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Meditation is an accessible mental practice associated with emotional regulation and
well-being. Loving-kindness meditation (LKM), a specific subtype of meditative prac-
tice, involves focusing one’s attention on thoughts of well-being for oneself and others.
Meditation has been proven to be beneficial in a variety of settings, including therapeutic
applications, but the neural activity underlying meditative practices and their positive
effects are not well understood. It has been difficult to understand the contribution
of deep limbic structures given the difficulty of studying neural activity directly in
the human brain. Here, we leverage a unique patient population, epilepsy patients
chronically implanted with responsive neurostimulation devices that allow chronic,
invasive electrophysiology recording to investigate the physiological correlates of LKM
in the amygdala and hippocampus of novice meditators. We find that LKM-associated
changes in physiological activity were specific to periodic, but not aperiodic, features
of neural activity. LKM was associated with an increase in y (30 to 55 Hz) power and
an alternation in the duration of § (13 to 30 Hz) and v oscillatory bursts in both the
amygdala and hippocampus, two regions associated with mood disorders. These findings
reveal the nature of LKM-induced modulation of limbic activity in first-time meditators.

loving-kindness meditation | amygdala | hippocampus | intracranial electrophysiology

Meditation is a set of mental techniques aimed at cultivating well-being, which require
honing attentional skills related to emotional regulation (1-5). Numerous studies have
proven that meditation can improve mental well-being in population-based settings (6),
and potentially improve psychiatric diseases such as anxiety and depression (7). In concert
with its clinical effects, meditation has been shown to change brain activity assessed
through electrophysiology and functional neuroimaging (8, 9). Recent literature has
parceled out primary categories of meditation, thus allowing rigorous scientific evaluation
of specific practices (10). Loving-kindness meditation (LKM) is a technique within the
constructive meditation family, in which practitioners actively focus their attention on
cultivating positive thoughts of well-being for oneself and others. Preliminary work has
suggested varying forms of meditation may share common effects on brain electrophysi-
ology (11): This remains in important area for potential study. LKM may have therapeutic
potential through the cultivation of positive emotion (12), but its underlying neural
correlates are not well known, especially in deep brain areas involved in emotional
regulation.

Functional and structural MRI studies have demonstrated changes in both the amygdala
and the hippocampus from continued LKM practice (13, 14). EEG studies, in addition,
have shown increased y activity during meditation (11, 14), including during LKM in
experienced meditators (3). BOLD-fMRI signals have been shown to correlate with y
activity (15), suggesting that these processes are related. Therefore, we first hypothesized
that LKM is associated with increased y-band power and duration of y-band oscillatory
events in both the amygdala and hippocampus (3, 11, 14). Regulation in other frequency
bands may accompany gamma changes: FA meditation is linked to decreased long-range
neuronal synchrony within and between brain regions. f} oscillations are associated with
attentional shifts in nonhuman and human primates: When animals are paying attention
to external stimuli, beta coherence is increased to support effective information-gathering
(16-19). During LKM, participants are turned to turn attention away from external
stimuli and inward; therefore, we additionally hypothesized that LKM would be associated
with decreased power or duration of f§ oscillatory events compared to baseline.

Despite this theoretical basis for our hypotheses regarding LKM-associated changes in
neuronal activity several additional questions remain. For example, whether LKM is discretely
associated with oscillatory processes rather than an overall excitation/inhibition profile
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modulation in associated neural circuits has not been determined.
In addition, the involvement of other frequency bands (e.g., f = 12
to 30 Hz) in limbic regions remains unclear, despite their role in
emotional regulation and mood processes (20-22). Meditation has
been associated with modulating local neuronal activity (2-4),
measured by oscillatory power estimates (23), and decreased pop-
ulation synchrony within and between discrete regions (16, 17),
measured by the duration of rhythmic, oscillatory episodes (24).

Therefore, despite its importance, the anatomically precise and
physiologically detailed neural basis of meditative practice remains
to be determined, especially in deep brain areas that are inaccessible
to non-invasive electrophysiological recording methods. This, in
turn, limits our understanding of the neural changes associated with
the positive impacts of meditative practices and the development
of generalizable insights that may be useful for therapeutic devel-
opment. Neurosurgical interventions for the management of epi-
lepsy allow recording from such areas in humans, including
recording local field potentials (LFPs) capturing circuit activity
directly via intracranial depth leads with great electrophysiological
detail and signal to noise ratio (25), and providing a unique oppor-
tunity to study the neural basis of human behavior and thought.
However, the most common settings for these invasive recordings,
during drug-resistant epilepsy (DRE) patients” hospitalization (e.g.,
in the Epilepsy Monitoring Unit), are not ideal for the study of
meditation because of their perioperative nature and the lack of an
adequate environment for calm meditative practices. In contrast,
responsive neurostimulation (RNS) system (NeuroPace Inc.) allows
chronic electrophysiologic brain recordings from implanted regions,
frequently from the mesial temporal lobe structures of the hip-
pocampus and amygdala (26), during the patients’ daily life after
surgery. 'This allows combining intracranial recordings with the
practice of meditation in a controlled setting providing adequate
environmental conditions for the practice of meditation.

