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Closed-loop stimulation of temporal cortex rescues
functional networks and improves memory

1234567890():,;

Youssef Ezzyat et al.#

Memory failures are frustrating and often the result of ineffective encoding. One approach to
improving memory outcomes is through direct modulation of brain activity with electrical
stimulation. Previous efforts, however, have reported inconsistent effects when using openloop stimulation and often target the hippocampus and medial temporal lobes. Here we use a
closed-loop system to monitor and decode neural activity from direct brain recordings in
humans. We apply targeted stimulation to lateral temporal cortex and report that this stimulation rescues periods of poor memory encoding. This system also improves later recall,
revealing that the lateral temporal cortex is a reliable target for memory enhancement. Taken
together, our results suggest that such systems may provide a therapeutic approach for
treating memory dysfunction.

. Correspondence and requests for materials should be addressed to M.J.K. (email: kahana@sas.upenn.edu). #A full list of authors and their afﬂiations appears
at the end of the paper.
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esearch on human episodic memory has shown that whether information is remembered or forgotten depends on
neural events that transpire during encoding. Spectral
power recorded using intracranial electrophysiology1 and bloodoxygen-level-dependent functional magnetic resonance imaging
(fMRI) signal2 show that activity in many cortical and subcortical
regions differentiates learned information that is likely to be
remembered from information that is likely to be forgotten.
Differences in neural activity during encoding therefore predict
intra-individual variability in later memory performance, suggesting that modulating neural activity when the brain is unlikely
to encode successfully could improve overall performance by
rescuing network activity.
A promising tool for modulation of neural activity is direct
brain stimulation, in which electrical current is applied via electrodes implanted on or directly in the brain parenchyma. Direct
brain stimulation is a standard tool in the treatment of motor
dysfunction in Parkinson’s disease and seizure onset in epilepsy3–
6, and has recently been explored as a therapy for psychiatric
conditions7,8. Direct brain stimulation treatment commonly
involves continuous (i.e., open-loop) high-frequency stimulation,
although recent work has suggested improved effectiveness when
applying stimulation in response to speciﬁc brain states (i.e.,
closed-loop9,10).
Several studies have used direct brain stimulation of the human
hippocampus and medial temporal lobes (MTLs), core regions of
the brain’s memory network, to modulate neural activity and
performance during memory tasks. These studies used open-loop
designs, meaning that stimulation was not delivered in response
to ongoing neural activity. Although some studies using this
approach have suggested that such stimulation improves memory11–14, others have failed to show improvements or have shown
disruption15–20. This literature shows that direct open-loop stimulation of the hippocampus and MTL is unlikely to reliably
improve memory, and suggests that stimulating other regions in
the memory network may be more effective for memory
enhancement.
Encoding activity in the left lateral temporal cortex (including
the middle portions of the inferior, middle, and superior temporal
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Results
Classifying recall probability from neural activity. We recruited
25 neurosurgical patients undergoing clinical monitoring for
epilepsy to participate in sessions of a delayed free recall memory
task (Fig. 1a). Subjects performed at least three record-only sessions of free recall from which we trained a multivariate classiﬁer
to discriminate patterns of neural activity during encoding that
predicted memory. We ﬁt penalized logistic regression classiﬁers
to record-only data from each subject, producing a set of model
weights that map features of iEEG activity to an output probability of later word recall (Fig. 1b).
We then used this model in subsequent sessions to decode the
probability of recall from neural activity online during the
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gyri) measured with fMRI2 and intracranial electroencephalography (iEEG)1,21,22 predicts memory performance,
and stimulation mapping of this area has been shown to evoke
memory-like recollective phenomena23,24. Prior invasive25–27 and
non-invasive28–30 stimulation studies also suggest this region to
be a prime target for memory modulation. However, these studies
did not characterize the effect of lateral temporal cortex stimulation in comparison with other targets. The previous work also
did not use stimulation to rescue intervals of poor memory
encoding by timing stimulation based on recordings of ongoing
neural activity.
Here we evaluate the use of lateral temporal cortex as a stimulation target by deploying a closed-loop architecture for sensing and stimulating the brain during a memory task. We
compare the effect of lateral temporal cortex stimulation to both a
within-subject non-stimulated condition and an independent
non-lateral temporal stimulation group. We use multivariate
classiﬁers that are individualized to each subject to decode neural
activity during memory encoding and trigger stimulation online
in response to patterns of neural activity that are associated with
later forgetting. By using classiﬁcation within a closed-loop system, we maximize sensitivity to detect poor encoding states and
account for the fact that direct brain stimulation has distributed
effects on physiology31,32 that depend on the state of the brain at
the time of stimulation delivery33–37.

