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The medial temporal lobe (MTL) is known to support episodic
memory and spatial navigation, raising the possibility that its
true function is to form “cognitive maps” of any kind of information. Studies in humans and animals support the idea that
the hippocampal theta rhythm (4 to 8 Hz) is key to this mapping function, as it has been repeatedly observed during spatial
navigation tasks. If episodic memory and spatial navigation are
2 sides of the same coin, we hypothesized that theta oscillations
might reflect relations between explicitly nonspatial items, such
as words. We asked 189 neurosurgical patients to perform a verbal free-recall task, of which 96 had indwelling electrodes placed
in the MTL. Subjects were instructed to remember short lists of
sequentially presented nouns. We found that hippocampal theta
power and connectivity during item retrieval coded for semantic
distances between words, as measured using word2vec-derived
subspaces. Additionally, hippocampal theta indexed temporal distances between words after filtering lists on recall performance,
to ensure adequate dynamic range in time. Theta effects were
noted only for semantic subspaces of 1 dimension, indicating a
substantial compression of the possible semantic feature space.
These results lend further support to our growing confidence
that the MTL forms cognitive maps of arbitrary representational
spaces, helping to reconcile longstanding differences between the
spatial and episodic memory literatures.

(typically 4 to 8 Hz). Elevated theta spectral power is consistently
observed in humans during real-world (13) and virtual navigation
(14–16) and during tasks that require the encoding or retrieval
of spatial information (17, 18). Theta oscillations appear prominently during rodent navigation (19, 20) and relate to neuronal
activity, in that the spiking of place-coding cells occurs at drifting
phases of the theta rhythm as an animal explores its environment
(21, 22). Moreover, these firing patterns may be reinstantiated
during theta states as an animal retrieves information about a
previously explored layout (23–25). Although such instances of
“phase precession” have not been observed in navigating humans,
other studies strongly support the general notion of theta phase
coding as humans perform spatial and memory tasks (26–28).
Although it is now clear that theta oscillations correlate with
the encoding and retrieval of spatial relations—or maps—there
is a more tenuous link between theta and explicitly nonspatial memory. If the MTL truly serves a domain-general mapping function that creates relational networks between information of all types—be it spatial, semantic, autobiographical,
or otherwise—we should expect to observe the same thetamediated phenomena during nonspatial memory processing.
Indeed, theta activity has been observed in human MTL and
neocortex during episodic memory processing for words and pictures (29–32). However, these studies examine theta through the
broad lens of successful-versus-unsuccessful memory, called the
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ur ability to form associations rapidly and efficiently has
inspired a powerful conceptualization of brain function: It
constructs internal “maps” of related information that we mentally navigate when the behavioral context demands it (1–3).
These maps need not represent only physical layouts, like an
office plan or a route to work—cognitive maps could also reflect
associations in domains such as autobiographical memories, perceptual inputs, or social interactions (4). In this way, for instance,
we can conceptualize recollection of a life event as taking a mental stroll through a map of our prior experiences, guided by the
similarities between items in a multidimensional feature space.
Evidence from studies of memory and spatial navigation provides compelling support for the idea that the brain has a
domain-general cognitive mapping ability with a common neural
substrate. Decades of lesional, electrophysiological, and imaging studies demonstrate that the human medial temporal lobe
(MTL), including the hippocampus and parahippocampal gyrus,
supports cognitive operations underlying both spatial navigation
and episodic memory (5–8), while studies of rodent navigation have shown that MTL neurons code for spatial locations
in a context-dependent manner (9). More recently, microwire
recordings in humans have begun to bridge the human–animal
divide, showing the presence of place-coding cells in the MTL
whose firing rates can be modulated by task contexts and reflect
associations between spatial locations and behaviorally relevant
content (10–12).
Common to studies of spatial navigation in humans and animals is the emergence of a low-frequency oscillation in the hippocampal local field potential (LFP), called the theta rhythm
www.pnas.org/cgi/doi/10.1073/pnas.1906729116

