples of bouts of low-frequency oscillations, particularly 

during mental simulation (Figure 1e). To initially compare the presence of low frequency 

activity during conditions of interest, we computed the power spectral density (PSD) for 

frequencies between 2–32 Hz and used two one-tailed Wilcoxon rank sum tests (left-tailed 

and right-tailed) at each frequency. We used the false discovery rate (FDR) to correct for 

comparisons across multiple frequencies. We compared the median PSD during periods 

of mobile navigation and mental simulation with three control conditions, each of which 

involved variations in either visual stimulation, motor control, and/or explicit memory 

processing.

We first tested whether the median hippocampal 2 – 32 Hz power spectral density during 

navigation (when mobile only) and during mental simulation differed from the power 

spectral density during navigation when immobile, with immobility used as a control 

comparison in many past studies that have identified movement-related hippocampal theta 

oscillations1,4,6,11,13,17,32. Across the 2 – 32 Hz range, the proportion of electrodes that 

showed significantly increased power during mobile compared to immobile periods of 

navigation (ranksum FDR adjusted p < 0.05) was significantly greater than expected by 

chance (FDR adjusted p < 0.05; Figure 2a, b; Supplemental Table 1). In contrast, no 

electrodes showed significantly greater power during immobility compared to mobility 

(Figure 2a). Our findings therefore replicate past findings showing that oscillatory power 

is increased during periods of mobility compared to periods of immobility during 

navigation1,4,6,11,13,17,32. Similarly, across the 2 – 32 Hz range, the proportion of electrodes 

that showed significantly increased power during mental simulation compared to immobile 

periods of navigation (ranksum FDR adjusted p < 0.05) was significantly greater than 

expected by chance (FDR adjusted p < 0.05; Figure 2c, d; Supplemental Table 1); 

again, there were no electrodes that showed significantly greater power during immobility 

compared to mental simulation. Numerically, we found a greater proportion during mental 

simulation (Figure 2a, green line) compared to navigation (Figure 2c, blue line); we directly 

compare navigation and mental simulation in the next sections. We also performed all of 

the analyses above but at the subject level; all of these analyses remained significant (FDR 

adjusted p < 0.05; Supplemental Figure 2e,f).

Next, we compared the median low-frequency power during navigation and mental 

simulation to the power computed during viewing of static images of the target stores 

before patients entered the virtual environment (Figure 1a, Storefront Presentation). During 

storefront presentation, visual stimulation contributes to memory encoding, but joystick-

related motor control does not. Importantly, the participant has not entered the environment 

and memory-related processing is unlikely to contain movement-related information 
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(although it may involve memory-related rehearsal of the store fronts). We found that in the 

2.4 – 3.1 Hz range, navigation elicited significantly greater power than storefront viewing 

(ranksum FDR adjusted p < 0.05) for significantly more electrodes than expected by chance; 

while in the 14.6 – 19 Hz range, storefront viewing elicited significantly greater power 

than navigation (ranksum FDR adjusted p < 0.05) for significantly more electrodes than 

expected by chance (Figure 2e, f; Supplemental Table 1). In contrast, for the comparison 

between storefront viewing and mental simulation, we found a different pattern, namely, in 

the 2.0 – 2.4 and 5.2 – 14.6 Hz ranges, a significantly greater proportion of electrodes (FDR 

adjusted P < 0.05) showed significantly greater power during mental simulation compared to 

storefront presentation (Figure 2g, h; Supplemental Table 1). These effects, while trending 

in the correct direction, did not survive subject-level analyses (FDR adjusted p > 0.05; 

Supplemental Figure 2g.h).

Lastly, we also compared the median power during navigation and mental simulation 

with that during the crosshair presented between each storefront image (Figure 1a, 

Crosshair). During the crosshair presentation, neither visual stimulation nor joystick-related 

motor activity contributes to memory processing although participants may be retrieving 

storefronts or rehearsing them during this time. The results for the comparison to the 

crosshair condition were similar to the comparison to the storefront presentation for the 

electrode level; the crosshairs > navigation contrast was also significant at the subject level 

(See Supplemental Figure 2a-d,i-j). Mental simulation, possibly due to its high memory 

demands, induced greater low frequency power than either encoding store fronts or looking 

at a black screen; surprisingly, navigation appeared to induce similar or less theta power 

compared to encoding storefronts and looking at a black screen.

Mental simulation elicits greater low-frequency theta activity than during navigation

To directly compare oscillatory power during navigation and mental simulation for each 

route, we computed the power for frequencies between 2 – 32 Hz during navigation and 

mental simulation. To account for differences related to the duration of navigation and 

mental simulation trials, the duration of navigation was matched to the duration of mental 

simulation on a trial-by-trial basis by selecting a random interval from navigation equal to 

the length of mental simulation. The proportion of electrodes with a significant increase 

in power during mental simulation compared to navigation was significantly greater than 

expected by chance (computed for all frequencies between 2 – 32 Hz, signrank FDR 

adjusted p < 0.05; Figure 3a, b; Supplemental Table 2)27. All of these effects remained 

significant when performed at the subject-level (Supplemental Figure 3a).

To ensure the robustness of our findings and extension to the domain of semi-periodic 

signals, we used the eBOSC package to determine the percent of time that power exceeded 

the aperiodic background activity for at least 3 cycles (termed Pepisode). By requiring the 

power to remain above the aperiodic background (i.e., the power threshold) for a minimum 

of 3 cycles, we were able to isolate and directly compare the prevalence of sustained 

oscillatory activity during navigation and mental simulation trials at each frequency33,34. 

Because our earlier analyses had revealed the lowest oscillatory activity during immobility, 

we used the power during immobility to estimate the background spectrum. We found 
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that the proportion of electrodes that showed significant increases in the prevalence of 

oscillations during mental simulation compared to navigation (signrank FDR adjusted p < 

0.05) was also significantly greater than expected by chance for all frequencies from 2 

– 32 Hz (Figure 3c, d; Supplemental Table 2). These effects were also significant at the 

subject-level (Supplemental Figure 3b). When we performed the same analyses but did not 

match trial duration, there was again a greater proportion of electrodes with significantly 

more oscillatory activity during mental simulation compared to navigation from 5.2 – 13.5 

Hz and at 20.8 Hz, and, interestingly, a significantly greater proportion of electrodes at 2.4 

Hz during navigation than mental simulation (Supplemental Figure 3c); these effects were 

also robust at the subject-level.

