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a b s t r a c t

Background: Despite its potential to revolutionize the treatment of memory dysfunction, the efficacy of
direct electrical hippocampal stimulation for memory performance has not yet been well characterized.
One of the main challenges to cross-study comparison in this area of research is the diversity of the
cognitive tasks used to measure memory performance.
Objective: We hypothesized that the tasks that differentially engage the hippocampus may be differ-
entially influenced by hippocampal stimulation and the behavioral effects would be related to the un-
derlying hippocampal activity.
Methods: To investigate this issue, we recorded intracranial EEG from and directly applied stimulation to
the hippocampus of 10 epilepsy patients while they performed two different verbal memory tasks e a
word pair associative memory task and a single item memory task.
Results: Hippocampal stimulation modulated memory performance in a task-dependent manner,
improving associative memory performance, while impairing item memory performance. In addition,
subjects with poorer baseline cognitive function improved much more with stimulation. iEEG recordings
from the hippocampus during non-stimulation encoding blocks revealed that the associative memory
task elicited stronger theta oscillations than did item memory and that stronger theta power was related
to memory performance.
Conclusions: We show here for the first time that stimulation-induced associative memory enhancement
was linked to increased theta power during retrieval. These results suggest that hippocampal stimulation
enhances associative memory but not item memory because it engages more hippocampal theta activity
and that, in general, increasing hippocampal theta may provide a neural mechanism for successful
memory enhancement.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The hippocampus is a pivotal structure in episodic memory [1]
and has been one of the main target structures of electrical brain
stimulation aimed at manipulating the neural circuits underlying
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memory formation and, ultimately, at improving memory perfor-
mance [2]. Surprisingly, however, previous studies using direct
hippocampal stimulation have broadly converged on the finding
that stimulation has adverse effects [3e5] or no effect [6] in
enhancing memory, with only a few having reported favorable ef-
fects [7e9] including in our own recent study [10]. These human
and animal studies have underscored the causal role of the hip-
pocampus in memory but raised many questions in the field
regarding the factors that determine the efficacy of its stimulation.

One prominent theory of hippocampal function postulates that
the hippocampus has a special role in relating or binding different
attributes together to form memory for prior episodes into an
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integrated memory trace [11,12]. As such, the hippocampus is often
characterized as a hub of information, engaged to a greater extent
for associations among memory elements than it is for individual
elements [2,13,14]. Amnesic patients with selective hippocampal
lesions exhibit greater impairment in item-item associative mem-
ory than in memory for the items themselves [15e17], and similar
findings have also been reported in studies of primates [18,19] even
within the same individual [20]. Underlying the differential
behavioral effects could be a difference in hippocampal neuronal
responsiveness in the two types of memory tasks employed [21].
Indeed, neuroimaging studies demonstrated greater hippocampal
activation during encoding of associative than item information
[22,23] and claimed that the hippocampus preferentially contrib-
utes to associative memory [17,24].

If the effect of applying direct electrical current to the hippo-
campus is dependent on its latent activity [25], then it is possible
that tasks that differentially engage the hippocampus (e.g., item vs.
associative memory) may be differentially influenced by hippo-
campal stimulation. To explore this issue, the present study added
patients with differentmemory tasks to compare the effect of direct
hippocampal stimulation on a word pair associative memory task
for which we previously reported positive stimulation effects [26]
and a single word item memory task that was slightly modified
from previous studies that reported negative effects of stimulation
[3,4].

More importantly, unlike our recent study [26], the present
study aims to investigate the underlying hippocampal activity eli-
cited by the task at hand. The relevance of the hippocampal theta
rhythm on cognition is well-documented [27e29], and past find-
ings on human iEEG indicate that hippocampal theta rhythm en-
hances context-dependent retrieval of sequences [30,31]. Thus, we
hypothesized that associative memory and item memory would be
differentially affected by hippocampal stimulation, and that
stimulation-induced memory enhancement would be related to an
increase in hippocampal theta power.
Materials and Methods

Subjects and electrode localization

Ten intractable temporal lobe epilepsy patients [4 males and 6
females; average age, 30.5 ± 10.5 years; Memory Quotient
(MQ)> 60]. Datawere collected in a numerical order (Table 1) using
the same methods at Seoul National University Hospital (Seoul,
Table 1
Demographics and clinical characteristics of patients.