The medial temporal lobe (MTL) plays a role in both spatial
navigation and memory, but how these 2 cognitive processes
are linked remains unclear. In particular, theta oscillations (4 to
8 Hz) appear prominently in the hippocampus in rodents and
humans as they move through spatial environments, but there
is mixed evidence as to whether this signal also emerges while
animals search memory for previously acquired information.
Using electrodes implanted in human neurosurgical patients,
we showed that hippocampal theta oscillations reflect representational distances between word items in memory. This
suggests there is a fundamental theta-based mechanism that
supports the creation and retrieval of “cognitive maps” in the
MTL, for explicitly nonspatial information.
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subsequent memory effect (SME). Although a useful paradigm,
the SME is not a direct test that theta specifically supports
the formation or retrieval of associations between items in
memory, i.e., a cognitive map of recently acquired information.
Moreover, many similar studies report the opposite effect: a hippocampal or cortical decrease in theta power during successful
encoding or retrieval (33–38). These conflicting findings raise
serious questions about whether the neural processing of spatial and episodic information relies on the same theta-based
mechanisms.
We set out to directly ask whether the established neural signatures of spatial memory and navigation—MTL theta
oscillations—are also present during the retrieval of relational
verbal memory. To do this, we tested 189 human neurosurgical
patients with indwelling electrodes on a verbal free-recall task.
Prior studies indicate that humans principally rely on temporal and semantic relatedness to organize verbal information (39,
40), so our overarching goal was to ascertain whether human
behavior and neural activity aligned with measures of temporal and semantic association. We explicitly tested whether theta
rhythms in the human MTL code for 1) semantic distances
between retrieved nouns and 2) temporal distances based on
the serial position of presented items during encoding. In doing
so, we sought to establish how a signature of spatial navigation,
hippocampal theta, could also play a role in episodic memory

retrieval. Is the encoding of word items akin to guiding subjects
through an abstract space, and is retrieval akin to asking them to
walk through it themselves?
Using a pretrained word2vec (41) representation of words in
a vector space, we found that we could predict a subject’s recall
behavior based on interword distances in word2vec subspaces of
varying dimensionality. Next, we asked whether interword distances, and temporal distances, correlated with preretrieval theta
power in the hippocampus and parahippocampal gyrus (PHG).
We discovered that preretrieval hippocampal theta power significantly predicts interword distances in semantic space, but
theta was not correlated with temporal distances. However, analytic corrections for the case of temporally restricted recalls
revealed a time-associated theta effect. Finally, we assessed
interregional theta connectivity, finding that hippocampal–PHG
coupling also predicted interword semantic distances. Taken
together, we established that retrieval-associated theta activity
encodes representational distances in a word space, supporting
the idea that theta underlies navigation through domain-general
cognitive maps in the MTL.
Results
Clustering Effects in Recall. We first sought to examine the degree

to which distances between items’ semantic representations
predicted both recall behavior and neural activity. Neurosurgical
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Fig. 1. Embedding of word items in representational semantic spaces. (A) A total of 189 subjects performed a verbal free-recall task, in which they were
asked to remember 12-item lists of simple nouns. After a distractor, subjects freely recall as many words as possible from the prior list, which can be
conceptualized as a cognitive transition from one word to another. Successful recalls are indicated in green for an example list. (B) Each word occupies
a position in the pretrained 300-dimensional word2vec space (SI Appendix, SI Materials and Methods). PCA is used to extract the principal dimensions of
variation for each word list. (C) Example interrecall distance in a 1D semantic space, the first principal component. (D) The 2D and 3D embedding of the
words from this list. (E) Navigation through a 2D spatial layout is associated with hippocampal theta oscillations, which may also support episodic retrieval
processes through a multidimensional semantic–temporal space. Icon designed by Freepik from Flaticon.
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patients with indwelling electrodes (n = 189) studied and subsequently recalled 12-item word lists. During the study phase,
each word appeared for 1.6 s followed by an 800- to 1,200-ms
blank interstimulus interval (see Fig. 1A for an example list).
Following list presentation, subjects first performed a 20-s arithmetic distractor task and then attempted to freely recall items
from the preceding list in any order. Subjects completed multiple