Given the observation that the power spectral density and Pepisode during mental simulation 

was significantly higher than navigation for all frequencies between 2 – 32 Hz (Figure 

3a), we next controlled for the possibility that a broadband shift in the in the background 

power spectrum might account for the observed differences in oscillatory prevalence35. We 

computed the power threshold for Pepisode separately for navigation and mental simulation, 

with the average power during each condition serving as its own threshold (“condition-

based” baseline, see Methods). This required that oscillatory activity during each condition 

was greater than the estimate of background activity present during that condition. For 

frequencies 3.1–3.4 Hz and 4.0 – 24.7 Hz, the proportion of electrodes that showed 

significantly increased power during mental simulation compared to navigation (signrank 

FDR adjusted p < 0.05) was significantly greater than expected by chance (Supplemental 

Figure 3d). Thus, after accounting for the differences in the background power spectrum, we 

found that mental simulation was a stronger driver of low frequency oscillatory activity in 

the hippocampus than navigation.

To ensure we matched bouts of oscillations between navigation and mental simulation, we 

randomly selected an interval that was the length of a single cycle from the time points 

the Pepisode threshold was passed for each trial and electrode (see Methods). We found that 

for frequencies 2.6 – 2.8 Hz, 6.2 – 8.7 Hz, and 24.7–32.0 Hz, the proportion of electrodes 

that showed significantly increased oscillatory power during mental simulation compared 

to navigation (Wilcoxon signrank FDR adjusted p < 0.05) was significantly greater than 

expected by chance (see Supplemental Figure 3e). We also ran a general linear model 

comparing Pepisode (as a dependent variable) with mental simulation and navigation as 

independent variables across all electrodes; for all frequencies between 2 – 32 Hz, we found 

that mental simulation explained more variance in Pepisode across all electrodes than did 

navigation (see Supplemental Figure 3f).

Mental simulation results in increases in oscillatory frequency and duration compared to 
navigation

Previous studies have reported a positive relationship between the speed of movement 

during navigation and the theta frequency1,2. Because our behavioral findings (Figure 1b, 

c; Supplemental Figure 1d) suggested that the rate at which participants mentally replayed 

was faster than the rate during navigation, it is possible that at least some of our effects 

could be due to an increase in the frequency of theta activity during mental simulation. To 
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determine whether there were frequency shifts between navigation and mental simulation 

in the theta range, we defined the “peak frequency” for each trial and each condition as 

the frequency between 2 – 12 Hz when Pepisode (computed using immobility as baseline) 

had the highest peak (see Methods). The median electrode-level difference in the peak 

frequency between navigation and mental simulation was significantly different than zero 

across electrodes (signrank p < 0.0001, median difference = −0.37 Hz; Figure 4a, light 

orange indicates all electrodes). When we tested the trial-level peak frequency separately 

for each electrode, 35.5% of electrodes had a peak difference that was significantly greater 

than zero (Wilcoxon signrank p <0.05; Figure 4a, dark orange). Of the electrodes that had a 

significant difference in the peak frequency, the proportion that showed a significant increase 

in the peak frequency during mental simulation was significantly greater than expected by 

chance (χ2(df = 1, N = 31) = 40.32, p < 0.001, 32.1% fsim. > fnav. and 3.4% fsim. < fnav). 

The result was similar when we computed the peak frequency for the Pepisode computed 

with the “condition-based” baseline (data not shown). These results suggest that when 

a frequency shift was present between navigation and mental simulation, the oscillatory 

activity during mental simulation occurred at a higher frequency than navigation.

Previous studies have additionally suggested there are two distinct theta oscillations – 

a higher frequency oscillation (~8Hz) that is associated with spatial-processing and is 

correlated with movement speed and a separate lower frequency oscillation (~3 Hz) that 

is associated with non-spatial cognitive processes27. Therefore, we also tested the for a shift 

in the peak frequency separately for 2 – 4 Hz and 5 – 12 Hz (see Methods); we did not 

find evidence for separate (bimodal) frequency shifts (see Supplemental Figure 3a-d). While 

the median frequency difference across all electrodes was less than 1Hz, the difference in 

peak frequency between navigation and mental simulation exhibited much greater variability 

at the trial level. To address whether there was a relationship between the behavioral 

compression rate and the difference in peak frequency, we ran a robust regression between 

the frequency shift and compression rate across all trials separately for each electrode. The 

number of electrodes (n = 2) that showed a significant correlation between the compression 

rate and the frequency shift within the 2 – 14 Hz range was not significantly greater than 

that expected by chance (data not shown). These results suggest that our findings did not 

arise from anterior vs. posterior differences in peak frequencies for navigation compared to 

simulation and that the small increase in frequency did not relate to the almost three-fold 

increase in the duration of navigation compared to mental simulation.

Given that we observed an increase in the peak frequency during mental simulation for 

a significant number of electrodes, one possibility is a narrowband shift in frequency 

could account for the significant increase found in Pepisode during mental simulation35,36. 

To address this question, we tested whether the presence of a significant difference in 

peak frequency across the 2 – 12 Hz range was associated with the presence of Pepisode 

differences between navigation and mental simulation over the same frequency range. We 

did this by running a Fisher’s Exact test on the number of electrodes that showed significant 

differences in the Pepisode during navigation and mental simulation compared to the number 

that showed a significant difference in peak frequency (see Methods). Only a small number 

of electrodes that showed a Pepisode difference also showed a frequency shift, and there was 

no association between the presence of frequency differences and the presence of Pepisode 
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differences (Fisher exact test p = 1.000; Figure 4b). In other words, the presence of a 

frequency shift between navigation and mental simulation at the electrode level did not 

account for the observed Pepisode differences.

