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Abstract
Purpose of Review Memory is one of the top concerns of epilepsy patients, but there are no known treatments to directly alleviate
the memory deficits associated with epilepsy. Neurostimulation may provide new therapeutic tools to enhance memory in
epilepsy patients. Here, we critically review recent investigations of memory enhancement using transcranial electrical stimula-
tion (tES), transcranial magnetic stimulation (TMS), vagus nerve stimulation (VNS), chronic intracranial stimulation, and acute
intracranial stimulation.
Recent Findings Existing literature suggests that transcranial direct current stimulation (tDCS) produces a small enhancement in
memory in neuropsychological patients, but transcranial alternating current stimulation (tACS) and transcranial random noise
stimulation (tRNS) have not been found to have an effect on memory. Most studies of transcranial magnetic stimulation (TMS)
have found that TMS has no positive effect on memory. Vagus nerve stimulation can acutely enhance memory, while chronic
therapy does not appear to alter memory performance. We found that there is the most evidence for significant memory
enhancement using intracranial stimulation techniques, especially chronic stimulation of the fornix and task-responsive stimu-
lation of the lateral temporal lobe.
Summary Presently, there are no existing therapeutic options for directly treating epilepy-related memory deficits. While
neurostimulation technologies for memory enhancement are largely still in the experimental phase, neurostimulation appears
promising as a future technique for treating epilepsy-related memory deficits.
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Memory impairment

Introduction

Epilepsy patients rank memory problems as being one of their
top three concerns, and memory problems are a concern for
42% of epilepsy patients [1]. In addition to difficulties with
working and immediate memory, epilepsy patients often suf-
fer from accelerated long-term forgetting (ALF), in which
some defect of the slow consolidation process causes abnor-

mally rapid degradation of memories over time [2]. It is not
fully understood how epilepsy causes memory deficit, al-
though there are many known contributory factors. Memory
consolidation can be impaired by temporal lobe epilepsy
(TLE) [3], which directly involves mesial temporal anatomi-
cal structures important for memory processing, or by idio-
pathic generalized epilepsy [4]. Hippocampal sclerosis in pa-
tients with TLE is known to alter the pattern of brain activa-
tions during memory encoding [5]. There is some evidence
that the degree of ALF is correlated with seizure frequency,
suggesting that seizures inhibit the consolidation process [3].
Even interictal epileptiform discharges (IEDs) are thought to
cause temporary memory impairment [6]. Depression is often
co-morbid with epilepsy and is known to contribute to mem-
ory impairment [7]. Tragically, anti-epilepsy drugs (AEDs)
can also contribute to memory impairment [8–10].

There are no widely accepted methods for directly treating
memory deficits associated with epilepsy. Practitioners can at
best treat the epileptogenic activity or co-morbid mood
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disorders that may induce memory deficits, providing indirect
relief of memory symptoms. However, there is some emerging
evidence that brain stimulation could more directly address
epilepsy patients’ memory concerns. Here, we review recent
works investigating the effects of brain stimulation and vagal
nerve stimulation on memory in epilepsy patients and provide
recommendations for potential avenues of research into ther-
apeutic interventions to treat epilepsy-relatedmemory deficits.

Transcranial Electrical Stimulation

In transcranial electrical stimulation (tES), a small current is
applied through electrodes positioned on distant parts of the
scalp, resulting in the flow of current through the brain.
Depending on the direction of the current flow (toward or
away from a brain region), this is thought to cause subthresh-
old elevation or depression of the resting potential of neurons
near the electrodes [11]. Current delivered with tES spreads
throughout the brain and has effects in many distant regions
[12], making it difficult to assign causality of effects elicited
by this method of stimulation to individual brain areas. Due to
the non-invasive nature of transcranial direct current stimula-
tion (tDCS), studies of this technology that include analyses of
memory effects are often conducted in healthy subjects [13].
Studies that include subjects with epilepsy are often designed
to test the efficacy of tDCS as a means to reduce seizure
frequency [14••, 15]. There are three subtypes of tES that
differ in the types of waveforms that are applied to the brain:
tDCS, transcranial alternating current stimulation (tACS), and
transcranial random noise stimulation (tRNS).

