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Abstract 62 

 63 

Hippocampus and prefrontal cortex (PFC) circuits are thought to play a prominent role in human 64 

episodic memory, but the precise nature, and electrophysiological basis, of directed information 65 

flow between these regions and their role in verbal memory formation has remained elusive. 66 

Here we investigate nonlinear causal interactions between hippocampus and lateral PFC using 67 

intracranial EEG recordings (from both sexes) during verbal memory encoding and recall tasks. 68 

Direction-specific information theoretic analysis revealed higher causal information flow from 69 

the hippocampus to PFC than in the reverse direction. Crucially, this pattern was observed during 70 

both memory encoding and recall, and the strength of causal interactions was significantly 71 

greater during memory task performance than resting baseline. Further analyses revealed 72 

frequency-specificity of interactions with greater causal information flow from hippocampus to 73 

the PFC in the delta-theta frequency band (0.5-8 Hz); in contrast, PFC to hippocampus causal 74 

information flow were stronger in the beta band (12-30 Hz). Across all hippocampus-PFC 75 

electrode pairs, propagation delay between the source and target signals was estimated to be 17.7 76 

msec, which is physiologically meaningful and corresponds to directional signal interactions on a 77 

timescale consistent with monosynaptic influence. Our findings identify distinct asymmetric 78 

feedforward and feedback signaling mechanisms between the hippocampus and PFC and their 79 

dissociable roles in memory recall, demonstrate that these regions preferentially use different 80 

frequency channels, and provide novel insights into the electrophysiological basis of directed 81 

information flow during episodic memory formation in the human brain.  82 

 83 

 84 
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Significance Statement 85 

 86 

Hippocampal-prefrontal cortex circuits play a critical role in episodic memory in rodents, non-87 

human primates, and humans. Investigations using noninvasive functional magnetic resonance 88 

imaging techniques have provided insights into coactivation of the hippocampus and PFC during 89 

memory formation, however, the electrophysiological basis of dynamic causal hippocampal-PFC 90 

interactions in the human brain are poorly understood. Here, we use data from a large cohort of 91 

intracranial EEG recordings to investigate the neurophysiological underpinnings of asymmetric 92 

feedforward and feedback hippocampal-prefrontal cortex interactions and their nonlinear causal 93 

dynamics during both episodic memory encoding and recall. Our findings provide novel insights 94 

into the electrophysiological basis of directed bottom-up and top-down information flow during 95 

episodic memory formation in the human brain. 96 

 97 

 98 

 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 
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Introduction 108 

 109 

Hippocampal-prefrontal cortex (PFC) circuits play a critical role in episodic memory in rodents, 110 

non-human primates, and humans (Eichenbaum, 2017; Rutishauser, Reddy, Mormann, & 111 

Sarnthein, 2021). Impairments in hippocampal-PFC circuit interactions are prominent in 112 

psychiatric and neurological disorders (Dickerson & Eichenbaum, 2010; Meyer-Lindenberg et 113 

al., 2005; Uhlhaas & Singer, 2012), highlighting a critical need for understanding of their 114 

electrophysiological mechanisms in the human brain. In the past decade, investigations using 115 

noninvasive functional magnetic resonance imaging (fMRI) techniques have provided consistent 116 

evidence for coactivation of the hippocampus and multiple PFC subdivisions during a wide 117 

range of tasks involving memory encoding and recall (Moscovitch, Cabeza, Winocur, & Nadel, 118 

2016; Rugg & Vilberg, 2013). However, the electrophysiological basis of dynamic causal 119 

hippocampal-PFC interactions in the human brain are poorly understood as fMRI does not have 120 

the requisite temporal resolution to address this question. Here, we use data from a large cohort 121 

of intracranial EEG (iEEG) recordings to investigate feedforward and feedback causal 122 

information flow between the hippocampus and distinct subdivisions of the PFC, and its 123 

frequency specificity, during memory encoding and subsequent recall of verbal materials. We 124 

operationalize causality as follows: a brain region has a causal influence on a target if knowing 125 

the past history of temporal signals in both regions improves the ability to predict the target’s 126 

signal in comparison to knowing only the target’s past (Granger, 1969; Lobier, Siebenhühner, 127 

Palva, & Matias, 2014) (see Methods).  128 

 129 



 

 7 

Multiple lines of evidence from studies in rodents and non-human primates have pointed to tight 130 

anatomical and functional links between hippocampus and PFC as key neural pathways for 131 

memory and learning. Anterograde and retrograde tracing studies in rodents have uncovered 132 

projections from the hippocampus to the PFC (Hoover & Vertes, 2007; Jay & Witter, 1991). 133 

Similarly, studies in rhesus monkeys have demonstrated direct tracts linking the hippocampus to 134 

the PFC (Goldman-Rakic, Selemon, & Schwartz, 1984; Lavenex & Amaral, 2000). Recent 135 

studies using diffusion-weighted imaging and resting-state fMRI have confirmed intrinsic 136 

hippocampus connectivity with the PFC in both macaques and humans (Croxson et al., 2005; 137 

Qin et al., 2016). 138 

 139 

In conjunction with delineation of anatomical tracts between the hippocampus and PFC, 140 

electrophysiological studies in rodents have reported strong theta (4-8 Hz) and delta (0.5-4 Hz) 141 

frequency band oscillations in the hippocampus (Eichenbaum, 2017; Roy, Svensson, Mazeh, & 142 

Kocsis, 2017; Schultheiss et al., 2020; Siapas, Lubenov, & Wilson, 2005). Rodent 143 

electrophysiological studies have also revealed synchronized activity between hippocampus and 144 

PFC in these frequency bands during spatial memory tasks (Benchenane et al., 2010; Jones & 145 

Wilson, 2005; Place, Farovik, Brockmann, & Eichenbaum, 2016; Simons & Spiers, 2003; Spiers, 146 

2020). Compared to studies in rodents, the electrophysiological signatures of hippocampal-PFC 147 

circuits have been less well investigated in non-human primates, but recent reports have 148 

emphasized bidirectional information flow between the hippocampus and PFC associated with 149 

accurate spatial memory performance (Brincat & Miller, 2015; Cruzado, Tiganj, Brincat, Miller, 150 

& Howard, 2020). Together, these findings suggest that coordinated interactions between the 151 
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hippocampus and PFC are critical for spatial learning and memory across species (Eichenbaum, 152 

2017). 153 

 154 

In humans, a large body of fMRI studies have consistently reported coactivation of the 155 

hippocampus and multiple PFC regions during both spatial and verbal memory tasks (Dickerson 156 

& Eichenbaum, 2010; Dobbins, Foley, Schacter, & Wagner, 2002; Moscovitch et al., 2016; Qin 157 

et al., 2014; Rugg & Vilberg, 2013; Simons & Spiers, 2003), and hippocampus-PFC coactivation 158 

is also associated with better memory performance (Kumaran, Summerfield, Hassabis, & 159 