While the analyses so far suggest that mental simulation resulted in an increase in 

the peak frequency of theta oscillations compared to navigation, these analyses do not 

address the duration of these oscillations, with previous studies suggesting that human 

movement-related theta oscillations are of shorter duration, on average, than rodents19. This 

issue is important to understanding the differences in low frequency oscillations during 

mental simulation compared to navigation and any potential inter-species differences due 

to memory vs. navigation. To determine the duration that oscillations persisted at each 

frequency during navigation and mental simulation, we computed Pepisode for increasing 

cycle duration criteria from 1 to 4 cycles for each electrode and subsequently computed the 

cycle duration at which Pepisode reached its 50% threshold (see Methods). Across electrodes, 

we found that oscillations were significantly more continuous (i.e., longer in duration) 

during mental simulation than during navigation at all frequencies between 2 – 32 Hz 

(Figure 4c). The frequency with the longest duration oscillations during both navigation and 

mental simulation was 8.0 Hz (median navigation = 2.78 cycles, median mental simulation = 

3.18 cycles).

Greater prevalence of low frequency oscillations during later periods of mental simulation 
and navigation, consistent with more stabilized memory representations

Because learning occurs over the course of the experiment, a de novo prediction is that 

low frequency oscillations during navigation and mental simulation should increase when 

memory representations are strengthened as a function of experience. In other words, 

memories should be stronger based on greater experience navigating, thus increasing the 

fidelity of mental simulations, and possibly navigation, later during learning, resulting in 

greater detected theta oscillations. To test this hypothesis, we compared the oscillatory 

prevalence for early versus late trials for navigation and mental simulation (see Methods). 

For all frequencies between 2 – 32 Hz, we found that the proportion of electrodes that 

showed a significant increase (signrank FDR adjusted p < 0.05) in Pepisode during late 

navigation compared to early navigation was significantly greater than expected by chance 

(Figure 5a; Supplemental Table 3). The proportion of electrodes showing significantly 

greater power during late relative to early mental simulation was also greater than chance 

at 2.0 – 2.4 Hz and 4.0 – 16.0 Hz (adjusted p < 0.05; Figure 5b; Supplemental Table 3); 

the proportions of electrodes showing the late > early effect was similar for navigation. The 

presence of a significant increase in the prevalence of theta oscillations during late trials 

of navigation and mental simulation compared to early trials support the conclusion that an 

increase in the strength of memory representations results in an increase in the presence 

of theta oscillations. We performed additional analyses to address whether this early versus 

late difference in theta oscillations might be related to differences in encoding and retrieval, 

which might also contribute to theta oscillations. We found that when comparing both early 

and late simulation trials to early and late trials during navigation, early and late simulation 

trials elicited greater theta activity than early and late navigation trials (Supplemental Figure 

5). We also found that little new learning occurred during the Navigation and Simulation 
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blocks (see Methods and Supplemental Figure 1b), suggesting that encoding and retrieval 

demands should be relatively balanced for our comparisons of navigation and simulation. 

Together, these analyses suggested that the differences in theta oscillations for early vs. late 

trials was unlikely to be accounted for by encoding versus retrieval differences alone.

Greater prevalence of low frequency oscillations for simulation vs. navigation in the 
posterior hippocampus but no difference in a control brain region

We next tested whether electrodes located in the anterior versus posterior hippocampus 

(see Methods) showed differences in the prevalence of low frequency oscillations during 

navigation and mental simulation, as past reports have suggested differences in anterior vs. 

posterior hippocampus based on memory and navigation27. The proportion of electrodes 

that showed significantly greater Pepisode during navigation compared to mental simulation 

(i.e., navigation > simulation) was not significantly different for the anterior versus posterior 

hippocampus (Figure 6a; Supplemental Table 4). During mental simulation, however, we 

did find a significant difference in the proportion of electrodes that showed significantly 

greater Pepisode in the anterior versus posterior hippocampus. The proportion of electrodes 

with significantly increased power during simulation in the posterior hippocampus was 

significantly greater than the anterior hippocampus for frequencies 8.7 – 10.3 Hz and at 22.6 

Hz (Wilcoxon ranksum p < 0.05). However, these effects did not survive FDR correction. 

We also compared the duration of oscillations in the anterior versus the posterior during 

navigation and simulation and found no significant differences (See Supplemental Figure 6).

To determine whether the increase in the prevalence of low frequency oscillations during 

mental simulation was specific to the hippocampus, we repeated the comparison between 

the Pepisode during navigation versus mental simulation for electrodes that were localized to 

the anterior cingulate cortex, an area with numerically the closest number of electrodes to 

the hippocampus. For the Pepisode (Figure 6c; Supplemental Table 4), we found electrodes 

that showed significant differences (signrank FDR adjusted p <0.05) during navigation and 

mental simulation (Figure 6c), although this proportion was markedly lower than what we 

observed in the hippocampus (Figure 3c). In addition, the proportion of electrodes that 

showed significantly greater Pepisode during one condition did not significantly differ from 

the proportion showing the effect for the opposite condition (FDR adjusted p > 0.05).

Discussion

Here, we used a novel spatial navigation task that included joystick-based navigation 

and mental simulation of the same routes to compare low-frequency oscillations when 

controlling for content. During navigation, sensorimotor processing is directed externally, 

with any memory-related demands strongly driven by external sensory cues experienced 

during self-motion. In contrast, during mental simulation, there is no externally directed 

sensorimotor integration and all internal processes must be guided primarily by memory-

related processing. By comparing low frequency oscillations during navigation and mental 

simulation during control conditions that varied memory processing and visual stimulation 

(i.e., encoding store fronts and viewing a fixation cross during inter-trial intervals), we 

found an increase in low frequency oscillations even in the absence of externally directed 
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sensorimotor processing. When we directly compared low frequency oscillations during 

navigation to mental simulation of the same route, we found that mental simulation induced 

greater low-frequency oscillations on the electrode and subject level. This was true for 

both early and late trials of mental simulation compared to navigation (Supplemental 

Figure 5), suggesting that the difference was unlikely to be due to differences in demands 

on encoding and retrieval. On the electrode level, both differences in frequency-specific 

power (power shifts) and differences in the peak frequency (narrowband frequency shifts) 

contributed to the differences in low frequency oscillations, although the majority of 

increases that we observed in theta activity during mental simulation could not be accounted 

for by broad-band frequency shifts. Overall, mental stimulation resulted in increases in the 

duration, power, and frequency of detected oscillations when controlling for differences 

in their relative durations. These results therefore suggest that semi-periodic increases in 

low-frequency oscillations are elicited by mental simulation, even in the absence of any 

external sensory or self-motion cues, and in a manner that is stronger than those elicited 

during navigation.

