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Abstract 40 

Introduction: The hippocampus is a locus of working memory (WM) with anterior 41 

and posterior subregions that differ in their transcriptional and external connectivity 42 

patterns. However, the involvement and functional connections between these 43 

subregions in WM processing are poorly understood.  44 

Methods: To address these issues, we recorded intracranial EEG from the anterior 45 

and the posterior hippocampus in human (7 females and 7 males) who maintained a 46 

set of letters in their WM.  47 

Results: We found that WM maintenance was accompanied by elevated 48 

low-frequency activity in both the anterior and posterior hippocampus and by 49 

increased theta/alpha band (3-12 Hz) phase synchronization between anterior and 50 

posterior subregions. Cross-frequency and Granger prediction analyses consistently 51 

showed that the correct WM trials were associated with theta/alpha band-coordinated 52 

unidirectional influence from the posterior to the anterior hippocampus. In contrast, 53 

WM errors were associated with bidirectional interactions between the anterior and 54 

posterior hippocampus. 55 

Conclusions: These findings imply that theta/alpha band synchrony within the 56 

hippocampus may support successful WM via a posterior to anterior influence. A 57 

combination of intracranial recording and a fine-grained atlas may be of value in 58 

understanding the neural mechanisms of WM processing. 59 

 60 
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Significance Statement 61 

Working memory (WM) is crucial to everyday functioning. The hippocampus has 62 

been proposed to be a subcortical node involved in WM processes. Previous studies 63 

suggest that the anterior and posterior hippocampus differ in their external 64 

connectivity patterns and gene expression. However, it remains unknown whether and 65 

how human hippocampal subregions are recruited and coordinated during WM tasks. 66 

Here, by recording intracranial electroencephalography simultaneously from both 67 

hippocampal subregions, we found enhanced power in both areas and increased phase 68 

synchronization between them. Furthermore, correct WM trials were associated with a 69 

unidirectional influence from the posterior to the anterior hippocampus, whereas error 70 

trials were correlated with bidirectional interactions. These findings indicate a 71 

long-axis specialization in the human hippocampus during WM processing. 72 

Introduction 73 

Working memory (WM), the “sketchpad of conscious thought” (Miller et al., 2018), is 74 

critical for organizing goal-directed behaviors (D'Esposito, 2007). It describes our 75 

capacity to temporarily hold information and adaptively translate it later into a 76 

behavioral response. The hippocampus has been proposed to be a subcortical node 77 

underlying WM. Direct electrophysiological recordings in the human hippocampus 78 

consistently found persistent single neuron activity (Kaminski et al., 2017; Kornblith 79 

et al., 2017; Boran et al., 2019), power change (Brzezicka et al., 2019), and increased 80 

phase-amplitude coupling (PAC) (Axmacher et al., 2010) during WM maintenance. 81 
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These studies modeled the hippocampus as a single, homogeneous entity, however, 82 

the hippocampus is a complex, heterogeneous structure consisting of distinct, 83 

interacting subregions. Rodent studies suggested that the ventral (homologous to the 84 

anterior in humans) and dorsal (homologous to the posterior in humans) hippocampus 85 

differ in their connectivity and gene expression patterns (Fanselow and Dong, 2010; 86 

Poppenk et al., 2013). Such connectivity and transcriptomic heterogeneity have 87 

recently been validated in humans (Vos de Wael et al., 2018; Vogel et al., 2020) and 88 

provide a rationale for the functional differentiation along the long axis (Poppenk et 89 

al., 2013; Strange et al., 2014). Consistent with this hypothesis, Lin and colleagues 90 

reported that during episodic memory encoding, the positive subsequent memory 91 

effect in the slow-theta range is greater in the posterior hippocampus (Lin et al., 2017); 92 

later they found that gamma activity was greater during retrieval than during encoding 93 

only in the posterior hippocampus (Lin et al., 2019). Given that mounting evidence 94 

shows functional organization along the longitudinal axis, treating the hippocampus 95 

as a functionally uniform structure in WM processing may disregard potentially 96 

useful information about its subregions. 97 

 98 

Rodent experiments suggested a critical role of the dorsal but not the ventral 99 

hippocampus in WM processing, with a significant WM deficit caused by dorsal but 100 

not ventral hippocampal lesions (Pothuizen et al., 2004). A recent meta-analysis of 101 

functional Magnetic resonance imaging (MRI) studies involving humans reported 102 

activation of both the anterior hippocampus (aHipp) and the posterior hippocampus 103 

(pHipp) during WM processing (Grady, 2020). The limited temporal and spatial 104 

resolution of this non-invasive MRI technique in human studies has made it difficult 105 

to capture the functional specialization of the hippocampus at a fine-grained scale. 106 
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Thus, direct brain recordings precisely located in hippocampal subregions during WM 107 

tasks are required. In addition, the anatomical connectivity suggests a flow of 108 

information between the aHipp and the pHipp (Schmidt et al., 2013). Rodent studies 109 

showed increased connectivity between the dorsal and ventral hippocampus as they 110 

engage in WM processing (Schmidt et al., 2013). However, it remains unknown 111 

whether and how the two hippocampal subregions communicate during WM in 112 

humans. Human intracranial electroencephalography (iEEG) recordings, with both 113 

millimeter spatial precision and millisecond temporal resolution, even in deep brain 114 

regions (Johnson et al., 2020), offer the possibility of delineating activity at the 115 

hippocampal subregion level and of studying the information flow between the two 116 

hippocampal subregions in vivo (Lin et al., 2017). 117 

  118 

Here, we recorded iEEG simultaneously from the aHipp and the pHipp in 14 119 

pre-surgical epilepsy patients while they performed a modified Sternberg task. We 120 

addressed the following questions: 1) Does the hippocampus play a single role in WM 121 

processing or is there spatial heterogeneity along the long axis in its involvement in 122 

working memory? 2) Are the aHiPP and the pHipp independent or do they interact in 123 

WM? And 3) Do these activities or interactions support WM maintenance?  124 

Materials and Methods 125 

Subjects 126 

We utilized data from 14 adult human subjects (mean ± SD [range]: 32±12 [18-56]; 127 