sessions of this free-recall task, with each session comprising 12
to 25 study-test lists.
We next used a word2vec semantic representation to create
layouts of the words in each list, at varying dimensionalities.
Word2vec is a method for creating vector representations of
words based on regularities present in text corpuses (41). Google
has made available a pretrained set of 300-dimensional word
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Fig. 2. Recall patterns are predicted by interword distances in semantic spaces. (A) Assessing whether interword distances in 1D word2vec-derived spaces
predicted the recall of semantically related words. For each subject, a semantic clustering z score was computed, reflecting the degree to which the pattern
of recalls correlated with interword distances in PCA-reduced word2vec spaces of n dimension (SI Appendix, SI Materials and Methods), here shown for
just the 1D space reflecting the first principal component. PCA was applied to the 12-vector group of words from each list individually (list PCA, orange)
or applied to the vectors of all words seen in an experimental session together (session PCA, blue). As a benchmark, WordNet lexical similarities were also
used to calculate semantic clustering (green). Population-level semantic clustering was significant for all methods (1-sample t test, P < 0.002). (B, Left)
Analysis from A, extended to PCA-derived semantic subspaces of higher dimensions. Inset shows cumulative explained variance for list- and session-level
PCA. (B, Right) Mean semantic clustering score using WordNet-derived semantic relations. (C, Left) First-order differences of the clustering vs. dimensionality
curves in B. (C, Right) First-order differences residualized on the explained variance, indicating that behavioral clustering increased at a faster rate than the
explained variance between the first and second dimensions for both list PCA and session PCA (P < 0.05). (D, Left) Histogram of subjects’ temporal clustering
scores, which were significantly above chance (P < 0.001). (D, Right) Correlation of subjects’ semantic clustering and temporal clustering scores, indicating
a significant positive relationship (r = 0.15, P = 0.034).
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vectors based on a large Google News text corpus. Word2vec
makes explicit the multidimensional nature of word representations, enabling us to ask whether the dimensionality of
a word subspace is related to behavioral or neural variables
of interest. Accordingly, we used principal component analysis (PCA) to select the top n orthogonal dimensions which
explain the greatest variance among list words in their native
300-dimensional (300D) word2vec space (Fig. 1 B–D and SI
Appendix, SI Materials and Methods). The result, for each list, is
a set of coordinates that locate each word in an n-dimensional
space, where n is a maximum of 11 (since each list consists of
12 words).
Do distances in these semantic representational spaces align
with how subjects retrieve words during the free-recall phase?
Prior literature has established that other measures of semantic
similarity predict the order of word recall, in that semantically
related words will tend to be retrieved in clusters (39). Our
expectation was that distances in these word2vec spaces would
also predict clustered recalls, and they did: Using the semantic clustering score—a metric which indexes whether a subject
tends to organize recalls according to semantic relatedness—
subjects exhibited recall patterns which were significantly correlated with distances in reduced word2vec spaces of any dimensionality (Fig. 2 A and B; 1D clustering t(188) = 7.4, P <
0.001). Semantic clustering scores tended to rise with increasing PCA dimensionality, but beyond 2 dimensions, this rise
did not significantly outpace the increase in overall explained
variance with additional dimensions; regressing out explained
variance from the slope of the curve in Fig. 2B showed, across
subjects, a significant (P < 0.05) rise between 1 and 2 dimensions (Fig. 2 B, Inset and C and SI Appendix, SI Materials
and Methods).
To ask whether semantically clustered recalls also correlated
with interword distances in other spaces, we examined the relation between sequential recalls and reduced word2vec spaces
derived from PCA on all of the words presented in an experimental session (typically 144 to 300 words, depending on the number
of lists completed). In this way, PCA is identifying the orthogonal dimensions that explain the greatest variance for all of the
words seen over the course of the session, as opposed to words
seen within a list. Semantic relatedness from session-level PCA
also predicted clustering during free recall for all dimensions,
although to a lesser degree than list-level PCA (Fig. 2 A and B;
1D clustering t(188) = 3.1, P = 0.002). Clustered recalls were
better predicted by interword distances at higher dimensions—
like those we found in list-level PCA—but as before the rise
in clustering scores did not outpace the increase in explained
variance beyond 2 dimensions (Fig. 2 A, Inset and C). As a
benchmark, we also showed that recalls clustered according to
interitem similarities derived from the WordNet lexical database
(42), which does not rely on a model-based embedding of words
in a high-dimensional vector space (Fig. 2 A, Right and B, Right;
1-sample t test, t(188) = 7.0, P < 0.001).
These data replicate prior findings that verbal recall is governed in part by semantic relations (39), using a multidimensional framework for capturing interword similarities. However,
it is well known that humans also organize verbal memory
according to the temporal sequence of items during initial encoding (40). The temporal clustering score quantifies this relationship by assessing the likelihood that a subject will recall 2 items
in sequence, given their serial position during encoding. As in
prior studies, we showed a strong population-level effect of temporal clustering (1-sample t test, t(188) = 18.5, P < 0.001). To
ask whether the tendency to semantically cluster is related to the
tendency to temporally cluster, we found that a subject’s temporal clustering score was weakly but significantly correlated with
the subject’s 1D list-PCA semantic clustering score (r = 0.15,
P = 0.034).
24346 | www.pnas.org/cgi/doi/10.1073/pnas.1906729116

Taken together, we demonstrated that humans behaviorally
cluster their recalls of verbal items according to interword distances in word2vec semantic spaces of varying dimension. Altogether, this is not surprising—word2vec representations should
not be expected to differ dramatically from other methods
of capturing semantic similarity, like latent semantic analysis
(43). In both list-PCA and session-PCA designs, we found that
the relationship between recall structure and semantic dimensionality saturated after 2 dimensions, suggesting that 1 or 2
principle axes of variation explain a substantial fraction of how
semantic features are organized in memory. We next sought to
find the neural underpinnings of semantically and temporally
clustered recalls.
Oscillatory Power during Search through 1D Spaces. Prior studies