Maguire, 2009). Various measures of functional connectivity between the hippocampus and PFC 160 

have also been associated with memory recall (Preston & Eichenbaum, 2013; Qin et al., 2014; 161 

van Kesteren, Fernandez, Norris, & Hermans, 2010), but their electrophysiological basis are 162 

poorly understood. Studies using non-invasive magnetoencephalography in humans have 163 

suggested that hippocampal-PFC coherence in the delta-theta frequency band is associated with 164 

successful memory integration (Backus, Schoffelen, Szebenyi, Hanslmayr, & Doeller, 2016; 165 

Guitart-Masip et al., 2013; Spaak & de Lange, 2020). Studies using iEEG have reported 166 

increased hippocampal-PFC theta band synchronization associated with spatial memory retrieval 167 

(Ekstrom & Watrous, 2014; Neuner et al., 2014; Watrous, Tandon, Conner, Pieters, & Ekstrom, 168 

2013) and have hinted that a similar process may apply to verbal memory recall as well 169 

(Anderson, Rajagovindan, Ghacibeh, Meador, & Ding, 2010).  170 

 171 

Although these studies have provided significant insights into hippocampal and PFC engagement 172 

in human episodic memory, the precise pattern of “bottom-up” and “top-down” dynamic causal 173 

interactions and frequency dependent direction of information flow are not known due to the 174 
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poor temporal resolution of fMRI and paucity of deep brain electrophysiological data from 175 

multiple brain regions. Furthermore, compared to spatial memory, there have been comparatively 176 

far fewer investigations of hippocampal-PFC interactions associated with episodic memory 177 

encoding and recall of verbal materials, a domain with no equivalents in rodent and non-human 178 

primate models. To address this challenge, we used iEEG data from the UPENN-RAM study 179 

(Solomon et al., 2019), which includes depth recordings sampled at a high temporal resolution of 180 

1KHz from a large cohort of individuals, to probe the directionality of information flow between 181 

the hippocampus and multiple subdivisions of the left lateral PFC.  182 

 183 

The first goal of our study was to determine directed causal information flow between the 184 

hippocampus and PFC during verbal episodic memory. We investigated the directionality of 185 

information flow between these regions during encoding and subsequent recall of a list of words 186 

using phase transfer entropy (PTE) (Hillebrand et al., 2016; Lobier et al., 2014; Wang et al., 187 

2017). PTE provides a robust and powerful measure for characterizing information flow between 188 

brain regions based on phase coupling and, crucially, it captures linear as well as nonlinear 189 

intermittent and nonstationary causal dynamics in iEEG data (Hillebrand et al., 2016; Lobier et 190 

al., 2014; Menon et al., 1996).  191 

 192 

Our analysis focused on hippocampus interactions with two distinct PFC areas encompassing 193 

inferior frontal gyrus (IFG) and middle frontal gyrus (MFG) in left hemisphere regions which 194 

have been implicated in prior fMRI studies of verbal episodic memory (Dobbins et al., 2002; 195 

Wagner, Pare-Blagoev, Clark, & Poldrack, 2001). We hypothesized that the hippocampus would 196 

show directional causal influence on the PFC, when compared to resting baseline. We further 197 
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predicted that causal influences of the hippocampus on the PFC would be stronger, compared to 198 

the reverse direction, during memory encoding; in contrast, causal influences of IFG subdivision 199 

of the PFC on the hippocampus would be stronger, compared to the reverse direction, during 200 

memory recall based on the hypothesized role of this region in controlled memory retrieval 201 

(Badre, Poldrack, Paré-Blagoev, Insler, & Wagner, 2005; Badre & Wagner, 2007; Dobbins et al., 202 

2002; Hasegawa, Hayashi, & Miyashita, 1999; Wagner et al., 2001). 203 

 204 

Our second goal was to investigate the frequency-specificity of causal interactions between the 205 

hippocampus and PFC. Although no consensus has emerged on the role of specific frequencies 206 

in synchronization of neural responses between the hippocampus and PFC (Brincat & Miller, 207 

2015; Lam, Schoffelen, Udden, Hulten, & Hagoort, 2016; Moreno, Morris, & Canals, 2016; 208 

Schoffelen et al., 2017), studies in rodents, non-human primates, and humans have pointed to 209 

prominent functional roles of the delta-theta rhythm (0.5-8 Hz) in the hippocampus (Ekstrom & 210 

Watrous, 2014; Neuner et al., 2014; Watrous et al., 2013) and beta-band rhythm (12-30 Hz) in 211 

prefrontal and parietal cortices (Boran et al., 2019; Brovelli et al., 2004; Engel & Fries, 2010; 212 

Spitzer & Haegens, 2017; Stanley, Roy, Aoi, Kopell, & Miller, 2018). This has led to the 213 

suggestion that delta-theta oscillations may preferentially contribute to synchronization of the 214 

hippocampus with the PFC (Ekstrom & Watrous, 2014), while beta band oscillations 215 

synchronize the PFC with other cortical and subcortical brain areas (Engel & Fries, 2010; Spitzer 216 

& Haegens, 2017). However, the frequency-specificity of causal interactions between the 217 

hippocampus and PFC in these two frequency bands associated with verbal memory formation 218 

has not been directly examined before. Based on the emerging literature, we test the hypothesis 219 

that the hippocampus has a stronger feedforward causal influence on the PFC in the delta-theta 220 
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band while the PFC has stronger “top-down” causal influence on the hippocampus in the beta 221 

band.  222 

 223 

Our analysis revealed novel, behaviorally and functionally relevant, insights into the 224 

neurophysiological basis of the human hippocampal-PFC interactions and its role in both 225 

memory encoding and recall.  226 

 227 

Methods 228 

 229 

UPENN-RAM iEEG recordings 230 

 231 

iEEG recordings from 102 patients shared by Kahana and colleagues at the University of 232 

Pennsylvania (UPENN) (obtained from the UPENN-RAM public data release under release ID 233 

“Release_20171012”, released on 12 October, 2017) were used for analysis (Jacobs et al., 2016). 234 

Patients with pharmaco-resistant epilepsy underwent surgery for removal of their seizure onset 235 

zones. iEEG recordings of these patients were downloaded from a UPENN-RAM consortium 236 

hosted data sharing archive (URL: http://memory.psych.upenn.edu/RAM). Prior to data 237 

collection, research protocols and ethical guidelines were approved by the Institutional Review 238 

Board at the participating hospitals and informed consent was obtained from the participants and 239 

guardians (Jacobs et al., 2016). Details of all the recordings sessions and data pre-processing 240 

procedures are described by Kahana and colleagues (Jacobs et al., 2016). Briefly, iEEG 241 

recordings were obtained using subdural grids and strips (contacts placed 10 mm apart) or depth 242 

electrodes (contacts spaced 5–10 mm apart) using recording systems at each clinical site. iEEG 243 
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systems included DeltaMed XlTek (Natus), Grass Telefactor, and Nihon-Kohden EEG systems. 244 

Electrodes located in brain lesions or those which corresponded to seizure onset zones or had 245 

significant interictal spiking or had broken leads, were excluded from analysis.  246 