Patients implanted with the RNS device can move around freely
while continuous iIEEG activity is recorded as LEPs. Recordings made
with the RNS also offer high-quality data from deep brain structures,
implicated in emotional regulation, such as the mesial temporal lobe
(27). This is a major advantage in contrast to meditation studies using
scalp surface EEG, which have significantly lower signal-to-noise ratio
and do not allow the high simultaneous spatial and temporal resolu-
tion of RNS iEEG recordings (28). Patients implanted with the RNS
are thus ideal candidates for investigating the neural correlates of
naturalistic behavior, such as meditation (29, 30). In addition, DRE
patients often suffer from psychiatric comorbidities including depres-
sion and anxiety (31), which provides an opportunity to study the
relationship between intracranial activity and comorbid state, as well
as the potential modulation during meditation.

We therefore explored changes in neural oscillatory activity
associated with LKM within the amygdala and hippocampus using
iEEG in DRE patients chronically implemented with an RNS
device. Our findings show that first-time LKM modulates
frequency-specific power and duration of oscillatory events in the
hippocampus and amygdala. The selective nature of these findings
in regard to the modulation of periodic, but not aperiodic, features
of the neural signal reveals potential biomarkers by which LKM,
a readily accessible therapeutic technique, noninvasively modu-
lates physiological processes associated with mood regulation
(20-22) even in first-time meditators.

Results

Participants included eight neurosurgical patients with DRE who
were chronically implanted with the NeuroPace Responsive
Neurostimulation System (RNS). Participants completed the
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Fig. 1. Behavioral methods. (A) Experimental design. Subjects (n = 8)
completed a loving-kindness meditation (LKM) paradigm consisting of 5 min
of audio-guided instruction (baseline) and 10 min of audio-guided LKM. (B)
Experimental setting. The experimental paradigm was administered in Mount
Sinai West's Q-Lab, a dedicated, immersive research environment designed to
provide participants with a restorative space to participate in this experiment.

present study in Mount Sinai’s Quantitative Biometric Laboratory
(Q-Lab), designed to provide patients with a relaxing environment
to receive therapeutic treatment free from typical distractors asso-
ciated with a hospital setting and therefore highly conducive to
engaging in meditative practice (Fig. 1B). Participants were self-
reported novice meditators prior to the present study and com-
pleted a 5-min audio-guided instruction (baseline) followed by
10 min of audio-guided LKM (Materials and Methods). To eval-
uate the LKM induction, participants were asked to self-report
their experienced depth of meditation following the session using
a 1 to 10 scale (higher score = deeper meditation). On average,
participants reported a high degree of meditation (mean = 7.43,
SD = 2.50; SI Appendix, Fig. S1).

