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Coupled ripple oscillations between
the medial temporal lobe and
neocortex retrieve human memory

Alex P. Vaz">2, Sara K. Inati*, Nicolas Brunel®’, Kareem A. Zaghloul'*

Episodic memory retrieval relies on the recovery of neural representations of

waking experience. This process is thought to involve a communication dynamic
between the medial temporal lobe memory system and the neocortex. How this
occurs is largely unknown, however, especially as it pertains to awake human memory
retrieval. Using intracranial electroencephalographic recordings, we found that

ripple oscillations were dynamically coupled between the human medial temporal
lobe (MTL) and temporal association cortex. Coupled ripples were more pronounced
during successful verbal memory retrieval and recover the cortical neural
representations of remembered items. Together, these data provide direct evidence
that coupled ripples between the MTL and association cortex may underlie successful

memory retrieval in the human brain.

he medial temporal lobe (MTL) plays a crit-
ical role in episodic memory formation
(1-5), yet successful memory retrieval also
involves recovering neural representations
that were present in the cortex when mem-
ories were first experienced (6-11). This has led to
the hypothesis that the MTL may promote epi-
sodic memory retrieval through a dialogue with
the cortex that recovers these neural representa-
tions, although how this occurs is unknown. One
possibility is that such a dialogue may be coor-
dinated through fast oscillations termed ripples
that have been implicated in learning and mem-
ory across species (12). Ripples in the rodent
hippocampus and MTL structures are important
for memory consolidation while awake (13, 14)
and asleep (15, 16) and are associated with mem-
ory replay (17-19). MTL ripples may indeed coor-
dinate neural activity in cortical regions (20), and
hippocampal ripples are coupled to ripples that
have also been identified in the cortex in a
learning-dependent manner (21). Human hippo-
campal ripples during sleep have been linked to
memory consolidation (22, 23), but it remains
unknown whether such ripples are relevant for
awake human memory retrieval. Moreover, it
is unknown if cortical and hippocampal ripples
in humans are temporally coordinated and if
such coordination may play a role in promot-
ing successful memory retrieval.
To examine this possibility, we analyzed in-
tracranial electroencephalography (EEG) signals
from subdural electrodes placed along the MTL,
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as well as in other areas of cortex (Fig. 1A), in 14
participants (9 female; 36.2 + 3.0 years) with
drug-resistant epilepsy as they performed a
paired associates verbal episodic memory task.
We found several examples of ripple oscillations
occurring simultaneously between the MTL and
sites in the lateral temporal cortex (Fig. 1, B and
C). Given the easily visualized ripples in the iEEG
signals and the narrow-band power spectral den-
sity peaks present within single electrodes in the
MTL (Fig. 1D), we extracted ripples in the 80- to
120-Hz band (mean baseline MTL ripple rate of
0.21 + 0.02 Hz across participants; see supple-
mentary materials), which is consistent with
previous reports of human ripple activity in
these frequencies (22, 23).

We then examined the temporal association
cortex as a whole, including the anterior tempo-
ral lobe (ATL) and middle temporal gyrus (MTG)
(24, 25). As a control, we also examined primary
motor and somatosensory cortex. To test the
presence of coupled ripples in these two cortical
areas, we examined spectral power in each cor-
tical region triggered to the occurrence of MTL
ripples at baseline. Across all participants, the
temporal association cortex displayed a signifi-
cant increase in average ripple band power
during the first 50 ms after ripples in the MTL
compared to the 50 ms immediately preceding
an MTLripple [#(13) = 2.41, p < 0.05, paired ¢ test;
Fig. 1E]. We did not observe any significant
changes in ripple band power in the primary
cortex locked to the occurrence of MTL ripples
[¢(8) = -0.85, p > 0.05].

We subsequently observed several examples
of dynamic coupling of MTL and neocortical
ripples (Fig. 2A). The presence of MTL ripples
that are at times coupled with a cortical elec-
trode while at other times are uncoupled with
that same electrode would be uncharacteristic if
volume conduction alone were responsible for
the observed coupled ripples between areas. To

confirm that these ripples were temporally cor-
related, we performed a cross-correlation using
the start indices of all ripples in each brain re-
gion compared to the start indices of the MTL
ripples (Fig. 2B; see supplementary materials).
The temporal association cortex demonstrated
a clear peak in the cross-correlogram during
baseline, whereas the primary cortex had a more
uniform distribution. We generated a shift pre-
dictor (26, 27) that characterizes the coinci-
dences expected by chance, and we quantified
synchronization equal to the ratio of the cross-
correlation area to this baseline area in a +50-ms
window (see supplementary materials and fig.
S5). Temporal cortex was significantly more syn-
chronized than chance [synchronization = 1.26 +
0.08 across participants, #(13) = 3.19, p < 0.01],
whereas primary cortex was not [1.07 + 0.04 ;
t(8) = 1.77, p > 0.05].