suggest a fundamental link between hippocampal theta oscillations and the organization of sequential information, such as
paths through an environment. In humans, theta power increases
as subjects search through a virtual environment (15) or recall
trajectories in previously explored spatial layouts (17, 18). Here
we ask whether theta also supports the retrieval of nearby items
in a semantic representational space.
To assess this, we recorded LFPs from depth electrodes in the
hippocampus or PHG of human neurosurgical patients. Our general approach was to use the framework outlined earlier (Fig. 1)
to assess whether theta power leading up to a retrieval event predicted the semantic distance between the 2 subsequently recalled
words. A positive correlation between theta power and semantic distance would suggest that theta oscillations are serving to
reinstantiate the semantic context established during encoding
and enable a participant to select the optimal path through a
representational space (Fig. 1E).
Fig. 3 demonstrates this procedure in an example subject. In
one list, the subject recalled 5 of the original 12 words, recalled
in an order that sometimes reflects close semantic relations
(e.g., recall of “cloud” was followed by “star”) and other times
weak semantic relations (e.g., “star” was followed by “nose”;
Fig. 3A). For each recall transition, the interword distance is
captured by the semantic clustering score, here reported as a
percentile rank with 1 indicating the closest-possible semantic transition (SI Appendix, SI Materials and Methods). We first
computed semantic clustering scores based on the 1D list-PCA
space (and later generalized to higher dimensions). We next
measured the theta power in 1-s intervals leading up to each
recall event, just prior to vocalization (Fig. 3B). An ∼4-Hz theta
oscillation is seen preceding the recall of “nose,” which was followed by the recall of “peach” (0.66 clustering score). Finally, we
measured the (z-scored) preretrieval theta power for all words
recalled in an experimental session and correlated it with the
semantic distance between the 2 subsequently recalled words.
This subject shows a significant positive relationship between 1D
semantic distance and preretrieval theta power (Fig. 3C, Pearson’s r = 0.52, P = 0.004). To assess the actual degree of theta
power change relative to average, we also binned semantic distances into “short” (>0.75 clustering score) and “long” (<0.25)
and averaged theta power for recalls in both bins (Fig. 3D).
This demonstrated that theta power increased above average
prior to near transitions and fell below average prior to far
transitions.
Across all subjects with electrodes placed in the hippocampus
(either hemisphere; n = 70), we found a significant correlation between preretrieval theta power and 1D transition distance
(1-sample t test, t(69) = 2.19, P = 0.032; Fig. 4A, Top and SI
Appendix, Fig. S1), although this effect was primarily driven by
activity in the left hippocampus (SI Appendix, Fig. S2). Given
substantial prior evidence from the literature, we expanded the
scope of our analysis to test power in 2 additional frequency
bands: gamma (30 to 55 Hz), and high-frequency broadband
Solomon et al.
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Fig. 3. Correlating preretrieval theta power with semantic transition distance. (A) In an example list, a subject recalls 5 of the original 12 words, making
close and far transitions through a 1D semantic space. Transition distances are measured by a percentile rank called the clustering score, with 1 indicating
the closest-possible transition through a given semantic space (SI Appendix, SI Materials and Methods). (B) Theta power was extracted in 1-s intervals
immediately prior to each retrieval event. An ∼4-Hz theta oscillation preceding the third recall is highlighted, here measured from an electrode in the CA1
subfield of the hippocampus. (C) Theta power is measured prior to all retrieval events across an experimental session and z scored. Z-scored theta power
was correlated with semantic transition distance (i.e., the clustering score), demonstrating a significant positive relationship for this subject (r = 0.52, P =
0.004). Each point represents a recall event in the example session. (D) To further quantify the magnitude of theta power change, interword distances were
binned into “short” (>0.75 clustering score) and “long” (<0.25), and z-scored theta power was averaged for all retrieval events that fell in each bin. In this
subject, theta power increased above average for close transitions and fell below average for far transitions.

(HFB) (70 to 150 Hz). Findings in humans and animals implicate MTL gamma oscillations in memory processing (44–46), and
HFB has been used as a general marker of neural activation (47).
In neither band did we find a significant correlation between preretrieval power and subsequent transition distance (1-sample t
test, P > 0.10).
A recent study by Herweg et al. (17) noted that theta power
in the PHG predicted the recall of items that occurred nearby in
a spatial layout. We therefore asked whether PHG theta power
demonstrated the same relationship with interword transition
distances. Unlike our finding in the hippocampus, PHG theta
power was not correlated with ensuing transition distances in a
1D space (1-sample t test, t(67) = 0.35, P = 0.73), nor did we
find a significant relationship in our 2 higher-frequency bands.
Given the strong behavioral tendency for subjects to recall
words in a temporally organized manner, we next asked whether
distances in a temporal “space” correlated with preretrieval
power. To do this, we applied the same analysis procedure as
for semantic distances, but instead used a measure of temporal
transition distance instead of semantic transition distance; i.e., if
a subject makes a recall transition between 2 contiguous words
from the original list, the clustering score is 1. We found no significant relationship between preretrieval power and temporal
transition distance, in any frequency band or region (Fig. 4B,
1-sample t test, P > 0.10).
Our focus on preretrieval measures of spectral power left
open the possibility that power more strongly correlated with
transition distance during the transition itself. To test this, we
correlated 1-s windows of prevocalization spectral power with the
transition distances covered during that same time, as schematized in Fig. 4C. Using this measure of power–distance correlation, we found no relationship between power in any band and
semantic or temporal transition distance (all P > 0.10). This
finding suggests that hippocampal theta power rises only prior
Solomon et al.