Subject Demographics Clinical characteristics

Age Sex Seizure type Pathology

Sub1 31 F TLE HP neuronal loss
Sub2 55 F TLE DG dispersion
Sub3 27 F TLE Temporal lobe FCD
Sub4 27 M TLE PHG reactive gliosis
Sub5 28 F TLE FCD heteropia
Sub6 21 M TLE HP neuronal loss
Sub7 24 F TLE Temporal lobe FCD,
Sub8 25 F TLE left occipital lobe FCD
Sub9 46 M TLE Temporal lobe FCD
Sub10 20 M TLE AMY neuronal loss

Abbreviations: R. ¼ Right; L. ¼ Left; HP ¼ hippocampus; mHP ¼ mid-hippocampus;
PHG ¼ parahippocampal gyrus; DG ¼ dentate gyrus; aTG ¼ anterior temporal gyrus; S
TLE ¼ temporal lobe epilepsy; FCD ¼ Focal cortical dysplasia; OFC ¼ orbitofrontal cortex
Subject demographic data are presented together with clinical observations from clinic
responding surgery. Anode and cathode indicate brain regions of stimulation in each su
hippocampus, the mean current was 2 mA, and the mean charge density was 360 mC/cm
South Korea) had hippocampal depth electrodes implanted
(Fig. 1A) and then performed two different verbal memory tasks
(i.e., word pair associative memory and single word item memory)
with or without stimulation to the hippocampus. The local IRB
approved the study protocol (H-1407-115-596) and all subjects
provided written informed consent to participate in the present
study.

All electrodes were implanted for clinical purpose only. Elec-
trodes (AdTech Medical Instrument Corporation, Racine, WI, USA)
targeting medial temporal structures were depth electrodes (plat-
inum, surface area of 0.059 cm2, placed 6 mm apart). Depending on
clinical need, subdural grid electrodes were placed on the cortical
surface (diameter of 4mm, placed 10mm apart) with stainless steel
contacts. Prior to electrode implantation, each patient underwent a
magnetic resonance (MR) imaging in a Magnetom Trio, Magnetim
Verio 3-tesla (Siemens, München, Germany) or Signa 1.5-tesla
scanner (GE, Boston, MA, USA). Computed tomography (CT) im-
ages were recorded using a Somatom sensation device (64 eco;
Siemens München, Germany). Additional MRI and CT scans were
performed following electrode implantation.

Target hippocampal electrodes for stimulation were inserted
into the mid-body of the hippocampus gray matter using a
temporo-lateral approach. A neuroradiologist identified each
electrode contact using a thin section postimplant CT scan. The
brain model and implanted electrodes were reconstructed from
individual preoperative MR images and postoperative CT images
using CURRY 7.0 (Compumedics Neuroscan, Charlotte, NC, USA). A
neuroradiologist and neurosurgeon then confirmed the hippo-
campal electrodes within the medial temporal lobe (MTL). Each
patient had at least one hippocampal electrode in the region of
interest. The stimulation was applied between two adjacent con-
tacts on the same depth electrode. Given that the electrodes within
the MTL were 6 mm apart, the adjacent two stimulation target
electrodes were identified as the hippocampal gray matter and in
the temporal white matter and that the anode/cathode was
assigned accordingly.
Memory tasks

To assess the effect of stimulation on task-dependent memory,
we asked each subject to perform the two different verbal memory
tasks, both of which are known to recruit the medial temporal lobe
including the hippocampus during memory encoding [32], using
STIM2 software (Compumedics Neuroscan, Victoria, Australia).
Stimulation parameter

Resection Seizure onset Anode Cathode

aTG, aHP STG L.mHP LWM
HP PHG L.mHP LWM
ITG TP, STG L.mHP LWM
PHG aTG, R.mHP LWM
PHG, AMY AMY R.mHP LWM
AMY, PHG OFC R.mHP LWM
aTG, AMY AMY R.mHP R. mHP
Occipital gyrus, HP occipital lobe L.mHP LWM
aTG, AMY, aHP temporal lobe L.mHP LWM
aTG, AMY, HP AMY L.mHP LWM

aHP ¼ anterior-hippocampus; AMY ¼ amygdala; LWM ¼ limbic white matter;
TG ¼ superior temporal gyrus; ITG ¼ inferior temporal gyrus; TP ¼ temporal pole;
.
ally identified seizure onset zones, and pathology in subjects who underwent cor-
bject. In all subjects, the stimulation location was either the left or the right mid-
2/phase.



Fig. 1. A. Location of stimulation contacts in the medial temporal lobe. Preoperative high-resolution MR imaging co-registered with a postoperative CT scan (not pictured)
showing the location of depth electrodes. The green crosshair denotes the location of the stimulation electrode in the right middle hippocampus in sagittal anode (a), sagittal
cathode (b), coronal anode (c), and coronal cathode (d) sections in Subject 4. (eeh) The left middle hippocampus electrode in Subject 3. B. Paradigms of verbal memory tasks with
stimulation. Example of the timeline of (a) word item memory and (b) a word pair associative paradigm. The 50 Hz stimulation was delivered in 5 s trains only at the encoding
phase and was randomly assigned to two of four blocks. Lightning bolts denote periods when stimulation may be applied. C. Effects of stimulation on verbal memory per-
formance. (aeb) The proportions of correctly recognized words under the stimulation-off and -on conditions. Accuracy differences between the two conditions were significant
across subjects (Wilcoxon signed-rank test, *p < .05). Colors denote associative task (red) and item task (blue). (c) The Z-score difference accuracy in between stimulation-on and -off
in each individual subject. Note that Subjects 5 and 6 performed both tasks. (d) Mean difference accuracy across conditions for each task (Mann-Whitney U test, **p < .01). Error bar
indicates standard error of mean (SEM). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

S. Jun et al. / Brain Stimulation 13 (2020) 603e613 605
Each memory task comprised three successive stages: encoding,
distractor, and retrieval (Fig. 1B). For word pair associative memory,
six subjects completed sequentially 120 word pairs modified based
on previous studies [33]; the pairs consisted of two Korean concrete
nounswith amean frequency of 105.11 (SD¼ 3.35, IQR¼ 122.5). For
word item memory, six subjects performed 120-word items of one
concrete noun, randomly shown one at a time.