 247 

Anatomical localization of electrode placement was accomplished by co-registering the 248 

postoperative computed CTs with the postoperative MRIs using FSL (FMRIB (Functional MRI 249 

of the Brain) Software Library), BET (Brain Extraction Tool), and FLIRT (FMRIB Linear Image 250 

Registration Tool) software packages. Preoperative MRIs were used when postoperative MRIs 251 

were not available. The resulting contact locations were mapped to MNI space using an indirect 252 

stereotactic technique and OsiriX Imaging Software DICOM viewer package. We used the 253 

Brainnetome atlas (Fan et al., 2016) to demarcate the IFG, MFG, and the hippocampus (Greicius 254 

et al., 2003). Other important brain regions such as the dorsal anterior cingulate cortex (dACC) 255 

and the dorsal medial prefrontal cortex (dmPFC) were excluded from analysis due to lack of 256 

sufficient electrode placement in these areas. Out of 102 individuals, data from 26 individuals 257 

(aged from 18 to 61, mean age 37.7 ± 13.7, 16 females) were used for subsequent analysis based 258 

on electrode placement in IFG, MFG, and the hippocampus. Gender differences were not 259 

analyzed in this study due to lack of sufficient male participants for electrodes pairs for brain 260 

regions (for example, hippocampus-IFG and hippocampus-MFG had only 2 male patients each, 261 

Table 2). 262 

 263 

iEEG signals were sampled at 1,000 Hz. The two major concerns when analyzing interactions 264 

between closely spaced intracranial electrodes are volume conduction and confounding 265 

interactions with the reference electrode (Burke et al., 2013). Hence bipolar referencing was used 266 
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to eliminate confounding artifacts and improve the signal-to-noise ratio of the neural signals, 267 

consistent with previous studies using UPENN-RAM iEEG data (Burke et al., 2013; Ezzyat et 268 

al., 2018). Signals recorded at individual electrodes were converted to a bipolar montage by 269 

computing the difference in signal between adjacent electrode pairs on each strip, grid, and depth 270 

electrode and the resulting bipolar signals were treated as new “virtual” electrodes originating 271 

from the midpoint between each contact pair, identical to procedures in previous studies using 272 

UPENN-RAM data (Solomon et al., 2019). Line noise (60 Hz) and its harmonics were removed 273 

from the bipolar signals and finally each bipolar signal was Z-normalized by removing mean and 274 

scaling by the standard deviation. For filtering, we used a fourth order two-way zero phase lag 275 

Butterworth filter throughout the analysis. 276 

 277 

iEEG verbal memory encoding and recall, and resting-state task conditions 278 

 279 

Patients performed multiple trials of a “free recall” experiment, where they were presented with 280 

a list of words and subsequently asked to recall as many as possible from the original list (Figure 281 

1). Details of the task are described elsewhere (Solomon et al., 2017; Solomon et al., 2019). 282 

Average recall accuracy across patients was 25.5% ± 8.7%, similar to prior studies of verbal 283 

episodic memory retrieval in neurosurgical patients (Burke et al., 2014). The mismatch in the 284 

number trials therefore made it difficult to directly compare causal signaling measures between 285 

successfully versus unsuccessfully recalled words. From the point of view of probing 286 

behaviorally effective memory encoding our focus was therefore on successful recall consistent 287 

with most prior studies (Long, Burke, & Kahana, 2014; Watrous et al., 2013). We analyzed 288 

iEEG epochs from the encoding and recall periods of the “free recall” task as well as inter-trial 289 
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intervals when participants were given no explicit cognitive task, similar to previous iEEG 290 

studies (Horak et al., 2017; Miller, Weaver, & Ojemann, 2009; Norman, Yeagle, Harel, Mehta, 291 

& Malach, 2017; Yanagisawa et al., 2012). For resting-state, we extracted 10-second iEEG 292 

recordings (epochs) prior to the beginning of each trial. To reduce boundary and carry over 293 

effects, we discarded 3 seconds each of iEEG data from the beginning and end of each epoch, 294 

resulting in multiple 4 second epochs (Das & Menon, 2020). The encoding and recall epochs 295 

were 30-seconds for each trial. Each encoding trial consisted of 12 words each of 1.6-second 296 

duration (Figure 1). For the recall periods, iEEG recordings 1.6-second prior to the vocal onset 297 

of each word were analyzed (Solomon et al., 2019). Data from each trial was analyzed separately 298 

and specific measures were averaged across trials. The duration of memory encoding and recall, 299 

and resting-state trials were matched to preclude trial-length effects.  300 

 301 

iEEG analysis of power spectral density  302 

 303 

To calculate average power, we first filtered the iEEG time-series in the frequency band of 304 

interest and power, after removing the linear trend, was calculated as the sum of the squares of 305 

the amplitudes of the iEEG time-series divided by the length of the time-series. 306 

 307 

iEEG analysis of phase transfer entropy (PTE) and causal dynamics 308 

 309 

Phase transfer entropy (PTE) is a nonlinear measure of the directionality of information flow 310 

between time-series and can be applied as a measure of causality to nonstationary time-series 311 

(Lobier et al., 2014). Note that information flow described here relates to signaling between 312 
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brain areas and does not necessarily reflect the representation or coding of behaviorally relevant 313 

variables per se. The PTE measure is in contrast to the Granger causality measure which can be 314 

applied only to stationary time-series (Barnett & Seth, 2014). We first carried out a stationarity 315 

test of the iEEG recordings (unit root test for stationarity (Barnett & Seth, 2014)) and found that 316 

the spectral radius of the autoregressive model is very close to one, indicating that the iEEG 317 

time-series is nonstationary. This precluded the applicability of the Granger causality analysis in 318 

our study.  319 

 320 

Given two time-series { }ix  and { }iy , where 1, 2,...,i M , instantaneous phases were first 321 

extracted using the Hilbert transform. Let { }p
ix  and { }p

iy  , where 1, 2,...,i M , denote the 322 

corresponding phase time-series. If the uncertainty of the target signal { }p
iy at delay   is 323 

quantified using Shannon entropy, then the PTE from driver signal { }p
ix  to target signal { }p

iy  can 324 

be given by 325 

                                  
 
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| ,
, , log

|

p p p
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 327 

where the probabilities can be calculated by building histograms of occurrences of singles, pairs, 328 

or triplets of instantaneous phase estimates from the phase time-series (Hillebrand et al., 2016). 329 

For our analysis, the number of bins in the histograms was set as 1/33.49 STD M    and delay   330 

was set as 2 /M M , where STD  is average standard deviation of the phase time-series { }p
ix  and 331 

{ }p
iy  and M   is the number of times the phase changes sign across time and channels 332 
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(Hillebrand et al., 2016). PTE has been shown to be robust against the choice of the delay  and 333 

the number of bins for forming the histograms (Hillebrand et al., 2016).  334 

 335 

Statistical analysis 336 

 337 

Statistical analysis was conducted using mixed effects analysis with the lmerTest package 338 