to retrieval of semantically related items. Moreover, regression
analysis revealed that preretrieval hippocampal theta power predicts subsequent semantic transitions independent of the time
between recalls or the output position of a recalled item (SI
Appendix, Fig. S3). Furthermore, to ensure that overlapping
spectral analysis windows between successive recall events did
not affect our findings, we reanalyzed the dataset while excluding any transitions for which recalls occurred within 1 s of each
other (representing 19.6% of all transitions). We again found
that hippocampal theta was correlated with semantic transition
distance (Fig. 4D, 1-sample t test, t(67) = 1.92, P = 0.06), while
all other relationships did not meet significance (all P > 0.1; SI
Appendix, Fig. S4).
By correlating transition distances in 1D semantic and temporal spaces, we demonstrated that 1) the degree of hippocampal
theta power prior to a retrieval event codes for the ensuing
semantic transition distance, suggesting that theta serves to
reinstantiate semantic context, and 2) short transitions in the
time dimension are not significantly predicted by neural activity
in our prespecified bands. These findings align with the general
idea that theta oscillations support the encoding and retrieval of
information organized in a cognitive map. However, it is unclear
why the time dimension—shown to powerfully correlate with
retrieval behavior—does not have a strong neural correlate (see
Reconciling the Absence of Temporally Related Theta Activity).
Multidimensional Semantic Spaces. We next asked whether dis-

tances in higher-dimensional semantic spaces were also predicted by preretrieval theta power. Asking this question lets
us assess how the brain compresses semantic information—
for example, Does theta power also correlate with interitem
distances in a 2D or 3D semantic layout? Our use of the
word2vec semantic representation enabled us to directly test this
hypothesis.
PNAS | November 26, 2019 | vol. 116 | no. 48 | 24347
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Fig. 4. Neural correlates of memory search through 1D representational spaces. (A) Correlation between preretrieval power and ensuing transition distance
in a 1D semantic space (Fig. 3 and SI Appendix, SI Materials and Methods). We assess power–distance correlations in 3 frequency bands of interest: theta
(4 to 8 Hz), low gamma (30 to 55 Hz), and HFB (70 to 150 Hz). The entire correlation spectrum is shown for completeness, although other bands were not
assessed. Band-averaged effects are shown in the bar plot to the right. (Top row) Power–distance correlations in the hippocampus (n = 70 subjects). Inset
shows average z-scored theta power, binned according “long” and “short” transition distances. (Bottom row) Power–distance correlations in the PHG (n =
68 subjects). (B) Correlation between preretrieval power and ensuing transition distance in a 1D temporal space, reflecting the serial position of items during
encoding and otherwise structured as in A. (C, Top) Same-transition analysis design, in which spectral power in 1-s intervals prior to each vocalization is
correlated with the transition distance measured during that same interval. (C, Bottom) Correlation between hippocampal power and semantic/temporal
transition distance under the same-transition design. No significant population-level correlation was found between power in any assessed band and sametransition distance in semantic (SC) or temporal (TC) space (P > 0.10). C is otherwise structured as in A. (D, Left) Distribution of interresponse times (IRTs)
aggregated across all subjects, indicating the time (in milliseconds) between the onset of successive word vocalizations during free recall, truncated at 5 s.
IRTs of less than 1 s could result in overlapping power windows between successive recall events. (D, Right) Reanalysis of A using only events with IRTs
greater than 1 s, ensuring no overlap. In this adjusted dataset, hippocampal theta power remained predictive of semantic transition distance (1-sample t
test, t(67) = 1.92, P = 0.06), while no effect was observed in other frequency bands, in PHG, or with temporal clustering. ∗ P < 0.05, † P < 0.1. Error bars
show ±1 SEM (SI Appendix, Figs. S1 and S4).