During encoding, a word pair was visible for 4 s, followed by a
white fixationwith a black screen of 1 s. To ensure a deep encoding,
we used previously reported encoding feedback [34] in which
participants were encouraged to respond by pressing with their
index finger if they judged the appeared word on the screen as
“pleasant” or “unpleasant”. Following the final word of the
encoding block, subjects took a 10 min break and then performed a
30 s math distractor task consisting of a series of arithmetic prob-
lems for “A-B ¼ ?”, where A and B were randomly chosen integers
ranging from 1 to 100.

In retrieval, a word pair associative test that was visible for 3 s,
the subjects were asked to press one of three keyboard buttons as
accurately and quickly as possible, depending onwhether the word
pairs had been presented before in the same pair (“intact”; button
#1), whether the twowords had been presented before but as parts
of different pairs during encoding (“rearranged”; button #2) or
whether both words were all new (button #3). No words pairs
appeared twice. In retrieval on the item task, subjects were to
respond whether the word had been presented before (“old”;
button #1) or was new (“new”; button #2) or the subject was not
sure (“familiar”; button #3). For the main experimental session, no
patients were exposed to the same experimental task more than
once.
Brain stimulation

Stimulation was given only in the encoding phase by passing an
electrical current between two adjacent electrodes using biphasic
symmetric squared wave pulse of 300 ms per phase, at a frequency
of 50 Hz, which was reported to have a positive effect on memory
performance in past studies [6]. A Grass S12X stimulator (Natus, RI,
USA) delivered a cycle of 5 s trains using 2.0 mA current equally in
all subjects. Total energy was between 30 and 57 (mC/cm2/ph) of



Table 2
Results of neuropsychological memory test of patients.

Subjects Neuropsychological memory test

Full Scale IQ MQ WMS word associative memory

Sub1 91 90 11
Sub2 77 94 30
Sub3 78 81 12
Sub4 97 112 18
Sub5 85 111 9
Sub6 110 60 22
Sub7 57 66 5
Sub8 65 74 10
Sub9 97 89 17
Sub10 101 79 24
Average 85.8 (15.8) 86.2 (20.2) 15.8 (7.4)

Data presented as mean (SD).
Subject pre-operative neuropsychological results. A clinical psychologist employed
the Wechsler Adult Intelligence Scale-Korean version (K-WAIS-IV) for Full Scale
Intelligence Quotient (IQ). The Rey-Kim Memory test was used to assess Memory
Quotient (MQ) and the Wechsler Memory Scale (WMS) IV was used for word
associative memory.
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charge per phase and square centimeter that was demonstrated to
be safe and well tolerated in patients with epilepsy.

The encoding phase consisted of two sessions, with two blocks
in each session. Stimulationwas given during one of the two blocks
in each session. During the stimulation-on block, the stimulator was
active during the learning of a word (or a word pair), turned on or
off for each trial. The stimulation was activated at the presentation
of the word and lasted continuously for 5 s, extending until the
following fixation; the stimulator was then inactive for the
following word and fixation. The stimulation was randomized to
occur during one of the two blocks in each session. Note that for the
present study, we compared stimulation effects between the
stimulation-on and stimulation-off blocks.

Neuropsychological memory test

Neuropsychological assessments were conducted on all subjects
before surgery (within one month) as part of routine clinical
practice [35]. We measured the Memory Quotient (MQ) using the
verbal immediate and delayed recall subtests from the Korean
version of the Rey auditory verbal learning test (RAVLT). The RAVLT
requires immediate recall a list of 15 words presented audibly at
intervals of 1 s, and this procedure is repeated five times (verbal
immediate recall) after 20 min’ recall for the list of words (verbal
delayed recall). We measured WMS word associative memory us-
ing the verbal paired associates subtest from theWechsler memory
scale fourth Edition (WMS-IV). The WMS requires that patients
learn seven pairs of unrelated words presented audibly and then
listen to the first word of each pair and recall immediately the other
word in the pair (verbal paired associates immediate, VPA1). After
30 min, the first word of the pair was presented and then the pa-
tient was required to recall the other word in the pair (verbal paired
associates delayed, VPA2). For the purpose of revealing the rela-
tionship between individual memory capacity and the memory
performance with hippocampal stimulation, we used the subjects’
FSIQ, MQ, andWMS word associative memory in this study. Details
of neuropsychological test scores are presented in Table 2.