Transcranial Direct Current Stimulation

In tDCS, a direct current is applied through scalp electrodes
for several seconds to several minutes. Many studies have
examined the effects of tDCS on memory and learning, often
with contradictory results [13]. Differences in effects in using
tDCS are thought to be driven by electrode placement, polar-
ity, amplitude, and duration of stimulation [11].

A 2005 study of 15 healthy participants found that anodal
tDCS of the dorsolateral prefrontal cortex (DLPFC) elicited a
1.92% increase in performance on the three-back task [16], in
which subjects were presented a series of letters and had to
recognize if the current letter was the same letter that was
presented three letters previously. The authors found that the
effect was not present when other brain regions (such as M1)
were stimulated. Additionally, a recent meta-analysis of tDCS
memory enhancement studies [13] found a slight overall im-
provement in working memory during stimulation periods in
neuropsychiatric patients (standardized mean difference =
0.77) and a trend toward significance in healthy participants
when using anodal tDCS.

While the memory enhancement effects of tDCS are small
in normal subjects, indications that tDCS may be useful for
epilepsy patients are more favorable. A recent study found a
56.2% improvement in working memory and a decrease in
seizure frequency following cathodal tDCS (in which the cath-
ode is placed above the stimulation site) applied to the seizure
onset zone of 10 epilepsy patients [14••]. A 32.4% improve-
ment persisted until the subjects’ next testing, 1 month
after stimulation. However, this study did not have a con-
trol group, so it is unclear how much of this effect is
attributable to the placebo effect. It is notable that cath-
odal stimulation, which is thought to decrease excitability
[11], was associated with memory enhancement at the
seizure onset zone while studies in healthy subjects have
mostly reported findings with anodal (excitatory) tDCS. A
2015 meta-analysis of tDCS studies with epilepsy patients
found that tDCS reliably reduces the frequency of IEDs
and seizures [15]. Combined with the finding that IEDs
can be detrimental to memory [6], these studies may point
toward a mechanism through which tDCS can be used to
decrease the excitability of the seizure onset zone, thereby
reducing epileptiform activity and improving memory
outcomes. tDCS has been shown to influence the concen-
tration of glutamate and GABA [17].

Transcranial Alternating Current Stimulation

In tACS, an alternating current is applied through scalp
electrodes. There are few studies of tACS for memory
improvement, with most focusing on the technology as a
potential treatment for depression. In [18], tACS was used
to induce frontoparietal theta synchronization. tACS at
6 Hz applied simultaneously at the DLPFC and the pos-
terior parietal cortex (PPC) was able to induce increases
or decreases in response time in the delayed letter recog-
nition task depending on the phase delay between the
stimulators. The effect disappears when using 35 Hz
tACS. Additional studies would help determine the extent
to which tACS could be useful as a therapy for memory
deficit in epilepsy patients.

Transcranial Random Noise Stimulation

In tRNS, random currents are applied through scalp elec-
trodes. A study in which tRNS was applied to the DLPFC
found no effect of tRNS on working memory in 30
healthy subjects [19]. A separate study of 12 healthy sub-
jects found no improvement in a battery of working mem-
ory tasks with tRNS [20]. Although there are few studies
on tRNS, the results consistently fail to find an effect on
working memory.
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Transcranial Magnetic Stimulation

In transcranial magnetic stimulation (TMS), an electromagnet
is placed near the scalp and is activated in short pulses. The
rapidly changing magnetic field generates a strong electrical
field at intracranial targets [21]. Although the field generated
by TMS is spatially diffuse [22], the brain area that is activated
can be as small as several millimeters [23]. Effective blinding
of the subject can be difficult when using TMS, as the coil
produces a clicking sound during stimulation and the stimula-
tion can cause skin sensations and scalp muscle contraction
(discussed further in [24]).

TMS is thought to produce brief disruptions in the func-
tioning of the targeted cortex, presumably by decreasing cor-
tical excitability or inducing random electrical noise into the
region [25]. Repetitive TMS (rTMS), in which TMS pulses
are applied several times per second, is thought to produce
longer lasting changes in cortical excitability, possibly by
modulating long-term potentiation (LTP) and long-term de-
pression (LTD) (see [26] for review). While TMS is consid-
ered to be safe in healthy people and people with epilepsy, the
use of repetitive TMS (rTMS) in people with epilepsy is as-
sociated with a risk of inducing seizures [27], possibly due to
increased activation of nociferous cortical regions.

