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Summary
Background Treating memory and cognitive deficits requires knowledge about anatomical sites and neural activities
to be targeted with particular therapies. Emerging technologies for local brain stimulation offer attractive therapeutic
options but need to be applied to target specific neural activities, at distinct times, and in specific brain regions that
are critical for memory formation.

Methods The areas that are critical for successful encoding of verbal memory as well as the underlying neural activi-
ties were determined directly in the human brain with intracranial electrophysiological recordings in epilepsy
patients. We recorded a broad range of spectral activities across the cortex of 135 patients as they memorised word
lists for subsequent free recall.

Findings The greatest differences in the spectral power between encoding subsequently recalled and forgotten words
were found in low theta frequency (3�5 Hz) activities of the left anterior prefrontal cortex. This subsequent memory
effect was proportionally greater in the lower frequency bands and in the more anterior cortical regions. We found
the peak of this memory signal in a distinct part of the prefrontal cortex at the junction between the Broca’s area and
the frontal pole. The memory effect in this confined area was significantly higher (Tukey�Kramer test, p<0.05)
than in other anatomically distinct areas.

Interpretation Our results suggest a focal hotspot of human verbal memory encoding located in the higher-order
processing region of the prefrontal cortex, which presents a prospective target for modulating cognitive functions in
the human patients. The memory effect provides an electrophysiological biomarker of low frequency neural activi-
ties, at distinct times of memory encoding, and in one hotspot location in the human brain.
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Introduction
To find and localise the neural activities critical for
memory formation has been one of the main limiting
factors for applying brain stimulation therapies. It is a
major challenge to identify a target neural activity, tim-
ing, and location for stimulation that would be effective
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Research in context

Evidence before this study

Memory and cognitive functions were historically
mapped using lesion and cortical stimulation studies in
a clinical context. With the rise of electrophysiological
and neuroimaging techniques, processing of specific
memory functions has been localised to discrete brain
areas. The original research papers that associated vari-
ous brain regions with verbal and non-verbal memory
encoding were reviewed, starting from the classic study
by Wagner et al. 1998. Subsequent memory effect, i.e.
the difference between trials with successful and failed
memory encoding, was used in particular to find evi-
dence for a hotspot of memory processing in the
human brain. Key review articles (Paller and Wagner
2002, Kim 2011) and book chapters (Rugg and Coles
1996) that summarise the neuroimaging and electro-
physiological studies served as sources of references
and opinions for the context of this study. The resultant
evidence from the neuroimaging studies delineated
wider anatomical areas with a significant memory
effect, whereas the electrophysiological data deter-
mined the timing and the sequence of the effect across
the spectrum of multiple frequency bands. Combination
of the precise anatomical localization with the temporal
dynamics of the memory signal requires large datasets
from intracranial recordings that were not available
until recently. A number of recent studies looked at the
memory effect but were missing a comprehensive
investigation of a hypothetical hotspot of memory
encoding in distinct anatomical areas, frequency ranges,
and times of memory processing.

Added value of this study

Our study provides a comprehensive view (over 150
patients) of the memory effect in the spatial, temporal
and spectral dimensions of a range of brain activities.
This enabled a direct head-to-head comparison of the
effect across the human cortex to determine exact local-
ization, timing and the neural activity underlying suc-
cessful memory encoding. Intracranial recordings
acquired directly from the human brain offered
uniquely high spatiotemporal resolution and access to
the very sources of the brain’s activity.

Implications of all the available evidence

Our results suggest an anatomically confined area and
specific neural activities that are critical for successful
formation of declarative memories in humans. The pro-
posed hotspot of verbal memory encoding presents a
discrete target for modulating cognitive functions with
invasive and noninvasive brain stimulation techniques
in human patients suffering from memory deficits.
Localization of the hotspot area is congruent with the
cortical mapping studies of the language and executive
functions and with previous studies of the memory
effect in a wider area of the lateral prefrontal cortex.
The neural activities were identified in the theta

frequency range, which were associated with memory
processing in numerous animals and human studies. In
summary, the results validate an electrophysiological
biomarker of memory processing in the human brain
that can be used to develop new targeted therapies
and brain stimulation devices for treating memory and
cognition.
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for treating memory deficits in general. Processing vari-
ous types of verbal and non-verbal information is known
to engage multiple brain regions and electrophysiologi-
cal activities for the purposes of perceiving, maintaining
and storing particular information. Determining locali-
zation of the activities that are critical for successful for-
mation of new memories for later recall would
accelerate the development of new treatments based on
brain stimulation and shed light on the organisation of
memory in the human brain. The available technologies
are missing suitable targets and biomarkers of neural
activity to test and validate new therapeutic approaches.

Mapping the brain areas and the neural activities
that are critical for encoding of human memory has
been investigated in the advent of neuroimaging and
electrophysiological techniques. Scalp EEG was first
used to quantify the difference between evoked
response potentials during presentation of stimuli that
were subsequently remembered and those that were for-
gotten, providing a neural activity measure of memory
processing.1 This subsequent memory effect (SME) was
then localised to specific anatomical regions using vari-
ous neuroimaging techniques.2�4 Encoding words and
photographs that were successfully remembered
induced a greater hemodynamic response in the same
prefrontal and temporal cortical areas of the left and
right hemisphere, respectively.5,6 The neural activities
behind these localised SME signals in the brain were
then confined to the theta and gamma frequency ranges
of scalp and intracranial EEG (iEEG) electrodes
implanted over or in the frontal and temporal cortex.7�11

More recent iEEG studies showed that these SME sig-
nals have both positive and negative polarity, i.e. more
or less spectral power induced during successful mem-
ory encoding, depending on the frequency band, brain
region, and phase of stimulus presentation.10�12 A com-
prehensive study of the frequency band, magnitude,
and polarity of SME across both anatomical space and
time of memory processing has so far not been possible
due to spectral and temporal limitations of the fMRI
studies and limited anatomical coverage of the iEEG
studies.