We found that theta power was not correlated with semantic distances beyond the 1D subspace (SI Appendix, Fig. S5,
P > 0.10). Dimensionalities between 1 and 5 are depicted in SI
Appendix, Fig. S5; dimensionalities between 6 and 10 also showed
no effect (all P > 0.37). This suggests that theta power as a
neural correlate of semantic distances is sensitive to the mostcompressed subspace possible, i.e., the first principal component
of variation in a list.
Although counterintuitive, this finding accords with our earlier behavioral analyses showing that PCA components beyond 2
dimensions did not add any predictive capacity (first-difference
curves in Fig. 2C). PCA components 3 to 10 did not correlate
with semantic clustering any more than would be expected by
their marginal explained variance, either because they are not
relevant in memory or because they contain too much noise in
24348 | www.pnas.org/cgi/doi/10.1073/pnas.1906729116

this study’s statistical paradigm. In other words, the marginal
benefit of additional PCA dimensions beyond the first two was
small; accordingly, it is not surprising that theta power is significantly correlated only with distances derived from the first and
most behaviorally relevant component.
Theta Connectivity Effects in the MTL. While MTL theta power

is a clear correlate of human spatial navigation—and possibly semantic–temporal navigation as well—several prior studies also suggest that memory and navigation are supported by
interregional theta connectivity. In particular, theta connectivity between the PHG and neocortex has been demonstrated
during retrieval of spatial information (48) and between hippocampus and PHG during the encoding or retrieval of word
items (17, 36, 49). More broadly, interregional theta connectivity
Solomon et al.
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Fig. 5. Assessing preretrieval theta coupling between the PHG and hippocampus. (A) In an example subject, phase locking was assessed between electrodes localized to the hippocampus (CA1) and PHG (perirhinal cortex [PRC]), indicated as red crosses. (B) As in the power analyses, LFP is extracted from
each electrode, and theta coupling is assessed in the 1-s intervals leading up to vocalized recalls. A score is assigned to each transition, capturing the
closeness of successive recalls in semantic or temporal dimensions. (C) Phase locking is measured by assessing the consistency of theta phase between the
electrodes, for each transition. (Left) A close semantic transition is depicted, where the peak of the CA1 oscillation (dashed lines) consistently aligns with
the falling phase of the PRC oscillation. (Right) A far semantic transition is shown, with inconsistent phase alignment. The concentration of phase differences over time is quantified as the PLV, visualized as polar histograms. For the example trials shown, the close semantic transition has a higher PLV
(0.62) than the far transition (0.30). (D) Hipp-PHG theta coupling mediates semantic search. (Left) Hippocampal–PHG theta coupling significantly correlated
with ensuing semantic transition distance in a 1D space (1-sample t test, t(51) = 2.07, P = 0.044). No effect was observed for phase locking in the gamma
band. (Right) Phase locking was not predictive of temporal transition distance in either frequency band (P > 0.05). (E) Theta phase locking was marginally
significantly correlated with 2D semantic transition (t(51) = 1.73, P = 0.089), in addition to 1D transitions, as noted in D. ∗ P < 0.05, † P < 0.1. Error bars
show ±1 SEM.

has been hypothesized to facilitate synaptic plasticity and gate
the flow of information between brain regions, by providing a
consistent phase reference across regions that process different
aspects of an animal’s experience (50–52). Having shown that
recall behavior and local theta power correlate with distances
in 1- to 2-dimensional semantic spaces, we next set out to ask
whether interregional theta connectivity also correlated with the
retrieval of semantic or temporal context.
Fig. 5 outlines our procedure in an example subject. We used
the phase-locking value (PLV) (53), a measure of the consistency
of phase differences between 2 electrodes, to assess the degree of
theta connectivity between PHG and hippocampus. Here, thetafrequency phases are extracted from 1-s intervals prior to the
retrieval of each word, for an electrode in CA1 and an electrode in perirhinal cortex (PRC) (Fig. 5 A and B). The PLV
is computed on the phase differences between the 2 regions,
prior to each retrieval. Fig. 5C illustrates how CA1-PRC theta
phases are highly consistent prior to a short semantic transition
(1.0 clustering score), since the theta peaks in CA1 always correspond to the falling phase of the oscillation in PRC. Prior to
a far semantic transition (0.1 clustering score), the theta peaks
in CA1 do not align consistently with the ongoing PRC oscillation. We also note that, to avoid assessing phase locking between
bipolar pairs that span the hippocampus and PHG but share
a common monopolar contact, our connectivity analyses utilized an MTL-average reference (SI Appendix, SI Materials and
Methods).
We measured hippocampal–PHG theta phase locking for all
subjects with electrodes in both areas (n = 52) and, as earlier, correlated those values with the subsequent semantic or
temporal transition distance. Given the possibility of intra-MTL
gamma connectivity (54, 55), we further included that band in
this analysis. Across all subjects, we found a significant correSolomon et al.