(Kuznetsova, Brockhoff, & Christensen, 2017) implemented in R software (version 4.0.2, R 339 

Foundation for Statistical Computing). Because PTE data were not normally distributed, we used 340 

BestNormalize (Peterson & Cavanaugh, 2018) which contains a suite of transformation-341 

estimating functions that can be used to optimally normalize data. The resulting normally 342 

distributed data were subjected to mixed effects analysis with the following model: PTE ~ 343 

Condition + (1|Subject), where Condition models the fixed effects (condition differences) and 344 

(1|Subject) models the random repeated measurements within the same participant. Analysis of 345 

variance (ANOVA) was used to test the significance of findings with FDR-corrections for 346 

multiple comparisons (p<0.05). Similar mixed effects statistical analysis procedures were used 347 

for comparison of power spectral density across task conditions.  348 

 349 

Finally, we conducted surrogate analysis to test the significance of the estimated PTE values 350 

(Hillebrand et al., 2016). The estimated phases from the Hilbert transform for electrodes from a 351 

given pair of brain areas were time-shuffled so that the predictability of one time-series from 352 

another is destroyed, and PTE analysis was repeated on this shuffled data to build a distribution 353 

of surrogate PTE values against which the observed PTE was tested (p<0.05). 354 

 355 
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Results 356 

 357 

Causal information flow from the hippocampus to PFC during successful memory encoding 358 

 359 

We first examined dynamic causal influences of the hippocampus on the inferior frontal gyrus 360 

(IFG) and middle frontal gyrus (MFG) nodes of the PFC during the memory encoding period of 361 

a verbal episodic memory task in which participants were presented with a sequence of words 362 

and asked to remember them for subsequent recall (Methods, Tables 1-2, Figures 1a, b). 363 

Briefly, the task consisted of three periods: encoding, delay, and recall. During encoding, a list of 364 

12 words was visually presented for ~30 s. Words were selected at random, without replacement, 365 

from a pool of high frequency English nouns (http://memory.psych.upenn.edu/Word_Pools). 366 

Each word was presented for a duration of 1600 msec, followed by an inter-stimulus interval of 367 

800 to 1200 msec. After a 20 sec post-encoding delay, participants were instructed to recall as 368 

many words as possible during the 30 sec recall period. 369 

 370 

We used phase transfer entropy (PTE) (Lobier et al., 2014) to compute broadband (0.5-160 Hz) 371 

causal influence from the hippocampus to the IFG and MFG in the PFC and vice-versa. During 372 

successful memory encoding, the hippocampus had higher broadband causal influences on both 373 

the IFG (F(1, 187) = 41.79, p<0.001) and MFG (F(1, 346) = 80.33, p<0.001) nodes than the 374 

reverse (Figures 2a, b respectively). However, causal influence of the hippocampus on the IFG 375 

and MFG nodes did not differ from each other during successful memory encoding (F(1, 271) = 376 

0.11, p>0.05). Causal influence of the IFG on the hippocampus was higher than the causal 377 

influence of the MFG on the hippocampus during successful memory encoding (F(1, 274) = 378 
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24.14, p<0.001). These results demonstrate that the hippocampus has asymmetric causal 379 

information flow to both the IFG and MFG during successful memory encoding.  380 

 381 

Causal information flow from the hippocampus on PFC during successful memory recall 382 

 383 

Next, we examined causal influences of the hippocampus on the PFC during the recall phase of 384 

the verbal episodic memory task in which participants recalled the words they had seen during 385 

the memory encoding phase (Figure 1b, Methods). During successful memory recall, the 386 

hippocampus had higher broadband causal influences on both the IFG (F(1, 187) = 40.47, 387 

p<0.001) and MFG (F(1, 346) = 70.69, p<0.001) than the reverse (Figures 2a, b respectively). 388 

However, causal influence of the hippocampus on the IFG and MFG did not differ from each 389 

other during successful memory recall (F(1, 271) = 0.01, p>0.05). Causal influence of the IFG 390 

on the hippocampus was higher than the causal influence of the MFG on the hippocampus during 391 

successful memory recall (F(1, 274) = 28.91, p<0.001). These results demonstrate that the 392 

hippocampus has asymmetric causal information flow to both the IFG and MFG subdivisions of 393 

the PFC during successful memory recall. 394 

 395 

Causal information flow from the hippocampus on PFC during memory encoding and memory 396 

recall, compared to resting state 397 

 398 

We next investigated changes in causal influences of the hippocampus on the IFG and MFG 399 

during memory encoding and recall, compared to the resting-state. Our analysis revealed that the 400 

causal influences of the hippocampus on the IFG and MFG were higher during both the 401 
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successful memory encoding and recall task conditions, in comparison to the resting-state (F(1, 402 

187) = 28.70, F(1, 187) = 11.94, F(1, 346) = 57.65, F(1, 346) = 32.05 respectively; p<0.001 in 403 

all cases) (Figure 3). These results demonstrate that the hippocampus has asymmetric causal 404 

information flow to both the IFG and MFG during task conditions compared to resting baseline. 405 

 406 

Causal information flow from the hippocampus to PFC in the delta-theta frequency band 407 

 408 

Based on previous findings from iEEG studies which have reported significant delta-theta 409 

frequency (0.5-8 Hz) band activity in the hippocampus during recall of verbal, temporal and 410 

spatial information from recently encoded memories and hippocampal-PFC interactions during 411 

spatial memory recall (Ekstrom & Watrous, 2014; Neuner et al., 2014; Watrous et al., 2013), we 412 

next investigated the dynamic causal influences of the hippocampus on the PFC nodes and vice-413 

versa in the low frequency delta-theta (0.5-8 Hz) band (see Figure 5 for results in the 0.5-12 Hz 414 

frequency band). We computed PTE from the PFC nodes to the hippocampus and, in the reverse 415 

direction, during successful memory encoding, and recall in the delta-theta (0.5-8 Hz) frequency 416 

band. This analysis revealed that the hippocampus had higher causal influences on the IFG and 417 

MFG subdivisions of the PFC than the reverse during both successful memory encoding and 418 

recall conditions (F(1, 185) = 30.83, F(1, 186) = 11.68, F(1, 345) = 66.30, F(1, 345) = 48.34 419 

respectively; p<0.001 in all cases) (Figure 4). These results demonstrate a key role for delta-420 

theta frequency signaling underlying higher causal influences of the hippocampus on the PFC.  421 

 422 

 423 

 424 
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Causal information from the PFC to the hippocampus in the beta frequency band 425 

 426 

Next, we examined frequency specific information flow between the hippocampus and PFC 427 

based on emerging findings in non-human primates regarding cortical signaling in the beta 428 

frequency (12-30 Hz) band during cognition (Engel & Fries, 2010). We computed PTE from the 429 

PFC nodes to the hippocampus, and in the reverse direction, during successful memory 430 

encoding, and recall in the beta frequency (12-30 Hz) band. This analysis revealed that the IFG 431 

had higher causal influences on the hippocampus during both successful memory encoding (F(1, 432 