Trigger stimulation
(if below threshold)
Word encoding trial

Fig. 1 Closed-loop approach. a For each list of the free recall task, subjects encoded 12 nouns presented sequentially, followed by an arithmetic distractor
and the verbal recall phase. Subjects performed at least three sessions of record-only free recall. b After the record-only sessions, we use spectral
decomposition to measure power at a set of frequencies ranging from 3 to 180 Hz for each encoded word. We used the patterns of spectral power across
electrodes to train a penalized logistic regression classiﬁer to discriminate encoding activity during subsequently recalled words from subsequently
forgotten words. c In later closed-loop sessions, we applied spectral decomposition to each word encoding period while subjects performed the task. This
produced a set of frequency × electrode features to which we applied the classiﬁer trained on the record-only data. If the resulting estimated probability of
recall was below 0.5, we triggered 500 ms of stimulation to either the lateral temporal cortex or a control target
2
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Fig. 2 Classiﬁer performance and features. a Receiver operating characteristic (ROC) curves showing performance of a record-only classiﬁer tested on
NoStim lists during the closed-loop sessions (gray lines). Each curve displays the ROC for a unique subject–stimulation site. The group average is shown in
red (mean AUC = 0.61, P < 10−7 by a one-sample t-test, N = 29 unique stimulation targets). b Forward model-based estimates of feature importance. For
each electrode region by frequency feature, we computed a forward model-based estimate of the feature’s contribution to the classiﬁcation decision34.
This analysis shows that the classiﬁer used increased high-frequency power combined with decreased low-frequency power to predict successfully recalled
words (clusters signiﬁcant at the P < 0.05 level by a one-sample t-test are outlined in gray, N = 25 record-only classiﬁers)
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activity34,38. Across subjects, this showed that the classiﬁers relied
on increased high-frequency activity (HFA) across the brain
(frontal, temporal, parietal, and occipital cortex), along with
widespread decreases in low-frequency activity to predict words
likely to be recalled (Fig. 2b; clusters outlined in gray were
signiﬁcant at the P < 0.05 level by a one-sample t-test).

Lateral Non-lateral
temporal temporal

Lateral temporal

Fig. 3 Stimulation affects behavior and physiology. a Stimulation delivered
to lateral temporal cortex targets increased the probability of recall
compared to matched unstimulated words in the same subject (P < 0.05)
and stimulation delivered to Non-lateral temporal targets in an independent
group (P < 0.01). b The change in classiﬁer output post-lateral temporal
cortex stimulation was greater than for matched intervals on NoStim lists.
Data are presented as model parameter estimate ± SE. Lateral temporal
cortex N = 18; Non-lateral temporal N = 11

encoding phase of the task (Fig. 1c). On Stim lists, if the predicted
probability of recall was below 0.5, the system triggered 500 ms of
bipolar stimulation across an adjacent pair of channels. We
predicted that this would disrupt poor encoding states and
improve memory performance. On NoStim lists, we used the
classiﬁer to estimate recall probabilities but did not trigger
stimulation. This allowed us to control for the memory state
when assessing the effect of stimulation on recall probability of
stimulated items. It also allowed us to determine whether the
record-only classiﬁer generalized to the new closed-loop session.
We found that these classiﬁers reliably discriminated recalled
from not recalled words in the new session (NoStim list area
under the curve (AUC) = 0.61, t(28) = 7.5, P < 10−7 by a one
sample t-test, Fig. 2a). To determine what information the model
used to classify encoding trials we computed a Forward Model for
each patient using the classiﬁer weights and neural encoding
NATURE COMMUNICATIONS | (2018)9:365

Stimulation increased the probability of word recall. We used a
generalized linear mixed effects (GLME) model (logistic regression with a binomial distribution) to model the individual triallevel recalled/not recalled data across subjects, to determine how
stimulation affected the probability of word recall. The linear
mixed effects approach allows us to estimate the effect of stimulation on probability of recall while accounting for heterogeneity in the amount of data collected from each subject. The
resulting parameter estimates reﬂect the change in odds associated with each condition (Stim/NoStim and Lateral temporal
cortex/Non-lateral temporal). Stimulation of lateral temporal
cortex increased the odds of recalling stimulated words compared
with matched non-stimulated words (odds ratio = 1.18, t(3,828) =
2.04, P = 0.04, Fig. 3a) and compared with Non-lateral temporal
stimulation (t(5,864) = 2.60, P = 0.009). Stimulation led to a
nonsigniﬁcant decrease in recall odds in the Non-lateral temporal
group (odds ratio = 0.87, t(2,036) = −1.20, P = 0.23). The stimulation targets that led to increased memory performance in the
lateral temporal cortex group clustered in the middle portion of
the left middle temporal gyrus (Fig. 4). Using a log-binomial
model39 to estimate the relative change in recall probability, we
found that lateral temporal cortex stimulation increased the
relative probability of item recall by 15% (t(3828) = 2.31, P = 0.02,
Supplementary Table 1). Subjects stimulated in lateral temporal
cortex were also more likely to remember unstimulated items that
ﬂanked the stimulation (t(960) = 2.46, P = 0.01; interaction with
Non-lateral temporal stimulation t(1,406) = 2.48, P = 0.01).
We observed these different stimulation-related memory
outcomes in spite of the fact that the groups were matched in
several ways. The proportion of words on which the closed-loop
classiﬁer triggered stimulation was roughly 0.50 (as intended) and
did not differ between the lateral temporal cortex and Non-lateral
temporal groups (lateral temporal cortex = 0.52, Non-lateral
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L
Fig. 4 Stimulation targets rendered on an average brain surface. Targets showing numerical increase/decrease in free recall performance are shown in red/
blue. Memory-enhancing sites clustered in the middle portion of the left middle temporal gyrus (coordinate range X : − 67 to − 47; Y : − 51 to − 1; Z : − 33 to
8)