On the basis of these results, we identified
coupled ripple oscillations as those instances
when a neocortical and MTL ripple occurred
with time indices within 50 ms of one another
(see supplementary materials). Across all partic-
ipants, the average ripple rate for an electrode in
the temporal cortex was 0.24 = 0.01 Hz and the
average duration of each ripple was 34 + 1 ms,
whereas in the primary cortex we observed an
average ripple rate of 0.27 + 0.01 Hz, with an
average duration of 35 + 3 ms (Fig. 2C). We
examined coupled ripples between every corti-
cal electrode and every MTL electrode and found
that 16.4 + 5.3% of temporal cortex electrodes
exhibited coupling with the MTL that was sig-
nificantly greater than would be expected by
chance, compared to only 3.3 + 2.8% of primary
cortex electrodes. Each brain region showed a
near-uniform distribution of phase differences
between coupled ripple oscillations (Fig. 2D),
rather than the nonuniform distribution of zero-
lag phase differences that would be expected
by volume conduction (fig. S6). In addition, we
found that the coupled ripples were highly lo-
calized events in the cortical electrodes. We
computed a cross-correlogram of ripple events
between every pair of cortical electrodes to
generate a measure of synchronization within
the cortical regions and found that ripple syn-
chronization rapidly drops off within 2 cm (Fig.
2E; see supplementary materials).

We hypothesized that coupled ripples may be
relevant for successful memory retrieval. We
therefore examined coupled ripples as partici-
pants performed the paired associates verbal
memory task (Fig. 3A; see supplementary mate-
rials) (10, 11). In a representative participant (Fig.
3B), we found an increase in the number of MTL
ripples, and in the number of coupled ripples,
that preceded vocalization during successful re-
trieval (Fig. 3, C and D). This was consistent
across all participants. On average, successful re-
trieval involved a significant increase both in the
number of MTL ripples, and in the number of
coupled ripples between the MTL and temporal
association cortex immediately before vocaliza-
tion compared to incorrect trials (p < 0.05, per-
mutation test, corrected for multiple comparisons
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over time; Fig. 3E; fig. S7, ripple rates, which are
equal to the empiric estimates of the probability
of ripple events; see supplementary materials).
An increase in the number of coupled ripples
could arise by chance, however, simply because
the overall rate of ripples increased in the MTL
(Fig. 3E). We therefore corrected the rate of
coupled ripples by the rate expected by chance
and found that coupling between the MTL and
temporal cortex was significantly greater during
correct compared to incorrect trials [Fig. 3F, {(13) =
3.33, p < 0.01; see supplementary materials]. We
confirmed this by examining the conditional
probability that a coupled ripple would be ob-
served in the cortex given that a ripple was
observed in the MTL, p(C|M) (Fig. 3G; see sup-
plementary materials). This reflects the extent
to which coupling is observed more than ex-
pected by chance, given the increase in MTL
ripples. We also computed the conditional prob-
ability that a coupled ripple would be observed
in the MTL given that a ripple was observed in
the cortex, p(M|C), which reflects the extent to
which any increases in MTL ripples are aligned
to the cortical ripples. Across all participants, we
found a significant increase in both conditional
probabilities when examining coupling between
the MTL and the temporal association cortex
during the 500-ms time period immediately be-
fore vocalization during correct retrieval trials
compared to incorrect trials [#(13) = 3.42, p < 0.01
for p(M|C) and #(13) = 2.41, p < 0.05 for p(C|M),
paired ¢ test; Fig. 3G]. These data suggest that
successful retrieval specifically involves an in-
crease in the extent to which ripples are coupled
between the MTL and the temporal association
cortex.