The effect of TMS on memory has been extensively stud-
ied in healthy subjects. Two studies applied TMS to the
DLPFC during various memory tasks and found that TMS
impaired memory [28, 29]. However, while the previous stud-
ies used the 10–20 system to locate the stimulation target, two
studies that positioned the stimulator using MRI guidance
found that stimulating the dorsolateral cortex has positive ef-
fects on memory [30, 31]. While stimulation of the dorsolat-
eral cortex produced positive effects, two studies agree that
stimulation of the ventrolateral prefrontal cortex produces
memory impairment [31, 32]. Stimulation of the precuneus
had a slight positive effect on memory in one study [33].
Stimulation of the posterior parietal cortex had no effect on
memory in two studies [33, 34].

In summary, TMS appears to have limited potential to en-
hance memory in epilepsy patients. However, the studies cited
above have only tested for short-term improvements; we were
unable to find studies that examined long-term changes in
memory due to TMS. Clinicians must also consider that
rTMS carries a safety risk for epilepsy patients [27], which
negatively affects the risk-benefit balance of the technology’s
therapeutic use.

Vagus Nerve Stimulation

Vagus nerve stimulation (VNS) is typically prescribed as a
therapy for treatment-resistant epilepsy. An implanted device
delivers scheduled stimulation with an interval and frequency

determined by the patient’s neurologist. While the exact
mechanism by which VNS reduces seizure frequency is un-
known, it is hypothesized that VNS increases norepinephrine
output by indirectly stimulating the locus coeruleus [35].
Studies of the memory enhancing effects of the VNS have
been challenging partially because subjects can often detect
when their neurostimulator is delivering stimulation [36].

Improved neurocognitive performance with VNS was first
reported in 1999 [37], in which subjects with epilepsy and an
implanted VNS received stimulation several minutes after the
encoding phase of a memory task. The subjects’ recognition
memory was improved by 35.6% during trials in which they
receive stimulation. However, the effect was only present
when subjects received a low amplitude of stimulation
(0.5 mA) and disappeared at higher amplitudes. In reply, an-
other group reported results in 2001 in which VNS was deliv-
ered during the encoding and recall phases of a similar work-
ing memory task with a higher stimulation amplitude and
found no effect. A 2006 study lent support to the findings of
Clark et al. [37] that VNS should be delivered between
encoding and recall, during the memory consolidation phase,
in order to have a beneficial effect. In that study [38], 10 VNS
subjects received stimulation immediately after the encoding
phase of the Hopkins Verbal Learning Test (HVLT).
Compared to trials with no stimulation, they had a 21% im-
provement in retention of words that they could recall imme-
diately after the encoding period. However, there was no in-
crease in the number of words that they initially encoded,
consistent with the hypothesis that VNS enhanced memory
consolidation but not encoding. A recent study [39••] of 20
epilepsy patients with VNS devices found that when subjects’
VNS devices were active, they had decreased incorrect re-
sponses during a working memory task.

Several studies have examined the chronic effects of VNS
on memory using clinical examinations. There does not ap-
pear to be any long-term memory enhancement effect after
6 months [40] nor after 13 to 19 months [41].

Overall, there is evidence that VNS during memory con-
solidation enhances memory in the short term. Strangely, there
does not seem to be any long-term improvement in memory
with VNS therapy.

Intracranial Electrical Stimulation

Workingwith subjects undergoing intracranial monitoring pri-
or to epilepsy surgery provides an excellent opportunity to
study the effects of epilepsy on memory. Macroelectrodes
commonly used in electrocorticography (ECoG) studies sam-
ple from volumes of less than 4 mm in radius [42] and record-
ings can be recorded at sampling rates reaching several kilo-
hertz, providing unmatched temporal and spatial precision. As
the locations of the implanted electrodes are typically
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determined based on clinical need, researchers are not able to
record from the exact same location in multiple subjects, com-
plicating data analysis. Furthermore, the effects of recent sur-
gery can complicate efforts to obtain data from this patient
population.