temporal = 0.50, t(5,698) = 0.30, P = 0.71 by linear mixed effects
model). Stimulation also did not differ between the groups as a
function of word position within the list (position × group
interaction t(5,696) = − 0.84, P = 0.40). The groups showed
similar memory performance during the record-only sessions
(lateral temporal cortex = 26.1%, Non-lateral temporal = 29.8%, t
(24) = −0.87, P = 0.39 by two-sample t-test). We also analyzed
subsequent memory effects (SMEs) at the stimulated electrodes in
the record-only data, to determine whether the stimulated
electrodes showed different contributions to memory performance across the groups. We found that power across the
frequency spectrum (2–200 Hz) was similarly predictive of
memory for the lateral temporal cortex and Non-lateral temporal
groups (Supplementary Figure 1a, b), indicating no difference
between groups in the stimulated electrode’s involvement in
encoding processes. We also did not ﬁnd any relation between the
size of the SME at the stimulated electrode and stimulation’s
effect on behavior (Supplementary Figure 1c).
Neural evidence for improved encoding following stimulation.
We next asked how lateral temporal cortex stimulation inﬂuenced
neural activity to support memory encoding by comparing HFA
(70–200 Hz) between Stim and NoStim conditions. Highfrequency power predicts memory success1,37,40,41 and is
thought to reﬂect excitation of neural populations engaged during
cognition42,43. When comparing evoked HFA following stimulation to matched unstimulated periods in electrodes placed in the
same lobe as the stimulation target, we did not observe signiﬁcant
increases in HFA power following lateral temporal cortex stimulation (Supplementary Fig. 2). This suggests that lateral temporal cortex stimulation did not reliably modulate activity in
these target regions when aggregating data across subjects, which
was not surprising given that stimulation has heterogeneous
effects on downstream targets31,32, and that our subjects each
possessed a unique recording montage. We reasoned that a more
sensitive approach would be to assess the effect of stimulation on
neural activity using a model that accounts for this betweensubject variability.
The classiﬁer that we trained on each subject’s record-only data
is an individualized model relating neural activity in that person
to a probability of recall, so we next asked whether these
classiﬁers could be used to decode the effects of stimulation on
neural activity. We assessed this by computing the change
in whole-brain classiﬁer output for consecutive words (wi + 1 and
wi, for all stimulated words i). We did the same for matched
words on NoStim lists and compared these Δ classiﬁer values
between the Stim and NoStim conditions for the lateral temporal
cortex group using a mixed model. This analysis showed increases
in classiﬁer output following stimulation compared to the control
non-stimulated condition (estimate = 0.01, t(1,404) = 2.06,
4
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P = 0.04 by linear mixed effects model, Fig. 3b), suggesting that
stimulation’s inﬂuence on neural activity was evident when using
the whole-brain classiﬁer to decode the change in neural activity
post- stimulation.
Discussion
In this study we used closed-loop direct brain stimulation of the
human lateral temporal cortex to improve episodic memory
performance. By demonstrating that lateral temporal cortex stimulation enhances memory, our ﬁndings show that stimulating
neural populations outside of the MTL can reliably improve
memory outcomes. We used a novel method for applying stimulation by developing patient-speciﬁc models of neural activity
that were used to classify memory-related brain states. Stimulation was then triggered to intervene in response to intervals when
memory function was predicted to be poor. The data suggest a
strategy for memory modulation that has applications for the
treatment of memory dysfunction.
In observing that closed-loop stimulation improves performance in the free recall task, we show that stimulation can reliably beneﬁt memory if it is timed to rescue periods of poor
memory function. In order to predict when subjects would be in
poor memory encoding states, we used data collected during
performance of the free recall task to create models relating
whole-brain neural activity to memory outcomes. We found that
these models predicted variability in memory performance when
used in subsequent closed-loop sessions, suggesting that our
approach identiﬁed patterns of neural activity that predicted
memory performance in a stable manner over time. Stimulating
in this way led to both increased model estimates of recall
probability and increased memory performance, suggesting that
the system improved memory by rescuing periods of poor
memory function.
We also identify the lateral temporal cortex as a prime target
for modulating memory encoding, moving beyond prior work
that has attempted to inﬂuence episodic memory by stimulating
the hippocampus and MTL 12,14,15,20. Several previous studies
have investigated the role of the lateral temporal lobes in episodic
memory using direct brain stimulation23,25–27; our work further
demonstrates that closed-loop stimulation of this region can
reliably alter memory-related neural activity and memory performance. As our classiﬁer integrated activity over electrodes
implanted across the brain, the ﬁndings suggest that lateral
temporal cortex stimulation improves encoding by inﬂuencing a
distributed memory-supporting network. This is consistent with
the idea that stimulation of cortical areas at or near the surface of
the brain can affect neural activity in downstream-connected
targets and suggests applications of our approach to non-invasive
methods44.
| DOI: 10.1038/s41467-017-02753-0 | www.nature.com/naturecommunications
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Functional and structural connectivity between the stimulation
target and the rest of the brain may be useful in predicting the
effect of lateral temporal cortex stimulation on memory, as well as
the brain areas that are likely to be modulated by stimulation.
Connectivity deﬁned using resting-state fMRI, for example, has
been shown to predict the effects of invasive and non-invasive
stimulation by identifying stimulation targets based on their
membership in large-scale functional networks45. Brain-wide
networks that underlie successful memory encoding show thetaband iEEG synchrony, which could also be used to identify stimulation targets in the memory network46. Measures of network
controllability based on connectivity could also be used to predict
the extent to which a stimulation target can control functional
dynamics in the memory network47.
Our system also provides a framework for developing therapies
to treat memory dysfunction. There is evidence that disorders
such as Alzheimer’s disease demonstrate network abnormalities
resulting from inhibitory dysfunction48 that can manifest early in
disease progression. Such changes in the balance between inhibitory and excitatory activity within a neural population can lead
to alterations in the 1/f slope recorded in the local ﬁeld potential49, with increased inhibition resulting in a steeper slope. We
found that the classiﬁers in our study relied on simultaneously
increased HFA and decreased low-frequency activity (i.e., a
decrease in the 1/f slope) to differentiate good and poor memory
states. Given that stimulation increased classiﬁer estimates of
memory states, the data suggest modulation of the excitatory/
inhibitory balance to be a potential mechanism of action. Future
work could evaluate directly whether and how closed-loop stimulation changes the excitatory/inhibitory balance in local and
remote sites in the memory network.
The current ﬁndings demonstrate that intervals of poor
memory encoding can be identiﬁed online and rescued with
targeted stimulation to the lateral temporal cortex. Using this
closed-loop stimulation approach in patients with epilepsy, we
provide proof of concept for the therapeutic treatment of memory
dysfunction.
Methods
Participants. Twenty-ﬁve patients undergoing intracranial electroencephalographic monitoring as part of clinical treatment for drug-resistant epilepsy were
recruited to participate in this study. Data were collected as part of a multi-center
project designed to assess the effects of electrical stimulation on memory-related
brain function. Data were collected at the following centers: Thomas Jefferson
University Hospital (Philadelphia, PA), University of Texas Southwestern Medical
Center (Dallas, TX), Emory University Hospital (Atlanta, GA), DartmouthHitchcock Medical Center (Lebanon, NH), Hospital of the University of Pennsylvania (Philadelphia, PA), and Mayo Clinic (Rochester, MN). The research
protocol was approved by the Institutional Review Board at each hospital and
informed consent was obtained from each participant. Electrophysiological data
were collected from electrodes implanted subdurally on the cortical surface as well
as depth electrodes within the brain parenchyma. In each case, the clinical team
determined the placement of the electrodes so as to best localize epileptogenic
regions. Subdural contacts were arranged in both strip and grid conﬁgurations. The
types of electrodes used for recording and stimulation varied across the data collection sites in accordance with the preferences of the clinicians at each institution.
Across the sites, the following models of depth and surface (strip/grid) electrodes
were used (electrode diameters in parentheses): PMT Depthalon (0.8 mm); AdTech
Spencer RD (0.86 mm); AdTech Spencer SD (1.12 mm); AdTech Behnke-Fried
(1.28 mm); AdTech subdural strips and grids (2.3 mm).
Verbal memory task. Each subject participated in a delayed free-recall task in
which they were instructed to study lists of words for a later memory test; no
encoding task was used. Lists were composed of 12 words chosen at random and
without replacement from a pool of high frequency English nouns (http://memory.
psych.upenn.edu/WordPools). Each word remained on the screen for 1,600 ms,
followed by a randomly jittered 750–1,000 ms blank inter-stimulus interval.
Immediately following the ﬁnal word in each list, participants performed a
distractor task (to attenuate the recency effect in memory, length = 20 s) consisting
of a series of arithmetic problems of the form A + B + C = ??, where A, B, and C
were randomly chosen integers ranging from 1 to 9. Following the distractor task
NATURE COMMUNICATIONS | (2018)9:365