We confirmed that coupling between the
MTL and temporal association cortex signifi-
cantly increased during successful retrieval by
also examining synchronization during memory
retrieval. Across participants, we observed a sig-
nificant increase in synchronization during all
retrieval epochs compared to baseline [synchro-
nization 1.37 + 0.11, #(13) = 2.83, p < 0.05, paired
t test; fig. S8]. In addition, we found a signifi-
cantly higher level of synchronization in the
500-ms time period preceding vocalization dur-
ing correct compared to incorrect trials in the
temporal association cortex [¢(13) = 2.26, p <
0.05, paired ¢ test; Fig. 3H and fig. S9]. We
confirmed that the observed differences in coupl-
ing were not simply due to differences in vocal-
ization between trial types, were specific to the
ripple band (80 to 120 Hz), were not present
during memory encoding, were present even
when only examining ripples of longer duration,
and were observed even when excluding cortical
ictal electrodes from our analysis (figs. S10 to
S14). Notably, we also confirmed that these dif-
ferences were specific to the temporal associ-
ation cortex. We did not observe a significant
increase in the corrected rates of coupling, in the
conditional probabilities, or in synchronization
during successful memory retrieval when we ex-
amined coupled ripples between the MTL and
primary cortex [corrected coupling #(13) = —1.83,
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p > 0.05; p(M|C): ¢(8) = 1.44, p > 0.05; p(C|M):
t(8) = 0.84, p = > 0.05; synchronization: #(8) =
-1.08, p > 0.05; Fig. 3, F to H, and fig. S15], sug-
gesting that the increase in MTL ripples alone
is not sufficient to cause increased coupling with
the primary cortex. Coupled ripples were also not
significantly modulated in the prefrontal cortex
during correct trials (fig. S16).

Because coupling of ripple oscillations in-
creased directly before correct memory retrieval,
we hypothesized that coupled ripples may re-
instate neural representations of memory from
the respective encoding periods. We constructed
a feature vector reflecting the distributed pattern
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Fig. 1. MTL-coupled ripple oscillations are present in human temporal association

cortex. (A) Intracranial electrode locations for a single participant. (B) Unfiltered iEEG traces
from single electrodes in the MTG and MTL with ripple band (80 to 120 Hz) filtered signals
shown beneath each trace. Red shaded region is a representative ripple occurring concurrently
across the MTL and one of the MTG electrodes. (C) Magnified view of ripples in shaded

region. (D) Power spectral density for a representative MTL electrode from the participant
shown in (A). Red arrow points to the ripple band local maxima at 92 Hz. (E) MTL ripple triggered
spectrograms for each brain region during baseline. Warmer colors indicate a higher spectral

power in that brain region after MTL ripples.
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Fig. 2. Cortical ripples are variably coupled to MTL ripples. (A) Representative unfiltered
iEEG and ripple band filtered traces from electrodes in the MTG and MTL. (B) Cross-
correlograms for the temporal association cortex (left) and primary cortex (right) during
baseline. Red line is the shift predictor generated by cross-correlating trials with all other
nonmatching trials. (C) Distribution of ripple durations in the temporal association cortex across
all participants. Red line is the average duration of 33.5 ms. (D) Phase differences for

coupled ripple events in each brain region (inset values show normalized frequency for

each phase). (E) Synchronization between electrodes in the temporal cortex decreases as a
function of distance. Error bars indicate SEM across participants.
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Fig. 3. Coupling of ripple oscillations increases during memory
retrieval. (A) Paired associates verbal memory task. (B) Intracranial
electrode locations for a single participant. (C) Unfiltered iEEG and ripple

band filtered traces during a successful retrieval trial from single

electrodes in the primary cortex, MTG, and MTL. Red shaded regions
indicate coupled ripples. (D) Raster plots for the MTL ripples (left)

and ripples coupled with temporal cortex (middle) and primary cortex
(right) for correct and incorrect trials. (E) Total ripple rates for the

MTL (left) and primary cortex (middle) and their joint probability of being
aligned in time (right). A significant increase in the total ripple rate

was detected in the MTL and joint probability. *p < 0.05. (F) Temporal

cortex demonstrated significantly increased coupled ripple rate
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after subtracting coupling expected by chance. **p < 0.01; n.s., not
significant. (G) Conditional probabilities of observing coincident ripples
between the MTL and temporal and primary cortices in the 500 ms
preceding memory retrieval. P(M|C) indicates the probability of
observing a ripple in the MTL given a ripple in cortex, and P(C|M)
indicates the probability of observing a ripple in the cortex given a
ripple in the MTL. (H) Cross-correlograms for correct and incorrect
trials in temporal (left) and primary cortex (right) over the 500 ms
preceding retrieval. Red lines indicate the baseline shift predictor.
Significance was determined by comparing the synchronization (ratio
of cross-correlation area to baseline area in a £50-ms window)
between conditions for all participants.