We analyzed LEPs by creating bipolar derivations between the
two most anterior contacts (typically located in the amygdala and
anterior hippocampus) and the two most posterior contacts (the
middle-posterior hippocampus). Therefore, we collected two bipo-
lar channels (one anterior pair and one posterior pair) per hemi-
sphere implanted with RNS. Six patients had bilateral RNS
implantations, and two patients had unilateral RNS implantation
(left hemisphere). The electrode implant sites were determined
solely based on clinical criteria, with the amygdala contacts being
bipolar referenced to the anterior hippocampus. For readability,
we refer to these bipolar recordings as “amygdala.” In contrast, the
electrode pairs referred to as “hippocampus” represent hippocam-
pus—hippocampus bipolar derivatives, enabling us to distinguish
activity originating specifically from the hippocampus from signals
that include unique contributions from the amygdala. All partic-
ipants included in the present study had at least one contact in
either the amygdala or hippocampus (count: amygdala = 14 elec-
trodes/13 bipolar channels; hippocampus = 36 electrodes/14
bipolar channels; Fig. 24). Because of hardware limitations on the
sampling rate of the recorded electrophysiological data (125 Hz
maximum), we restricted our analyses to frequencies up to low
gamma (55 Hz). Anatomical localization of electrodes was deter-
mined by coregistering high-resolution postoperative CT scans
with preoperative MRI (Materials and Methods). Although RNS
implantation occurs in DRE patients’ presumptive seizure onset
zone, the leads which are composed of 4 contacts typically span
just over 30 mm of tissue (1.5 mm in length for each contact and
10 mm between contact centroids). This results in a proportion
of data recorded from likely normative tissue (29, 30). To mitigate
the influence of interictal noise in the data, we implemented a
data preprocessing approach mentioned in previous publications
(32). Briefly, following visual inspection of all channel data, we
confirmed the absence of any stimulation artifacts and eliminated
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Fig. 2. Neural methods. (A) Anatomical reconstruction showing the hippocampal and amygdala location of RNS contacts. Depicted is the placement of 50
NeuroPace RNS electrodes in the amygdala (blue) and hippocampus (red) across eight participants. Each black dot corresponds to one electrode (amygdala =
14 electrodes/13 bipolar channels; hippocampus = 36 electrodes/14 bipolar channels). (B) FOOOF approach. We characterized LFP activity from bipolar channels
recorded from depth electrodes in the amygdala and hippocampus. We used the FOOOF approach to separately characterize aperiodic (i.e., 1/f background
activity) from oscillatory neural activity. Depicted is an example power spectrum from one hippocampal channel (gray trace) overlaid by the FOOOF fitted model
(red trace) parameterized to extract aperiodic (blue trace) and periodic (green trace) spectral features between 2 and 55 Hz. The aperiodic components are
characterized by the offset, knee, and exponent. Periodic components are assigned to a canonical frequency band (8 =2-4 Hz, 0= 4-8 Hz, « = 8-13 Hz, = 13-30 Hz,
y = 30-55 Hz) depending on their center frequency, and their power and bandwidth estimated.

any data meeting clinical criterion for interictal discharge (33).
This resulted in discarding approximately 6% of the data. The
proportion of time across participants in which interictal activity
was detected was not significantly different between conditions
(baseline and meditation; P > 0.05, Pearson’s chi-square
goodness-of-fit test; S/ Appendix, Fig. S2A). The proportion of
omitted data from the entire experimental session ranged from 2
to 16% across participants (S Appendix, Fig. S2B).

LKM Was Not Accompanied by Changes in Aperiodic Neural
Activity. We set out to identify whether meditation was
accompanied by changes in neural activity by comparing LFP
activity patterns between active control (learning about meditation)
and LKM epochs. Given the largely temporally unresolved nature
of these data, we chose to focus our analysis on the power profile
throughout a single epoch during the meditation block, examining
both aperiodic (1/f profile) and periodic (i.e., oscillatory) neural
activity on each bipolar channel. We parameterized the aperiodic
and periodic features of the power spectra using the ‘fitting
oscillations and one over f* method (FOOQOF; see Materials
and Methods and Fig. 2B) (23). The FOOOF model fit was
performed for each channel’s data in each condition (baseline and
meditation). The aperiodic components include a knee parameter,
which accounts for an often-observed bend in the 1/f profile,
and offset and exponent, which reflect the y-intersect and rate
of decay of the 1/f profile, respectively. Together, these aperiodic
components capture broadband shifts in the 1/f profile often
ascribed to changes in excitatory/inhibitory balance, different
and separate from oscillations in individual frequency bands. In
addition, oscillatory components were estimated for predefined
frequency bands (8 = 2-4 Hz, 6 = 4-8 Hz, a = 8-13 Hz, f = 13-30
Hz, v = 30-55 Hz; see Materials and Methods).

We first sought out to identify whether acute LKM induced
changes in the aperiodic features of the power spectra by compar-
ing knee frequency, offset, and exponent separately between base-
line and LKM epochs (Fig. 4). We did not find significant
differences between conditions in knee frequency, offset, or expo-
nent in either the amygdala or hippocampus (all 2 > 0.05,
two-sided paired-samples Wilcoxon signed rank test; Fig. 3), sug-
gesting that meditation is not accompanied by general changes in
the excitatory/inhibitory profile of either amygdala or hippocam-
pus. Further, we found no significant differences in aperiodic
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components between the amygdala and hippocampus (all 2> 0.05,
two-sided Wilcoxon signed rank test; ST Appendix, Fig. S3).