participants were given 30 s to verbally recall as many words as possible from the
list in any order; vocal responses were digitally recorded and later manually scored
for analysis. Each session consisted of 25 lists of this encoding-distractor-recall
procedure. Some subjects completed sessions of the free recall task using
categorized word lists, which were included in the electrophysiological analyses.
The categorized recall task is identical to the free recall task, with the exception that
the word pool was drawn from 25 semantic categories (e.g., fruit, furniture, ofﬁce
supplies). Each list of 12 items in the categorized version of the task consisted of
four words drawn from each of three categories. Subject counts by task: N = 17 free
recall only; N = 2 categorized free recall only; N = 6 both free and categorized recall
(in separate sessions).

Stimulation methods. At the start of each session, we determined the safe
amplitude for stimulation using a mapping procedure in which stimulation was
applied at 0.5 mA, while a neurologist monitored for afterdischarges. This procedure was repeated, incrementing the amplitude in steps of 0.5 mA, up to a maximum of 1.5 mA for depth contacts and 3.5 mA for cortical surface contacts. These
maximum amplitudes were chosen to be below the afterdischarge threshold and
below accepted safety limits for charge density50. For each stimulation session, we
passed electrical current through a single pair of adjacent electrode contacts. As the
electrode locations were determined strictly by the monitoring needs of the clinicians, we used a combination of anatomical and functional information to select
stimulation sites. If available, we prioritized electrodes in lateral temporal cortex, in
particular the middle portion of the middle temporal gyrus. To choose among these
regions in cases in which more than one was available, we selected the electrode
pair demonstrating the largest SME, in the high frequency range (70–200 Hz). In
cases in which no lateral temporal cortex contacts were available, we selected an
electrode pair at or near the largest SME elsewhere in the brain, targeting the
hippocampus, MTL cortex, prefrontal cortex, and parietal cortex if available. Stimulation was delivered using charge-balanced biphasic rectangular pulses (pulse
width = 300 μs) at (10, 25, 50, 100, or 200) Hz frequency and (0.25 to 2.00) mA
amplitude (0.25 mA steps). The particular amplitude and frequency were chosen
based on a pre-test in which we stimulated the brain at each parameter combination, while the patient was at rest (no experimental task). The frequency ×
amplitude combination that maximized the change in classiﬁer output was used in
the closed-loop memory task. In the memory task stimulation was always applied
for 500 ms in response to classiﬁer-detected poor memory states (see below).
Participants performed one practice list followed by 25 task lists: lists 1–3 (plus the
practice list) were used to collect baseline spectral power data for normalizing input
features for the classiﬁer; lists 4–25 consisted of 11 lists each of Stim and NoStim
conditions, randomly interleaved. On NoStim lists, stimulation was not triggered in
response to classiﬁer output.