lation between hippocampal–PHG theta phase locking and 1D
semantic transition distance (1-sample t test, t(51) = 2.07, P =
0.044; Fig. 5D) and no effect in the gamma band (t = 0.38,
P = 0.71). Extending the analysis to higher semantic dimensions,
we found a marginally significant correlation between theta coupling and semantic distances in a 2D space (t(51) = 1.73, P =
0.089; Fig. 5E), but no others. Results were qualitatively similar
when regressing out power from PLV values, to correct for possible signal-to-noise changes with altered power (SI Appendix, Fig.
S6). These data suggest that theta coupling between the PHG
and hippocampus mediates successful search through a 1D and
possibly 2D semantic space.
Does preretrieval hippocampal–PHG theta coupling support
the reinstatement of temporal context? Theta coupling was only
weakly correlated with temporal transition distance, but did not
reach a statistical threshold (1-sample t test, t(52) = 1.20, P =
0.23; Fig. 5D). This result mirrored our earlier finding that local
theta power was not correlated with temporal transition distance,
even though time was the most prominent organizing factor in
recall behavior.
Reconciling the Absence of Temporally Related Theta Activity. Our

finding that MTL theta power and connectivity do not relate to
temporal clustering came as a surprise—temporal relations are
the most prominent organizing principle of verbal free recall, and
recent studies support the idea that neurons in the MTL encode
aspects of time (56). If time (or ordinal position) is a key dimension along which humans organize episodic memories, and theta
rhythms are the physiological substrate of episodic associations,
why are temporally clustered recalls not associated with increases
in MTL theta activity?
We hypothesized that our temporal theta-correlation analysis
was affected by any variables that could limit the dynamic range
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of contextual coding during recall. For example, subjects often
exclusively retrieve the first few list items as a group, suggesting that these words are associated with a general list context
and that such lists do not reflect a dynamic range of temporal
contexts. To account for this, we applied a simple modification
to the temporal transition analysis presented in Fig. 4, noting
that lists with a small number of words recalled (i.e., 4 or less)
are more likely to lack temporal dynamic range, while highperformance lists with many recalls are more likely to capture
meaningful variability across temporal lags (or “distances”). We
therefore computed the correlation between theta power and
temporal transition distance at varying list-performance thresholds and compared our findings to the correlations based on the
full dataset (we note that, in all analyses in this paper, lists with
3 or fewer recalls were excluded). To ensure that we captured a
range of temporal lags, we binned clustering scores into long and
short and directly compared the 2 groups, as was demonstrated
in prior analyses (Fig. 3D and SI Appendix, Fig. S5).

Fig. 6. Reconciling the absence of temporally associated hippocampal
theta. To ask whether restricted temporal dynamic range was contaminating measures of time-associated theta power, recall periods were filtered
according to the number of recalled items per list. The association between
theta power and temporal transition distance is shown for 4 different listperformance thresholds, among the 22 subjects with sufficient data at the
highest threshold. The theta power difference between short and long
temporal transitions (Fig. 3D) is significantly greater than zero for highperformance lists (7-recall threshold; t(21) = 2.17, P = 0.041) and increases
monotonically at each threshold. The power difference spectra, reflecting
the degree to which theta power is associated with short vs. long temporal
transitions, reveal an emerging spectral peak in the theta band, indicating a significant association between theta power and temporal transition
distance. ∗ P < 0.05, error bars show ±1 SEM.
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At higher performance thresholds, we noted a shift toward
higher correlations between preretrieval theta power and
temporal transition distance (Fig. 6). In the 22 subjects with sufficient data in high-performance lists (7 or more recalls per list),
higher theta power was significantly associated with shorter temporal transition distances (1-sample t test, t(21) = 2.17, P =
0.041; Fig. 6), although the association was not apparent at
lower performance thresholds (4-recall threshold; t(21) = 0.77,
P = 0.44). On a per-subject basis, filtering for list performance
yielded a marginally significant difference between the theta
effect in all-list versus high-performance conditions (paired t test,
t(21) = 1.79, P = 0.087). As was demonstrated for semantic transitions, the correlation spectrum revealed a qualitative peak in
the theta band (Fig. 6, Bottom row).
By focusing on lists with a high number of recalls, and
thereby mitigating potential confounds in our temporal correlation analysis, we found evidence for our hypothesized relationship between hippocampal theta and temporal transition
distance. This result mirrored our earlier finding of hippocampal
theta associated with close semantic transitions, and since word
semantics were unrelated to list structure, no corrections were
needed to observe the effect. We note that 22 subjects had sufficient high-performance lists to enter this analysis, relative to the
70 subjects included in the semantic analysis. This introduces a
potential confound of a subject’s general memory performance
or task ability and weakens our statistical power. Nonetheless,
a performance filter demonstrated the strong possibility that an
underlying temporal-theta effect was present, but not directly
observable, in our earlier analyses.
Discussion
We set out to determine whether an established neural signature of spatial navigation also applied to navigation of arbitrary
representational spaces, in the form of episodic memory search.
To do this, we had human neurosurgical patients perform a verbal free-recall task and asked whether MTL theta power and
connectivity correlated with pairwise distance in semantic and
temporal representational spaces. Across all subjects, we found
a reliable correlation between distances in a 1D semantic space
and theta activity. Increases in theta power/connectivity were
not readily associated with short temporal transitions, although
the effect emerged when we considered lists with higher performance, and thereby ensured a dynamic range of temporal context
reinstatement.
These results support the notion that MTL theta oscillations
support both spatial navigation and episodic memory search, as
predicted by the cognitive mapping theory of MTL function. Hippocampal theta has been associated with spatial navigation in
rodents (see ref. 57 for a review) and humans (14–16) and is
seen during spontaneous retrieval of information encountered in
a spatial layout (17). Findings during nonspatial memory tasks
have been decidedly more mixed, with many studies showing
a decrease in MTL theta power during encoding and retrieval
(e.g., refs. 34 and 35). Here, we reconcile these results by using
statistical contrasts of spatial or temporal clustering, instead
of successful-versus-unsuccessful memory (e.g., the SME). This
procedure inherently controls for nonspecific attentional or
arousal states, since successful recalls occur in both clustered and
nonclustered conditions.
As predicted by models of MTL function (58), a positive association between human episodic memory and hippocampal theta
becomes apparent when a more nuanced statistical contrast is
employed. Not only does this harmonize results between the
spatial and episodic memory literatures, it also suggests the presence of a confound in the popular SME (or retrieval analogues):
A nonspecific task contrast between successful and unsuccessful memory operations includes significant brain activity unrelated to contextual memory processing, perhaps reflecting visual
Solomon et al.