Chronic Intracranial Stimulation

There are a broad arrays of techniques used in scientific liter-
ature for stimulating the brain through intracranial electrodes.
In this section, we consider techniques in which stimulation is
not specifically time-locked to a memory task. We include
studies ranging from long-term studies of patients with im-
planted neurostimulators to testing conducted during intracra-
nial monitoring conducted prior to epilepsy surgery.

Several studies have examined the effects of various stim-
ulation paradigms in the fornix. In these studies, it is generally
hypothesized that stimulation of the fornix indirectly drives
activity in the hippocampus and neighboring structures. A
2008 case report of an obesity patient with bilateral DBS
(130 Hz) in the hypothalamus and fornix found increased
performance on variants of paired associate learning tasks
designed to test medium- and long-term memory (1 h and
1 week) with chronic stimulation [43]. Although the subject’s
electrodes were targeted at the hypothalamus, they were
placed in contact with the fornix on both sides. Additionally,
the subject reported that stimulation at higher voltages elicited
vivid autobiographical memory experiences that becamemore
vivid with more voltage, demonstrating that stimulation of the
fornix can have some effect on memory. A study of six
Alzheimer’s disease patients [44] found that pulsed 130-Hz
stimulation of the hypothalamus/fornix was associated with
improved Mini-Mental State Examination (MMSE) and
Alzheimer’s Disease Assessment Scale Cognitive (ADAS-
cog) memory scores over 12 months compared to AD popu-
lation expectations. Using source localization, they found that
stimulation activated the ipsilateral hippocampus and
parahippocampal gyrus, later followed by the ipsilateral cin-
gulate gyrus. As there was no control population in this study,
comparisons were done to expectations of the AD population.
It is unclear whether significance testing was conducted to
assess for memory improvement. It is also unclear whether
improvements seen during this study would be applicable to
epilepsy patients, as pathophysiology differs between epilepsy
and Alzheimer’s disease. A later study in 11 patients with
temporal lobe epilepsy who were undergoing intracranial
monitoring found that low frequency (1 Hz) stimulation of
the fornix beginning 1 h prior to testing improved subjects’
performance in the delayed recall component of the MMSE
and reduced interictal epileptiform discharge (IED) activity
[45]. A study of four intracranial monitoring subjects with
epilepsy found increased performance on the Medical
College of Georgia Complex Figures (MCGCF) task but

decreased performance on the Rey Auditory Verbal Learning
Task (RAVLT) with continuous theta burst stimulation of the
fornix applied throughout the test session [46]. However, due
to the small sample size, the authors did not test for
significance.

Many studies have also sought memory effects resulting
from direct stimulation of mesial temporal structures. A small
study found that chronic stimulation of seizure onset zones in
the hippocampus improved memory over 18 months [47].
Stimulation was applied as a 1-min pulse of 130-Hz stimula-
tion every 5 min. Due to the small number of subjects (n = 9),
the authors did not test for significance but point out the trend
toward improvement in the Rey Verbal Learning Test (RVLT),
digit counting, logic memory, and the BezarezWindMill Test.
The subjects also experienced significant reductions in seizure
frequency during this period, possibly explaining the im-
proved cognitive results, as decreased seizure frequency is
associated with improved cognitive outcomes [48]. Another
study of two patients with bilateral hippocampal seizure onset
zones found that continuous bihippocampal 185-Hz stimula-
tion did not improve memory after 3 months [49]. However,
this study was only conducted in two subjects, almost
certainly making it underpowered. Two studies of epilep-
sy patients found that chronic pulsed 130-Hz amygdalar-
hippocampal stimulation using implantable DBS devices
did not improve memory over periods of several months
to several years [50, 51].

The anterior nucleus of the thalamus has also been hypoth-
esized to be involved in memory [52, 53]. A study of nine
patients with a DBS device implanted to target the anterior
nucleus of the thalamus showed significant improvement on
the Rey-Kim Memory Test, a measure of verbal memory,
when subjects received continuous pulsed 100–185-Hz stim-
ulation [54]. These subjects also experienced a reduction in
seizure frequency, whichmay have contributed to the memory
improvement effect. In a longitudinal study of 67 subjects,
7 years of chronic stimulation in the anterior nucleus of the
thalamus improved immediate visual recall scores on the Brief
Visuospatial Memory Test Revised (BVMT-R), but did not
affect verbal memory measures [55].