Anatomical localization. Cortical surface regions were delineated on pre-implant
whole brain volumetric T1-weighted MRI scans using Freesurfer51 according to the
Desikan–Kiliany atlas. Whole brain and high resolution MTL volumetric segmentation was also performed using the T1-weighted scan and a dedicated hippocampal coronal T2-weighted scan with Advanced Normalization Tools (ANTS)
52 and Automatic Segmentation of Hippocampal Subﬁelds multi-atlas segmentation methods53. Coordinates of the radiodense electrode contacts were derived
from a post-implant computed tomography and then registered with the MRI
scans using ANTS. Subdural electrode coordinates were further mapped to the
cortical surfaces using an energy minimization algorithm54. Two neuroradiologists
reviewed cross-sectional images and surface renderings to conﬁrm the output of
the automated localization pipeline. Targets that were localized to the left inferior,
middle, and superior temporal gyri were classiﬁed as lateral temporal cortex. Any
target outside these regions was classiﬁed as Non-lateral temporal.

Electrophysiological data processing. Intracranial data were recorded using one
of the following clinical EEG systems (depending the site of data collection): Nihon
Kohden EEG-1200, Natus XLTek EMU 128 or Grass Aura-LTM64. Depending on
the ampliﬁer and the preference of the clinical team, the signals were sampled at
either 500, 1,000, or 1,600 Hz and were referenced to a common contact placed
intracranially, on the scalp, or mastoid process. Intracranial electrophysiological
data were ﬁltered to attenuate line noise (5 Hz band-stop fourth order Butterworth,
centered on 60 Hz). To eliminate potentially confounding large-scale artifacts and
noise on the reference channel, we re-referenced the data using a bipolar montage
[1]. To do so, we identiﬁed all pairs of immediately adjacent contacts on every
depth, strip and grid and took the difference between the signals recorded in each
pair. The resulting bipolar timeseries was treated as a virtual electrode and used in
all subsequent analysis. We performed spectral decomposition (8 frequencies from
3 to 180 Hz, logarithmically spaced; Morlet wavelets; wave number = 5) for the
0–1,366 ms epoch relative to word onset. Mirrored buffers (length = 1,365 ms) were
included before and after the interval of interest and then discarded to avoid
convolution edge effects. The resulting time-frequency data were then log-transformed, averaged over time, and z-scored within session and frequency band across
word presentation events.

| DOI: 10.1038/s41467-017-02753-0 | www.nature.com/naturecommunications

5

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02753-0

Multivariate classiﬁcation. We included only data collected in record-only sessions as input to a logistic regression classiﬁer trained to discriminate encodingrelated activity predictive of whether a word was later remembered or forgotten.
We used spectral power averaged across the time dimension for each word
encoding epoch (0–1,366 ms relative to word onset) as the input data (informal
investigations suggested that spectral power outperformed features derived from
phase-based connectivity measures). Thus, the features for each individual word
encoding observation were the average power across time, at each of the eight
analyzed frequencies × N electrodes. We used L2-penalization55 and set the penalty
parameter (C) to 2.4 × 10−4, based on the optimal penalty parameter calculated
across our large pre-existing dataset of free recall subjects37. We then computed
AUC to quantify classiﬁer performance and repeated this procedure for all subjects.
AUC measures a classiﬁer’s ability to identify true positives while minimizing false
positives, where chance AUC = 0.50. To ensure the classiﬁer learned equally from
both classes (given the imbalance between recalled and not recalled exemplars), we
also weighted the penalty parameter in inverse proportion to the number of
exemplars of each class55. We assessed the signiﬁcance of each classiﬁer withinsubject using a permutation test in which we randomized the labels of recalled/not
recalled events in the training data, computed AUC and repeated the randomization 1,000 times to generate a null distribution of AUCs. Classiﬁcation analyses
were programmed using the Matlab implementation of the LIBLINEAR library56.
We generated a forward model for each subject34 to assess the importance of
different features to classiﬁcation
A¼

Statistics. Data are presented as mean ± SEM. Unless otherwise speciﬁed, all
statistical comparisons were conducted as two-tailed tests. Data distributions were
either visually inspected or assumed to be normal for parametric tests. We used
linear mixed effects models of the trial-level data to estimate the effect of stimulation on behavior and classiﬁer output (e.g., Figure 3), while accounting for
repeated subject and subject-stimulation location across observations. Samples
sizes were chosen to meet or exceed previously reported studies of invasive lateral
temporal cortex stimulation.
Data availability. All de-identiﬁed raw data and analysis code may be downloaded
at http://memory.psych.upenn.edu/Electrophysiological_Data.
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Σx W
σ 2^y