LKM Was Not Accompanied by Changes in the Proportion of
Electrodes Showing Oscillatory Activity. Next, we evaluated
whether LKM was accompanied by changes in oscillatory neural
activity by examining power across frequencies in baseline and
meditation conditions. We considered a significant oscillation to
be present if at least one peak within predefined frequency bins
(6 = 2-4 Hz, © = 4-8 Hz, o = 8-13 Hz, p = 13-30 Hz, y = 30-55
Hz) was detected by the FOOOF model fit. If no peak was found
within a given frequency range for a channel, we considered the
channel to not contain an oscillation in that band. Therefore,
we started by quantifying the proportion of channels containing
active oscillations across conditions. We observed differences in
the proportion of active channels across frequencies between
conditions in both amygdala and hippocampus, with higher
frequencies containing a larger proportion of active channels
than lower frequencies (Fig. 4). The lowest proportion of active
electrodes was in 8 in both amygdala (30.8%) and hippocampus
(35.7%); the highest was in f and y in both regions (100%).
However, we did not find significant differences in the proportion
of active electrodes between conditions in any frequency bands (all
P> 0.05, Fisher’s exact test). Therefore, LKM was not associated
with an increase in the proportion of channels showing significant
oscillations. These data indicate that our ability to detect significant
oscillations was strongly frequency dependent, and that there was
significant f and vy oscillatory activity in both baseline and in
meditation conditions in the amygdala and hippocampus.

LKM Was Associated with an Increase in y Power. To further
investigate whether LKM modulated oscillatory activity, we
compared the amplitude, or power, of detected oscillations
between conditions in both regions (Fig. 5). To investigate
between-condition differences in oscillatory power, we only
considered channels in which at least one peak was detected in each
frequency band (i.e., containing significant oscillatory activity). If
more than one peak was found within a given frequency range,
the average power of all detected peaks within the frequency
band was computed to determine an average power score. We
observed a significant increase in y power during LKM in both
the amygdala (P < 0.01, one-sided paired-samples Wilcoxon
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Fig. 3. No difference in aperiodic neural components between baseline and
meditation epochs. The aperiodic components of FOOOF model fit (knee
frequency, offset, and exponent) was extracted and compared between
conditions (FA meditation and baseline). (A) No differences in FOOOF
aperiodic parameters in amygdala channels. No significant differences in knee
frequency, offset, or exponent of FOOOF model fit for amygdala channels
(n =13 bipolar channels) were observed between conditions (all P> 0.05, Two-
sided paired sample Wilcoxon signed-rank test). (B) No differences in FOOOF
aperiodic parameters in hippocampus channels. No significant differences
in knee frequency, offset, or exponent of FOOOF model fit for hippocampus
channels (n = 14 bipolar channels) were observed between conditions (all
P >0.05, Two-sided paired sample Wilcoxon signed-rank test).

signed rank test, Fig. 54). and hippocampus (2 < 0.001, one-sided
paired-samples Wilcoxon signed rank test, Fig. 58). We did not
observe concomitant changes in B (2 > 0.05, one-sided paired-
samples Wilcoxon signed rank test, Fig. 5) or any other frequency
bands (all 2 > 0.05, two-sided paired-samples Wilcoxon signed
rank test, Fig. 5), indicating that this modulation was specific to
the v frequency band. Overall, these results reveal that LKM is
accompanied by changes in oscillatory power in active channels, but
not an increase in the proportion of active channels. Furthermore,
these changes are specific to high-frequency activity (y) and not
present in lower frequencies. We did not find differences in baseline
oscillatory power or the difference in oscillatory power from
baseline to meditation between the amygdala and hippocampus
(all P> 0.05, two-sided Wilcoxon signed rank test; S/ Appendix,
Figs. S44 and S54).

To examine the significance of power modulations at the subject
level, we performed subject-level analyses of power differences by
leveraging the high temporal resolution of the iEEG data. We
focused our model-free analysis on the beta and gamma frequency
bands, as our FOOOF model fitting confirmed the presence of
both beta and gamma oscillations across all channels in both base-
line and LKM conditions. Briefly, we estimated power for 1-s
neural recording segments across all channels for each subject.