Large multi-centre iEEG studies can now provide
datasets from more than one hundred patients with
thousands of electrodes to record neural activities from
the entire cortex. Spectral power in the high gamma
range of frequencies (60�120 Hz), which is known to
www.thelancet.com Vol 82 Month , 2022
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correlate with the hemodynamic signals of the neuroim-
aging techniques13,14 and with the neuronal spiking
activity,15�17 has been proposed to map and investigate
cognitive functions in the iEEG studies.18 Our previous
study used the high gamma power to map and compare
SME magnitude and temporal dynamics across the
human cortex, showing a widespread distribution with
relatively equal magnitude in multiple temporal and
prefrontal areas.11 The lower frequency range of the
spectrum has either been unexplored, studied sepa-
rately, or not compared ‘head-to-head’ with the high
gamma activities, despite the original report of SME in
both theta and gamma frequencies.7 Both theta and
gamma activities play important roles in memory
functions19�22 and can be used to predict states for sub-
sequent recall and its modulation.23 Still, the contribu-
tion of the lower iEEG spectrum to SME relative to the
high gamma power remains to be determined. The goal
of this study was not only to identify the anatomical
location of a hypothetical hotspot but also the spectral
activity in a particular frequency band and phase of
memory encoding. Since spectral power in the lower
frequency bands is less correlated with the hemody-
namic responses,13,14 any memory effects in these low
ranges would only be reliably detected across the cortex
in the iEEG studies with adequate electrode coverage.

In our previous iEEG study, we took advantage of a
wide cortical coverage of the implanted electrodes that
showed the memory effect in the high gamma power
distributed across a widespread network of cortical
areas, including Brodmann areas 10 and 11 of the frontal
pole.11 This anterior section of the prefrontal cortex,
called the frontal pole, is less commonly implanted than
the more posterior dorsal and ventral lateral sections
and thus commonly ignored in the iEEG studies with
epilepsy patients. Even seminal neuroimaging studies
of the memory effect excluded the anterior and focused
on the lateral areas of the dorsolateral prefrontal cortex
in particular.6,24 More recent studies also implicated
the ventrolateral prefrontal cortex particularly with pre-
dicting memory recall.25,26 The remaining anterior sec-
tion of the prefrontal cortex was also consistently
reported in various cognitive tasks with specific roles
proposed for its rostral and lateral subdivisions.27,28

Even though the exact function of this higher-order cor-
tical area remains elusive, we hypothesised that its activ-
ity could be critical for predicting stimulus recall. Since
the iEEG studies of the cortical activity were predomi-
nantly limited to other brain regions and the high
gamma frequency range, the relative contribution of the
lower frequencies in the prefrontal and other cortical
areas to memory encoding8 compared to the high
gamma activities remains to be established.

Here, we address the need for a comprehensive
study of the memory effect compared across a broad
range of anatomical regions, spectral frequencies of
neural activities, and times of memory encoding in
www.thelancet.com Vol 82 Month , 2022
135 patients. Given the results of the previous neuroim-
aging studies5,6,25,26 and the recent iEEG studies with
direct electrical brain stimulation that reported memory
enhancement,29,30 we expected to observe local areas of
greater memory-related activity in the prefrontal and
temporal lobes. The key question of this study is
whether there are specific subregions of stronger SME
within these larger areas and what are the underlying
spectral activities. Our goal was to determine the hot-
spot areas and the neural activities of human verbal
memory processing for potential therapeutic targets.
Methods

Subjects
Data come from a large open-access database of 135
patients undergoing intracranial electroencephalo-
graphic (iEEG) monitoring for surgical evaluation of
drug-resistant epilepsy who were recruited to participate
in a multi-centre collaborative study. All of the patients
were diagnosed with the drug-resistant epilepsy con-
firmed in scalp EEG (phase I) monitoring, followed by
the iEEG (phase II) monitoring with stereo EEG or elec-
trocorticography (ECoG) surgical procedures. This
patient population was well represented by the
large sample from different clinical centres in this data-
base. All de-identified raw data may be downloaded at
http://memory.psych.upenn.edu/Electrophysiological_
Data. Electrophysiological recordings were collected
from standard clinical subdural and depth electrodes
(AdTech Inc., PMT Inc.) implanted on the cortical sur-
face and into the brain parenchyma respectively. Sub-
dural electrode contacts were arranged either in a grid
or a strip configuration with 10 mm separation, and
depth electrode contacts were separated by 5 to 10 mm.
The placement of electrodes was determined solely by a
neurology and neurosurgery team with the goal of deter-
mining seizure foci for possible epilepsy resective sur-
gery or implantation of a stimulation device for seizure
treatment. The target sites of electrode implantation
were not determined based on research purposes, and
hence, comprise a heterogeneous and uneven distribu-
tion of the implanted brain areas. This was mitigated by
the large number of patients to provide adequate elec-
trode coverage across the cortex.
Anatomic localization and brain surface mapping
Cortical surface parcellations were generated for each
participant from pre-implant MRI scans (volumetric T1-
weighted sequences) using Freesurfer software (RRID:
SCR_001847). The hippocampus and surrounding cor-
tical regions were delineated separately based on an
additional 2 mm thick coronal T2-weighted scan using
the Automatic Segmentation of Hippocampal Subfields
(ASHS) multi-atlas segmentation method. Electrode
contact coordinates derived from co-registered post-
3

http://memory.psych.upenn.edu/Electrophysiological_Data
http://memory.psych.upenn.edu/Electrophysiological_Data
http://mostwiedzy.pl