where Σx is the data covariance matrix, W is the vector of weights obtained from
the ﬁtted classiﬁer, σ 2^y is the variance of the logit-transform of the vector of
classiﬁer outputs across all events, ^y. The magnitude and direction of the values in
A reﬂect the strength of the relation between classiﬁer output and each input
feature in x. We computed A separately for each subject and plot the average across
subjects in Fig. 2b.
Closed-loop decoding. The closed-loop free recall sessions consisted of one
practice list followed by 25 task lists: lists 1–3 were unstimulated and used (in
addition to the practice list) to collect baseline spectral power data for normalizing
the input features to the classiﬁer; lists 4–25 consisted of 11 lists each of Stim and
NoStim conditions, randomly interleaved. On Stim lists, we extracted estimates of
spectral power from the 0–1,366 ms relative to each word encoding period. We
assessed power using parameters identical to those used to train the record-only
classiﬁer (see Electrophysiological data processing): 8 frequencies from 3 to 180 Hz,
logarithmically spaced; Morlet wavelets; wave number = 5; log-transformed; averaged over time within frequency and electrode; and z-scored based on the mean
and SD of the power features collected during the baseline lists. The distribution of
powers used for normalization was updated following each NoStim list. The
record-only classiﬁer was applied to the resulting frequency × electrode features to
derive an estimated probability of recall. If this probability fell below 0.5, we
immediately triggered 500 ms of stimulation (mean interval between stimulation
onset and presentation of the next word = 962 ms ± 347 ms). On NoStim lists,
spectral power features and classiﬁer output were computed identically to Stim
lists, but stimulation was disabled.
GLME model. We used GLME models using MatLab’s ﬁtglme.m function to
estimate the effect of stimulation on memory performance. In the full model
assessing the interaction of stimulation and group on memory, we modeled the
recalled/not recalled status of each encoding trial for all subjects as a function of list
type (Stim/NoStim) and group (Lateral temporal cortex/Non-lateral temporal),
with random slopes and intercepts for the effect of stimulation for each subject and
unique stimulation target site (three subjects were stimulated at two different
targets in separate sessions). We included in the model stimulated words and
matched words from NoStim lists. The NoStim words were matched based on
whether classiﬁer output during the closed-loop session was below threshold (i.e.
stimulation would have been applied had it been a Stim list). To estimate the effect
of stimulation within each of the Lateral temporal cortex/Non-lateral temporal
groups we then ﬁt the same model separately for each group without the group
predictor.
We also used a GLME model to assess the inﬂuence of stimulation on memory
for neighboring trials. Here we identiﬁed unrecalled stimulated words (and
matched NoStim words) that were ﬂanked in the forward and reverse directions by
one unstimulated word (or words that based on classiﬁer output would have been
unstimulated, in the case of NoStim lists). We modeled the recall output using a
binomial model with the following predictors: Stim/NoStim and Lateral temporal/
Non-lateral temporal stimulation target, including random intercepts and slopes
for the within-subject factor.
Analysis of post-stimulation classiﬁer. To assess the effect of lateral temporal
cortex stimulation on neural activity we used the classiﬁer to decode the
stimulation-evoked change in physiology. We ﬁt a GLME model to predict classiﬁer output for the word encoding period immediately following delivery of a
6

stimulation train. We included matched intervals from NoStim lists by identifying
periods following words that would have been stimulated, and modeled the Stim/
NoStim list status of the observations, with separate slopes and intercepts for each
subject and unique stimulation target site.

NATURE COMMUNICATIONS | (2018)9:365

References
1. Burke, J. F. et al. Human intracranial high-frequency activity maps episodic
memory formation in space and time. Neuroimage 85, 834–843 (2014).
2. Kim, H. Neural activity that predicts subsequent memory and forgetting: a
meta-analysis of 74 fMRI studies. Neuroimage 54, 2446–2461 (2011).
3. Bronstein, J. M. et al. Deep brain stimulation for Parkinson disease: an expert
consensus and review of key issues. Arch. Neurol. 68, 165–171 (2011).
4. Benabid, A. L. et al. Long-term suppression of tremor by chronic stimulation of
the ventral intermediate thalamic nucleus. Lancet 337, 403–406 (1991).
5. Fisher, R. et al. Electrical stimulation of the anterior nucleus of thalamus for
treatment of refractory epilepsy. Epilepsia 51, 899–908 (2010).
6. McIntyre, C. C. & Hahn, P. J. Network perspectives on the mechanisms of deep
brain stimulation. Neurobiol. Dis. 38, 329–337 (2010).
7. Greenberg, B. D. et al. Three-year outcomes in deep brain stimulation for
highly resistant obsessive-compulsive disorder. Neuropsychopharmacology 31,
2384–2393 (2006).
8. Holtzheimer, P. E. et al. Subcallosal cingulate deep brain stimulation for
treatment-resistant depression: a multisite, randomised, sham-controlled trial.
Lancet Psychiatry 4, 839–849 (2017).
9. Morrell, M. J. Responsive cortical stimulation for the treatment of medically
intractable partial epilepsy. Neurology 77, 1295–1304 (2011).
10. Rosin, B. et al. Closed-loop deep brain stimulation is superior in ameliorating
parkinsonism. Neuron 72, 370–384 (2011).
11. Fell, J. et al. Memory modulation by weak synchronous deep brain stimulation:
a pilot study. Brain Stimul. 6, 270–273 (2013).
12. Suthana, N. et al. Memory enhancement and deep-brain stimulation of the
entorhinal area. N. Engl. J. Med. 366, 502–510 (2012).
13. Miller, J. P. et al. Visual-spatial memory may be enhanced with theta burst deep
brain stimulation of the fornix: a preliminary investigation with four cases.
Brain 138, 1833–1842 (2015).
14. Titiz, A. S. et al. Theta-burst microstimulation in the human entorhinal area
improves memory speciﬁcity. eLife 6, e29515 (2017).
15. Colsehill, S. G. et al. Material-speciﬁc recognition memory deﬁcits elicited by
unilateral hippocampal electrical stimulation. J. Neurosci. 24, 1612–1616
(2004).
16. Halgren, E., Wilson, C. L. & Stapleton, J. M. Human medial temporal lobe
stimulation disrupts both formation and retrieval of recent memories. Brain.
Cogn. 4, 287–295 (1985).
17. Halgren, E. & Wilson, C. L. Recall deﬁcits produced by afterdischarges in the
human hippocampal formation and amygdala. Electroencephalogr. Clin.
Neurophysiol. 61, 375–380 (1985).
18. Lacruz, M. E., Valentin, A. V., Garcia Seoane, Morris, R. G., Selway, R. P. &
Alarcon, G. A. Single pulse electrical stimulation of the hippocampus is
sufﬁcient to impair human episodic memory. Neuroscience 170, 623–632
(2010).
19. Merkow, M. B. et al. Stimulation of the human medial temporal lobe between
learning and recall selectively enhances forgetting. Brain Stimul. 10, 645–650
(2017).
20. Jacobs, J. et al. Direct electrical stimulation of the human entorhinal region and
hippocampus impairs memory. Neuron 92, 983–990 (2016).
21. Ojemann, G. A., Creutzfeldt, O., Lettich, E. & Haglund, M. M. Neuronal
activity in human lateral temporal cortex related to short-term verbal memory,
naming and reading. Brain 111, 1383–1403 (1988).