7 males) in this study. All subjects were implanted with depth electrodes (1.3 mm 128 

diameter, 8 contacts of 1.6 mm length, and 5 mm spacing between contact centers; 129 
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Ad-Tech, Racine, WI, www.adtechmedical.com) in the medial temporal lobe for 130 

evaluation of the surgical treatment of epilepsy. Electrode placement was exclusively 131 

guided by clinical needs, and patient selection was based on MRI-confirmed depth 132 

electrode placement in the hippocampus contralateral to or outside of the 133 

epileptogenic region. Before testing, all the subjects provided written informed 134 

consent for the study, which had been approved by the relevant institutional ethics 135 

review board (Kantonale Ethikkommission Zürich, PB 2016-02055). There were no 136 

seizures recorded during any of the epochs, and any epochs with interictal 137 

epileptiform activity were excluded from analysis.  138 

 139 

Experimental design and statistical analyses 140 

WM was tested using a modified Sternberg task in which the encoding of memory 141 

contents, maintenance, and recall were temporally separated (Fig. 1(A)). Each trial 142 

started with a fixation period (1 s) followed by the stimulus for 2 s. The memory 143 

content consisted of a set of letters at the center of the screen. After the disappearance 144 

of the stimulus, the maintenance interval was followed by a fixation square (3 s). 145 

After that, the subjects responded with a button press (“IN” or “OUT”) as fast as 146 

possible when a probe was presented. They were instructed to recall whether the 147 

probe was part of the stimulus. After the response, the subjects were encouraged to 148 

relax and the next trial was initiated. Each subject performed several sessions with 50 149 

trials per session (226±113 trials per subject), and the order of the stimuli was fully 150 

random across sessions.  151 

 152 

We then statistically compared the z-scored power between the aHipp and the pHipp 153 

using a cluster-based permutation test, which computes statistics at the cluster level 154 
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and corrects for multiple comparisons (Maris and Oostenveld, 2007). The differences 155 

between the aHipp and the pHipp were quantified by t values. The t values 156 

corresponding to uncorrected p values of .05 or less were clustered. The differences 157 

were considered significant when the maximum of the cluster-level summed t values 158 

in the true data exceeded the threshold of a Monte Carlo distribution, which was 159 

created by randomly shuffling the labels of the outcomes 1000 times, and p < .05 was 160 

considered as significant. Such comparison was also applied in the phase-amplitude 161 

coupling analysis, in order to assess the task-induced effects from the maintenance 162 

period over the baseline (p < .05). In addition, we examined the statistical significance 163 

of the phase locking values (PLVs) of the aHipp-pHipp electrode pairs by permuting 164 

the trials 200 times to create a null distribution and computed the 95
th

 percentile 165 

threshold for each pair. The PLVs above the thresholds were considered to be 166 

significant (p < .05). A similar permutation test was also applied on the Granger 167 

causality analysis. We used mixed-effect models (MEMs) to compare the 168 

electrophysiological indexes for two directions of information transfer between the 169 

aHipp and the pHipp. All data analyses were conducted using Matlab (The 170 

MathWorks, Inc., Natick, Massachusetts).   171 

 172 

Depth electrode localization 173 

The electrodes were localized using postimplantation computed tomography (CT) 174 

scans and postimplantation structural T1-weighted MRI scans. For each subject, the 175 

CT scan was co-registered to the postimplantation scan, as implemented in FieldTrip 176 

(Oostenveld et al., 2011). The electrode contacts were visually marked on the 177 

coregistered CT-MR images. To determine the electrode locations, we used a 178 

high-resolution anatomical template (1 mm) developed in our laboratory (Fan et al., 179 
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2016), which parcellates the brain into 246 subregions based on their anatomical 180 

connectivity patterns. This template has been widely used in past studies (Stolk et al., 181 

2018; Assaneo et al., 2019; Lee et al., 2021). In this atlas, the hippocampus is divided 182 

into anterior and posterior subregions along the long axis 183 

(http://atlas.brainnetome.org/).  184 

 185 

The final dataset contained 94 contacts in the hippocampus including 32 contacts in 186 

the aHipp and 62 contacts in the pHipp across all subjects. There were 3.2±1.8 (range 187 

1-6 in 10 out of 14 subjects) contacts per subject in the aHipp and 6.7±2.2 (range 1-8) 188 

contacts per subject in the pHipp. Thus, the data from ten subjects with electrodes in 189 

both the aHipp and the pHipp were included in the inter-regional connectivity analysis. 190 

Fig. 1(B) presents the electrodes transformed into standard MNI space in the aHipp 191 

and pHipp across all subjects.  192 

 193 

Data acquisition and preprocessing 194 

Intracranial data were acquired using a Neuralynx ATLAS recording system, sampled 195 

at 4 kHz, and analog-filtered above 0.5 Hz against a common intracranial reference. 196 

After data acquisition, neural recordings were down sampled to 1 kHz and band-pass 197 

filtered from 1 to 200 Hz using the zero-phase delay finite impulse response (FIR) 198 

filter with Hamming window. Line noise harmonics were removed using a discrete 199 

Fourier transform. The filtered data were manually inspected to mark any contacts or 200 

epochs containing epileptiform activity or artifacts for exclusion. The data were then 201 

re-referenced to the average of the signal over all the contacts. The contacts localized 202 

in the hippocampus were then selected for subsequent analysis. Channels were 203 

excluded when they had continuous artifacts, usually because the cable was broken. In 204 
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our analysis, only one contact was excluded for this reason. In addition, for all the 205 

participants, 1.4% of the trials (n = 43/3050) were excluded because of large singular 206 

artifacts, usually because the cable moved.  207 

 208 

The continuous data were segmented into 8 s trials with a 1 s fixation period as the 209 

baseline, 2 s encoding period, 3 s maintenance period, and 2 s retrieval period. We 210 

focused on the maintenance period. The trials with residual artifacts were rejected via 211 

visual inspection. The subjects’ responses defined correct and incorrect trials. 212 

Preprocessing routines were performed using the FieldTrip (Oostenveld et al., 2011), 213 