https://doi.org/10.1073/pnas.2409423122
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Fig. 4. Proportion of channels showing neural oscillations varied across
frequency bands. Plotted is the proportion of channels in which an oscillation
was detected during baseline and meditation epochs in each frequency band
(8 =2-4 Hz, © = 4-8 Hz, « = 8-13 Hz, p = 13-30 Hz, y = 30-55 Hz) according
to FOOOF power spectrum model fit. (A) Proportion of amygdala channels
showing significant oscillatory activity across frequencies. The proportion of
channels showing significant modulation varied between ~30% in & (2 to 4 Hz)
and 100% in y (30 to 55 Hz), with greater proportions for higher frequencies.
There were no differences in the proportion of amygdala channels (n =13
bipolar channels) in which oscillations were detected between baseline (light
blue) and meditation (dark blue) epochs (all P > 0.05, Fisher's exact test). (B)
Proportion of hippocampal channels showing significant oscillatory activity
across frequencies. The pattern of activation was like that observed in the
amygdala, with the proportion of channels ranging between ~30% in & (2
to 4 Hz) and 100% in y (30 to 55 Hz), with greater proportions for higher
frequencies. There were no differences in the proportion of hippocampal
channels (n =14 bipolar channels) in which oscillations were detected between
baseline (light blue) and meditation (dark blue) epochs (all P > 0.05, Fisher's
exact test).

LKM segments were z-scored relative to baseline segments, pro-
viding a normalized measure of LKM-induced changes in each
frequency band. As anticipated, we observed a significant increase
in gamma power during LKM in both the amygdala (Fig. 64) and
hippocampus (Fig. 64) for most subjects (amygdala: 6/8 partici-
pants; 75%; hippocampus: 6/7 participants; 86%). In contrast,
there was no significant difference in beta power during LKM com-
pared to baseline in either region for most subjects (both 2> 0.05,
Fig. 6B). These results align with the group-level, model-based
findings, further supporting a significant LKM-associated increase
in gamma power, and provide limited evidence for modulations in
beta power in some, but not all, patients.

LKM Was Accompanied by an Alteration in Duration of § and y
Bursts. The FOOOF method allowed us to investigate aperiodic
and periodic components of brain activity but does not offer a way
to quantify quick bursts of neural activity which may be important
to facilitate switches in cognitive states (e.g., from baseline to
LKM). To investigate this possibility, we applied the extended
Better Oscillation detection (eBOSC) method (24, 34), to
investigate how meditation modulated the duration of oscillations
across frequency bands (Materials and Methods). eBOSC allows
us to detect temporal windows with significant frequency-specific
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Fig. 5. Group-level increased y oscillatory power in meditation compared
to baseline. We examined power modulation across conditions (baseline
versus LKM) by averaging spectral power estimates (the periodic component
of FOOOF model fit) within frequency bands (5 = 2-4, 6 = 4-8, « = 8-13, $ = 13-30,
y = 30-55) and compared across conditions. For this analysis, we employed
only the subset of channels that showed significant oscillations in both
conditions, which varied across frequency bands. (A) Increased y oscillatory
power in amygdala electrodes during meditation. We observed a significant
increase in amygdala y power (30 to 55 Hz) during LKM compared to baseline
(P < 0.01, one-sided paired-samples Wilcoxon signed rank test; all other
frequency bands P > 0.05). (B) Increased y oscillatory power in hippocampal
channels during meditation. As in the amygdala channels, we observed a
significant increase in hippocampus y power (30 to 55 Hz) during LKM
compared to baseline (P < 0.001, one-sided paired-samples Wilcoxon signed
rank test; all other frequency bands P > 0.05).

oscillations that surpass power and duration thresholds while
accounting for the background 1/f profile of the neural signal
(24). Further, recent work has implemented this method with
hippocampal iEEG data collected using the RNS device, allowing
us to compare our findings with previously published iEEG work
(30). Using eBOSC, we calculated the proportion of time within
a given experimental condition (baseline or LKM) in which a
particular oscillation was detected. We averaged these proportions
for each frequency in each of our predefined frequency bands
and compared between conditions to identify whether LKM
induced changes in the duration of oscillatory events (Fig. 7).
We found that LKM was associated with a significant decrease
in the duration of p oscillations in both the amygdala (? < 0.05,
one-sided paired-samples Wilcoxon signed rank test, Fig. 74)
and hippocampus (P < 0.05, one-sided paired-samples Wilcoxon
signed rank test, Fig. 7B). Further, we found a significant increase
in the duration of y oscillations during LKM in the amygdala
(P < 0.01, one-sided paired-samples Wilcoxon signed rank test,
Fig. 7A4). Additionally, the amygdala displayed a significantly
greater increase in the duration of y oscillations during meditation
compared to the hippocampus (P < 0.05, one-sided Wilcoxon
signed rank test, SI Appendix, Fig. S5B; all other frequency
bands P > 0.05). Overall, these results demonstrate a decrease
in the amount of B events during meditation in both amygdala
and hippocampus, and an increase in y events in the amygdala,
suggesting an involvement of fast oscillatory events in meditative
states. We did not find differences in baseline oscillatory duration
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between the amygdala and hippocampus (all 2> 0.05, two-sided
Wilcoxon signed rank test; SI Appendix, Figs. S4B and S5B).