Downloaded at UNIV OF PENNSYLVANIA on April 15, 2020

attention, executive control, or general task engagement. Unfortunately, these processes might cause broad decreases in theta
power—for reasons still unknown—obscuring the theta rhythms
that underlie the formation and retrieval of cognitive maps.
Several prior studies have addressed similar questions, but did
not typically report strong hippocampal theta effects. Long and
Kahana (59) examined neural activity during word encoding by
comparing subsequently temporally clustered vs. not-clustered
recalls, finding no increase in hippocampal theta power. However, theta power was not significantly decreased between the 2
conditions either, unlike the strong theta decrease seen in the
classic SME reported in that same study. This suggests a possible underlying increase in hippocampal theta that was obscured
by residual noncontextual processes, which are especially strong
during initial encoding. A related scalp electroencephalography
(EEG) study by Long and Kahana (60) examined encodingrelated activity for semantically clustered retrievals and reported
a trend toward increases in low-theta power—a finding that
may have been significant with direct recordings of hippocampal
LFPs. Future work should thoroughly examine whether intracranial measures of hippocampal activity show evidence of theta
power increases during encoding, for words that are subsequently clustered in temporal or semantic space.
In this paper, we found that theta power and connectivity were
only significantly associated with the first principal word2vec
dimension for each word list. Additional semantic dimensions
were found to explain recall clustering at the behavioral level,
but beyond the second dimension, the marginal explained variance fully accounts for this increase. In this sense, our behavioral
and neurophysiological results align: One semantic dimension
accounts for the majority of 1) recall clustering behavior and
2) MTL theta activity. However, we suspect that these lowdimensional findings are partially a function of the list structure
in our free-recall task. Since PCA was performed on the 12 words
in each list, high dimensions are likely to contain substantial
noise and therefore not correlate with hippocampal theta. Taken
together, semantic memories are surely represented in the brain
by more than 1 dimension, but theta activity reliably correlates
with the most salient organizing feature of word lists.
The findings here show that the same theta signature of spatial navigation occurs during spontaneous episodic recall of word
items. We therefore reconceptualize free recall as navigation of
a representational space with time and semantics as the most
salient dimensions. The idea of a 2D semantic–temporal space
suggests that other signatures of 2D spatial navigation, such
as hexadirectional modulation of neural activity, may also be
detectable during episodic recall. Two groups recently showed
that theta power in the human entorhinal cortex is hexadirectionally modulated during virtual navigation (61, 62). In the
fMRI literature, it has been shown that hippocampal activity
encodes for spatial (63) and abstract representational distances
(64) and that hexadirectional modulation of the BOLD signal
is observed during mental travel through abstract or imagined

spaces (65, 66). Several recent studies have suggested that theta
power may itself correlate with spatial distances (14, 16, 17),
just as we showed a correlation between theta and representational distances in this paper. If free recall truly constitutes a
form of navigation through a semantic–temporal space, might
we observe hexadirectionally modulated theta during episodic
retrieval? And might future studies find further evidence that
theta power in humans correlates with traversed navigational
distances?
Neuroscientists have long sought to understand how the
medial temporal lobe simultaneously supports spatial navigation
and episodic memory. This paper is another link in a growing
chain of evidence that says memory and navigation are fundamentally supported by the same underlying cognitive process: the
formation of associations between items, reflected as distances
in arbitrary representational spaces. Until recently, spatial layouts have been the most obvious way to study these spaces. Here
we demonstrated that temporal and semantic distances between
word items were also captured by a classic hippocampal signature of navigation, lending strong support to the idea that the
MTL performs domain-general cognitive mapping.
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