EEGLAB (Delorme and Makeig, 2004) toolboxes and customized scripts for 214 

MATLAB. 215 

 216 

Frequency decomposition 217 

Time-frequency representations of power were computed for correct and incorrect 218 

trials. For each trial for each electrode, we convolved the signal within the aHipp and 219 

the pHipp with complex-valued Morlet wavelets (6 cycles) to obtain power 220 

information (Solomon et al., 2019). The frequency range was 2 to 128 Hz at 23 221 

logarithmically spaced frequencies with a the time resolution of 1 ms. The 222 

task-induced power was analyzed per trial using the same statistical bootstrapping 223 

procedure as previous studies did (Johnson et al., 2018). Briefly, for each channel and 224 

frequency, the baseline power (500-ms pretrial) was pooled into a single time series; 225 

then r data points (r = number of trials of the subject) were randomly selected and 226 

averaged. This procedure was repeated 1,000 times to create a null distribution. The 227 

raw power for each time point was then z-scored by comparing it to the entire null 228 

distribution. The task-induced power was considered significant when the z-scored 229 
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power exceeded the value of 1.96 (p < .05). Then, the z-scored power for the aHipp 230 

and the pHipp was compared at each time-frequency point with a cluster-based 231 

permutation test (Maris and Oostenveld, 2007) for the correct and the incorrect trials, 232 

separately. 233 

 234 

Inter-regional phase synchrony   235 

The strength of the inter-regional neural synchrony was quantified by the PLV, which 236 

calculates the average phase φ difference between two electrodes (a,b) across trials 237 

for a given time point t and frequency f:  238 
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The PLV indexes the degree of consistency for each pair of electrodes’ phase 240 

relationship independent of the absolute phases and amplitudes among repeated trials 241 

and ranges from 0 to 1, with values approaching 1 if the two signals show a constant 242 

phase relationship. We calculated the PLV for each electrode pair of the aHipp-pHipp 243 

from 1-30 Hz across the correct and the incorrect trials, separately. The trial-wise 244 

mean was subtracted from each trial to minimize contamination from simultaneous 245 

voltage changes of the phase estimates before calculating the PLV (Brincat and Miller, 246 

2015).  247 

 248 

To test the statistical significance of the PLVs of all electrode pairs within the 249 

maintenance trials, we permuted the trials 200 times to create a null distribution and 250 

computed the 95
th

 percentile threshold for each pair. The thresholds were then 251 

averaged across all electrode pairs and only the time-frequency PLVs above the 252 

corresponding thresholds were kept as significant PLVs. The values below the 253 
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thresholds were set to zero. To further specify the frequency-specific PLVs, the 254 

spectral PLVs were obtained across time. We selected and extracted the peak PLVs 255 

(theta/alpha [3-12Hz]) to compare the PLVs with the baseline using a paired t test to 256 

confirm that this peak was associated with the maintenance process. 257 

 258 

Granger causality analysis 259 

To examine the directionality of the aHipp-pHipp synchronization within the 260 

theta/alpha band, we analyzed the effective aHipp-pHipp connectivity using spectral 261 

Granger causality (GC), which quantifies the prediction error of the signal in the 262 

frequency domain by introducing another time series. Based on observations from 263 

previous studies (Kota et al., 2020), we extracted the GC values within 3-12 Hz that 264 

showed task-related elevated PLV. The aHipp-pHipp electrode pairs with task-induced 265 

elevated connectivity (theta/alpha PLVmaintenance / PLVbaseline > 1) for the correct 266 

and incorrect trials were selected separately. Following this criterion, 49 out of 84 267 

electrode pairs for correct trials and 40 pairs for incorrect trials were selected 268 

separately for later analysis. For each electrode pair of the aHipp-pHipp, the trial-wise 269 

mean was subtracted from each trial before being fit to an autoregressive model and 270 

computing the spectral GC. We then applied the Multivariate Granger Causality 271 

Matlab Toolbox (Barnett and Seth, 2014) based on the Akaike information criterion to 272 

define the model order for each pair. The GC index of both directions (from aHipp to 273 

pHipp and the reverse direction) was computed during the maintenance period for the 274 

correct and incorrect trials, separately. The significance testing for the spectral GC 275 

was conducted by creating a null distribution by randomly swapping the signal 276 

between the electrodes 200 times. The electrode pairs with a GC above the threshold, 277 

defined as the 95
th 

percentile of the null distribution, were selected for the subsequent 278 
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comparisons.  279 

 280 

The theta/alpha GC for each pair was extracted in both directions for the correct trials 281 

and the incorrect trials, separately. Then, two MEMs were used to compare the GC 282 

value from both directions, for the correct and incorrect trials. In each MEM, we 283 

treated the direction as a fixed factor, the electrode pair number and subjects as 284 

random factors, and the extracted theta/alpha GC values for each electrode pair as the 285 

dependent variables. 286 

 287 

Given that the GC analysis is sensitive to the signal-to-noise ratio across frequency 288 

bands, we also assessed the theta/alpha band directionality using the phase slope 289 

index (PSI) (Basti et al., 2018) from both directions for the correct and incorrect trials, 290 

separately. Again, the electrode pairs with elevated PLVs for the correct and incorrect 291 

trials were selected separately. For each trial, the data segments during maintenance 292 

were zero padded and multiplied with a Hann taper from 3-12 Hz with 1-Hz steps, 293 

from which we computed the theta/alpha PSI (Johnson et al., 2018). To correct for any 294 

spurious results, null distributions were generated by randomly shuffling the trials 295 

1000 times. Raw PSI outputs were then z-scored on the null distributions to assess the 296 

significance of the directional effects. Significant PSI was thresholded at |z| > 1.96, in 297 

which the aHipp leads were defined as z >1.96 and the pHipp leads as z <-1.96. 298 

   299 

Phase-amplitude coupling   300 

The cross-frequency coupling between the lower frequency (1-20 Hz) phase from 301 

contact a and the higher frequency (20-100 Hz) amplitude from contact b was 302 
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examined individually by mean vector length (Canolty et al., 2006). Phase-amplitude 303 

coupling was calculated according to the following equation: 304 

  
n

eA
n

t

i

at
bt

 1

,
,

P A C



      (2)      305 

Where n is the number of data points, t is a data point, At,a is the amplitude, and φt,b is 306 

the phase angle.  307 

 308 

Then, the raw PAC was assessed against surrogate distributions via bootstrapping as 309 

was done in previous studies (Canolty et al., 2006). Specifically, we shuffled data by 310 

inserting a randomly generated time lag between the time series of the low frequency 311 

phase and the high frequency amplitude and recomputed the PAC. This procedure was 312 

repeated 200 times to create surrogate distributions of PAC values. Then, the raw PAC 313 

was z-scored based on the null distributions to correct for any spurious results. 314 

Z-scored PACs exceeding a threshold value of 1.96 were considered as significant 315 