Analysis of memory performance and electrophysiological data

Behavioral data were analyzed with SPSS 23 (IBM, Armonk, NY,
USA). We quantified the stimulation-on memory performance in
this task by computing the proportion of learned words that were
successfully recognized during stimulation-on versus those words
learned during stimulation-off. To test whether items learned dur-
ing stimulation were remembered more accurately than items
learnedwithout stimulation, we compared the accuracy of memory
scores between stimulation-on and stimulation-off trials within
blocks; we used the Wilcoxon signed-rank test and assessed the
statistical significance of changes. Then, we compared memory
differences with neuropsychological memory scores using the
Spearman’s rank correlation analysis with bootstrap confidence
intervals calculated using 1000 resamples with a significance level
of 95 %.

Intracranial EEG data including depth and ECoG were recorded
using a 128-channel digital video monitoring system (Telefactor
Beehive Horizon with an AURA LTM 64- & 128- channel amplifier
system) digitized at a sampling rate of 1600 Hz. The impedance of
the electrodeswas between 0.3 and 1 kUwhen implanted. Analyses
of intracranial EEG focused on oscillations in iEEG of field potentials
recorded from the hippocampus in two patients who performed
both the word pair associative and word item memory tasks. Our
main interests were whether oscillatory activity in the iEEG of field
potentials would differ between the two task conditions and
further testing the characteristics in successfully recognized words.
To this end, iEEG data were recorded during experimental testing
from the same targeted hippocampal electrodes for stimulation.
Given the electrical stimulation produced substantial electrical ar-
tifacts in the recording channels, and volume conduction effects in
nearby channels, iEEG data were not recorded when stimulation
was given. We investigated the neural mechanism underlying the
effects of hippocampal stimulation-on by analyzing iEEG data from
memory retrieval as well as stimulation-off phase during encoding
in the two subjects who performed both the tasks.

Analyses of iEEG data were conducted with MATLAB (Math-
works, Natick, MA, USA). Prior to data processing, all channels
clinically identified within the ictogenic zone, or those electrodes
observed as corrupt during recordings, were excluded from all data
analysis. Electrodes were also excluded from subsequent analyses if
there were any motion artifacts. All data preprocessing was per-
formed at a single electrode level. For each subject, all non-
excluded electrodes were first digitally filtered with a low-pass
filter of 100 Hz. To attenuate 60 Hz line noise, a notch filter at
60 Hz was applied. The recorded data were then re-referenced to
the common average reference (CAR).

To quantify specific changes in different frequency ranges in the
hippocampal gray matter with a continuous time complex value
representation of the signal, we conducted a time-frequency
analysis. We performed spectral decomposition (1 frequency from
1 to 10 Hz, 2 frequencies from 10 to 20 Hz, and 4 frequencies from
30 to 100 Hz, logarithmically spaced; Morlet wavelets; wave
number ¼ 2.48) for the 0e4 s epoch relative to word onset in the
encoding phase and 0e3 s epoch relative to word onset in the
retrieval phase. Mirrored buffers (length ¼ 2 s) were included
before and after the interval of interest and then discarded to avoid
convolution edge effects. Transformed single trial data were
squared for calculating power and then normalized by the mean
and standard deviation of the baseline power (�1 to 0 s of word
presentation onset) of each frequency.

To test the significance between stimulation-on versus stimula-
tion-off duringmemory retrieval phase, we extracted t-values using
the means and SDs with the independent two sample t-test. For
visualization of time frequency map, epoched single trials were
averaged across all trials. Then, to investigate the theta power
changes in the hippocampus, we analyzed the signal across three
different frequency ranges that have been implicated in episodic
memory and plotted time series data with averaged t-value in each
of the three frequency bands. To obtain hippocampal power during
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the encoding phase, we performed the same procedure and same
spectral decomposition method described above.

For statistical analysis, trials were split into 2 groups based on
whether the stimulus was associative memory or item memory.
The averaged t-value across the presentation for stimuli (0e3 s) in
all trials of each three frequency bands was compared between
associative memory and itemmemory. This result was then used to
perform group-level comparison in each of 6 subjects (Fig. 2C). For
the analysis of encoding phase, we performed the same procedure
and same spectral decomposition methods described above. Note
that the independent two sample t-test for encoding phase was
conducted with all trials between two different memory tasks
within subject (Fig. 3C and D right panel).

For Power spectral density (PSD) analysis, analyses for each
patient, and state were calculated separately in Matlab. PSD anal-
ysis used the Welch method (pwelch function in Matlab with a
512 ms window, 256 ms of overlap, see Fig. 3A for an example of
PSD in Subject 5). We determined significance using non-
parametric statistics that controlled for multiple comparisons [36].