Discussion

This study leveraged unique access to chronic ambulatory iEEG
recordings in the amygdala and hippocampus during LKM. We
directly examined the nature of neurophysiological activity during
LKM in the amygdala and hippocampus, finding primary results
of increased 7y oscillations and decreased p duration during LKM.
Further, changes in neural dynamics with meditation occurred in
oscillatory activity, rather than in aperiodic neural activity.
Research on the effects of meditation on neural dynamics to date
has been limited to fMRI and scalp EEG, due to rare access to
iEEG in real-world settings. While such approaches have advanced
the field of meditation, iEEG research can augment such data with
increased spatial and temporal resolution.

Meditative practices have existed for millennia in different tra-
ditions (35) and allow humans to cultivate fundamental states of
focus and emotional regulation (36). Meditation, perhaps inde-
pendent of practice type, induces scalp EEG increases in y activity
(11). In addition, meditation induces changes in BOLD-fMRI
signal in the hippocampus and amygdala (13, 37), which could
correlate with changes in v oscillatory activity (15). Our study
directly addresses the nature of intracranial electrophysiology
within the hippocampus and amygdala during meditation. Our
focus on LKM comes from previous research that connects this
emotionally laden contemplative practice to the amygdala (13).
LKM, utilized in this study, stresses finding joy and sharing it with
others (10). Such constructive contemplative practices have been
shown to induce positive emotions, which may lead to an increased
sense of purpose and meaning in life (38). Such training has also
been shown to chronically modulate the amygdala, hence of spe-
cific interest in our cohort where contacts were situated in the
basolateral amygdala in all cases (13). Yet, no experiments to date
have attempted to record such changes in novice meditators
acutely and intracranially. These findings complement the earlier
results on increased y oscillations in LKM practices in long-term
meditators by showing specific increases in these fast oscillations
in novice meditators when directly examining the amygdala and
hippocampus with iEEG.

Amygdala and Hippocampus y Power Increases During LKM. By
leveraging the spatiotemporal resolution afforded by iEEG, our
results build on prior research on y power increases associated with
long-term LKM practice (3, 11, 39, 40) extending these findings
to first-time meditators and providing insights into the nature
of neural changes associated with meditation in an anatomically
precise way. We observed an increase in amygdala and hippocampus
y power (Fig. 5), whose correlation to fMRI-BOLD signal is well
established (15), suggesting LKM induces heightened activation of
local neuronal ensembles within the amygdala and hippocampus.
'This meditation-induced neural modulation may be related to the
known role in processing of emotional information in the amygdala
and hippocampus (41), and possibly with related mental processes
such as memory and attention. During LKM, participants are
encouraged to actively retrieve positive autobiographical memories
during LKM which induces amygdala and hippocampus activation
(42). The hippocampus plays a critical role emotional regulation
and attention (43, 44) alongside its fundamental roles memory
consolidation and retrieval (45, 46), suggesting hippocampal
activation may be related to the memory aspects of the meditative
task. The amygdala, in turn, can direct attention toward emotionally
significant stimuli (13, 45, 47), serving a critical function in the
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Fig. 6. Subject-levelincreased y oscillatory power in meditation compared to baseline. We analyzed power modulation within subjects by dividing the LKM session
into 1-s epochs and performing frequency decomposition to estimate y and p power for each epoch. These epochs were then z-scored against the mean and
SD of y and B power during the baseline period (each point represents one 1 s epoch). A positive z-score indicates an increase in power during the LKM session
relative to baseline. (A) Generalized gamma-band power increase in the amygdala and hippocampus. Most participants (n = 6/8, 75%) exhibited significantly
greater amygdala y power during meditation compared to baseline [one-sided one-sample Wilcoxon signed rank test; participant (median, P-value) = 1 (0.14,
P<0.001),2(0.14, P<0.001),3(0.13, P<0.001), 4 (-0.02, P < 0.001), 5(0.18, P < 0.001), 6 (0.15, P < 0.001), 7 (-0.02, P> 0.05), 8 (0.12, P < 0.001)]. Most participants
(n =6/7, 86%) exhibited significantly greater hippocampus y power during meditation compared to baseline [one-sided one-sample Wilcoxon signed rank test;
participant (median, P-value) = 1 (0.13, P > 0.05), 2 (0.12, P> 0.05), 3 (0.12, P> 0.05), 4 (-0.01, P > 0.05), 5 (0.14, P> 0.05), 6 (0.13, P> 0.05), 8 (0.13, P> 0.05)]. (B)
Beta-band power modulation in the amygdala and hippocampus in a subset of patients. Only a minority of participants exhibit significantly different p power
during meditation compared to baseline in the amygdala [3/8 patients; two-sided one-sample Wilcoxon signed rank test; participant (median, P-value) = 1 (-0.01,
P <0.001),2(-0.02, P>0.05), 3(-0.01, P> 0.05), 4(0.02, P < 0.001), 5(0.04, P < 0.001), 6(-0.05, P> 0.05), 7(-0.01, P > 0.05), 8(-0.04, P > 0.05)] or hippocampus [two-
sided one-sample Wilcoxon signed rank test; participant (median, P-value) = 1 (-0.01, P < 0.01), 2 (-0.02, P > 0.05), 3 (0.01, P < 0.001), 4(0.02, P < 0.001), 5(0.01,
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P <0.05), 6(-0.04, P> 0.05), 8(-0.04, P > 0.05)].