189) = 62.13, p<0.001) and recall conditions (F(1, 189) = 24.72, p<0.001). Similarly, the MFG 433 

also had higher causal influences on the hippocampus during both successful memory encoding 434 

(F(1, 346) = 59.14, p<0.001) and recall (F(1, 345) = 6.03, p<0.05)) (Figure 6). These results 435 

demonstrate a key role for beta frequency signaling underlying higher causal influences of both 436 

the IFG and MFG subdivisions of the PFC on the hippocampus. 437 

 438 

Surrogate data analysis of causal information flow between the hippocampus and the PFC 439 

 440 

Finally, we conducted surrogate data analysis to test the significance of the estimated PTE values 441 

compared to PTE expected by chance (Methods). The estimated phases from the Hilbert 442 

transform for electrodes from pairs of brain areas were time-shuffled and PTE analysis was 443 

repeated on this shuffled data to build a distribution of surrogate PTE values against which the 444 

observed PTE was tested. This analysis revealed that causal information flow from the 445 

hippocampus to the IFG and MFG nodes and the reverse were significantly higher than those 446 

expected by chance (Figure 7) (p<0.05 in all cases) in broadband for both successful memory 447 
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encoding and recall, indicating bidirectional causal information flow between the hippocampus 448 

and the PFC in broadband.  449 

 450 

Frequency-specific surrogate data analysis further revealed that causal information flow from the 451 

hippocampus to the IFG and MFG nodes and the reverse were significantly higher than those 452 

expected by chance (Figure 8) (p<0.05 in all cases) in the delta-theta frequency band for both 453 

successful memory encoding and recall, indicating bidirectional causal information flow between 454 

the hippocampus and the PFC in delta-theta band. Analysis in the beta frequency band revealed 455 

that causal information flow from the hippocampus to the IFG and MFG nodes and the reverse 456 

were significantly lower than those expected by chance (Figure 9) (p<0.05 in all cases) for both 457 

successful memory encoding and recall, indicating significantly lower predictability of one brain 458 

area from the other than expected by chance, in this frequency band.   459 

 460 

These results demonstrate that all reported effects in this study arise from causal signaling that is 461 

significantly enhanced above chance levels.   462 

 463 

Power spectral density during memory encoding and recall compared to resting-state 464 

 465 

Finally, we compared the power spectral density (Methods, Table 3) in the hippocampus and the 466 

IFG and MFG nodes of the PFC across resting-state, memory encoding, and memory recall 467 

conditions. As with analyses reported above, the duration of task and rest trials were matched to 468 

ensure that differences in network dynamics could not be explained by the differences in the 469 
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duration of the trials. This analysis revealed that power across the three conditions do not differ 470 

from each other in any region (hippocampus/IFG/MFG) (all ps>0.05).  471 

 472 

Previous studies have suggested that power in the high-gamma band (80-160 Hz) is correlated 473 

with fMRI BOLD signals (Hutchison, Hashemi, Gati, Menon, & Everling, 2015; Lakatos, Gross, 474 

& Thut, 2019; Leopold, Murayama, & Logothetis, 2003; Mantini, Perrucci, Del Gratta, Romani, 475 

& Corbetta, 2007; Scholvinck, Maier, Ye, Duyn, & Leopold, 2010), and is thought to reflect 476 

local activity (Canolty & Knight, 2010). The spectrogram for each brain region, estimated using 477 

the short-time Fourier transform (Zhou et al., 2019), confirmed significant high-gamma band 478 

activity during both memory encoding and recall (Figures 10 and 11 respectively). We 479 

compared high-gamma band power spectral density (see Methods for details) in the 480 

hippocampus and the IFG and MFG across resting-state, memory encoding, and memory recall 481 

conditions. This analysis revealed that power across the three conditions did not differ from each 482 

other in any of the three regions (all ps>0.05).  483 

 484 

Discussion  485 

 486 

We examined the electrophysiological basis of directed information flow between the 487 

hippocampus and PFC during memory formation in humans using depth iEEG recordings from 488 

the UPENN-RAM cohort (Solomon et al., 2019). Leveraging one of the largest samples to date, 489 

from 26 participants, 187 electrodes, and 276 electrode pairs, our analysis first focused on 490 

broadband signatures of causal interaction, as investigations using canonically defined frequency 491 

bands can miss aperiodic (1/f) components that might have major influence on signaling between 492 
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brain regions (Donoghue et al., 2020). Direction-specific information theoretic analysis revealed 493 

that the hippocampus has higher causal influence on both the left hemisphere IFG and MFG 494 

subdivisions of the PFC than the reverse, and this pattern was observed during both the encoding 495 

and recall phases of the verbal episodic memory task. Causal information flow from the 496 

hippocampus to PFC increased significantly during memory processing, compared to resting 497 

baseline and surrogate data analysis revealed that the strength of information flow was 498 

significantly above chance levels.   499 

 500 

Our analysis further revealed frequency specificity of hippocampus-PFC interactions and a 501 

dissociation between feedforward and top-down information flow in the delta-theta and beta 502 

bands. We found that feedforward causal influences from the hippocampus to PFC in the delta-503 

theta frequency band were higher, compared to the reverse direction, during both memory 504 

encoding and memory recall. In contrast, top-down causal influences from the PFC to 505 

hippocampus were higher, compared to the reverse direction, in the beta frequency band during 506 

both memory encoding and memory recall. Our findings provide novel insights into asymmetric 507 

directionality of information flow between the hippocampus and the PFC during episodic 508 

memory formation in the human brain. 509 

 510 

Directionality of information flow between the hippocampus and the PFC during verbal memory 511 

formation 512 

 513 

The first goal of our study was to characterize the directionality of information flow between the 514 

hippocampus and the PFC during cognition. Our analysis focused on left hemisphere 515 
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hippocampus, IFG, and MFG aligned with hemisphere lateralization of verbal episodic and 516 

semantic memory processes (Dobbins et al., 2002; Wagner et al., 2001). The left hippocampus 517 

and PFC are coactivated during encoding and recall of verbal stimuli in memory (Preston & 518 

Eichenbaum, 2013; Qin et al., 2014; van Kesteren et al., 2010). However, the directionality of 519 

information flow between the hippocampus and PFC during memory encoding and recall is not 520 

well understood as fMRI, the mainstay of hippocampus-PFC investigations in humans, lacks 521 

requisite temporal resolution for probing causal circuit dynamics.  522 

 523 

To address this question, we used phase transfer entropy (PTE), which provides a robust and 524 

powerful tool for characterizing information flow between brain regions based on phase coupling 525 

(Hillebrand et al., 2016; Lobier et al., 2014; Wang et al., 2017). We used PTE rather than phase 526 

locking or coherence which have been used previously to probe hippocampal-PFC interactions in 527 

rodents (Benchenane et al., 2010; Jones & Wilson, 2005), since phase locking or coherence 528 

measures do not probe causal influences and cannot address how one region drives another. 529 