Decades of evidence from rodent studies have found that low frequency oscillations are 

associated with voluntary self-motion in an environment1–6. Comparatively, however, low-

frequency oscillations during virtual navigation in humans are of lower frequency and less 

continuous19, leading to the suggestion that theta oscillations may be of lower frequency 

in humans than rodents28, possibly differ in anterior vs. posterior hippocampus based 

on self-motion27, or are simply harder to observe37. One factor that might contribute to 

the differences between humans and rats in terms of theta oscillations during navigation 

is that most rodent studies involve navigation with the full-range of body-based cues 

(i.e., head rotations and walking cues) although human patient studies typically involve 

navigation in virtual reality. One experiment that directly contrasted virtual with real-

world ambulation, however, reported only modest increases in frequency and oscillatory 

prevalence9 during real-world navigation (see also8). Notably, recordings in non-human 

primates during unrestrained real-world navigation have also reported comparatively less 

continuous and lower power theta oscillations than what is typically reported in rodents38,39. 

This suggests that the addition of vestibular and body-based cues is unlikely to account for 

the difference in the prevalence of low-frequency oscillations in the hippocampus between 

primates in rodents. Additionally, another factor that might contribute to the differences 

for theta oscillations during navigation between rats and humans are differences in how 

information is acquired during navigation from the sensory systems. Rodents show a strong 

coupling between sniffing and whisking behaviors, which also shows a strong correlation 

with the prevalence of theta oscillations and relates to active movement40. On the other 

hand, the human visual system provides higher-acuity spatial information about the external 

environment compared to rodents41, with attention to visual input correlating strongly 

with the emergence of oscillations24. Based on the lower prevalence of low-frequency 

hippocampal oscillations with self-motion in primates versus rats, one possibility, then, is 

that theta oscillations are less functionally relevant to self-motion in primates than in rodents 

due to differences in the acuity of our visual systems and the relationship of eye movements, 

while stationary, to exploration41,42.
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By directly pitting periods of movement during navigation against the same periods during 

mental simulation in the absence of visual-sensory cues or explicit motor movements, we 

could directly compare the two signals. In the absence of movement during periods of 

immobility, we found greatly reduced low-frequency oscillatory activity, with movement 

resulting in some increases in theta oscillations, replicating past studies1,4,6,11,13,17,32. 

This increase, however, was dwarfed by the increase in theta oscillations during mental 

simulation, a situation in which participants had no external sensory input to indicate 

movement. These findings thus suggest that memory-related processing, which would 

likely have greater demands during mental simulation than navigation, is a stronger 

driver of human hippocampal theta than navigation. Consistent with this, we observed 

higher prevalence of theta during later periods of navigation and mental simulation, when 

memory traces would likely be stronger and of higher fidelity. Our results therefore help to 

potentially resolve the debate about why primate hippocampal oscillations are sometimes 

observed to be less prevalent than rodents by suggesting that memory-related processing is a 

stronger driver of low-frequency hippocampal oscillations than self-motion in humans.

Notably, a parallel literature has identified low-frequency oscillations during variegated 

memory processing, including recognizing words, freely recalling words, and non-verbal 

source memory tasks20–22,43. Of note, however, is a line of research suggesting that it 

is not movement itself that is necessary for place cell and theta activity but rather the 

intention or sense of movement29,44. For example, the original formulation from Vanderwolf 

suggested that voluntary intention was a driver of theta and not necessarily movement 

itself6. Theta oscillations in humans are also present during teleportation in the absence of 

any sensory or motor demands, suggesting that some aspects may be internally-generated 

and not dependent on external signals26. Hippocampal theta oscillations are also present in 

both humans and rats during some sleep stages (e.g., REM sleep)45,46, providing additional 

support for the conclusions that external sensory input is not critical to elicit hippocampal 

theta oscillations. Taken together, this evidence suggests that internal context (that is 

context that exists internally, which might or might not be directly related to the external 

environment), is a strong driver of memory-based processing in the hippocampus (see 

also47,48). We also observed greater theta oscillations for viewing cross-hairs than virtual 

navigation, when there were no external self-motion cues but potentially higher demands 

on memory retrieval and other internally generated processing, with this control condition 

showing less theta activity than mental stimulation. The presence of theta oscillations during 

the cross-hairs and mental simulation periods is also consistent with a well-developed 

literature suggesting the importance of low-frequency oscillations to resting state and the 

default mode network49. Because we did not look at coupling between other brain regions in 

this study, however, we cannot definitively link our findings to this work. One potential way 

to address the issue of whether theta oscillations are driven primarily by mnemonic content 

or simply being in a resting state would be to compare mental simulation before navigation, 

when presumably mnemonic content is lower, to mental simulation after navigation, when 

mnemonic content is likely higher.

A recent study by Goyal et al. suggested that hippocampal theta oscillations might differ 

by task as a function of anterior vs. posterior hippocampal recording sites. This study 

found that oscillations related to spatial-related processing occurred at a faster frequency (~8 
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Hz) and were more robust in the posterior compared to anterior hippocampus. In contrast, 

hippocampal theta oscillations related to non-spatial-related processing were slower (~3 

Hz) and more robust in the anterior hippocampus than posterior hippocampus. Thus, one 

possibility could be that the greater prevalence of theta activity we observed during mental 

simulation compared to navigation could have reflected implant location rather than a 

functional difference. The implantations in this study, like in the Goyal et al study, involved 

placements in both anterior and posterior hippocampus, allowing us to compare the two. 

Like in the Goyal et al. study, when we compared oscillatory prevalence over the entire 

trial duration (i.e., when we did not match the duration of navigation and simulation), we 

found evidence for separate peaks in the oscillatory activity at ~2.4 Hz and at 5.2 – 13.5 Hz 

(Supplemental Figure 3c), although we did not find an interaction with anterior vs. posterior 

implant location. When the duration of mental simulation and navigation were matched, 

however, the prevalence of oscillations centered at both 3 Hz and 8Hz were greater during 

mental simulation than navigation. Because longer duration epochs could result in greater 

detection of oscillations, our findings are more consistent with an increase in low-frequency 

oscillations during memory processing compared to navigation across the longitudinal extent 

of the hippocampus. Taken together, our findings suggest that memory-related processing 

results in more robust and sustained increases in low-frequency theta oscillations than 

sensory-driven movement or navigation.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Arne D. Ekstrom 

(adekstrom@arizona.edu).