The NeuroPace RNS System is a neurostimulator designed
to deliver stimulation in response to epileptogenic activity as
detected by deep brain or cortical electrodes placed at the
seizure onset zone. While we were unable to find any studies
focused onmemory outcomes in patients receiving responsive
therapy, the RAVLT and Boston Naming Test (BNT) were
included as an outcome measure in the system’s pivotal trial
[56]. The study found that subjects with mesial temporal onset
seizures had significant improvement in AVLT learning
scores, while subjects with neocortical onset seizures had sig-
nificant improvement in BNT scores. Patient-specific device
configurations make it difficult to determine which
electrographic features triggered stimulation, or whether the
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stimulation caused acute improvements or a more chronic
neuromodulatory effect on memory. However, the flexibility
of stimulation parameters available through the RNS System
makes it an attractive method for future studies of chronic
memory enhancement in epilepsy patients.

Acute Intracranial Stimulation

While chronic stimulation generally tries to enhance memory
processes on a continuous basis, task-responsive acute stimu-
lation aims to enhance memory of specific events or specific
times during a task. It is generally assumed in these studies
that the enhancement is short-lived, on the order of seconds to
minutes long. The studies in this section use technologies that
have not been largely deployed in a clinical setting, but still
represent promising opportunities for novel future therapies.

A study of 12 epilepsy patients undergoing intracranial
monitoring found that single 1-ms monophasic pulses to the
hippocampus, time-locked to item presentation, impaired
memory by 57% in an item recognition task when applied
bilaterally but not unilaterally [57]. In five epilepsy patients
undergoing intracranial monitoring, a study applied 5 s of 50-
Hz pulsed stimulation to the hippocampus, entorhinal cortex,
perirhinal cortex, or temporal polar cortex during the recall,
distractor, or encoding phases of a free recall task. They found
that stimulation at any point during the trial impaired recall,
and stimulation during the distractor phase (between learning
and recall) caused the most impairment [58].

An investigation into the effects of stimulation on spatial
memory found that pulsed 50-Hz stimulation of the entorhinal
cortex initially appeared promising. Subjects took more direct
paths to their destinations in virtual navigation tasks when
they received stimulation [59]. However, a separate study
using very similar methods but with a larger number of sub-
jects, and improved statistical methods demonstrated that di-
rect stimulation of the entorhinal cortex impairs spatial mem-
ory significantly [60]. They also found that stimulation of the
entorhinal cortex impaired verbal memory [60].

A study of 25 subjects undergoing intracranial monitoring
prior to epilepsy surgery used closed-loop stimulation of tem-
poral structures to enhance memory in a free recall paradigm
(Figure 1) [61••]. In this study, subjects first participated in
task sessions without stimulation. Data from these sessions
was used to train a logistic regression classifier to detect when
the subject’s brain is in a “poor encoding state” and to locate
the electrodes that most change between good and poor
encoding states [61••, 62]. Subjects then received stimulation
at these electrodes at a variety of frequencies between 10 and
200 Hz and several amplitudes (0.25 to 2 mA) for 500 ms to
find the optimal stimulation settings to convert the brain state
from a poor to a good encoding state [61••]. Finally, subjects
completed more sessions of the free recall task, but with stim-
ulation at the optimal electrode and parameters to convert

from a poor brain state to a good brain state [61••, 63••]. A
recent publication from this collaboration showed that in 25
subjects that received closed-loop stimulation, memory was
improved by approximately 18% when stimulation was deliv-
ered to the left lateral temporal lobe during encoding when the
brain was in a “poor encoding state” (unlikely to encode the
presented word) [61••]. Stimulation of the left middle tempo-
ral gyrus was most effective at enhancing memory recall
[61••]. Memory enhancement at this site was associated with
an increase in gamma power during word presentation [64].
The group also found that in 22 subjects, stimulation in the
lateral temporal lobe improved memory while stimulation in
the parahippocampal regions, the hippocampus, and the pre-
frontal cortex did not [63••].

A study of 14 epilepsy patients undergoing intracranial
monitoring found that 1 s of 50-Hz stimulation to the amyg-
dala delivered at the offset of image presentation in an image
recognition task improved memory of the images presented
with stimulation after 1 day [65]. Stimulation was also asso-
ciated with increased modulation of perirhinal gamma power
by amygdala theta phase in successful recall trials.