Instead, our study examined the direction of information flow between the hippocampus and the 530 

PFC using robust estimators of the direction of information flow. PTE assesses with the ability of 531 

one time-series to predict future values of other time-series thus estimating the time-delayed 532 

causal influences between the two time-series whereas phase locking or coherence can only 533 

estimate “instantaneous” phase synchronization, but not predict the future time-series. Crucially, 534 

PTE is a robust, nonlinear measure of directionality of information flow between time-series 535 

(Hillebrand et al., 2016; Lobier et al., 2014). A brain region has a stronger causal influence on a 536 

target if knowing the past phase of signals in both regions improves the ability to predict the 537 

target’s phase in comparison to knowing only the target’s past phase. PTE has several 538 
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advantages over Granger causal analysis (Barnett & Seth, 2014), as it (i) can capture nonlinear 539 

interactions, (ii) can estimate causality between nonstationary time-series, (iii) is more accurate 540 

and computationally less expensive than transfer entropy, and (iv) estimates causal interactions 541 

based on phase, rather than amplitude, coupling (Hillebrand et al., 2016; Lobier et al., 2014; 542 

Schreiber, 2000).  543 

 544 

We examined causal influences between the hippocampus and the PFC during a verbal episodic 545 

memory task in which participants had to subsequently recall a list of words (Solomon et al., 546 

2019). Average recall accuracy across patients was 25.5% ± 8.7%, similar to prior studies of 547 

verbal episodic memory retrieval in neurosurgical patients (Burke et al., 2014). The mismatch in 548 

the number trials therefore made it difficult to directly compare causal signaling measures 549 

between successfully versus unsuccessfully recalled words. From the point of view of probing 550 

behaviorally effective memory encoding our focus was therefore on successful recall consistent 551 

with most prior studies (Long et al., 2014; Watrous et al., 2013). Age or gender related effects 552 

were not analyzed in our study due to lack of sufficient male participants for electrodes pairs for 553 

brain regions (for example, hippocampus-IFG and hippocampus-MFG had only two male 554 

patients each, Table 2). 555 

 556 

PTE revealed significantly higher broadband causal influence of the hippocampal electrodes on 557 

the IFG and MFG electrodes than the reverse during both successful encoding and successful 558 

recall of words in the episodic memory task. Moreover, causal information flow of the 559 

hippocampus on the PFC was significantly higher during both memory encoding and recall, 560 

compared to the resting-state. Our findings are consistent with and extend a previous report in a 561 
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sample of three participants suggesting a trend towards higher causal influence of the 562 

hippocampus on bilateral PFC electrodes during episodic memory recall (Anderson et al., 2010). 563 

Using a much larger sample of 26 participants localized to the left hemisphere, we found that 564 

hippocampal influence on the PFC was significantly higher than the reverse, during both 565 

episodic memory encoding and recall. Furthermore, this pattern was observed in both the IFG 566 

and MFG subdivisions of the PFC, and causal influences of the hippocampus on the IFG and 567 

MFG did not differ from each other, neither during successful memory encoding nor during 568 

successful memory recall. Although previous fMRI studies have emphasized a greater role for 569 

the left IFG in controlled recall of verbal materials (Badre et al., 2005; Badre & Wagner, 2007; 570 

Dobbins et al., 2002; Hasegawa et al., 1999; Wagner et al., 2001), the present iEEG findings 571 

point to involvement of both the IFG and MFG. Our findings thus provide robust 572 

electrophysiological evidence for dynamic causal influence of the hippocampus on both the IFG 573 

and MFG subdivisions of the PFC during both memory encoding and recall. 574 

  575 

Frequency-specific directionality of information flow between the hippocampus and the PFC  576 

 577 

The second goal of our study was to investigate the frequency specificity of directional 578 

information flow between the hippocampus and the PFC. Based on previous reports in rodents 579 

and non-human primates, we focused on delta-theta (0.5-8 Hz) and beta (12-30 Hz) bands, as 580 

enhanced local field potentials in these frequency bands have been identified in the hippocampus 581 

and PFC respectively (Boran et al., 2019; Ekstrom & Watrous, 2014; Engel & Fries, 2010; 582 

Stanley et al., 2018; Watrous et al., 2013). Previous iEEG studies have reported significant delta-583 

theta frequency (0.5-8 Hz) band activity in the hippocampus during recall of verbal, temporal 584 
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and spatial information from recently encoded memories (Foster, Kaveh, Dastjerdi, Miller, & 585 

Parvizi, 2013; Goyal et al., 2018; Jacobs et al., 2016; Solomon et al., 2019), but the frequency-586 

specificity of causal hippocampal-PFC signaling in the human brain associated with memory 587 

encoding and recall has not been well understood. Our analysis revealed two key dissociations in 588 

the frequency specific directionality of information flow between the hippocampus and PFC. 589 

 590 

In the delta-theta band, we found that the hippocampus had higher causal influences on the PFC, 591 

compared to the reverse direction; this pattern was observed during both verbal memory 592 

encoding and memory recall. This finding is consistent with reports of delta-theta frequency 593 

band hippocampal-PFC synchronization during spatial memory recall (Bohbot, Copara, Gotman, 594 

& Ekstrom, 2017; Ekstrom & Watrous, 2014; Watrous et al., 2013). Crucially, we extend 595 

previous reports by demonstrating directed causal influences from the hippocampus to PFC 596 

during verbal memory processing. In contrast, we found an opposite pattern in the beta band with 597 

higher PFC causal influences on the hippocampus, compared to the reverse direction; again, this 598 

pattern was observed during both memory encoding and recall.  599 

 600 

The pattern of frequency-specific directed causal information flow observed in the present study 601 

converges surprisingly well on findings from electrocorticogram recordings in a hierarchy of left 602 

hemisphere primate visual areas (Bastos et al., 2015). In this study which involved two macaque 603 

monkeys performing a visuospatial attention task, it was found that feedforward influences were 604 

carried by delta-theta band synchronization, while feedback influences were carried by beta-band 605 

synchronization. Furthermore, theta rhythms promoted information flow in the feedforward 606 

direction during bottom-up processing while beta rhythms promoted information flow in the 607 
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reverse direction because beta influences in the top-down direction were significantly diminished 608 

when attention was directed away to the left (ipsilateral) visual field. Our findings indicate a 609 

similar pattern of frequency-specific directed causal information flow linking hierarchical inflow 610 

between the hippocampus and PFC. Top-down information flow from the PFC in the beta-band 611 

may contribute to transitioning latent neuronal ensembles into “active” representations (Spitzer 612 

& Haegens, 2017) as well as the subsequent maintenance of information in cell assemblies 613 

(Engel & Fries, 2010), while delta-theta rhythms in the hippocampus may signal pattern 614 

completion associated with memory recall that is conveyed to multiple PFC regions 615 