(Wang et al., 2021). To assess the task-induced effects, the z-scored PAC during the 316 

maintenance was compared with the baseline values by the cluster-based permutation 317 

test used in the previous analysis. A one-tailed test was applied to find the 318 

task-increased coupling relative to the baseline (p < .05). 319 

 320 

We extracted the theta/alpha (3-12 Hz)-gamma (30-100 Hz) z-scored PAC from two 321 

directions: the theta/alpha phase of the aHipp modulating the gamma amplitude of the 322 

pHipp as well as the theta/alpha phase of the pHipp modulating the gamma amplitude 323 

of the aHipp for the correct and incorrect trials, separately. The outputs were analyzed 324 
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using a MEM, with direction as a fixed factor, subject and electrode pair as random 325 

factors, and z-scored PAC for each electrode pair as a dependent variable.  326 

 327 

Results 328 

Task and behavior 329 

Fourteen pre-surgical epilepsy patients (7 males) (Table. 1) performed a modified 330 

Sternberg WM task (58 total sessions from 14 subjects). In this task, items were 331 

presented simultaneously rather than sequentially, thus separating the encoding stage 332 

from the maintenance stage. In each trial, the subject was asked to memorize a set of 4, 333 

6 or 8 letters presented for 2 s (encoding). After a delay (maintenance) period of 3 s, 334 

the subjects were instructed to judge whether a probe letter was identical to one of the 335 

letters held in memory (retrieval) (Fig. 1(A)).  336 

 337 

The average accuracy was 90.8%±1.2% (range 78%-94.9%). The mean response 338 

time was faster for correct than incorrect trials (1.32 ± 0.04 versus 1.81 ± 0.15 339 

seconds, paired t test: t(13) = -4.0489, p = .0005). Hence, the subjects were able to 340 

perform the WM task. 341 

 342 

Low-frequency activity is sustained during maintenance 343 

Local field potentials (LFPs) were recorded from the depth electrodes implanted in 344 

the aHipp (32 contacts) and the pHipp (62 contacts) (Fig. 1(B)). The average distance 345 

between the anterior and posterior contacts was 19.59 ±  0.80 mm (range, 346 

4.69-36.67 mm). An example MRI and template was also presented for a single 347 
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subject (Fig. 1(C)). We calculated the time-frequency power for the correct trials /for 348 

each contact in each of the subregions during the maintenance period, and the power 349 

outputs were z-scored against pretrial baseline distributions to assess the significance 350 

of the task-induced power effects per trial. Both the aHipp and the pHipp showed 351 

sustained activity in the low frequency range (2-20 Hz) (z >1.96, p < .05, Fig. 1(D)). 352 

Then we averaged the spectral power across time and compared it between the aHipp 353 

and the pHipp at each frequency. We found no aHipp-pHipp difference in the spectral 354 

power (p > .05, clustered-based permutation test) across the frequency bands for the 355 

correct trials (Fig. 1(E)). Taken together, both the aHipp and the pHipp engaged in the 356 

maintenance of the WM information, as reflected by the low-frequency oscillations. 357 

 358 

Theta/alpha synchronization of aHipp-pHipp supports the maintenance of WM 359 

information 360 

Task-induced increases in spectral power were found within the low-frequency bands 361 

for both the aHipp and the pHipp. This raised a further question about whether the 362 

two subregions of the hippocampus interact during WM maintenance. Given the role 363 

of low-frequency oscillations in supporting interregional communication, we 364 

calculated the low-frequency phase synchrony with PLVs between the aHipp and the 365 

pHipp for the correct trials, thus measuring the consistency of the phase relationship 366 

for each aHipp-pHipp electrode pair. The PLVs up to 30 Hz were computed across the 367 

time-frequency domain to reveal the dynamic fluctuations throughout the functional 368 

connectivity during the maintenance period. This analysis was done using the data 369 

from ten participants who had electrodes in both the anterior and the posterior 370 

hippocampus. 371 

 372 
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As shown in Fig. 2(A), evident phase synchronization (p < .05, permutation test) 373 

between aHipp and pHipp was found throughout the entire maintenance period. 374 

Further, we obtained the spectral PLVs across the time domain and confirmed that the 375 

PLVs of aHipp-pHipp peaked in the theta/alpha band (3-12 Hz, light orange shadowed 376 

in Fig. 2(B)). To confirm whether this peak in the PLVs was maintenance-related, we 377 

extracted the PLVs within the theta/alpha band for the maintenance period and the 378 

baseline fixation and compared them using a paired t test. For all the aHipp-pHipp 379 

electrode pairs, the PLVs for the maintenance phase were significantly stronger than 380 

those for the baseline fixation (paired t test, t(83) = 3.97, p =.0002), confirming that 381 

the peak of the PLVs within the theta/alpha band was strongly associated with the 382 

maintenance process (Fig. 2(C)). Therefore, the subsequent analyses focused on the 383 

theta/alpha band. 384 

 385 

pHipp drives aHipp in the theta/alpha band supporting WM processing 386 

To further examine the directionality of the aHipp-pHipp synchronization within the 387 

theta/alpha band, we analyzed the effective aHipp-pHipp connectivity using Granger 388 

causality (GC) in the frequency domain. GC estimates the degree to which the signal 389 

from one region can be predicted by incorporating information from another. Next, we 390 

compared the GC values in the pHipp to aHipp direction with those from the reverse 391 

direction. We found that the theta/alpha-driven GC values were greater in the pHipp 392 

to aHipp direction than those in the reverse direction (Fig. 2(D), mixed-effect model, t 393 

= 2.10, p =.039). These results provided evidence that directional aHipp-pHipp 394 

interactions driven by the pHipp in the theta/alpha band supported successful WM 395 

processing. 396 

 397 
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In addition to the GC analysis, we assessed the theta/alpha band directionality 398 

between the aHipp and the pHipp by calculating the PSI within the theta/alpha band 399 