| DOI: 10.1038/s41467-017-02753-0 | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02753-0

22. Kragel, J. E. et al. Similar patterns of neural activity predict memory function
during encoding and retrieval. Neuroimage 155, 60–71 (2017).
23. Penﬁeld, W. & Perot, P. The brain’s record of auditory and visual experience.
Brain 86, 595–696 (1963).
24. Moriarity, J. L., Boatman, D., Krauss, G. L., Storm, P. B. & Lenz, F. A. Human
“memories” can be evoked by stimulation of the lateral temporal cortex after
ipsilateral medial temporal lobe resection. J. Neurol. Neurosurg. Psychiatry 71,
549–551 (2001).
25. Bickford, R. G. et al. Changes in memory function produced by electrical
stimulation of the temporal lobe in man. Res. Publ. Assoc. Res. Nerv. Ment. Dis.
36, 227–243 (1958).
26. Curot, J. et al. Memory scrutinized through electrical brain stimulation: a
review of 80 years of experiential phenomena. Neurosci. Biobehav. Rev. 78,
161–177 (2017).
27. Perrine, K., Devinsky, O., Uysal, S., Luciano, D. J. & Dogali, L. Left temporal
neocortex mediation of verbal memory: evidence from functional mapping with
cortical stimulation. Neurology 44, 1845–1850 (1994).
28. Boggio, P. S. et al. Temporal lobe cortical electrical stimulation during the
encoding and retrieval phase reduces false memories. PLoS ONE 4, e4959
(2009).
29. Boggio, P. S. et al. Temporal cortex direct current stimulation enhances
performance on a visual recognition memory task in Alzheimer disease. J.
Neurol. Neurosurg. Psychiatry 80, 444–447 (2009).
30. Floel, A., Rosser, N., Michka, O., Knecht, S. & Breitenstein, C. Non-invasive
brain stimulation improves language learning. J. Cogn. Neurosci. 20, 1415–1422
(2008).
31. Haglund, M. M., Ojemann, G. A. & Blasdel, G. G. Optical imaging of bipolar
cortical stimulation. J. Neurosurg. 78, 785–793 (1993).
32. Suh, M., Bahar, S., Mehta, A. D. & Schwartz, T. H. Blood volume and
hemoglobin oxygenation response following electrical stimulation of human
cortex. Neuroimage 31, 66–75 (2006).
33. Borchers, S., Himmelback, M., Logothetis, N. K. & Karanath, H. Direct
electrical stimulation of the human cortex - the gold standard for mapping
brain functions? Nat. Rev. Neurosci. 13, 63–70 (2012).
34. Hyman, J. M., Wyble, B. P., Goyal, V., Rossi, C. A. & Hasselmo, M. E.
Stimulation in hippocampal region CA1 in behaving rats yields long-term
potentiation when delivered to the peak of theta and long-term depression
when delivered to the trough. J. Neurosci. 23, 11725–11731 (2003).
35. Pavlides, C., Greenstein, Y. J., Grudman, M. & Winson, J. Long-term
potentiation in the dentate gyrus is induced preferentially on the positive phase
of theta-rhythm. Brain Res. 439, 383–387 (1988).
36. Pollen, D. A. Responses of single neurons to electrical stimulation of the surface
of the visual cortex. Brain Behav. Evol. 14, 67–86 (1977).
37. Ezzyat, Y. et al. Direct brain stimulation modulates encoding states and
memory performance in humans. Curr. Biol. 27, 1251–1258 (2017).
38. Haufe, S. et al. On the interpretation of weight vectors of linear models in
multivariate neuroimaging. Neuroimage 87, 96–110 (2014).
39. Barros, A. J. D. & Hirakata, V. N. Alternatives for logistic regression in crosssectional studies: an empirical comparison of models that directly estimate the
prevalence ratio. BMC Med. Res. Methodol. 3, 21 (2003).
40. Manning, J. R., Jacobs, J., Fried, I. & Kahana, M. J. Broadband shifts in local
ﬁeld potential power spectra are correlated with single-neuron spiking in
humans. J. Neurosci. 29, 13613–13620 (2009).
41. Long, N. M., Burke, J. F. & Kahana, M. J. Subsequent memory effect in
intracranial and scalp EEG. Neuroimage 84, 488–494 (2014).
42. Burke, J. F., Ramayya, A. G. & Kahana, M. J. Human intracranial highfrequency activity during memory processing: Neural oscillations or stochastic
volatility? Curr. Opin. Neurobiol. 31, 104–110 (2015).
43. Miller, K. J. et al. Broadband changes in the cortical surface potential track
activation of functionally diverse neuronal populations. Neuroimage 85,
711–720 (2014).
44. Nilakantan, A. S., Bridge, D. J., Gagnon, E. P., VanHaerents, S. A. & Voss, J. L.
Stimulation of the posterior cortical-hippocampal network enhances precision
of memory recollection. Curr. Biol. 27, 465–470 (2017).
45. Fox, M. D. et al. Resting-state networks link invasive and noninvasive brain
stimulation across diverse psychiatric and neurological diseases. Proc. Natl
Acad. Sci. USA 111, E4367–E4375 (2014).
46. Solomon, E. A. et al. Widespread theta synchrony and high-frequency
desynchronization underlies enhanced cognition. Nat. Commun. 8, 1704
(2017).
47. Gu, S. et al. Controllability of structural brain networks. Nat. Commun. 6, 8414
(2015).
48. Palop, J. J. & Mucke, L. Network abnormalities and interneuron dysfunction in
Alzheimer disease. Nat. Neurosci. 17, 777–792 (2016).
49. Gao, R., Peterson, E. J. & Voytek, B. Inferring synaptic excitation/inhibition
balance from ﬁeld potentials. Neuroimage 158, 70–78 (2017).