Articles

4

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

implant CT scans were then mapped to the pre-implant
MRI scans to determine their anatomic locations. For
subdural strips and grids, the electrode contacts were
additionally projected to the cortical surface using an
energy minimization algorithm to account for postoper-
ative brain shift. Contact locations were reviewed and
confirmed on surfaces and cross-sectional images by a
neuroradiologist. The T1-weighted MRI scans were also
registered to the MNI152 standard brain to enable com-
parison of recording sites in a common space across
subjects. Anatomic locations of the recording sites,
including Brodmann areas, were derived by converting
MNI coordinates to Talairach space and querying the
Talairach daemon (www.talairach.org).
Electrophysiological recordings
Intracranial data were recorded using one of the follow-
ing clinical electrophysiological acquisition systems
(dependent on the institution for data collection): Nihon
Kohden EEG-1200, Natus XLTek EMU 128, or Grass
Aura-LTM64. Depending on the acquisition system and
the preference of the clinical team, the signals were
sampled at either 500, 1000, or 1600 Hz and were ref-
erenced to a common contact placed either intracrani-
ally, on the scalp, or on the mastoid process. For
analysis, all recordings using higher sampling rates
were down-sampled to 500 Hz. A bipolar montage was
calculated post hoc for each subject by subtracting mea-
sured voltage time series on all pairs of spatially adja-
cent contacts. This resulted in N-1 bipolar signals in
case of the penetrating and the strip electrodes, and
N = (i-1)*j + (j-1)*i, where i and j are the numbers of con-
tacts in the vertical and horizontal dimensions of the
grid. For the data analysis of this study, one “electrode”
refers to the bipolar signal from one bipolar pair of con-
tacts. It is important to note that the same contact was
to derive at least two ‘electrode’ channels (more in case
of the grid of electrode contacts according to the for-
mula above), hence, the derived ‘electrode’ signals are
not as independent as the original contact signals (dif-
ferential). This bipolar montage derivation is a standard
signal processing procedure practised in the iEEG and
scalp EEG studies.
Free recall task
The task used is based on classical paradigms for prob-
ing verbal, short-term memory (Kahana, 2012), in
which subjects were shown lists of words for subse-
quent recall. Participants were instructed to study lists
of words presented on a laptop computer screen for a
delayed test of free recall. Lists were composed of 12
words chosen at random and without replacement from
a pool of high-frequency nouns in the subject’s native
language (either English or Spanish; http://memory.
psych.upenn.edu/WordPools). Each word appeared on
the screen for 1600 ms, followed by a random jitter of
750 to 1000 ms blank interval between stimuli. At the
end of each word list, a distractor task was performed by
the subject. This task lasted for 20 s and was composed
of a series of simple, arithmetic problems of the format
A + B + C, where A, B, and C were random, single-digit
integers between 1 and 9. After the distractor task, par-
ticipants were given 30 s in which to recall as many of
the words from the list as possible in any order
(Figure 1). Vocal responses were recorded digitally by
the laptop and were later scored manually for analysis.
Only subjects who recalled at least 15% of words and
completed at least 12 trials of the task were included in
further analysis. This left 135 of the 164 original subjects
for a grand total of 14,219 electrodes for analysis.
Electrophysiological recordings were synchronised to
stimulus appearance on the screen through an electric
pulse generator operated by the task laptop which sent
pulses to a designated event channel in the clinical
acquisition system. The events were timestamped after
the recording session using custom-written MATLAB
codes and were used to extract specific epochs of inter-
est around word presentation. Each epoch recorded was
3000 ms long and included 1600 ms of word presenta-
tion on the screen with 700 ms of blank screen, inter-
stimulus interval before and after word presentation.
Data analysis
We analysed intracranial electrophysiology recordings
from drug-resistant epilepsy patients before and after
word presentations. Each presentation epoch was fil-
tered (10-order Butterworth) before being spectrally
decomposed, normalised, and binned independently
into distinct frequency bands between 2 and 120 Hz:
low theta (2�4 Hz), high theta (5�9 Hz), alpha (10�15
Hz), beta (16�25 Hz), low gamma (25�55 Hz), and
high gamma (65�115 Hz) frequency bands (Figure 2).
We used a multi-taper Fast Fourier Transform
(Chronux toolbox, RRID:SCR_00554752; with 4Hz
bandwidth, 250 ms window and 1 taper to spectrally
decompose every signal epoch). Spectrograms of all
word epochs were averaged together after a z-score nor-
malisation of each time-frequency point. Power signals
obtained from different electrodes, patients, and ses-
sions, and estimated in the six different frequency
bands, were normalised using a method based on z-
score transformation across the word encoding
epochs.11,30 This was used instead of a baseline normal-
isation approach given that significant power changes
related to attention stimulus processing are observed
even before the stimulus presentation periods. For each
electrode and frequency band, we determined the aver-
age spectral power at each time point across all the
word presentation epochs. The overall induced power in
a given frequency band during the word presentation
epochs was quantified as the area under the absolute
www.thelancet.com Vol 82 Month , 2022
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Figure 1. Subsequent Memory Effect (SME) was estimated to quantify neural processes engaged in encoding of words. (a)
iEEG signals were recorded from epilepsy patients during presentation of 12 common English nouns for subsequent free recall, fol-
lowing a short algebraic distractor task. (b) Memory processing was quantified in a subset of electrodes (Saboo et al. 2019) (active
electrodes), which showed more task-induced power in a specific frequency band (orange) than the remaining non-active electro-
des (grey). (c) For each channel, difference in the mean task-induced power-in-band (PIB) between trials with words that were sub-
sequently recalled and those that were forgotten was used to estimate SME magnitude across the time of word encoding. Note: t-
statistic values were used to test times of significantly positive (more power on the recalled trials) or negative (less power on the
recalled trials) SME. These were computed for a given frequency band, anatomical brain region, and hemisphere, as in the example
of low theta power in the left frontal pole (dark and light grey area plots correspond to the left and right hemisphere, respectively).
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value of the corresponding time-series curve. Electrodes
were then classified into active and inactive clusters
using a Gaussian Mixture Model (GMM) based, unsu-
pervised clustering method.31 Active electrodes were
classified independently for each subject, so induced
power values of active electrodes in a subject may over-
lap with those of inactive electrodes in other subjects.