bottom—up processing of emotionally relevant information (48—
50). We further identified an increase in the duration of y oscillatory
events during LKM compared to baseline in the amygdala, but not
hippocampus (Fig. 7). This may reflect the specific physiological
demands of LKM, wherein the hippocampus exhibits more
transient ¥ bursts associated with memory retrieval (51) while the
amygdala exhibits more sustained, rhythmic v activity to support
emotional processing (52).

Amygdala and Hippocampus p Oscillatory Duration Decreases
During LKM. B oscillations reflect rhythmic phase-locked activity
and are thought to facilitate long-range information exchange
via cross-regional synchrony. The synchrony afforded by ongoing
B oscillations poises neural ensembles to quickly reorganize and
integrate incoming information. In human and nonhuman
primates, synchrony in lower-frequency (i.e., ) oscillations is
thought to modulate attention switches (18, 53). This physiological
mechanism provides an attentional spotlight that facilitates
effective information-gathering from the environment (19). This
affordance is advantageous in circumstances which require real-
time monitoring and adapting to one’s environment. In contrast,
one seeks to reduce the influence of external distractions during
LKM. Therefore, our present findings of decreased p oscillatory
duration during LKM compared to baseline support the notion
that B oscillations are a physiological mechanism for long-range
temporal synchrony that regulates selective attention in service
of LKM. Transient P bursts, instead of sustained rhythmic
oscillations, facilitate cognitive processes through functional

https://doi.org/10.1073/pnas.2409423122

inhibition (51). f bursts dictate the spatial and temporal basis of
activation relevant for memory- and attention-related processing,
while gamma power reflects the processing itself (54). Increased
cortical B oscillations have been correlated with negative mood
disorders (22, 53, 55). Decreased f oscillations with LKM may also
represent a shift from negative emotional states, in turn for more
positively salient y oscillations at the network level. Additionally,
given the role of B oscillations in premotor preparation and the
fact that LKM can be conceptualized as being action-oriented
(56-59), it is possible that our observed B modulation reflects a
motor plan in its preparatory stages. These group-level changes
in beta oscillatory duration were associated in some patients with
modulations in beta power (Fig. 6), suggesting that interpatient
heterogeneity may play a role in shaping these neural responses.

Meditation Does Not Affect Aperiodic Activity or Differentially
Impact the Hippocampus versus Amygdala. Our finding that
meditation was not accompanied by changes in aperiodic neural
activity suggests that any LKM practice-induced neural fluctuations
are specifically related to oscillatory events, not other physiological
processes (Fig. 3). We did not find differences in any oscillatory
metric (periodic/aperiodic FOOOF metrics or eBOSC) between
the amygdala and hippocampus. This may indicate they are
similarly modulated, with an important caveat that our amygdala
contacts are bipolar referenced to the head of the hippocampus.
Such confounds may be overcome in future experiments with
adjustments of the recording paradigms of the RNS to monopolar,
yet, at this time are beyond the scope of this paper.
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Fig. 7. Modulation of oscillatory duration across meditation states. We used
a rhythm detection method (eBOSC) to determine the duration of rhythmic,
oscillatory activity. Estimates of oscillatory duration were averaged within
frequency bins (5 = 2-4, 0 = 4-8, a = 8-13, p = 13-30, y = 30-55) and compared
between conditions. (A) Amygdala channels showed a decrease in p and an
increase in y oscillation duration. The duration of amygdala p-range oscillatory
activity during LKM decreased compared to baseline (P < 0.05, one-sided
paired-samples Wilcoxon signed rank test), and the duration of amygdala
y-range oscillatory activity during LKM increased compared to baseline
(P < 0.01, one-sided paired-samples Wilcoxon signed rank test; all other
frequency bands P > 0.05). (B) Hippocampus channels showed a decrease
in p oscillation duration. The duration of hippocampal p-range oscillatory
activity during LKM decreased compared to baseline (P < 0.05, one-sided
paired-samples Wilcoxon signed rank test; all other frequency bands P> 0.05).