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

Data and code availability

• Raw iEEG data that support the conclusions of this study are available for public 

download on Zenodo: https://doi.org/10.5281/zenodo.8058006

• This paper does not report original code. The code used to generate the results 

presented in this study will be shared by the lead contact upon request.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Intracranial EEG Participants—12 patients with medically intractable epilepsy who 

underwent stereo-electroencephalography surgery for clinical purposes were recruited to 

participate in this study. Data were collected from the University of Texas Southwestern 

Medical Center epilepsy program. In total, there were 7 males and 5 females between 21 – 

63 years of age (median 41 years old). Each participants provided written informed consent 
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to participants in the study, which was approved by the University of Texas Southwestern 

Medical Center Institutional Review Board.

Healthy Participants—13 healthy controls were recruited from the student population at 

the University of Arizona to complete the modified version of the behavioral at. In total, 

there were 7 females and 6 males between the ages of 18–24.

METHOD DETAILS

Intracranial EEG Recordings—Each subject was implanted with up to 17 depth 

electrodes containing 8–16 cylindrical platinum–iridium recording contacts spaced 2–6-mm 

apart. Electrode placement was dictated solely by the clinical need for seizure localization. 

Intracranial EEG data were recorded using a Nihon Kohden EEG-1200 clinical system. 

Signals were sampled at 1000 Hz and referenced to a common intracranial contact.

Electrode Localization—Electrode localization was achieved by co-registration of the 

post-operative computed tomography scans with the pre-operative magnetic resonance 

images using the FSL’s/FLIRT software50. The co-registered images were evaluated by 

an expert member of the neuroradiology team to determine the final electrode locations. 

Each subject had at least three recording contacts localized to the hippocampus. The 

median number of hippocampal contacts per subject was 6. The uncal notch was used to 

demarcate anterior versus posterior hippocampal location51. The median number contacts 

in the anterior hippocampus per subject was 3.5, and the median number in the posterior 

hippocampus per subject was 2.

Experimental Paradigm—Patients performed a spatial navigation task on a laptop 

computer using an Xbox controller. In this task, participants navigated routes between 

stores located within a sparse environment and mentally simulated the routes immediately 

upon route completion. The task was designed as follows. Before entering the virtual 

environment, the participant completed the Storefront Familiarization portion of the task 

during which the six storefronts were displayed successively on a blank screen for 

5000 milliseconds(ms) to familiarize the participants with the target stores. Between the 

appearance of each storefront a white crosshair was displayed on a black background 

for 5000ms. After viewing each storefront 2x, the participant began the Navigation Only 
portion of the task. The Navigation Only portion of the task began when the participant 

appeared outside one of the stores in the virtual environment in a first-person point of 

view, and a semi-transparent on-screen prompt instructed the participant to locate one of 

the five remaining target stores. The prompt remained overlaid on the entire screen for 

5000ms, during which time the participant was able to begin using the XBox joystick 

to navigate to the target store. After 5000ms, the on-screen prompt was reduced in size 

and moved to the top right corner of the screen. Once the participant reached the target 

store, another semi-transparent on-screen prompt was overlaid on the screen for 5000 ms 

indicating that the target store was identified. During Navigation Only, the prompt indicating 

the identification of the target store was followed by a white crosshair that was displayed 

on a black background for 5000ms (e.g. the environment was not visible). Following the 
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crosshair, the participants’ previous view of the environment was restored and a new prompt 

instructed the participant to locate the next store.

After the participant visited each store 2x, the participant began the Navigation with Mental 
Simulation portion of the task during which the participant was instructed to “mentally 

navigate” the route upon arrival at the target store (See Instructions for Mental Simulation). 

The task structure of Navigation with Mental Simulation was similar to Navigation Only; 

however, the on-screen prompt that indicated the successful identification of the target store 

was instead followed by a self-paced on-screen prompt which instructed the participant 

to press [A] on the controller to begin mental simulation of the route and [A] again to 

end mental simulation. When the participant pressed [A] to begin mental simulation, the 

instructions on the screen were replaced by a white crosshair, which the participants were 

instructed to look at while actively mentally navigating. When the participant pressed [A] to 

indicate the end of mental simulation, the previous view of the environment was restored and 

a new on-screen prompt overlaying the environment instructed the participant to locate the 

next store. This procedure was repeated 44x. For each of the 44 trials, the participant was 

assigned to one of two speeds--5 vm/s (slow speed) or 8 vm/s (fast speed). On trials in which 

the participant navigated without mental simulation, the speed of movement was equal to 6 

vm/s (medium speed). 10% of the 44 navigation + mental simulation trials consisted of catch 

trials. The speed manipulation was not considered in this manuscript. On catch trials, the 

participant was instructed to use the controller to simulate the imagined route during mental 

simulation. The catch trials were to ensure that participants were actually remembering the 

route when mentally simulating.

Instructions for mental simulation: After consenting to the task and prior to starting, 

each participant completed a practice exercise to become familiar with the task design. The 

practice exercise consisted of asking the participant to imagine standing at home in their 

bedroom and then imagine walking from this location in the bedroom to the kitchen. All 

participants were successfully able to complete this exercise before beginning the task.

Instructions for practice task: At the beginning of the task, the participant completed a 

practice version of the entire task. The practice version of the task was identical to the full 

version; however, the number of trials was condensed (2 navigation trials, 2 navigation + 

mental simulation trials) and the virtual environment consisted of 2 stores located on either 

end of a straight road. There were no catch trials during mental simulation in the practice 

version of the experiment. The practice version was designed to familiarize participants with 

the task structure and instructions prior to the experiment.

Modified experimental paradigm: The modified version of the task was identical to the 

original version of the task except for the number of catch trials during mental simulation—

which was increased to 15 total.