Encoding power differences of recalled and forgotten
words were used to calculate subsequent memory effect
(SME), a biomarker for human memory processes in
the selected active electrodes. We used t-test statistic
normalisation to investigate temporal profiles of SME
(Figure 3a). Mean SME values were presented on a brain
surface with their interpolated diffusions across brain
volumes (per 20 MNI units) from all active electrodes
for the low theta and the high gamma frequency bands
in four representative time bins (Figure 4).
Clustering
We clustered active iEEG electrodes with their proximity
information to automatically group together electrodes
according to their anatomical proximity. We used k-
means clustering with squared Euclidean distance of
the electrode coordinates and repeated clustering
1000 times with new initial cluster centroid positions to
avoid local optimums. We divided total number of active
www.thelancet.com Vol 82 Month , 2022
electrodes by 20 to get the number of the clusters and to
have a reasonable number of active electrodes in each
cluster (n ’ 20). The k-means method created 33 clus-
ters, and we sorted them according to their brain
regions from anterior to posterior. Distances between
each electrode and their centroid of cluster were calcu-
lated and the mean value of these distances, cluster radii
were plotted for all extracted clusters in the left hemi-
sphere (see Figure 5d). Mean SME values were illus-
trated on a brain surface with their interpolated
diffusions across brain volumes (per 20 MNI units) for
each centroid of the clusters (Figure 5f).
Statistics
All statistics were performed in the MATLAB academic
version 2018a software package (MathWorks Inc.).
ANOVA with Tukey-Kramer post-hoc testing of specific
group differences was used to compare magnitude of
the memory effect between brain regions (Figures 2 &
3b) frequency bands of neural activity (Figure 3b) and
anatomical clusters of active electrodes (Figure 5E). To
assess the magnitude of the memory effect in specific
time bins of memory encoding, we used t-statistics sepa-
rately in the left and the right hemisphere (Figure 3a).
The ANOVA, the post-hoc testing of the group differen-
ces, and the t-statistic assessment of the SME
5
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Figure 2. SME magnitude was found to be the highest in the slow iEEG theta activity of the left prefrontal cortical areas.
Mean absolute SME values (positive and negative combined) averaged across the time of word encoding was estimated for all
active electrodes (n = 135) in six frequency bands and grouped into nine cortical regions. Bottom subpanels summarise post-hoc
comparison of the left hemisphere group means with the three most posterior visual areas of the occipital and parietal cortex show-
ing significantly lower SME (red dots, post hoc Tukey�Kramer test, p<0.05) relative to the top reference area (black dot). Notice pro-
portionally higher magnitude in the slow iEEG activities of the theta bands, which peak in the three most anterior areas of the
prefrontal cortex selectively in the left hemisphere. The low theta SME in these three prefrontal cortical areas is significantly greater
than in the three occipito-parietal areas, and relatively greater than the three temporal areas.
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magnitude in time were all performed at the alpha level
of 0.05. No testing was performed in case of the t-statis-
tic - the lines were provided as reference points to facili-
tate interpretation of the SME magnitude. The post-hoc
Tukey-Kramer tests were used to account for the multi-
ple comparisons of group combinations. All results are
presented as mean+/- S.E.M. unless stated otherwise.
Ethics
Data were collected from the following clinical centres:
Thomas Jefferson University Hospital (Philadelphia,
PA), University of Texas Southwestern Medical Centre
(Dallas, TX), Emory University Hospital (Atlanta, GA),
Dartmouth-Hitchcock Medical Centre (Lebanon, NH),
Hospital of the University of Pennsylvania
(Philadelphia, PA), and Mayo Clinic (Rochester, MN).
The research protocol was approved by the respective
the Institutional Review Board (IRB) at each clinical
centre and written informed consent was obtained from
each participant.29,30
Role of funders
The funding sources played no role in the study design,
data collection, data analysis, interpretation, writing of
the report, or the decision of paper submission.
Results
We investigated the magnitude and localization of
encoding word lists in the human brain using a large
www.thelancet.com Vol 82 Month , 2022
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Figure 3. Low theta activity in the left frontal pole confirms a consistent pattern of high SME across the time of word encod-
ing. (a) Each panel of the grid summarises the magnitude and polarity of the subsequent memory effect (SME) for all active electro-
des in a region as t-statistic values in each 50ms time bin (n = 135). SME is provided separately from the left and the right
hemisphere (black and grey area plots, respectively). Notice that the low theta SME in the Frontal Pole is significantly positive (upper
dashed line; t-statistic at p=0.05) throughout the initial phase, and significantly negative (lower dashed line; t-statistic at p=0.05)
throughout the final phase of the word encoding time, as compared to other frequency bands and brain regions (colour back-
ground highlights selected examples in three brain regions and frequency bands). (b) Summary comparison of total SME magnitude
(post hoc Tukey�Kramer, p<0.05) between the left Frontal Pole low theta activity (black dot reference; red dot indicates a significant
difference) and the other frequency bands (left side) and brain regions (right side). Notice that only the neighbouring left lateral pre-
frontal cortex has a comparably high SME also in the low theta activity.
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dataset of human intracranial recordings from 135 epi-
lepsy patients engaged in a free recall memory task
(Figure 1a). In this task, lists of 12 words were presented
one at a time for subsequent vocal recall in any order.
Spectral power of the iEEG signals induced during the
presentation epochs with words that were recalled was
compared with those that were forgotten to estimate
www.thelancet.com Vol 82 Month , 2022
SME - a metric for memory processing.5,7,11 Our study
was focused on a subset of automatically selected active
electrodes31 that recorded iEEG from brain areas
engaged in the task performance, showing a significant
change in the power induced during the epochs of
memory encoding compared with the remaining elec-
trodes that did not (Figure 1b). These active electrodes
7
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Figure 4. Cortical mapping of SME across time reveals an anatomically consistent focus in the left prefrontal cortex. Average
brain surface plots of mean SME values interpolated from all active electrodes are presented separately for the low theta and the
high gamma frequency bands in four representative time bins (50 ms) before, during after word presentation (blue rectangle indi-
cates the time bins with the word presented on the screen). Notice consistent localization of highly positive and highly negative
magnitude in the same area of the ventral prefrontal cortex (arrow) for the low theta but not for the high gamma band.