NATURE COMMUNICATIONS | (2018)9:365

50. Shannon, R. V. A model of safe levels for electrical stimulation. IEEE Trans.
Biomed. Eng. 39, 424–426 (1992).
51. Fischl, B. et al. Automatically parcellating the human cerebral cortex. Cereb.
Cortex 14, 11–22 (2004).
52. Avants, B. B., Epstein, C. L., Grossman, M. & Gee, J. C. Symmetric
diffeomorphic image registration with cross-correlation: evaluating automated
labeling of elderly and neurodegenerative brain. Med. Image Anal. 12, 26–41
(2008).
53. Yushkevich, P. A. et al. Automated volumetry and regional thickness analysis of
hippocampal subﬁelds and medial temporal cortical structures in mild
cognitive impairment. Hum. Brain. Mapp. 36, 258–287 (2015).
54. Dykstra, A. R. et al. Individualized localization and cortical surface-based
registration of intracranial electrodes. Neuroimage 59, 3563–3570 (2012).
55. Hastie, T., Tibshirani, R., & Friedman, J. The Elements of Statistical Learning.
(Springer-Verlag, New York, 2001).
56. Fan, R. E., Chan, K. W., Hseih, C. J., Wang, X. R. & Lin, C. J. Liblinear: a library
for large linear classiﬁcation. J. Mach. Learn. Res. 9, 1871–1874 (2008).

Acknowledgements
We dedicate this paper in loving memory of Anastasia Lyalenko, without whose contributions this work would not have been possible (http://memory.psych.upenn.edu/
Anastasia_Lyalenko_Memorial_Fund). This work was supported by the DARPA
Restoring Active Memory (RAM) program (Cooperative Agreement N66001-14-2-4032).
We thank Blackrock Microsystems for providing neural recording and stimulation
equipment. We are indebted to the patients and their families for their participation and
support. The views, opinions, and/or ﬁndings contained in this material are those of the
authors and should not be interpreted as representing the ofﬁcial views or policies of the
Department of Defense or the U.S. Government.

Author contributions
Y.E., D.S.R., and M.J.K. designed experiments. Y.E. analyzed the data. P.A.W., D.F.L.,
A.K, A.A., A.B., C.S.I., M.A.G., and M.T.K. performed data collection, recording, and
annotation of behavioral responses. I.P. programmed the closed-loop system. M.R.S.,
A.D.S., B.C.L., R.E.G., B.C.J., K.A.D., and G.A.W. recruited participants and provided
general assistance. J.M.S., R.G., and S.R.D. localized the electrodes. Y.E. and M.J.K. wrote
the manuscript. All authors provided feedback on the manuscript. D.S.R. and M.J.K.
supervised the research.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467017-02753-0.
Competing interests: B.C.J. receives research funding from NeuroPace and Medtronic
not relating to this research. M.J.K. and D.S.R. are in the process of organizing Nia
Therapeutics, LLC (“Nia”), a company intended to develop and commercialize brain
stimulation therapies for memory restoration. Currently, Nia has no assets and has not
commenced operations. M.J.K. and D.S.R. each holds a greater than 5% equity interest in
Nia. All other authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018

| DOI: 10.1038/s41467-017-02753-0 | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02753-0

Youssef Ezzyat1, Paul A. Wanda1, Deborah F. Levy1, Allison Kadel1, Ada Aka1, Isaac Pedisich1,
Michael R. Sperling2, Ashwini D. Sharan3, Bradley C. Lega4, Alexis Burks4, Robert E. Gross5, Cory S. Inman5,
Barbara C. Jobst6, Mark A. Gorenstein6, Kathryn A. Davis7, Gregory A. Worrell8, Michal T. Kucewicz8,
Joel M. Stein9, Richard Gorniak10, Sandhitsu R. Das7, Daniel S. Rizzuto1 & Michael J. Kahana1
1

Department of Psychology, University of Pennsylvania, 433 South University Avenue, Philadelphia, PA 19104, USA. 2Deparment of Neurology,
Thomas Jefferson University Hospital, 900 Walnut Street, Philadelphia, PA 19107, USA. 3Department of Neurosurgery, Thomas Jefferson University
Hospital, 900 Walnut Street, Philadelphia, PA 19107, USA. 4Department of Neurosurgery, University of Texas, Southwestern, 5323 Harry Hines
Boulevard, Dallas, TX 75390, USA. 5Department of Neurosurgery, Emory University Hospital, 1365 Clifton Road NE, Atlanta, GA 30322, USA.
6
Department of Neurology, Dartmouth-Hitchcock Medical Center, 1 Medical Center Drive, Lebanon, NH 03756, USA. 7Department of Neurology,
Hospital of the University of Pennsylvania, 3400 Spruce Street, Philadelphia, PA 19104, USA. 8Department of Neurology, Mayo Clinic, 200 1st
Street SW, Rochester, MN 55905, USA. 9Department of Radiology, Hospital of the University of Pennsylvania, 3400 Spruce Street, Philadelphia, PA
19104, USA. 10Department of Radiology, Thomas Jefferson University Hospital, 900 Walnut Street, Philadelphia, PA 19107, USA

8

NATURE COMMUNICATIONS | (2018)9:365

| DOI: 10.1038/s41467-017-02753-0 | www.nature.com/naturecommunications