Behavioral Performance Metrics

Excess Path: To measure learning throughout the experiment, we computed the excess path, 

which was defined as the difference between the length of the traveled route and the optimal 
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route. The length of the optimal route was equivalent to the shortest possible route between 

two stores. Excess path was computed for all navigation trials.

Tortuosity: Path tortuosity was used to compare the path during navigation and the path 

during mental simulation catch trials30. Path tortuosity was computed using the straightness 

index, which is the ratio of the distance between the start and end points and the path length 
52.

Preprocessing—Raw intracranial EEG recordings were subsequently re-referenced to a 

common average montage, with each contact referenced to the average across all contacts. 

All analyses were conducted using MATLAB with both built-in and custom-made scripts. 

We employed an automated artifact rejection algorithm to exclude interictal activity by 

computing kurtosis over a sliding window of 1000 ms duration and a kurtosis threshold of 

5. Prior to analysis, each participant’s EEG data was first filtered with a 6th-order highpass 

Butterworth filter at 1Hz followed by 6th-order bandstop Butterworth filters at 57 – 63 Hz 

and 117 – 123 Hz to remove line noise.

Data Analysis—For each experimental session, the following time intervals, as shown in 

Figure 1a, were defined as conditions of interest: crosshair presentation (12 trials, 5000ms 

duration), storefront presentation during store familiarization (12 trials, 5000ms duration), 

navigation only (12 trials, variable duration), navigation (44 trials, variable duration), and 

mental simulation (44 trials, variable duration). For each navigation trial, time points were 

further broken down into intervals of immobility and mobility, with periods of immobility 

defined as time intervals with no horizontal motion nor any change in the field of view (no 

rotation) for a minimum of 500 ms. Trials within the Navigation with Mental Simulation 
block of the experiment were further separated into early trials, which were defined as the 

first 12 trials, and late trials, defined as the last 12 trials of (Figure 1a).

Because the duration of navigation and mental simulation differed, the duration of 

navigation was matched to the duration of mental simulation on a trial-by-trial basis by 

randomly selecting a time interval from navigation that matched the duration of mental 

simulation for that trial.

Power Spectral Density Estimation—To estimate the power spectral density at log-

spaced frequencies between 2–32Hz, a continuous wavelet Morlet transform (width = 6) 

was computed at every time point for each trial. For each trial in every condition of interest 

(see data analysis), a single power spectral density estimate was obtained by averaging 

power estimates across time points. To compute the power spectral density estimates for 

time periods of mobility (and immobility) for each trial, the power spectral density from 

navigation was averaged only across time points of mobility (and vice versa for immobility). 

The navigation, mobile, and immobile, and mental simulation durations varied between 

1000ms - 48000 ms on a trial-by-trial basis depending on the speed of navigation and the 

route traveled. In order to account for differences in the duration of time

extended-Better OSCillation detection (Pepisode)—To further characterize 

oscillations in the hippocampus during navigation and mental simulation, we used the 
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extended-Better OSCillation Detection (eBOSC) to determine the duration and power of 

sustained oscillations in the hippocampus during navigation and mental simulation33,34. 

More specifically, we computed the fraction of time (Pepisode), that power is maintained 

above the power and duration threshold versus the total amount of time.

eBOSC relies on a power and duration threshold to separate rhythmic activity from aperiodic 

background activity. The power threshold is determined by computing a robust linear fit 

to the log-log power spectrum across all time points during a “baseline” condition of 

interest, and the robust linear fit is the estimate of the background spectrum during that 

condition. The duration threshold results in the detection of sustained oscillation as opposed 

to transient non-periodic signals that persist for short periods of time. Because we were 

interested in the rhythmic activity that existed within each condition, the background 

spectrum was estimated using the power during periods of immobility (immobile-based 

baseline). We also used a second “baseline” condition for Pepisode where we calculated the 

threshold for navigation and mental simulation separately by using the power during each 

condition itself to serve as its baseline (condition-based baseline).

Because Pepisode is a ratio of the amount of time that the power spends above the threshold to 

the total duration of the trial, we matched the duration of navigation and mental simulation 

for each trial to account for differences related to the longer trial duration for navigation. We 

also computed the Pepisode using the full trial length for navigation and mental simulation 

(Supplemental Figure 3c).

Oscillation Duration Detection—To measure the duration over which oscillation 

persisted in each condition, we separately computed the Pepisode using a duration threshold 

from 1 to 4 cycles, spaced 0.5 cycle apart. For each trial, we interpolated the Pepisode from 

1 to 4 cycles from a resolution of 0.5 cycles to a resolution of 0.1 cycles, separately for 

each frequency. Then for each trial and at each frequency, we computed the cycle duration at 

which the Pepisode was equivalent to 50% of the Pepisode measured for the duration threshold 

of 1 cycle19.

Theta Frequency Range—We defined the theta band as frequencies from 2 – 12 Hz 

because this was roughly the range over which the PSD (Figure 3a) and Pepisode (Figure 

3c) significantly differed for navigation and mental simulation. The range 2–12 Hz also 

roughly coincided with the frequencies at which we found differences in the oscillatory 

power (Supplemental Figure 3b) and the Pepisode computed with a condition-based baseline 

(Supplemental Figure 3a).

Peak Frequency Detection—Since we were interested in identifying the frequency with 

the most oscillatory activity during each condition, we used the Pepisode computed using the 

full trial durations with immobility used for the power threshold. MATLABs ‘findpeaks’ 

function was used to identify the frequency within the 2 – 12 Hz range at which Pepisode had 

the largest peak for each trial and each condition. Next, the difference in the peak frequency 

was computed for each navigation and mental simulation trial.
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Past studies have also suggested that there are two distinct theta oscillations in the 

human hippocampus– a lower frequency oscillation (~3Hz) that is associated with spatial-

processing and is correlated with movement speed and a separate higher frequency 

oscillation (~8 Hz) that is associated with non-spatial and memory-related processes27. In 

our data, the Pepisode computed for full navigation duration (Supplemental Figure 3c) shows 

evidence for a peak around 2.4 Hz during navigation and at about 9 Hz during mental 

simulation. Therefore, we also split the 2 – 12 Hz into low (2 – 4 Hz) and high (5 – 12 Hz) 

theta bands and found the peak difference separately for each band.