(3-12 Hz). We found a unidirectional pHipp driven connectivity (z = -2.78, p = .0054) 400 

for the correct trials and bidirectional aHipp-pHipp interactions (z = .89, p = .37) for 401 

incorrect trials in the theta/alpha band. This result confirmed the result from the GC 402 

analysis, and together they indicated that pHipp driven information flow supports 403 

successful WM processing. 404 

 405 

Cross-frequency information transfer between the aHipp and the pHipp 406 

PAC serves as an important mechanism for coordinating interregional information 407 

transfer in that high frequency amplitudes are modulated by phases with a low 408 

frequency (Canolty et al., 2006). It has been suggested that PAC, especially 409 

theta/alpha-gamma PAC within the hippocampus, reflects a neural correlate for WM 410 

maintenance in animals and humans (Tort et al., 2008; Axmacher et al., 2010; Roux 411 

and Uhlhaas, 2014). We computed the cross-regional PAC in both phase-amplitude 412 

combinations between the aHipp and the pHipp for the correct trials. The 413 

interregional influence was quantified as the coupling of low-frequency (2–20 Hz) 414 

phases (Martinez-Cancino et al., 2019) from one region with high frequency 415 

amplitudes (20–100 Hz) to another. The raw PAC was z-scored against surrogate 416 

distributions via bootstrapping. The results showed that the theta/alpha phase of the 417 

aHipp entrained the gamma amplitude of the pHipp (~30-100 Hz, peak at 78 Hz, Fig. 418 

3(A) top) and the theta/alpha phase of the pHipp modulated the gamma amplitude of 419 

the aHipp (~30-100 Hz, peak at 80 Hz, Fig. 3(A) bottom). To further compare the 420 

coupling strength between the two combinations, the cross-regional PAC of the 421 

theta/alpha-gamma bands (orange box in Fig. 3(A)) was extracted for both 422 
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combinations. We found that the coupling strength between the pHipp phase and the 423 

aHipp amplitude was greater than that between the aHipp phase and the pHipp 424 

amplitude (mixed-effect model, t = 2.84, p =.006), as shown in Fig. 3(B).  425 

 426 

Based on previously reported aHipp/pHipp differences in preferred frequencies of the 427 

hippocampal-cortex PAC in episodic memory processing (Wang et al., 2021), we 428 

further divided the theta/alpha band (3-12 Hz) into three frequency bands in our PAC 429 

analysis. We separately extracted the phase information for the slow-theta (3-5 Hz), 430 

fast-theta (5-9 Hz), and alpha (9-12 Hz) frequency bands in one hippocampal 431 

subregion and the amplitude information for the gamma band in the other 432 

hippocampal subregion. Then, the raw PAC outputs were z-scored against surrogate 433 

distributions. The coupling strength between the pHipp phase and the aHipp 434 

amplitude was consistently greater than that between the aHipp phase and the pHipp 435 

amplitude for these frequency bands (Fig. 3(C)). These results further demonstrated 436 

that the pHipp slow oscillations consistently directed the aHipp gamma during 437 

working memory processing. 438 

 439 

Low-frequency oscillations are thought to organize cell assemblies to maintain WM 440 

information, and recent studies indicate that neuronal spiking in the hippocampus is 441 

locked to distinct phases of slow oscillations in a behaviorally relevant manner 442 

(Kaminski et al., 2020). As a surrogate for neuronal spiking, we examined when 443 

gamma activity from the modulated signals occurred relative to the theta/alpha phases 444 

of the modulating signal. The distributions of the gamma amplitudes across 18 phase 445 

bins were calculated for both directions. As shown in Fig. 3(D) top, the gamma 446 

activity from both the aHipp (magenta) and the pHipp (cyan) was modulated by the 447 
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theta/alpha oscillations around the trough (Rayleigh test, average pHipp gamma 448 

amplitude occurred at 57.3°, ppHipp = 4.3082 × 10
-8

; average aHipp gamma amplitude 449 

occurred at 57.2°, paHipp = 4.3085 × 10
-8

). Moreover, the distributions of the gamma 450 

amplitudes in the pHipp across the theta/alpha phase bins in the aHipp were 451 

subtracted from those of the gamma amplitudes of the aHipp across the theta/alpha 452 

phase bins of the pHipp, as shown in Fig. 3(D) bottom. The differences were not 453 

uniform (Rayleigh test, p = 4.308 × 10
-8

). In summary, WM maintenance increased 454 

cross-frequency coupling between the aHipp and the pHipp at frequency- and 455 

phase-specific oscillations, and the gamma amplitudes during the theta/alpha phase 456 

oscillations optimized the information transfer from the posterior to the anterior 457 

hippocampus. 458 

 459 

Directionality between aHipp-pHipp is unbiased for the incorrect trials 460 

To investigate whether the findings above were specific for successful WM 461 

maintenance, we also analyzed the directionality of the information transfer between 462 

the aHipp and the pHipp for the incorrect trials. Within the theta/alpha band, 463 

significant GC above the threshold was found within the incorrect trials and no 464 

difference in GC was found for either direction between the aHipp and the pHipp 465 

(mixed-effect model, t = 1.668, p = .12), as shown in Fig. 4(A). To exclude the 466 

possibility that the lack of effect of direction for the incorrect trials are due to different 467 

electrode pairs used in statistical analysis, we repeated our analysis by using all 84 468 

electrode pairs to compare the GC values from both directions for the correct and 469 

incorrect trials, separately. The GC values from pHipp to aHipp were significantly 470 

higher than those from the opposite direction (mixed-effect model, t = 2.06, p = .043) 471 

for the correct trials, while there was no significant difference between the two 472 
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directions (mixed-effect model, t = 0.46, p = .65) for the incorrect trials. These results 473 

confirmed our findings. Therefore, the directionality of information transfer driven by 474 

the pHipp to the aHipp supported WM maintenance (Fig. 4(B) left), which was 475 

beneficial for correct WM performance. However, this bias in the directionality of 476 

information transfer was absent in the hippocampus in incorrect trials (Fig. 4(B) 477 

right).  478 

 479 

As we did for the analyses conducted for the correct trials, we also computed the 480 

time-frequency power during the maintenance period for the incorrect trials within the 481 

aHipp and pHipp, separately. As shown in Fig. 5(A), task-induced power for the 482 

incorrect trials on both the aHipp and the pHipp was not sustained during the 483 

maintenance in the low frequency range (2-20 Hz). The spectral power was not 484 

significant (z < 1.96) during the maintenance period and no difference (p > .05, 485 

clustered-based permutation test) was found between the two subregions across the 486 

frequency band (Fig. 5(B)). In addition, the PLV across the time-frequency domain 487 

was also calculated between the aHipp and the pHipp for the incorrect trials. However, 488 

only a few scattered PLV points survived significance testing during the maintenance 489 

of incorrect trials (Fig. 5(C)). As a result, we did not conduct further analyses on the 490 