Figure 5. Hotspot of the memory effect is localised in an anatomically confined area of the left anterior prefrontal cortex. (a) All
active electrodes implanted in this study were clustered in a unified brain surface according to their anatomical coordinates. (b) Anatom-
ically distinct clusters of electrodes (sphere colour) reveal greater density and magnitude of SME (sphere size) in the left frontal lobe
(n = 81). (c) Centroids of each cluster identify one with the highest mean SME magnitude (arrow) in the left anterior prefrontal cortex.
(d) Anatomical spread of each cluster shows a relatively small size of the high SME cluster (arrow) of approx. 14 mm radius. (e) Compari-
son of mean SME with standard error of the mean across anatomically arranged clusters confirms a significantly greater SME of the pre-
frontal cluster than the majority of the other clusters (red; post-hoc Tukey-Kramer, p<0.05). Notice that the neighbouring prefrontal
clusters also show relatively high mean SME compared to gradually more posterior localizations. (f) Surface colour plot of interpolated
SME values confirms an anatomically confined hotspot (arrow) at the junction between the frontal pole and the Broca's area.
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were selected independently in six frequency bands (low
theta: 2�4 Hz, high theta: 5�9 Hz, alpha: 10�15 Hz,
beta: 16-25 Hz, low gamma: 25�55 Hz, high gamma:
65�115 Hz) and comprised of 16.0�24.7% of all 9720
electrodes from all patients pooled in this study (low
theta: 1557, high theta: 1582, alpha: 1795, beta: 2405, low
gamma:1583, high gamma:1738). SME was estimated
from the difference in normalized power estimates
between the epochs with subsequently recalled and for-
gotten words (Figure 1c) independently in each
www.thelancet.com Vol 82 Month , 2022
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43

32

19

22

15

180

49

138

44

36

14

21

10

73

24

68

19

139

32

92

21

a 44

17

18

11

52

19

21

15

21

15

15

9

163

45

125

35

26

16

24

15

138

34

101

42

27

14

7

5

67

22

53

15

146

32

102

21

High u 47

18

18

13

50

21

22

11

12

6

7

3

144

39

100

37

23

15

18

10

149

41

98

40

32

17

12

6

64

22

52

17

163

36

98

23

Low u 84

31

50

19

58

25

38

19

18

10

9

5

125

38

60

25

22

14

13

8

145

43

74

33

25

8

13

8

44

19

32

14

146

36

85

19

Table 1: Summary of the total number of active electrodes included in the analysis for 6 frequency bands in the left and right brain
regions, including the number of patients that these came from (bold).
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frequency band. Having multiple electrodes localized in
30 Brodmann Areas allowed us to test for significantly
higher (positive SME) or lower (negative SME) power
on the recalled word epochs at specific times (50 ms
bins) of memory encoding.

We first looked at the average SME magnitude from
the entire period of memory encoding to compare the
total memory signal between brain regions and fre-
quency bands. To account for both positive and negative
SME we used absolute values (see Figure 1) and aver-
aged them for all active electrodes localised in nine corti-
cal regions. The electrodes were grouped according to
their anatomical distribution in specific Brodmann
areas (occipital cortex: BA18 and 19, lateral parietal cor-
tex: BA7 and 39, precuneus: BA30 and 31, inferior tem-
poral cortex: BA20 and 37, mesial temporal lobe: BA28
and hippocampus, lateral temporal cortex: BA21 and 22,
Broca’s area: BA44 and 45, lateral prefrontal cortex:
BA9 and 46, frontal pole: BA10 and 11), which were pre-
viously identified in the same task.11,31 We found consis-
tent patterns of the SME magnitude in all six frequency
bands. The SME magnitude was relatively greater in the
more anterior areas of the higher order association cor-
tex than in the posterior areas of the sensory visual cor-
tex, especially in the low frequency bands (Figure 2).
This pattern was specific to the left hemisphere. There
was a significant effect of the brain region (ANOVA, 8
df, p<0.001) and of the hemisphere (ANOVA, 1 df,
p=0.001) on the SME value in each frequency band (low
theta: F=5.78, high theta: F=5.75, alpha: F=4.47, beta:
F=7.87, low gamma: F=9.34, high gamma: F=4.61). In
general, the SME magnitude in the left hemisphere was
significantly greater (post hoc Tukey�Kramer, p<0.05;
Supplementary Figure 1). In all frequency bands, SME
was significantly greater in one of the higher order areas
of the prefrontal or temporal cortex than in the visual
areas (Figure 2; black and red dots, respectively). In the
www.thelancet.com Vol 82 Month , 2022
low theta band, where the magnitude was significantly
greater than in the other bands proportionally to the
increasing band frequencies (ANOVA, F=481.64,
p<0.001, 5 df; Supplementary Figure 1), SME in the
three most anterior regions of the left prefrontal cortex
was significantly higher than in the three most posterior
regions of the occipital and the parietal cortex (post hoc
Tukey�Kramer, p<0.05), but not significantly higher
than in the three temporal cortical regions (Figure 2).
Overall, we observed the greatest SME magnitude in the
low theta frequency band of the left prefrontal cortex.