Single Cycle Oscillation Power—To compare oscillatory power for time periods when 

power rises above the Pepisode threshold, for each trial, we computed the median power over 

a one cycle interval selected randomly from the time point when the Pepisode power and 

duration threshold were passed for each trial.

General Linear Model (GLM)—We ran a general linear model comparing the rate that 

the Pepisode power and duration threshold was passed (as a dependent variable) with mental 

simulation and navigation as independent variables. To compute the rate over which Pepisode 

power and duration threshold was passed, we first created a binary matrix to indicate all 

the time points during the task when the Pepisode power and duration threshold passed 

for each frequency. We then used a Gaussian kernel with a 1000ms width to generate a 

continuous measure of the rate over which the Pepisode threshold was passed. We used 

MATLAB’s “stepwiseglm” function to run a general linear model for each electrode with 

Pepisode rate serving as the dependent variable and navigation and mental stimulation serving 

as the independent variables. We then evaluated the parameter fits (beta values) across all 

electrodes.

Linear Regressions—All regressions were robust linear regressions performed in 

MATLAB using the fitlm function.

QUANTIFICATION AND STATISTICAL ANALYSIS

Electrode Level Comparisons—To compare the power spectral density (PSD), 

Pepisode, peak frequencies, oscillation duration, and single cycle power estimates between 

conditions for each electrode, we used separate one-tailed non-parametric tests to determine 

whether the measure was significantly greater in condition 1 (left-tailed) or condition 2 

(right-tailed) across trials. For comparisons between navigation and subsequent replay trials, 

we also used a non-parametric test (Wilcoxon signrank). For comparisons between both 

navigation and mental simulation either crosshair, storefront, or early / late comparisons, we 

used a Wilcoxon ranksum test. For each electrode and each comparison, we used the false 

discovery rate (FDR) to correct the p-values at each frequency for multiple comparisons.

For each comparison of interest, we computed the total fraction of electrodes that showed 

significantly greater power for condition A relative to condition B, and vice versa (condition 

B relative to condition A, i.e., navigation PSD > mental simulation PSD). We then used 

a χ2 test at each frequency to determine whether there were significant differences in the 

proportion of electrodes that showed a significant difference for A > B compared to B > A. 
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Because we performed a χ2 test at each frequency, we again used FDR correction to correct 

for multiple comparisons. To test the distribution of peak frequencies between navigation 

and mental simulation across electrodes, we used a Wilcoxon signrank test. To test the 

distribution of peak frequency differences across trials for each electrode, we again used a 

Wilcoxon signrank. A Wilcoxon signrank test was used to test the distribution of correlation 

coefficients to zero. A Fisher exact test was used to determine whether the presence of 

a significant peak frequency difference was associated with the presence of a significant 

difference in Pepisode.

Subject Level Comparisons—To determine whether the power and Pepisode 

differences at the electrode level also hold at the subject level, we computed the proportion 

of subjects with at least one significant electrode during condition A relative to condition B, 

and vice versa (condition B relative to condition A, i.e., navigation PSD > mental simulation 

PSD). We then used a χ2 test at each frequency to determine whether there were significant 

differences in the proportion of subjects that showed a significant difference for A > B 

compared to B > A. Because we performed a χ2 test at each frequency, we again used FDR 

correction to correct for multiple comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• The 3–12 Hz hippocampal “theta” oscillation driven by movement and linked 

to navigation

• Yet, theta oscillations are also observed in humans during verbal memory 

processing

• Here, we tested whether navigation or memory was the primary driver of 

human theta

• Results showed greater prevalence of human hippocampal theta during 

memory
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Figure 1: 
Navigation task design, behavioral results, and iEEG traces.

a. Schematic of the experimental design. Store Familiarization– static images of each 

storefront were presented for 5000ms on a black background and followed by 5000ms 

of crosshair presentation; each storefront was presented 2x. Navigation Only– the subject 

was placed outside 1 of the 6 storefronts and used the XBox controller to locate the target 

store that was shown on the screen prompt (target store names remained visible at all 

times). Upon arrival at the proper target store, a 5000ms crosshair was presented before 

a new prompt appeared for the next target. The participants navigated to each store 2x. 

Navigation + Mental Simulation–similar to Navigation Only except, upon arrival at the 

proper target store, an on-screen prompt instructed participants to mentally navigate by 

picturing themselves at the starting location. Once prepared, the participants pressed [A] 

using the controller to start mental simulation and again once they imagined themselves 

outside the target destination.
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b. Scatter plot showing duration of navigation and duration of mental navigation for all trials 

for each patient. Distinct colors indicate individual patients, with the corresponding-colored 

lines representing the robust linear fit between navigation versus mental simulation durations 

for each patient. The thick black line shows the robust linear fit between navigation and 

mental navigation across data points for all patients.

c. Across participants, the median rate of compression was significantly greater than 1 

(Wilcoxon signrank p < 0.001, median navigation / replay = 3.43).

d. Environment layout showing location of the 6 target stores.

e. Example raw iEEG traces during navigation (green) and subsequent mental navigation 

(blue) for 6 representative examples. Gray shading indicates time points when the 2 – 12 Hz 

power exceeded the power of the 1/f background spectrum (see Methods).
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Figure 2: 
Power spectral densities differ with memory demand, visual stimulation, and movement.

a. Fraction of electrodes showing significantly greater power (ranksum FDR adjusted p < 

0.05) during mobile versus immobile periods (green). No electrodes showed significantly 

greater power during immobility at any frequency. For all frequencies between 2–32Hz, the 

proportion of electrodes with significantly greater power during movement was significantly 

greater than the amount expected by chance (FDR adjusted p < 0.05: gray shaded areas).

b. Two representative electrodes showing the median and median absolute difference of 

power during mobile (green) and immobile periods (dark green).

c. Fraction of electrodes showing significantly different power during mental simulation 

versus immobile periods (sign-rank FDR adjusted p < 0.05). For all frequencies between 2 – 

32Hz, the proportion of electrodes with significantly greater power during mental simulation 

(blue) was significantly greater than the amount expected by chance (FDR adjusted p < 0.05; 

gray shaded areas).