Fig. 4. Coupled ripple A Correct Incorret _ Correct-Incorrect B ox was significantly greater than for incorrect trials
oscillations reinstate % o = and defined this as the temporal region of in-
item-specific memory g3 § % / terest (tROI) (p < 0.01, permutation test; black
representations in the ’é, 2 0w o outline, Fig. 4A, right). The mean reinstatement
temporal association g ) . g_, § over this tROI in each participant demonstrated
cortex. (A) Average reinstate- = g © a consistent increase during correct compared to
ment across all participants 05-05 05-05 0 ~05 ™ incorrect trials across participants [#(13) = 3.82,
triggered to the occurrence Retneval Time (s) Incorrect Correct p < 0.01; Fig. 4B]. We confirmed that the rein-
of coupled ripple oscillations € E. *k statement of neural patterns of activity was spe-
(t = 0) for correct (left) “as"':‘_"m Shuffle  Shuffle a cifically related to coupled ripples in the temporal
. . K — ift Adj Correct Correct  Shuffle All £ N ..

and incorrect trials (middle). 24 = - .050 % ns. association cortex by randomly reassigning the
The temporal region of Es 8 ® time indices of coupled ripples during correct
interest (tROI; black outline) 22 0 i § retrieval and finding significantly less reinstate-
constitutes all epochs that E ! ] = N 50 ment when the tROI was locked to those random
exhibited significant differ- 6005 0 05-05 0 0505 0 0505 0 05 0 T ese,. 2_ time indices [Fig. 4C; see supplementary mate-
ences between the two trial Retrieval Time (s) § ;:5) % 2 8 2 < rials; correct true versus random time indices,
types (right). (B) Mean rein- t(13) = 2.42, p < 0.05; fig. S19b].

statement computed over Finally, we confirmed that reinstatement
the tROI for each individual locked to the occurrence of coupled ripples was
participant (black lines) during correct and incorrect trials. **p < 0.01. (C) Reinstatement specific to the individual item being retrieved
after randomly assigning time indices of coupled ripples during correct retrieval trials to from memory using a shuffling procedure. In
1000 ms before or after the true values. (D) Mean reinstatement across all participants when each permutation, we shuffled trial labels for all
shuffling adjacent correct retrieval periods (left), all correct retrieval periods (middle), or all trials, for all correct trials, and finally by just
retrieval periods from all trial types (right). (E) Mean reinstatement across all participants, swapping the trial labels from adjacent correct
averaged over the tROI for each participant, during each shuffled permutation shown in (D). trials (Fig. 4D). In all cases, the true unshuffled
Error bars represent SEM across participants. **p < 0.01. mean level of reinstatement in the tROI was
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significantly greater than the average reinstate-
ment in each shuffled condition (p < 0.01, paired
t test for each category; Fig. 4E), demonstrating
that the pattern of neural reinstatement locked
to coupled ripples is specific for each retrieved
memory.

Our data demonstrate that increased ripples
within the human MTL that are coupled with the
neocortex mediate successful memory retrieval.
Our results therefore build upon previous studies
implicating ripples in memory in three impor-
tant ways. First, we demonstrate that awake
memory retrieval in humans involves a signif-
icant increase in ripple oscillations in the 80-
to 120-Hz frequency range in the MTL. Second,
we specifically show that the increased ripples
in the MTL are coupled with ripples in the
temporal association cortex. Third, we directly
link coupled ripples to the reinstatement of cor-
tical neural activity that was present during en-
coding. Taken together, our data provide direct
evidence for and insights into the neural mech-
anisms of memory retrieval and suggest that
coupled ripples may constitute a neural mech-
anism for actively retrieving memory represen-
tations in the human brain.
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Coupled ripples in memory

Short-lived, high-frequency oscillations in the brain called ripples have been implicated as substrates for memory
formation. There is, however, little evidence linking ripple activity with awake memory retrieval in humans. Vaz et al.
analyzed intracranial recordings in human subjects (see the Perspective by Gelinas). They found that ripple oscillations
in the brain's medial temporal lobe were coupled with ripple oscillations in the temporal cortex. This coupling was
enhanced just before successful memory retrieval. During successful retrievals with ripples, patterns of oscillations were
recapitulated across multiple electrodes, consistent with the initial encoding. The observation that ripple oscillations occur
before successful memory retrieval suggests that they may play a mechanistic role in the retrieval process.
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