To explore this general effect in the average SME
magnitude with greater temporal resolution we ana-
lysed SME dynamics across the encoding period
(Figure 3). Pooling all the active electrodes into the
selected nine brain regions of the left and right hemi-
spheres (occipital, lateral parietal, precuneus, inferior
temporal cortex, mesial temporal lobe, lateral temporal
cortex, Broca’s area, lateral prefrontal cortex, frontal
pole; see Table 1 for the number of electrodes and sub-
jects), we quantified the positive and negative changes
in SME magnitude as t-statistic (see Figure 1) in 50ms
time bins of the word encoding period. We confirmed a
consistent ‘flip-over’ pattern11 of significantly positive
and negative SME in distinct time bin ranges before,
during, and after the word presentation (Figure 3a).
SME polarity was switching between the ranges of posi-
tive and negative values in all frequency bands and in
every brain region - the timing and magnitude of these
changes in polarity were specific to distinct frequencies
and anatomical areas. The greatest SME amplitudes
were found for the low frequency band activities in the
anterior brain regions (Figure 3a; upper left corner) of
the higher-order processing areas. These slow activities
showed significantly more power before and in the early
stages of encoding the subsequently recalled words
(positive SME) and significantly less power in the late
9
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encoding stages (negative SME), as compared with the
words that were forgotten. In contrast, this SME polarity
pattern was of reverse order (first negative, then posi-
tive) and of relatively lower magnitude in the gamma
frequency bands. The highest magnitudes were
observed in the anterior (Frontal Pole; n=72 electrodes,
N=26 subjects) and the ventrolateral (Lateral Prefrontal
Cortex, n=71 electrodes, N=26 subjects) cortical areas
and were specific to the left hemisphere. A similar pro-
file of significantly high SME magnitude in the alpha
frequency band was observed in the left lateral temporal
cortex and in the right mesial temporal lobe. Both of
these regions were previously associated with signifi-
cant effects of electrical stimulation on recall perfor-
mance in the same task.30,32

We compared selected brain regions from the pre-
frontal and the temporal cortex (highlighted in
Figure 3a): the frontal pole, the lateral temporal cortex,
and the mesial temporal lobe, including the hippocam-
pus, associated with the declarative memory
functions.33,34 Peak-to-trough magnitude was the high-
est in the low theta band for all these regions
(Figure 3b) and was significantly greater than in the
early visual areas (post-hoc Tukey�Kramer, p<0.05).
The magnitude in both the frequency and the anatomi-
cal space was proportionally higher in the frontal pole
than in more posterior areas (Figure 3b). This effect
across the anatomical space was gradually decreasing in
the higher frequency bands of the alpha and the high
gamma activities. In summary, the temporal dynamics
of SME confirmed the largest magnitude changes in the
low theta activities of the left anterior prefrontal cortex.

Given that the greatest SME magnitude was found in
specific frequency ranges, times, and brain areas, we
hypothesised that there was a distinct source of this
powerful signal within the anterior prefrontal cortex.
For this purpose, the anatomical distribution of SME
magnitude was estimated on an average brain surface
using all active electrodes identified in the study. A
focus of high positive and negative magnitude in the
low theta frequency band was localised to a confined
area between the frontal pole and the ventral lateral pre-
frontal cortex in the left hemisphere (Figure 4). The pos-
itive and the negative SME was found during the early
and the late stages of word encoding, respectively. We
did not find an analogous focus of the memory effect in
the high gamma band (Figure 4) or in the right hemi-
sphere.

To test for a hypothetical ‘hotspot’ of memory proc-
essing with the strongest SME in the identified cortical
areas, we clustered all active electrodes by anatomical
proximity. Electrodes recording from the same cortical
sources in different patients were grouped together in
anatomical space to compare their SME values
(Figure 5a; SME was not used as a variable for the clus-
tering - only the anatomical coordinates in the anatomi-
cal space). This analysis identified 33 clusters with
electrodes of various mean SME magnitude in each of
the studied cortical regions of the left hemisphere
(Figure 5b). The grand average SME from all electrodes
in each cluster confirmed a source of relatively greater
magnitude, which was localised around the junction of
the anterior and the ventrolateral prefrontal cortex
(Figure 5c). The cluster was confined to a space of
approx. 14 - comparable to the sizes of the other clusters
(Figure 5d) - and comprised 23 electrodes from twelve
different subjects (Suppl. Figure 2). Variance of the
SME magnitude was significantly different across the 33
clusters (ANOVA, F=2.19, p<0.001, 66 df), showing
the highest mean in the identified cluster. SME in this
one cluster was significantly greater (post-hoc
Tukey�Kramer, p<0.05) than in 11 of the remaining 32
clusters (Figure 5e). Clusters with magnitudes that were
not significantly lower were localised in anatomical
proximity to the ‘hotspot’ cluster in the neighbouring
prefrontal areas. The anatomical localization of the clus-
ters confirmed the pattern of SME distribution observed
across the larger brain regions (Figure 2) with decreas-
ing mean SME values in gradually more posterior clus-
ters of the temporal, parietal and occipital lobes.
Summarising SME magnitude from all electrodes in
this cluster analysis confirmed localisation of the hot-
spot of verbal memory processing in a spatially discrete
patch of the left anterior prefrontal cortex (Figure 5F).
SME in the right hemisphere did not reveal an analo-
gous change in the cluster variance or a similar hotspot
in this or any other cortical region (ANOVA, F=1.07,
p=0.371, 36 df, Suppl. fig. 4). Localization and the mag-
nitude of the hotspot memory effect were robust to
changing the cluster size (Suppl. Figure 1). The hotspot
location at the junction between the anterior and the
ventrolateral prefrontal cortex suggests an important
node for processing verbal memory, connecting a net-
work of the classic speech-related processing in the
Broca’s area and the higher-order executive functions of
the human frontal pole.
Discussion
Our results revealed a single cortical target with signifi-
cantly greater memory effect than the other areas classi-
cally associated in human memory functions. A distinct
hotspot of the memory effect in the low theta frequency
range was localised in the ventrolateral portion of the
anterior prefrontal cortex. Both the anatomical localiza-
tion and the spectral range of this activity were obscure
in the original neuroimaging studies24 and in the fol-
lowing iEEG studies with limited electrode coverage.
Even in our large study, there were only twelve subjects
with active electrodes implanted and localised in the
hotspot area cluster (electrodes are typically not
implanted in these areas for seizure localization). Like-
wise, theta activities received considerably less attention
than the high gamma activity in terms of mapping
www.thelancet.com Vol 82 Month , 2022
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cognitive functions in the human cortex. Finally, even
though the previous neuroimaging and iEEG studies
quantified the memory-related activities in multiple cor-
tical regions engaged by various tasks, a comprehensive
comparison across the anatomical and the spectral scale
was needed to reveal a relatively greater contribution of
the slow theta rhythms in one distinct prefrontal area. A
single target for potential therapeutic approaches together
with a biomarker of specific neural activity is a major
translational advance relative to the previous reports of
widespread areas in multiple cortical lobes.4�6,10�12,25,37