d. Two representative electrodes showing the median and median absolute difference of 

power during mental simulation (blue) and immobility during the navigation condition (dark 

green).

e. Fraction of electrodes showing significantly different power during mobile periods in the 

navigation condition versus storefront viewing (sign-rank FDR adjusted p < 0.05). From 2.4 

– 3.1 Hz, the proportion of electrodes with significantly greater power during navigation 

(purple) was significantly greater than the amount expected by chance. For frequencies 

between 14.6 – 19 Hz, the proportion of electrodes with significantly greater power during 

storefront viewing (purple) was significantly greater than the amount expected by chance 

(FDR adjusted p < 0.05; gray shaded areas).

f. Two representative electrodes showing the median and median absolute difference of 

power during the navigation condition (green) and storefront viewing (purple).

g. Fraction of electrodes showing significantly different power during mental simulation 

versus storefront viewing (ranksum FDR adjusted p < 0.05). For frequencies 2.0 – 2.4 Hz 
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and 5.2 – 14.6 Hz, the proportion of electrodes with significantly greater power during 

mental simulation (blue) compared to storefront viewing was significantly greater than the 

amount expected by chance (FDR adjusted p < 0.05; gray shaded areas).

h. Two representative electrodes showing the median and median absolute difference of 

power during mental simulation (blue) and storefront viewing (purple).
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Figure 3: 
Mental simulation results in greater low frequency activity than periods of mobility during 

the navigation condition.

a. Fraction of electrodes showing significantly different power during navigation versus 

mental simulation (signrank FDR adjusted p < 0.05). For all frequencies between 2–32Hz, 

the proportion of electrodes with significantly greater power during mental simulation 

compared to navigation (blue) relative to the proportion of electrodes showing significantly 

greater power during navigation relative to mental simulation (green) was significantly 

greater than the amount expected by chance (FDR adjusted p < 0.05; gray shaded areas).

b. Four representative electrodes showing the median and median absolute difference of 

power during navigation (green) and mental simulation (blue).

c. Fraction of electrodes showing significantly different Pepisode during navigation versus 

mental simulation (signrank FDR adjusted p < 0.05). For all frequencies between 2–32Hz, 

the proportion of electrodes with significantly more oscillatory activity during mental 

simulation compared to navigation was significantly greater than the amount expected by 

chance (FDR adjusted p < 0.05; gray shaded areas).

d. Four representative electrodes showing average Pepisode during navigation (green) and 

mental simulation (blue).
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Figure 4: 
Mental navigation induces higher frequency, longer duration, and greater power oscillations 

than navigation that cannot be accounted for by a broad-band frequency shift

a. Histogram showing the median trial level difference in peak frequency for navigation 

and mental simulation for all electrodes. The dark orange color represents the subset of 

electrodes whose frequency difference was significantly different from zero when tested 

across trials (Wilcoxon signrank p < 0.05); light orange indicates all electrodes. Across all 

electrodes, the median trial level frequency difference was significantly different than zero 

(Wilcoxon signrank p < 0.0001); leftward skew of the distributions indicates simulation 

frequency > navigation frequency.

b. Contingency table showing the number of electrodes that had a significant difference in 

the trial-level peak frequency for navigation and simulation and the number of electrodes 

that had significant differences in the Pepisode for navigation and mental simulation in the 2 

– 12 Hz range. The Pepisode differences between mental simulation and navigation are not 

significantly associated with a shift in the peak frequency between conditions (Fisher exact 

test p = 1.000) .

c. Plot showing the median oscillation duration during navigation and mental simulation for 

frequencies 2 −32 Hz. The median cycle duration across all frequencies between 2 – 32 Hz 

range was significantly greater during simulation than navigation (Wilcoxon signrank FDR 

adjusted p < 0.05).
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Figure 5: 
Learning results in a greater prevalence of low frequency oscillations during navigation and 

mental simulation

a. Fraction of electrodes showing significantly different Pepisode during early versus late 

navigation trials (ranksum FDR adjusted p < 0.05). For all frequencies between 2 – 32 Hz 

except at 2.4 Hz and 4.8 Hz, the proportion of electrodes with significantly more oscillatory 

activity during late navigation compared to early navigation was significantly greater than 

the amount expected by chance (FDR adjusted p < 0.05; gray shaded areas).

b. Fraction of electrodes showing significantly different Pepisode during early versus late 

mental simulation trials (ranksum FDR adjusted p < 0.05). For all frequencies between 2 – 

32 Hz, the proportion of electrodes with significantly more oscillatory activity during late 

mental simulation compared to early mental simulation (ranksum FDR adjusted p < 0.05) 

was significantly greater than the amount expected by chance (FDR adjusted p < 0.05; gray 

shaded areas).
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Figure 6: 
Low frequency differences for anterior versus posterior hippocampus and control analysis in 

anterior cingulate cortex

a. Fraction of electrodes with significantly greater power during navigation compared to 

mental simulation (Wilcoxon signrank FDR adjusted p < 0.05) plotted separately for the 

anterior (green) and the posterior hippocampus (orange). There were no frequencies at 

which the proportion of electrodes that showed significantly greater power during navigation 
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> mental simulation was significantly different in the anterior versus posterior hippocampus 

(FDR adjusted p > 0.05).

b. Fraction of electrodes showing significantly greater power during mental simulation 

compared to navigation (Wilcoxon signrank adjusted p < 0.05) plotted separately for the 

anterior and the posterior hippocampus. There were no frequencies at which the proportion 

of electrodes that showed significantly greater power during navigation > mental simulation 

differed for the anterior versus the posterior hippocampus (FDR adjusted p > 0.05).

c. Fraction of electrodes from the anterior cingulate cortex electrodes showing significantly 

different Pepisode during navigation versus mental simulation (signrank FDR adjusted p 

< 0.05). For all frequencies between 2–32Hz, there was no significant difference in the 

proportion of electrodes showing greater power during navigation or mental simulation than 

the amount expected by chance (FDR adjusted p > 0.05).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

extended Better Oscillation Detection Algorithm 
(eBOSC)

Whitten et al., 2011 and Hughes et al., 2012 https://doi.org/10.5281/zenodo.4668502

Deposited Data N/A https://doi.org/10.5281/zenodo.8058006
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