Results

Hippocampal stimulation improves associative memory but impairs
item memory

In our study, 10 subjects including two within-subjects with
implanted electrodes performed two different verbal memory tasks
while hippocampal stimulation was applied during some encoding
trials (Fig. 1A). We designed these tasks specifically to assess the
differential effects of electrical stimulation in the hippocampus on
memory encoding (Fig. 1B). We assessed the effect of stimulation
on memory by examining behavior in the subsequent recognition
phase of each task. In the item task, we defined successful memory
as correctly identifying old items as “old”. The mean percentage of
Fig. 2. Memory effect in the hippocampus during retrieval. A. Individual within-subjec
normalized power in correctly recognized trials between stimulation-on and -off during enco
1 and 100 Hz during the associative memory (left) and item memory (right) tasks in each su
comparing t-valued power. B. hippocampal time courses of 2e4 Hz (low theta), 4e10 H
comparison of baseline normalized theta power changes across six patients in each task. The
gamma range (Mann-Whitney U test, p < .05 adjusted p value with post-hoc, n ¼ 6).
correct responses across all trials was 83.6 ± 7.3%. We defined
successful memory in the associative task as the combined accu-
racy in the “intact” and “rearranged” trials because in order to
correctly identify a pair as “rearranged”, the subject must not only
recognize that the words are all familiar but, they also recognize
that the words are not in the correct pairing arrangement. The
mean percentage of correct responses on the associative task was
63.5 ± 9.8%. Note that the behavioral result of the associative task is
the same as in our recent study [26].

We then assessed individual memory performance for the two
memory tasks on stimulation-on blocks compared with stimulation-
off blocks and conducted nonparametric statistical within-subject’s
comparison of mean accuracy between stimulation-on and stimu-
lation-off trials to measure significance (Fig. 1C). For associative
memory, the average accuracy in the six subjects improved
significantly with hippocampal stimulation (off ¼ 59.3 ± 10.1 %;
on ¼ 67.3 ± 9.7%; Wilcoxon signed-rank test, df ¼ 5, p ¼ .027). In
contrast, for item memory, the average accuracy in the six subjects
was significantly lower with hippocampal stimulation (off ¼ 86.1 ±
6.5%; on ¼ 81.1 ±8.0%; Wilcoxon signed-rank test, df ¼ 5, p ¼ .042).
Crucially, we conducted a comparison analysis of the effect of
stimulation (i.e., the difference scores for stimulation-off and -on
transformed to Z-scores) across the two conditions and
found þ 0.77 ± 0.45 for associative memory, but - 0.65 ± 0.53 for
item memory (Mann-Whitney U test, Z ¼ �2.9, p ¼ .004); this
statistically significant difference confirmed a task-dependent ef-
fect of stimulation.

Stimulation-induced memory enhancement is reflected in increased
theta power during retrieval

We next sought to identify neural correlates of the observed
memory enhancement in the hippocampus during memory
retrieval. In this analysis, we used neural oscillations during the 3 s
t time-frequency maps for Subjects 5 and Subject 6; a mean difference is shown in
ding. Baseline normalized power changes at each of 10 log-spaced frequencies between
bject. Colored regions indicate significance at p < .01 resulting from two-sample t-test
z (theta), and 30e100 Hz (gamma) power during word presentation. C. Group-level
results showed significant differences in the low theta and theta ranges but not in the



Fig. 3. Neural evidence of verbal memory encoding. A-B. The left two panels show frequency spectrograms for the associative memory (red) and item memory (blue) tasks,
respectively, for Subjects 5 and 6, showing mean difference in power between task and baseline (*p < .05, ***p < .001). The right two panels indicate baselined power changes shown
at each of 10 log-spaced frequencies between 1 and 100 Hz for the associative memory and item memory tasks. C-D. Memory-related oscillatory activity of verbal memory
encoding. Time courses of 2e4 Hz, 4e10 Hz, and 30e100 Hz power in the hippocampus during word presentation for the two subjects who performed both tasks (Subject 5 and
Subject 6, respectively). All power values are baseline normalized to the pre-stimulus baseline. Shaded error regions are ± 1 within-subject SEM. The bar represents averaged power
during item presentation, shown with 95% confidence intervals (*p < .05, **p < .01, ***p < .001). n.s. indicates not significant. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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of stimulus presentation during retrieval trials to investigate how
prior hippocampal stimulation during the encoding phase affected
subsequent hippocampal oscillatory activity during retrieval. We
first looked at two subjects who performed both tasks for within-
subject comparisons. Fig. 2A shows the baseline normalized spec-
tral power in the hippocampus for both subjects, calculated by the
oscillatory activity difference between correctly remembered
words in the stimulation-on and stimulation-off conditions in both
the associative and the item memory tasks. The overall results
exhibited that oscillatory power in the theta range (2e10 Hz)
increased significantly in the associative memory task but not in
the item memory task. Successful recognition in associative
memory but not in item memory exhibited increased power in the
theta frequency range for remembered words previously followed
by stimulation compared with remembered words without stim-
ulation (two-sample t-test, p < .01).

We next analyzed the signal across three frequency ranges that
have been previously implicated in episodic memory
[3,28,30,37e41], 2e4 Hz (“low theta” or “delta”), 4e10 (“theta”),
and 30e100 Hz (“gamma”). We averaged the oscillatory power in
each of the frequency bands and plotted during the retrieval period
(0e3s) in which the word stimulus was visible on the screen.
Associative and item memory showed a significant power differ-
ence in the low theta and theta ranges but not in the gamma range
(two-sample t-test, p < .01, Fig. 2B).