(Eichenbaum, 2017).   616 

 617 

In sum, these results suggest that the hippocampus and PFC exert feedforward and feedback 618 

influences through distinct frequency channels and that delta-theta and beta rhythms have 619 

different synchronization properties. This frequency dependent directionality of information flow 620 

may provide a mechanism by which hippocampus and PFC circuits function in concert albeit via 621 

parallel signaling mechanisms pathways which reflect their distinct roles in episodic memory 622 

formation.  623 

 624 

Phase transfer entropy, rather than power spectral density, underlies causal information flow  625 

 626 

Phase transfer entropy, as used in the present study, provides a robust measure of direction of 627 

information flow between electrode pairs (Hillebrand et al., 2016; Lobier et al., 2014). Previous 628 

findings using multielectrode array recordings in both humans and animal models have 629 

established that phase, rather than amplitude, is crucial for both spatial and temporal encoding of 630 
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information in the brain (Kayser, Montemurro, Logothetis, & Panzeri, 2009; Lachaux, 631 

Rodriguez, Martinerie, & Varela, 1999; Lopour, Tavassoli, Fried, & Ringach, 2013; Ng, 632 

Logothetis, & Kayser, 2013; Siegel, Warden, & Miller, 2009). Consistent with this, we found no 633 

differences in overall power across the three conditions (resting-state, memory encoding, and 634 

memory recall) in any of the three brain regions – hippocampus, MFG, and IFG – examined 635 

here. Taken together, these results suggest that phase transfer entropy, rather than power spectral 636 

density, underlies causal information flow reported here.  637 

 638 

Signal propagation and temporal delays between the hippocampus and PFC 639 

 640 

Across all hippocampus-PFC electrode pairs, the propagation delay  between the source and 641 

target signal estimated by the PTE analysis was 17.7 msec.  here corresponds to the mean 642 

temporal distance between phase reversals across all electrode pairs (see Methods). Note that 643 

this delay refers to the embedding delay used in the PTE analysis, and does not necessarily 644 

correspond to the signal propagation delay. Nevertheless, a back of the envelope calculation 645 

indicates a close correspondence between the two. The average inter-electrode (Euclidean) 646 

distance between hippocampus and PFC electrodes in our study was 70.5 mm (actual white 647 

matter tracts will be longer). Histological studies of axonal tracts in primate lateral prefrontal 648 

cortex have suggested a conduction velocity of about 5.4 mm/msec (Caminiti et al., 2013). This 649 

results in an axonal transmission time of 13.05 msec which together with a synaptic transduction 650 

time of 3-5 msec matches the delay  used in the PTE analysis quite well. Thus, the temporal 651 

delays used in our study are physiologically meaningful and correspond to directional 652 

hippocampus-PFC signal interactions on a timescale consistent with monosynaptic influence.  653 
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 654 

Conclusions  655 

 656 

Our study advances foundational knowledge of directed information flow between the 657 

hippocampus and PFC during verbal episodic memory in humans. Using high temporal 658 

resolution iEEG recordings from a large cohort of participants, we uncovered distinct 659 

feedforward and feedback signaling mechanisms between the hippocampus and PFC. Our study 660 

also revealed frequency specificity of causal feedforward and feedback interactions between the 661 

hippocampus and PFC. Our findings provide novel insights into dynamic causal interactions that 662 

subserve episodic memory in the human brain and help advance knowledge of the operating 663 

principles of circuit mechanisms in verbal memory encoding and recall. More broadly, our 664 

findings provide a template for probing the neural circuit basis of hippocampal-PFC dysfunctions 665 

which are prominent in psychiatric and neurological disorders.  666 

 667 

 668 

669 
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     Figures 983 

 984 

 985 

Figure 1. (a) iEEG recording sites in hippocampus and two prefrontal cortex subdivisions 986 

investigated in this study. (b) Event structure and timing of memory encoding and recall 987 

task phases. Participants were first presented with a list of words in the encoding block and 988 

asked to recall as many as possible from the original list after a short delay (see Methods for 989 

details). HIPP: hippocampus, MFG: middle frontal gyrus and IFG: inferior frontal gyrus 990 

subdivisions of prefrontal cortex. 991 
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Figure 2. Causal directed information flow between hippocampus and prefrontal cortex 994 

measured using phase transfer entropy (PTE). (a) The hippocampus showed higher causal 995 

directed information flow to the IFG (HIPP  IFG) during memory encoding and recall, 996 

compared to the reverse direction (IFG  HIPP) (n=98). (b) The hippocampus also showed 997 

higher causal directed information flow to the MFG (HIPP  MFG) during memory encoding 998 

and recall, than the reverse direction (MFG  HIPP) (n=178). Only successfully recalled words 999 

are included. On each box, the central mark indicates the median, and the bottom and top edges 1000 

of the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to the most 1001 

extreme data points not considered outliers. *** p < 0.001 (two-way ANOVA).  1002 

 1003 

 1004 

 1005 
 1006 

 1007 

 1008 

 1009 
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Figure 3. Causal directed information flow from HIPP to PFC during memory encoding 1010 

and recall, compared to resting-state. (a) The hippocampus showed higher causal directed 1011 

information flow to the IFG (HIPP  IFG) during both memory encoding and memory recall, 1012 

compared to resting-state baseline (n=98). (b) The hippocampus also showed higher causal 1013 

directed information flow to the MFG (HIPP  MFG) during both memory encoding and 1014 

memory recall, compared to resting-state baseline (n=178). Only successfully recalled words are 1015 

included. On each box, the central mark indicates the median, and the bottom and top edges of 1016 

the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to the most extreme 1017 

data points not considered outliers. *** p < 0.001 (two-way ANOVA). 1018 

 1019 
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 1022 

 1023 

 1024 

 1025 
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Figure 4. Causal directed information flow from hippocampus to prefrontal cortex in the 1026 

delta-theta (0.5-8 Hz) frequency band. (a) Causal directed information flow from hippocampus 1027 

to IFG (HIPP  IFG) was greater during both memory encoding and recall, compared to the 1028 

reverse direction (IFG  HIPP) (n=98). (b) Similarly, causal directed information flow from 1029 

hippocampus to MFG (HIPP  MFG) was greater during both memory encoding and recall, 1030 

compared to the reverse direction (MFG  HIPP) (n=178). Only successfully recalled words are 1031 

included. On each box, the central mark indicates the median, and the bottom and top edges of 1032 

the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to the most extreme 1033 

data points not considered outliers. *** p < 0.001 (two-way ANOVA).  1034 
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 1036 
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 1038 

 1039 
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Figure 5. Causal directed information flow between hippocampus and prefrontal cortex in 1044 

the delta-theta-alpha (0.5-12 Hz) frequency band. (a) Hippocampus  IFG during memory 1045 

encoding and recall (n=98). (b) Hippocampus  MFG during memory encoding and recall 1046 

(n=178). Hippocampus nodes had higher causal influences on both IFG and MFG nodes than the 1047 

reverse during both memory encoding and recall in the delta-theta-alpha frequency band. Only 1048 

successfully recalled words are included. On each box, the central mark indicates the median, 1049 

and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. 1050 

Whiskers extend to the most extreme data points not considered outliers. *** p < 0.001 (two-way 1051 