While the other studies we reviewed have used
macroelectrodes to record local field potentials, one group
had used simultaneous recordings of tens of single units to
develop a prototype hippocampal prosthetic algorithm that
uses a multi-input, multi-output, non-linear dynamic model
to attempt to replicate the functionality of the hippocampus
[66]. While this technique has not yet been used to guide
stimulation of the hippocampus in humans, a study in primates
using this technique found that it significantly increases per-
formance on a delayed match-to-sample task [67].

Mechanisms of Improvement

In many of the studies presented here that have demonstrated
memory enhancement, it is unclear whether stimulation im-
proved a fundamental process of memory or whether it en-
hanced memory by reducing epileptogenic activity. There is
evidence that the latter may be true. First, patients who suffer
from epilepsy-related accelerated forgetting tend to have bet-
ter long-term memory after resective surgery [68, 69].
Additionally, studies which found that stimulation improves
memory have also reported that the stimulation reduced the
occurrence of IEDs [45]. Although there is controversy over
the cognitive significance of IEDs (for review, see [70, 71]),
these findings also lend support to the idea that IEDs impair
memory [6, 72]. However, one study using task-responsive
intracranial stimulation has reported finding memory en-
hancement effects on subjects with mild or no verbal memory
deficit [63••], suggesting that it may be feasible to enhance
memory separately from reduction of epileptiform activity.
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Where and How to Stimulate

In the studies reviewed here, the focus has been on stimulation
of the fornix, the anterior nucleus of the thalamus, the hippo-
campus, the entorhinal cortex, the middle temporal gyrus, the
prefrontal cortex, and the vagus nerve. The largest and most
consistent improvements in memory have been found in stud-
ies that stimulate the middle temporal gyrus and the mesial
temporal structures. However, it is unclear that chronic direct
stimulation of these areas is necessarily the most beneficial as
a therapeutic intervention. Studies in which subjects received
direct hippocampal or amygdalar stimulation generally found
that stimulation had no effect or impaired memory [49–51].
The one study that found a beneficial effect of stimulation [47]
stimulated electrodes in the hippocampus that were extremely
close to the seizure onset zone, and it is likely that the memory
improvement was due to the resulting reduction in seizures.
The best evidence also suggests that stimulation of the ento-
rhinal lobe does not improve spatial memory [60]. In contrast,
studies in which the mesial temporal lobe is indirectly stimu-
lated through the fornix have consistently found that stimula-
tion enhances memory [43–45]. While chronic intracranial
stimulation of the mesial temporal lobe does not appear to
have a therapeutic effect, many studies have demonstrated that
memory can be temporarily improved using temporal lobe
stimulation synchronized to specific phases of a memory task
or to specific brain states [57, 58, 61••, 63••, 65].

The consistent negative impact of TMS on memory sug-
gests that temporary focal disruption of memory areas is gen-
erally not helpful for enhancing memory in healthy subjects.
However, most TMS studies have been conducted in healthy

subjects. If we believe that interrupting epileptogenic activity
is likely beneficial tomemory, responsive TMSmay be able to
induce at least momentary improvements in memory in sub-
jects with epilepsy in a manner similar to acute intracranial
stimulation. Furthermore, the beneficial effect of stimulation
in the DLPFC seen by Blumenfeld, Lee, and D’Esposito [31]
should be more thoroughly examined.

While the preponderance of studies using tES to inves-
tigate memory enhancement have found either no effect or
a small effect size [13], one study found large improve-
ments in memory [14••]. Until an explanation for this
unusual result is uncovered, we cannot discount that some
configurations of tES under some conditions could poten-
tially improve memory.

Conclusions

The existing studies of neurostimulation for memory en-
hancement suggest that it may soon be feasible to treat the
memory symptoms of epilepsy. The evidence suggests
that non-invasive stimulation paradigms have smaller ef-
fects than invasive methods, indicating that it may be
several years before an implantable device for memory
enhancement is ready for clinical trials. However, both
non-invasive and invasive methods show recently shown
promising developments.
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Fig. 1 A study of epilepsy patients undergoing intracranial monitoring. a
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