S. Jun et al. / Brain Stimulation 13 (2020) 603e613 609
In addition, we also found that the memory effect in each of the
other subjects who performed the associativememory task showed
significant theta power increase but that did not occur with the
item memory task (Supplementary Fig. S1). Group-level theta po-
wer comparison between the associative and item memory tasks,
after correction for multiple comparisons, confirmed significance
difference (Mann-Whitney U test, 2-4 Hz: Z ¼ �2.69, p ¼ .004;
4e10 Hz: Z ¼ �2.88, p ¼ .002; 30e100 Hz: Z ¼ �1.92, p ¼ .065,
adjusted p valuewith post-hoc, n¼ 6, Fig. 2C). These results indicate
that hippocampal stimulation during associative encoding may
promote subsequent memory retrieval by influencing theta activity
in the hippocampus, which is important for memory association.
Associative memory elicits higher theta power than item memory
during encoding

As we started with the assumption that in our study based on
past studies, the associative memory would elicit higher theta ac-
tivity than would item memory. Although the site of stimulation
and patient characteristics (such as sex and cognitive ability) were
largely matched across the two conditions, it is possible that the
difference across the two task conditions could be due to a factor
other than task. Because two of our subjects (Subject 5 and 6)
participated in both tasks, we were able to make a closer, within-
subject comparison between neural activities during the two
tasks for these subjects.

To address the hypothesis that underlying neural signals during
each task may correlate with the variations in the behavioral out-
comes of hippocampal stimulation, we analyzed the brain activity
in the stimulation-off trials during encoding. First, to determine
whether there were reliable differences in hippocampal activity
between the two tasks, we calculated changes in power during
encoding relative to the pre-trial baseline, in which the patients
were gazing at the white fixation cross. In general, the trend across
the subjects’ data showed that the theta range (2e10 Hz) power
were significantly elevated for the associative task, but not for the
item task (Fig. 3A and 3B).

We also calculated the power in each of three bands and aver-
aged across the 0e4 s of the encoding period during which the
word stimulus was visible on screen. There was a significant in-
crease in power following the onset of stimuli in the low theta and
theta but not the gamma range on the associative task, but not on
the item task (two-sample t-test, Subject 5, 2e4 Hz: t(98) ¼ 1.67,
p ¼ .04; 4e10 Hz: t(98) ¼ 3.51, p ¼ .001; 30e100 Hz: t(98) ¼ 1.07,
p ¼ .29, Fig. 3C; Subject 6, 2e4 Hz: t(73) ¼ 3.17, p ¼ .002; 4e10 Hz:
t(73)¼ 2.03, p¼ .04; 30e100 Hz: t(73)¼ .51, p¼ .61, Fig. 3D). Taken
together, these results demonstrate a fundamental difference in
hippocampal oscillatory activity between the two tasks.
Successful memory encoding elicits higher theta power in both
memory task

Past studies of verbal item memory [29,42] reported that hip-
pocampal theta power during memory encoding was higher for
subsequently remembered trials than for forgotten trials (a positive
subsequent memory effect). Supplementary Fig. S2 shows the
subsequent memory effect in each of our subjects, labeled ac-
cording to whether the learned stimuli were correct or incorrect.
Replicating past studies, we found that correct items in both the
associative and item memory tasks showed higher theta power
during encoding (both two-sample t-tests, p < .05). These results
add to the existing literature that successful memory encoding in
the hippocampus is positively correlated with the strength of theta
oscillations.
Stimulation-mediated memory effect is greater in subject with
poorer baseline cognitive function

We further considered the possibility that stimulation effects
could be related to baseline memory function, and thus analyzed
the correlations between the hippocampal-mediated memory ef-
fect and baseline cognitive capacity including memory in all pa-
tients (Fig. 4). Overall, the patients with poorer baseline cognitive
performance tended to improve much more with stimulation on
the associative memory during retrieval. Conversely, the patient
with higher baseline cognitive performance tended to show the
greater stimulation-mediated impairment in item memory. Across
all subjects, the magnitude of the associative memory enhance-
ment showed negative correlations with three different baseline
neuropsychological performance, showing that only the correlation
with WMS associative memory task presented as significance.
(Spearman’s rho, Full-Scale IQ, associative; r(6) ¼ -.145 p ¼ .784;
MQ, associative: r(6) ¼ -.203, p ¼ .7; WMS word associative
memory, associative: r(6) ¼ -.841, p ¼ .036). On the contrary,
although the correlation with MQ is not statistically significant
(item: r(6) ¼ -.116, p ¼ .827), the memory impairment for item
memory showed significantly positive correlations with baseline
performance measures (Full-Scale IQ, item: r(6) ¼ .928, p ¼ .008;
WMS word associative memory, item: r(6) ¼ .812, p ¼ .05).

Discussion

Summary

With the present study, we demonstrated that direct 50 Hz
electrical stimulation of the human hippocampus improved a word
pair associative memory but impaired single-item memory. The
task-specific memory modulation may be related to the fact that
the associative task elicited stronger theta oscillations than the
single-item task. During retrieval, memory enhancement was
accompanied by neural oscillations that reflected increased theta
activity in the hippocampus. Altogether, our findings indicate that
cognitive effects of brain stimulation are dependent on the tasks
employed and suggest that theta oscillations may provide a
mechanism by which hippocampal stimulation enhances memory
performance.