PLVs for the incorrect trials as we did for the correct trials. 491 

 492 

Volume conduction and recording montage 493 

To rule out effects of volume conduction, we repeated our analysis of connectivity 494 

and Granger causality after re-referencing our recordings to a bipolar scheme (for a 495 

similar approach, see (Kota et al., 2020)). First, we found sustained phase 496 

synchronization (p < .05, clustered-based permutation test) between aHipp and pHipp 497 
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in the low frequency band throughout the entire maintenance period (see Fig. 6(A)). 498 

Then, we found higher GC values from the pHipp to aHipp than those in the opposite 499 

direction with a trend toward statistical significance (mixed-effect model, p = .092) 500 

for the correct trials (see Fig. 6(B)), and no significant difference between the two 501 

directions (mixed-effect model, p > .05) for the incorrect trials. These findings are 502 

consistent with what we observed by using a common reference. In addition, the 503 

following findings speak against volume conduction: a) There was a strong frequency 504 

dependence of the intra-hippocampal PLVs (Fig. 2(A)) and those to scalp EEGs 505 

(Boran et al., 2019), while the transfer of signal through tissue by volume conduction 506 

is independent of frequency in the range of the iEEG studied here (Nunez and Cutillo, 507 

1995; Miceli et al., 2017); b) there was a strong task dependence of GC values (Fig. 508 

2(D) and Fig. 4(A)); c) GC is highly anisotropic (Fig. 2(D) and Fig. 4(A)). In 509 

conclusion, while we cannot rule out a contribution of volume conduction in our data, 510 

it seems to be small compared to the effects in the PLVs and GC, which were induced 511 

by processing the cognitive task. 512 

 513 

Recordings in the epileptic seizure onset zone  514 

Our analysis included recordings from electrodes in the seizure onset zone (SOZ). To 515 

assess possible effects of the SOZ on our findings, we compared the hippocampal 516 

electrodes within and outside the SOZ. For the power analysis, the task-induced 517 

power was not significantly different between the non-SOZ electrodes and the SOZ 518 

electrodes (p = .52). For the connectivity analysis, we separated the electrode pairs 519 

into SOZ (at least one SOZ electrode) and non-SOZ (non-SOZ to non-SOZ electrode) 520 

pairs. There was no significant difference in the task-related connectivity measures 521 

between the SOZ and non-SOZ electrode pairs (PLV analysis, p = .27; PAC analysis, 522 
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aHipp-pHipp, p = .62, pHipp-aHipp, p = .66; Granger causality analysis, aHipp to 523 

pHipp, p = .14, pHipp to aHipp, p = .40). Our analysis implicated residual function in 524 

the epileptogenic hippocampus. This is consistent with our previous finding of single 525 

neurons in the SOZ that responded to this task (Boran et al., 2019) and more general 526 

findings suggesting normal physiological responses to cognitive stimuli in the 527 

epileptic sites (Liu and Parvizi, 2019). 528 

 529 

Discussion 530 

Taken together, our results indicated that both subregions of the hippocampus were 531 

critical for WM processing; they interacted at a specific frequency band and with a 532 

directionality pattern to support the maintenance of the WM information. Specifically, 533 

WM maintenance depends on coordinated neural oscillations between the aHipp and 534 

the pHipp in the theta/alpha band, with a pHipp driven information transfer in this 535 

band, and a higher PAC between the theta/alpha phase of the pHipp entraining the 536 

gamma amplitude of the aHipp. The directionality bias in information transfer within 537 

the hippocampus occurred exclusively during the correct WM trials.  538 

 539 

The task-induced power revealed sustained low frequency oscillations (including 540 

theta and alpha bands) within both the aHipp and the pHipp during the delay interval 541 

in which information was to be remembered. The theta and alpha bands are 542 

well-known frequency bands that play important roles during WM maintenance. The 543 

theta rhythm is thought to underlie the organization of WM items (Roux and Uhlhaas, 544 

2014), and theta power increases in the hippocampus reflect the storage component of 545 
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WM (Brzezicka et al., 2019). Alpha oscillations were suggested to protect working 546 

memory maintenance against anticipated distracters (Bonnefond and Jensen, 2012) 547 

and increased during WM maintenance (Boran et al., 2019). Our results echo these 548 

findings and suggest that increases in theta/alpha power could support 549 

hippocampal WM processing by organizing neural activity (theta) and selectively 550 

filtering task-relevant information to avoid distracting information (alpha). 551 

 552 

We further observed oscillatory phase synchrony between the aHipp and the pHipp 553 

predominantly in the theta/alpha range (3-12 Hz) during the retention interval. Only a 554 

few studies have studied oscillatory communication along the long axis of 555 

the hippocampus by simultaneously recording both areas in awake unrestrained 556 

rodents. Specifically, rodent studies reported increased connectivity between the 557 

dorso-ventral hippocampus during a WM task (Schmidt et al., 2013). Lesion studies 558 

showed a disruption in WM accompanied by reduced theta phase coherence in the 559 

dorso-ventral hippocampus, and pharmacological treatment resulted in both restored 560 

WM task performance and reversed abnormal hippocampal dorso-ventral connectivity 561 

(Cardoso-Cruz et al., 2014). Our results are thus consistent with the animal literature 562 

suggesting the contribution of synchrony between hippocampal subregions along the 563 

long axis to WM processing and extended these findings to humans.  564 

 565 

Next, we found that the theta/alpha phase of the pHipp entrained the gamma activity 566 

of the aHipp and that theta/alpha-driven information flow occurs from the pHipp to 567 

the aHipp during the retention interval with subsequent successful WM responses. 568 

Intriguingly, this directional pHipp-to-aHipp information flow was only observed in 569 

correct trials and was absent in error trials. These results together suggest that the 570 
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posterior to anterior influence in the theta/alpha band contributes to the successful 571 

maintenance of WM. These interregional information transfer dynamics are consistent 572 

with the anatomical circuitry showing projections from the dorsal to the 573 

more ventral part of the hippocampus (Amaral and Witter, 1989; Ishizuka et al., 1990). 574 

The longitudinal axis may be a locus for interaction between various pieces of WM 575 

information with longitudinal interneurons orchestrating the information flow 576 