ANOVA). 1052 
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Figure 6. Causal directed information flow between hippocampus and prefrontal cortex in 1061 

the beta (12–30 Hz) frequency band. (a) Hippocampus  IFG (HIPP  IFG) during memory 1062 

encoding and recall (n=98). (b) Hippocampus  MFG (HIPP  MFG) during memory 1063 

encoding and recall (n=178). Both IFG and MFG nodes had higher causal influences on the 1064 

hippocampus than the reverse during both memory encoding and recall in the beta frequency 1065 

band. Only successfully recalled words are included. On each box, the central mark indicates the 1066 

median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, 1067 

respectively. Whiskers extend to the most extreme data points not considered outliers. *** p < 1068 

0.001, * p < 0.05 (two-way ANOVA).  1069 
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Figure 7. Surrogate data analysis to test the statistical significance of the observed PTE 1078 

values compared to those obtained by chance in broadband. (a) Hippocampus  IFG (HIPP 1079 

 IFG) during memory encoding and recall. (b) Hippocampus  MFG (HIPP  MFG) during 1080 

memory encoding and recall. Shown in blue is the distribution of the surrogate PTE values and 1081 

in red and green are the observed PTE for HIPP  IFG/MFG and IFG/MFG  HIPP 1082 

respectively. The estimated phases from the Hilbert transform for a given pair of brain areas 1083 

were time-shuffled and PTE analysis was repeated on this shuffled data to build a distribution of 1084 

surrogate PTE values against which the observed PTE was tested (p<0.05). 1085 
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Figure 8. Surrogate data analysis to test the statistical significance of the observed PTE 1094 

values compared to those obtained by chance in delta-theta band. (a) Hippocampus  IFG 1095 

(HIPP  IFG) during memory encoding and recall. (b) Hippocampus  MFG (HIPP  MFG) 1096 

during memory encoding and recall. Shown in blue is the distribution of the surrogate PTE 1097 

values and in red and green are the observed PTE for HIPP  IFG/MFG and IFG/MFG  1098 

HIPP, respectively. The estimated phases from the Hilbert transform for a given pair of brain 1099 

areas were time-shuffled and PTE analysis was repeated on this shuffled data to build a 1100 

distribution of surrogate PTE values against which the observed PTE was tested (p<0.05). 1101 

 1102 

 1103 
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Figure 9. Surrogate data analysis to test the statistical significance of the observed PTE 1110 

values compared to those obtained by chance in beta band. (a) Hippocampus  IFG (HIPP 1111 

 IFG) during memory encoding and recall. (b) Hippocampus  MFG (HIPP  MFG) during 1112 

memory encoding and recall. Shown in blue is the distribution of the surrogate PTE values and 1113 

in red and green are the observed PTE for HIPP  IFG/MFG and IFG/MFG  HIPP, 1114 

respectively. The estimated phases from the Hilbert transform for a given pair of brain areas 1115 

were time-shuffled and PTE analysis was repeated on this shuffled data to build a distribution of 1116 

surrogate PTE values against which the observed PTE was tested (p<0.05). 1117 
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Figure 10. Spectrograms of iEEG activity during memory encoding. (a) hippocampus 1127 

(n=44), (b) middle frontal gyrus (n=91), (c) inferior frontal gyrus (n=49). Red vertical line 1128 

denotes presentation of word. Each word was presented for ~1.6 s. Line frequencies have been 1129 

removed from y-axis and y-axis has been adjusted accordingly for visualization. 1130 
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Figure 11. Spectrograms of iEEG activity during memory recall. (a) hippocampus (n=44), 1149 

(b) middle frontal gyrus (n=94), (c) inferior frontal gyrus (n=49). Zero in the x-axis denotes 1150 

recall of a word. Shown is 1.8 s segment immediately preceding recall of a word for each brain 1151 

region. 1.6 s segment immediately preceding vocal onset of a word was considered for analysis. 1152 

Line frequencies have been removed from y-axis and y-axis has been adjusted accordingly for 1153 

visualization. 1154 
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 1171 

Tables 1172 

 1173 

Table 1. Participant demographic information.  1174 

 1175 

Participant ID Gender Age  

185 M 20 

193 M 37 

195 M 44 

196 M 18 

200 M 25 

203 F 36 

204 F 25 

207 F 39 

222 F 20 

223 F 42 

228 F 58 

230 F 56 

232 M 27 

236 F 51 

240 F 37 

247 F 61 

260 F 57 

264 F 52 

275 M 41 

283 F 29 

286 F 57 

292 F 39 

297 M 24 

298 F 24 

299 M 43 

310 M 20 
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Table 2. Number of electrode pairs used in phase transfer entropy (PTE) analysis. HIPP: 1188 

hippocampus; IFG: inferior frontal gyrus; MFG: middle frontal gyrus. 1189 

 1190 

 1191 

Network pairs Number of 

electrode 

pairs (n) 

Number of 

participants 

Participant IDs 

(Gender/Age) 

HIPP-IFG 98 8 207 (F/39), 223 (F/42), 230 

(F/56), 236 (F/51), 240 (F/37), 

297 (M/24), 298 (F/24), 299 

(M/43) 

HIPP-MFG 178 9 195 (M/44), 207 (F/39), 223 

(F/42), 228 (F/58), 230 (F/56), 

240 (F/37), 247 (F/61), 298 

(F/24), 299 (M/43) 

 1192 

 1193 

Table 3. Number of electrodes in each node used in power spectral density (PSD) analysis. 1194 

HIPP: hippocampus; IFG: inferior frontal gyrus; MFG: middle frontal gyrus. 1195 

 1196 

 1197 

Brain regions Number of 

electrodes

* (n) 

Number of 

participants 

Participant IDs 

(Gender/Age) 

HIPP 44 13 195 (M/44), 203 (F/36), 207 

(F/39), 223 (F/42), 228 (F/58), 

230 (F/56), 236 (F/51), 240 

(F/37), 247 (F/61), 292 (F/39), 

297 (M/24), 298 (F/24), 299 

(M/43) 

IFG 49 13 200 (M/25), 204 (F/25), 207 

(F/39), 223 (F/42), 230 (F/56), 

236 (F/51), 240 (F/37), 260 

(F/57), 264 (F/52), 286 (F/57), 

297 (M/24), 298 (F/24), 299 

(M/43), 310 (M/20) 

MFG 94 21 185 (M/20), 193 (M/37), 195 

(M/44), 196 (M/18), 200 

(M/25), 204 (F/25), 207 (F/39), 

222 (F/20), 223 (F/42), 228 

(F/58), 230 (F/56), 232 (M/27), 

240 (F/37), 247 (F/61), 260 

(F/57), 264 (F/52), 275 (M/41), 

283 (F/29), 286 (F/57), 298 

(F/24), 299 (M/43) 
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*The encoding session file for subject 185 was missing. For the memory encoding task, the 1199 

number of electrodes (n) was 91 for MFG.  1200 
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