The present study provides for the first-time direct evidence of
task specificity on the efficacy of direct hippocampal stimulation on
memory in humans and demonstrates that theta activity is linked
to this stimulation-induced memory enhancement. This finding
extends prior non-invasive stimulation studies that implied the
specific role of the hippocampus on associative memory [43e45],
and the selective stimulation influence on associative memory
success in contrast with itemmemory [46]. Notably, our data reveal
that hippocampal stimulation specifically influenced theta-
dependent task in the hippocampus, and that this task-
dependent neural activity associated with memory enhancement
was observed even within the same subjects.

Task-dependent effects of hippocampal stimulation on memory

Our behavioral finding of impaired itemmemory by stimulation
corresponds with prior findings of observed item memory
impairment by hippocampal stimulation [3,4]. Interestingly, how-
ever, we also found enhancement in associative memory [26].
There are several differences, not necessarily mutually exclusive,
that may underlie these behavioral discrepancies. One potential
explanation is that the brain’s encoding state could have an impact
on the behavioral outcome of the stimulation. That is, the memory
tasks that recruit different neuronal processes may be differently



Fig. 4. Correlation coefficient between the hippocampal stimulation mediated memory effect and baseline cognitive capacity. A. Full-Scale Intelligence Quotient (IQ), B.
Memory Quotient (MQ), and C. WMS word associative memory were selected because they relate to the verbal memory task used in the study. The patients with worst baseline
cognitive performance tended to show the greatest stimulation-mediated improvements in associative recognition and the greatest stimulation-mediated impairment in item
recognition (Spearman’s rho, *p < .05, **p < .01).
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affected by stimulation through the activation of different neuronal
pathways [47]. A robust body of previous evidence indicates that
the hippocampus supports encoding associative or relational in-
formation whereas item memory can be supported by extra-
hippocampal structures [11,48e51]. The preferential engagement
of the hippocampus for associative memory rather than item
memory (i.e., non-associative memory) has been found in humans
at the level of single hippocampal neurons in a recent study [52],
which reported elevated hippocampal firing selectively during
successful associative memory retrieval. In fact, we showed in our
behavioral results a selective influence on a word pair associative
memory task compared with single-item memory. We further
confirmed that the underlying neural activation levels differed
depending on the tasks applied even within the same individuals
during memory encoding (Fig. 3), indicating that the stimulation
generated differing behavioral effects depending on its targeted
underlying neuronal activities.

This reliance of stimulation effect on different brain activity is in
linewith theMTL single unit activity in primates: A small difference
in the specific neuronal population of the MTL could produce
opposite behavioral effects through stimulating certain stimulus
(i.e., task) selective neurons [53]. In similar reasoning, prior human
iEEG study explored brain’s encoding state-dependent modulation,
showing that the effect of the stimulation on brain function depend
on the state of neural activity at the time the stimulation is applied
[25]. This study estimated, unlike in the present study for which we
focused on local hippocampal activity, global brain encoding states
derived from whole-brain patterns of neural activity and showed
that decoding the latent brain states can improve the chances of
influencing memory outcomes through stimulation methods. On a
related note, a non-invasive transcranial magnetic stimulation
(TMS) study exhibited that the effect of stimulation is strongly
reliant on the state of the stimulated region [54], suggesting that
the difference in excitability of neurons could have a critical role in
determining the behavioral outcomes of stimulation [47].

Besides the differences in underlying hippocampal activity, the
effects of stimulation could be sensitive to several stimulation pa-
rameters. In the present study, stimulation characteristics of phase,
frequency and pulsewidth were similar to those in previous studies
[4,6]; however, there were still minor differences in factors such as
stimulation sites, amplitudes, and duration. The stimulation sites in
our study (i.e., cathodes) were located in temporal white matter
together with the hippocampus gray matter; hence we hypothesize
that the net effect of stimulation was to increase the activation of
neurons projecting from the site of stimulation that preferentially
mediated axons rather than the cell bodies [55]. Accordingly, this
may have driven hippocampal activity by eliciting excitatory re-
sponses upon electrical stimulation [56]. In addition to the stimu-
lation site, our protocol was of slightly higher stimulation
amplitude and of longer stimulation duration, which could have
increased the total energy delivered to the tissues [57]. Previous
studies on animal and human deep brain stimulation exhibited that
brain structures respond differently to stimulation parameters
[58,59]. Thus, setting precise parameters is an important factor for
consistent effects of brain stimulation [60].
Theta activity as a neural signature for memory enhancement

In our iEEG data, theta activity increased only during associative
memory and during successful memory encoding of item memory.
Our findings are consistent with those from several prior neuro-
imaging studies, suggesting more activity in the hippocampus for
associative than for item memory [17,61e63] and increased theta
activity during encoding for successfully remembered memory
[42,64].