(Harland et al., 2018). Human fMRI studies also suggested hierarchical 577 

representations of events along the hippocampal long axis with the pHipp 578 

representing detail-level events and the aHipp representing overlapping higher level, 579 

multi-event representations (Collin et al., 2015; Schlichting et al., 2015). In our 580 

research, the participants needed to remember individual letters; therefore, we 581 

speculate that there was a greater requirement for detailed representation, so the 582 

pHipp led the information transfer to the aHipp. 583 

 584 

Taken together, our findings suggest a hierarchical information flow from the 585 

pHipp to the aHipp in theta/alpha oscillations to successfully maintain WM 586 

information. By utilizing human iEEG recording and precise hippocampal subregion 587 

segmentation, we demonstrated that working memory maintenance depends on the 588 

activity of both the aHipp and the pHipp, which is in line with human fMRI findings. 589 

In addition, we provide evidence for coordinated neural oscillations between them 590 

with a unidirectional influence from the pHipp to the aHipp via theta/alpha 591 

oscillations. This echoes findings from rodents in which lesions of the dorsal Hipp, 592 

but not the ventral Hipp, led to deficits in working memory (Pothuizen et al., 2004), 593 

as well as rodent studies suggesting preferential involvement of cognitive function in 594 

the dorsal Hipp and of emotion in the ventral Hipp (Fanselow and Dong, 2010). 595 
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Taken together, our work establishes a bridge between cellular-level work in animals 596 

and the extensive literature using noninvasive imaging in humans on the functional 597 

specialization of subregions within the hippocampus. The observed directional 598 

functional connectivity between the dorsal and ventral subregions are well in line with 599 

proposed models of hippocampal long-axis organization within discrete domains 600 

(Strange et al., 2014). 601 

 602 

There are several limitations of the current study. First, only a verbal WM task was 603 

used here. This has the advantage of excluding the possibility of explaining the 604 

pHipp-dominated information transfer during WM as a preferential involvement of 605 

the pHipp in spatial processing. However, the same strength of the current study limits 606 

the generalization of our results to WM processing apart from other information, such 607 

as space and time. Second, we did not further map the aHipp or pHipp into 608 

cytoarchitectural subfields. In addition to the organizational patterns along the long 609 

axis, the hippocampus is composed of cytoarchitecturally different subfields (CA1-4, 610 

dentate gyrus, subiculum) (Amunts et al., 2005). However, the small number of 611 

electrode contacts in the current study (a mean of 3.2 ± 1.8 [range 0‐6] in the aHipp 612 

and 6.7 ± 2.2 [range 1‐8] in the pHipp for each subject) limited the investigation of 613 

subfield-specific oscillation-based communication. Future studies with a larger 614 

sample size are thus needed to consider the information flow between 615 

cytoarchitectural subfields. 616 

 617 

In summary, our results linked the intra-hippocampal theta/alpha band interaction to 618 

WM maintenance and showed that directional information flow occurred from the 619 

pHipp to the aHipp during the maintenance interval when the subsequent WM 620 
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responses were correct. These results add to the growing body of literature about the 621 

functional organization along the longitudinal axis of the hippocampus. More broadly, 622 

this work allows a detailed mechanistic and more direct understanding of WM. 623 
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Figure legends 781 

Fig. 1 Working memory task, recording sites in the hippocampus, and 782 

time-frequency power. 783 

(A) An example trial of the task. Each trial consisted of a set of consonants (encoding 784 

2 s), followed by a delay (maintenance 3 s). After the delay, a probe letter was shown, 785 

and the subjects indicated whether the probe was or was not shown during the 786 

encoding period (retrieval 2 s). 787 

(B) Electrode location across subjects in Montreal Neurological Institute (MNI152) 788 

space. Recording subregions are indicated by different colors (magenta, aHipp; cyan, 789 

pHipp). 790 

(C) An example MRI and template for a single subject. 791 

(D) Average task-induced power, grouped in the anterior (left column) and posterior 792 

hippocampus (right column), across all subjects during the maintenance phase for the 793 

correct trials. Warmer colors denote task-increased power above the baseline and 794 

colder colors denote task-decreased power. Both the aHipp and the pHipp showed 795 

sustained task-increased power in the low frequency range (2-20 Hz) (z > 1.96, p 796 

< .05) during the maintenance phase. 797 

(E) Spectral z-scored power within the anterior (magenta) and posterior hippocampus 798 

(cyan) across all subjects (±s.e.m. shown as shading around the mean trace) for the 799 

correct trials. During maintenance, no significant difference in the spectral power 800 

(p > .05, cluster-based permutation test) was found between the two subregions across 801 

the frequency band. 802 

 803 

 804 

805 



 

 38 / 44 

 

Fig. 2 Frequency-specific aHipp-pHipp phase synchrony during maintenance. 806 

(A) Phase synchrony (phase locking value [PLV]) between the anterior and the 807 

posterior hippocampus was identified across all subjects, with greater theta/alpha 808 

synchrony during the maintenance for the correct trials. The PLVs ranged from 0 to 1, 809 

with warmer colors indicating greater PLVs. The PLV maps show the PLVs that 810 

survived the threshold at p < .05 (cluster-based permutation test). 811 

(B) Spectral PLVs within 1-30 Hz between the aHipp and the pHipp across subjects 812 

for the correct trials (± SEM shown as shaded area around the mean trace) with peaks 813 

in the theta/alpha band (3-12 Hz, shading in light orange). The shaded area indicates 814 

the theta/alpha range used for the subsequent analyses. 815 

(C) Extracted theta/alpha PLVs of the aHipp-pHipp across all subjects for the baseline 816 

and maintenance in the correct trials. The theta/alpha PLVs were elevated by the 817 

maintenance relative to the baseline (paired t test, t(83) = 3.97, p =.0002). 818 

(D) The Granger causality (GC) index for the correct trials was extracted within the 819 

theta/alpha band across subjects for two directions (magenta: aHipp to pHipp; cyan: 820 

pHipp to aHipp). Stronger GC was found for pHipp to aHipp (cyan) than for aHipp to 821 

pHipp (magenta) (mixed-effect model, * denotes p < .05). 822 

  823 



 

 39 / 44 

 