With regard to the anatomical localization of the
strongest memory signal for predicting recall, a large
portion of the inferior prefrontal cortex has been consis-
tently reported in previous neuroimaging studies. A
meta-analysis of 74 studies4 concluded that this area in
the left hemisphere together with bilateral premotor,
fusiform, posterior parietal cortex and both hippocampi
showed a significant memory effect, which was associ-
ated more with tasks using verbal as opposed to non-ver-
bal visual stimuli. One of these studies employed a
similar free recall task with lists of words that either
belonged to a particular semantic category or not.26 The
authors associated the categorization effect with the dor-
solateral prefrontal cortical activity, whereas the subse-
quent recall with subregions of the ventrolateral
prefrontal cortex. Interestingly, the anterior subregion,
at the junction with the frontal pole, including the hot-
spot area reported here, showed a greater effect during
free recall for non-categorized words. Another recent
fMRI study with epileptic patients and age-matched
healthy subjects confirmed a relatively stronger SME in
the anterior division of the inferior frontal gyrus in the
same free recall task that we used.25 Therefore, the local-
ization of our reported hotspot activity is confirmed in a
larger area where the memory effect was obtained in
hemodynamic responses.

Even though the hemodynamic response measured
in the fMRI studies was shown to correlate with fast
electrophysiological activities in the high gamma fre-
quency range,13,14 our results show the highest magni-
tude of the memory effect in the low theta band. These
slow activities in the left frontal pole and the left lateral
prefrontal cortex showed higher SME magnitude than
in any other region and frequency band. In the other
bands, the magnitudes were relatively lower and with-
out this greater contribution of the prefrontal areas. The
memory effect in theta frequency bands was generally
reported with both positive and negative polarity in the
previous studies,7,9,10,12,35 meaning either more or less
spectral power during encoding of the subsequently
recalled compared to the forgotten stimuli. According to
our results here and in the previous study of the high
gamma activities,11 the SME polarity is dependent on
the phase of memory encoding and the anatomical loca-
tion, revealing dynamic profiles of significantly positive
and negative alternation at consistent times in specific
www.thelancet.com Vol 82 Month , 2022
brain regions. Net positive or negative SME would
depend on the particular time-frame of encoding that
was selected in a given study (usually the first 1000-
1500 ms after stimulus onset). Hence, we decided to
analyse the absolute values during an entire epoch,
including the phases pre- and post-stimulus presenta-
tion. Given the dynamic temporal profiles of the mem-
ory effects, they can only be resolved in the iEEG
studies. Averaging the effect over an extended period of
time would not only compromise the resolution but
also decrease the overall magnitude. Still, we were able
to find the greatest magnitude of the low theta memory
effect within a larger brain region, where the greatest
BOLD signal effect was found in the previous neuroim-
aging studies.4 Compared to the previous neuroimaging
studies, our iEEG analysis was limited to unevenly dis-
tributed electrodes implanted for seizure monitoring.
Even in this large dataset there were cortical areas that
remained implanted with few electrodes. The identified
hotspot cluster comprised 1�3 electrodes from a given
subject. These were localised on the average brain sur-
face with limited insight into individual subject differ-
ences. Epilepsy-related processes that could affect the
studied cognitive functions present another challenge to
interpreting our results. Confirmation of the memory
effect in the same frequency band and brain region
across multiple electrodes, subjects, and throughout the
memory encoding phases is reassuring, as well as the
general agreement with the larger cortical region
reported in the previous studies.