Could the increase in theta power for associative retrieval be a
result of exciatory activity by stimulation, resulting in subsequent
memory improvement? As aforementioned, stimulation’s effect on
physiology depends on the excitability of the targeted neuron [65];
therefore, cognitive effects of stimulation could be modulated by
the ongoing neural activity at the time [25]. Particularly, hippo-
campal stimulation could alternately incur either long-term
potentiation or depression depending on whether the theta phase
is at the peak or at trough at the time of stimulation delivery
[66,67]. As such, stimulating the hippocampus may respect
intrinsic brain states (i.e., theta activity) and dynamics accordingly,
suggesting that the hippocampal theta oscillations may play a role
in stimulation-induced memory enhancement.

In the context of our study, we might speculate that the higher
theta power in associative memory, which is generally associated
with better memory performance, reflects a high level of hippo-
campal engagement in memory encoding; consequently, electrical
stimulation when the brain is active in this manner might have
induced positive stimulation effects on memory performance.
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Clinical implications

Patients with epilepsy often exhibit cognitive deficits as a
consequence of chronic seizures, antiepileptic medications, and
associated neural dysfunction [4,25]. Thus, an important question
was whether the benefit of hippocampal stimulation was attenu-
ated in patients with poorer baseline cognitive function. We found
that the patients with poorer baseline cognitive performance ten-
ded to improve in memory much more with stimulation, while the
enhancement effect was more limited in patients with higher
baseline cognitive scores. This implies that those who have poor
cognitive function and therefore need help might benefit the most
from brain stimulation.

The neuropsychological test in which the patterns of test scores
illustrate profiles of cognitive strength and weakness [68] was
designed to examine a variety of cognitive abilities. Because the
tests we referred to covered verbal itemmemory, verbal associative
memory, or general Intelligence Quotient (IQ; see Materials and
Methods, Neuropsychological test), the correlations between the
neuropsychological test and the effects of stimulation on memory
performance may reflect the task specificity of the two different
verbal memory tasks. For instance, our result was that the effect of
stimulation on item memory was positively correlated with the
Full-Scale Intelligence Quotient (FSIQ) score. In contrast, the stim-
ulation effect on associative memory was negatively correlated
with the Korean Wechsler Memory Scale (K-WMS) associative
memory scores. Given the differential task characteristics, it seems
rather obvious that these differences in correlation are apparent,
and in fact, the FSIQ score reflect the attributes of verbal item
memory function rather than associative memory function.

Addressing these issues can potentially translate into clinical
practice, as the finding that electrical stimulation in the hippo-
campus might provide a hint regarding why some patients with
bilateral hippocampal lesion showed worse performance on the
associative memory task than with item memory [69] and why
some patients who undergo surgical removal of this region have
associative verbal memory deficits.

Limitations

As in any study examining the effects of direct electrical stim-
ulation in patients undergoing intracranial electrode monitoring,
our study necessarily included patients with intractable epilepsy.
Therefore, because of clinical constraints across patients including
idiosyncratic variables (e.g., seizure locus, etiology, specific location
of stimulation electrode), the present study raises several technical
considerations. First, since the electrodes were implanted only for
clinical purpose as part of pre-surgical evaluation for drug-resistant
seizure, our study did not directly test a control region for stimu-
lation. However, the selective modulation effect of hippocampal
stimulation has been demonstrated previously in non-invasive
studies [43,46]. For example, while non-invasive primary motor
cortical stimulation did not exhibit any reliable changes in cortical-
hippocampal connectivity or associative memory performance
[43], targeted hippocampal stimulation demonstrated a selective
influence on associative memory success [46].

Second, we investigated a small number of subjects, and thus,
we cannot claim with any certainty that the statistical power was
sufficient. However, despite these limitations, we observed a
consistent memory effect of stimulation in all six subjects following
each memory task. In addition, although not all subjects performed
both memory tasks, we accounted for the differential effect of
stimulation on memory tasks across patients by using a within-
subject design and comparing two patients’ performance and
electrophysiological responses during the memory process. We
note, however, that although the subjects’ cognitive level was
largely matched, it is possible that variability in other factors such
as memory strategy or task difficulty may have interacted with
hippocampal stimulation-induced memory modulation. To further
investigate such issues, future work will aim to independently
manipulate such factors from the stimulation itself.

Given that invasive stimulation is highly localized and given the
heterogeneous nature of neural responses at small scales, further
study using smaller electrodes or micro-stimulation is needed to
understand more precisely the relationship between stimulation
parameters and the response elicited from small pieces of neuronal
tissue [70]. Furthermore, considering the importance of mechani-
cally characterizing the causal effects of stimulation on brain ac-
tivity during memory encoding, it is crucial for the entire field that
new and improved methods to minimize stimulation artifacts be
developed.

Conclusion

By depicting that hippocampal stimulation is most likely to
improve memory when the underlying hippocampal activity is
specifically related to theta activity, our data offer valuable insights
into the inconsistencies reported in behavioral effects of hippo-
campal stimulation so far and provides the foundation for future
work that maximizes the effectiveness of brain stimulation for
treating memory disorders.
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