Fig. 3 Cross-frequency coupling between the aHipp and the pHipp. 824 

(A) Average cross-frequency phase-amplitude coupling (z-score) between the 825 

anterior-posterior hippocampus across all subjects for correct trials. To assess the 826 

task-induced effects, the z-scored PAC during the maintenance was compared with 827 

the baseline values by the cluster-based permutation test. A one-tailed test was 828 

applied to find the task-increased coupling relative to the baseline (p < .05). For the 829 

theta-alpha phase (3-12Hz)/gamma amplitude (30-100 Hz) coupling shown in the 830 

orange boxes, interregional modulations for both directions were significantly higher 831 

during maintenance relative to those in the baseline period (all ps < .05).  832 

(B) The theta/alpha-gamma (orange box) PACs were calculated across subjects for 833 

two directions (magenta, aHipp-pHipp means aHipp phase modulating pHipp 834 

amplitudes; cyan, pHipp-aHipp means the reverse direction) for the correct trials. The 835 

modulation strength from the pHipp to the aHipp was greater than that from the aHipp 836 

to the pHipp (mixed-effect model, ** denotes p < .01). 837 

(C) Average z-scored intra-hippocampal PAC for the slow-theta (3-5 Hz)-gamma, 838 

fast-theta (5-9 Hz)-gamma, and alpha (9-12 Hz)-gamma PACs between the aHipp and 839 

the pHipp in both phase-amplitude combinations (low frequency phase from the 840 

aHipp and gamma amplitude from the pHipp, and vice versa). For each frequency 841 

band, the coupling strength between the pHipp phase and the aHipp amplitude 842 

(pHipp-aHipp, cyan) was consistently greater than that between the aHipp phase and 843 

the pHipp amplitude (aHipp-pHipp, magenta). 844 

(D) Computation of theta/alpha-gamma interactions. Phase-amplitude distributions 845 

were constructed for both directions (top: magenta, gamma amplitudes of the pHipp 846 

distributed across the theta/alpha phase bins of the aHipp, abbreviated as aHipp-pHipp; 847 

cyan, gamma amplitudes of the aHipp distributed across the theta/alpha phase bins of 848 
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the pHipp, abbreviated as pHipp-aHipp). The difference distributions were obtained 849 

by subtracting the aHipp-pHipp from the pHipp-aHipp (bottom: orange). The gamma 850 

activity from both the aHipp (magenta) and the pHipp (cyan) was modulated by the 851 

theta/alpha oscillations around the trough (Rayleigh test, average pHipp gamma 852 

amplitude occurred at 57.3°, ppHipp = 4.31 × 10
-8

; average aHipp gamma amplitude 853 

occurred at 57.2°, paHipp = 4.31 × 10
-8

). The difference distributions were not uniform 854 

(Rayleigh test, p = 4.31 × 10
-8

). 855 

 856 

 857 

 858 

  859 
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Fig. 4 Directionality of the aHipp-pHipp for the incorrect trials. 860 

(A) The Granger causality (GC) index for the incorrect trials was extracted within the 861 

theta/alpha band across subjects for two directions (magenta: aHipp to pHipp; cyan: 862 

pHipp to aHipp). No difference in GC was found between the aHipp and the pHipp 863 

for either direction (mixed-effect model, p > .05). 864 

(B) Schematics of the maintenance of WM processing within the hippocampus for the 865 

correct trials (left) and the incorrect trials (right). Directional information flow driven 866 

by the pHipp to the aHipp within the theta/alpha band subserved the correct 867 

performance in the WM trial, but this bias with respect to directionality of information 868 

transfer was absent in incorrect WM trials. 869 

  870 
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Fig. 5 Power and phase synchrony for the incorrect trials. 871 

(A) Average task-induced power across all subjects during maintenance for the 872 

incorrect trials, grouped in the anterior (left column) and posterior hippocampus (right 873 

column). Warmer colors denote task-increased power from the baseline and colder 874 

colors denote task-decreased power. Task-induced effects on both the aHipp and the 875 

pHipp were not sustained during maintenance in the low frequency range (2-20 Hz) (z 876 

<1.96) for the incorrect trials. 877 

(B) Spectral z-scored power within the anterior (magenta) and posterior hippocampus 878 

(cyan) across all subjects (±s.e.m. shown as shading around the mean trace) for the 879 

incorrect trials. The spectral power was not significant (z <1.96) during maintenance, 880 

and no significant difference (p >.05, clustered-based permutation test) was found 881 

between the two subregions across the frequency band. 882 

(C) Significant PLVs above the thresholds (p < .05. permutation test) across the 883 

time-frequency domain were present between the aHipp and the pHipp for the 884 

incorrect trials. Only a few scattered points survived testing for incorrect trials. 885 

Therefore, the PLV of incorrect trials was not further analyzed. 886 

  887 
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Fig. 6 PLV and GC analyses with a bipolar reference. 888 

(A) Average phase synchronization (z-scored PLV) across electrode pairs for the 889 

correct trials, with a bipolar reference. Elevated PLV in the low frequency band was 890 

sustained throughout the entire maintenance period. 891 

(B) Granger causality between hippocampal subregions from both directions by using 892 

a bipolar reference for the correct trials. # denotes p < .1. GC values from the pHipp 893 

to aHipp are higher than those in the opposite direction with a trend toward statistical 894 

significance (mixed-effect model, p = .092). 895 

  896 
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Table1 Subject characteristics. 897 

 898 















 

 1 

Table 1. Subject characteristics 

Subject Age Gender 

Recording sites 

(aHipp) 

Recording sites 

(pHipp) 

Retrieval Accuracy 

RT for correct trials 

(mean ± std) 

1 24 Female 2 2 0.925 1.26±0.63 

2 39 Male 0 3 0.864 1.28±0.65 

3 18 Female 2 6 0.932 1.10±0.34 

4 28 Male 1 6 0.9492 1.48±0.63 

5 20 Female 3 2 0.913 1.41±0.90 

6 31 Male 6 7 0.943 1.47±0.59 

7 47 Male 5 8 0.949 1.44±0.57 

8 56 Female 1 5 0.900  1.41±0.51 

9 19 Female 4 8 0.928 1.24±0.33 

10 31 Female 2 2 0.780  1.22±0.42 



 

 2 

11 35 Male 0 5 0.930  1.64±0.73 

12 20 Male 0 4 0.925 1.11±0.32 

13 19 Male 0 1 0.863 1.18±0.42 

14 51 Female 6 4 0.914 1.30±0.58 

 