Despite these limitations and the highly dynamic
nature of the memory effect, the identified low theta
activities showed persistently high magnitude in the
anterior prefrontal hotspot location. SME was highly
positive in the encoding phase preceding and immedi-
ately following the stimulus presentation, and highly
negative in the post-stimulus presentation phase (see
Figure 4). This persistent pattern within a single hot-
spot area was not observed in the high gamma or any
other frequency band. There was only one other area in
the left ventral motor cortex that revealed a high positive
effect before the word onset and a negative effect toward
the end of the stimulus display. We assume that these
activations in the motor area for facial movements
reflect rehearsal of ‘speaking’ the presented words in
the mind (subjects were instructed not to speak the
words out loud), which turned out also to predict subse-
quent recall. The overall magnitude of this motor mem-
ory effect in the low theta band of the ventral motor
areas, however, was not as high as in the anterior pre-
frontal hotspot when the entire period of word encoding
was summarised (see Figure 5). In addition, the spatial
spread of the effect in the motor areas was not as
anatomically confined as the prefrontal hotspot. All in
all, the low theta hotspot was found to be consistent in
space and time, showing a high magnitude of the mem-
ory effect in the same confined cortical area and across
11
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all, early and late, phases of stimulus encoding (see
Suppl. Figure 1&2). A similar pattern of pre-onset mem-
ory effect continued in the post-onset phase of stimulus
presentation was recently also reported in the single
and multi-unit firing of neurons in the human hippo-
campus, amygdala, and cingulate and prefrontal cor-
tex.36 The authors found this pre-onset memory effect
to be related to ‘attention to encoding’ rather than
general arousal or attention. The effects that start
even before stimulus presentation are key for an
early prediction and modulation of brain activities to
help in successful encoding of memories that would
otherwise be forgotten.

Previous iEEG studies that mapped the memory
effect of theta and gamma neural activities in anatomi-
cal space and time of memory encoding, reported wide-
spread prefrontal and temporal cortical areas engaged
early and late during word encoding in the same
task.10,12,37 In one of these studies,12 the memory effect
was mapped with fine spatial and temporal resolution
on the level of spectral power and coherence in the theta
and gamma frequency bands. The authors used a differ-
ent approach to map the memory effect, which was
quantified as the proportion of electrode sites that
showed a significant positive or negative SME irrespec-
tive of the magnitude. This could explain missing a hot-
spot of relatively greater magnitude in the previous
study. In addition, the other study combined the low
and high theta activities. Our approach was also more
sensitive to detect a few active electrodes with a high
SME magnitude, whereas these could be missed if there
were other non-active electrodes with low SME values in
close anatomical proximity of the hotspot. Nevertheless,
the previous results12 confirmed a hub of high func-
tional connectivity (spectral coherence), which predicted
subsequent recall, i.e. showed the memory effect, in the
theta frequency bands at the very same location as our
reported hotspot.

Local electrical brain stimulation could provide con-
clusive evidence for whether this or another area of
high memory effect is sufficient to enhance perfor-
mance in a given task. In the previous project with the
same patients performing the same free recall task with
direct brain stimulation, the effect on memory perfor-
mance was assessed in multiple target areas, including
the hippocampus, entorhinal and parahippocampal cor-
tex, lateral temporal cortex, posterior cingulate cortex,
and dorsolateral prefrontal cortex.29,30,38�40 Only the
lateral temporal cortical stimulation was robustly associ-
ated with enhanced performance in this task in individ-
ual subjects, on a group level, and also across two
studies employing different stimulation approaches.
None of these studies, however, tested the ventrolateral
or the anterior prefrontal cortical areas. The identified
hotspot area showed a greater memory effect than the
previously successful stimulation targets in the lateral
temporal cortex (Figure 5E).
Therefore, the identified hotspot in the anterior pre-
frontal cortex presents an attractive target for modulat-
ing memory functions and developing new therapies.
Compared to the other temporal and limbic areas asso-
ciated with processing declarative memory,33,41 the pre-
frontal cortex supports higher-order executive roles in
effective encoding and retrieval of episodic memory in
the left and the right hemisphere, respectively.42 In our
task, the anterior prefrontal cortex may be specifically
involved in coordinating attention to the remembered
stimuli, mentalization of the encoded information, and
generating cues for subsequent recall. Evidence from
lesion studies suggests involvement of this region in
metacognition43 that would be required for successful
performance in the free recall task. We localised the hot-
spot area at the junction between the frontal pole and
the ventrolateral prefrontal cortex of the Broca’s area.
This location is ideally suited for interfacing between
the executive functions of the former27,28 and the
speech processing functions of the latter.44 On one
hand, this top position in the processing hierarchy
makes the hotspot a promising target for modulating
encoding of verbal memories in general; on the other
hand, beneficial effects of modulation in this location
may not generalise to encoding non-verbal stimuli. Nev-
ertheless, proximity to the frontal pole areas of the
brain, which are evolutionarily more developed in
humans than in the nonhuman primates,45,46 opens
new avenues for modulating higher cognitive functions
beyond memory processing. It has to be stated, how-
ever, that the pathway to any clinical translation into a
potential treatment approach or a therapy would still
require additional safety and feasibility trials and appro-
vals, even though the technology for such targeted brain
stimulation for memory enhancement is available.29,30

Besides determining the hotspot target area for ther-
apeutic modulation of memory encoding, we propose a
comprehensive clinical biomarker approach, in which
normalised measures of the memory effect are com-
pared across the anatomical, spectral and temporal
scales of neural activities. This simple biomarker
approach can, for instance, delineate brain areas with
high memory effect that should be spared in tumour or
epilepsy surgeries to prevent post-surgical deficits in
verbal memory functions. Other biomarkers of the
memory effect based on various measures of functional
connectivity would be required to determine multiple
anatomical targets to modulate a network of regions
beyond its local hubs.12,47 Both these network and local
biomarkers of neural activities can be employed in time
to predict or detect the states of optimal cognitive perfor-
mance to trigger therapeutic interventions in a closed-
loop design.23,29,48 Our results suggest a new potential
target for memory enhancement in the frontal pole and
provide a neural biomarker activity with precise timing
for control of the intervention like electrical stimulation.
How to modulate its local neural activity49,50 and the
www.thelancet.com Vol 82 Month , 2022
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effect on the connected network of brain regions51 is the
outstanding challenge for developing therapies for
memory and cognitive deficits. The dynamic bio-
markers of neural activities will become increasingly
useful for development of novel brain-computer interfa-
ces and therapies for restoring brain functions.
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