Naturalistic Study on the Neural Correlates of Meditation. This
work on the neural correlates of meditation using RNS has a
multitude of advantages over other approaches. Mainly, the RNS
allows detailed spatiotemporal study of deep brain structures
in a naturalistic setting. While work from fMRI and other
neuroimaging studies have gleaned important findings, they are
limited in their temporal resolution. Clinically relevant findings
from these studies, such as biofeedback for treatment of negative
emotions (45), are difficult outside of the naturalistic setting, as
with RNS. Our work builds on the uses of RNS to study the neural
basis of human brain function in the naturalistic setting, which
has been implemented for tasks ranging from spatial navigation

(30, 60), to speech (61).

Study Limitations. Our experimental design results in several
limitations of this study. First, the technical limitations of the
RNS device (which is limited to a 250 Hz sampling rate) imposed
an upper limit on the frequency bands that could be resolved, and
therefore we could not fully estimate the effects of meditation
on broadband high-frequency activity (typically 70 to 200 Hz),
a marker of local activation (32, 62). We were, however, able
to estimate gamma activity (30 to 55 Hz), which also acts as a
proxy for local cortical activation (63, 64). Second, because of
the limited time available for patient testing, the experimental
paradigm did not include a post-meditation active control
period, limiting our ability to test for postmeditation baseline
changes as reported in previous studies (3). Similarly, the one-
shot design limits our ability to draw conclusions regarding

PNAS 2025 Vol.122 No.6 2409423122

the chronic effects of meditation practice. Our ability to draw
conclusions regarding the generalizability of findings is limited
by experimental constraints with a clinical sample as baseline
period could only consist of a single session at the start of the
meditation phase, during which participants listened to audio
instructions about meditation, and we did not include multiple
baseline periods for further comparison. Whereas it is possible
that the observed neuromodulation reflects the influence of
factors beyond LKM, the main difference between the active
control baseline and the LKM period was the meditation practice
itself. Participants maintained the same seated position, received
the same quality of audio prompts, and were exposed to the
same environmental stimuli in both conditions. Future studies
could benefit from incorporating multiple control sessions, a
more robust baseline period, counterbalanced order of baseline
and meditation periods, and additional forms of meditation or
relaxation practice to better isolate the specific contributions
of LKM to the observed effects. Third, by including the knee
parameter in our FOOOF model fit, we avoid assuming the
aperiodic component of the power spectra maintain a single
1/f-like characteristic, as this assumption is often violated
across broad frequency ranges (~greater than 40 Hz). While
providing a better fit to the data, this model fitting choice may
exhibit a bias against lower frequencies, potentially explaining
the disproportionate detection of peaks at higher frequencies
compared to lower ones in the present analysis. Additionally,
the lack of a relationship between self-reported depth of
meditation and neurophysiological metrics raises the question
of whether participants genuinely engaged in meditation, and the
challenges of estimating internal states in a non-intrusive way.
More generally, it is possible that our observed neural changes
reflected generalized changes in states of arousal or affect. The
addition of neurophysiological measures such as heart rate or
skin conductance, would help relate amygdala and hippocampal
activation to less invasive physiological metrics and help determine
the specificity of neural activation versus more general metrics,
e.g., arousal. Finally, because of the difficulties of recruiting RNS
patients, our study was necessarily limited to a small patient
sample (n = 8). This is a common limitation of intracranial
studies in general, and RNS studies in particular, which often
have similar or, frequently, smaller number of patients compared
to our study (29, 65). In addition, this concern is alleviated by
the significant homogeneity in electrode placement, which limits
cross-patient anatomical variability compared to other invasive
studies (e.g., sEEG) and by the great signal-to-noise ratio of
intracranial recordings, which allowed us to carry out group-level
inferences (e.g., Fig. 5).

Study Strengths. This study has several key strengths. First, the
use of intracranial recordings offers high spatial and temporal
precision, allowing for direct measurement of brain activity in
subcortical regions, such as the amygdala and hippocampus, which
are known for their roles in emotion regulation and memory.
These processes are thought to be triggered by LKM practice but
specific neuronal activation of these regions during LKM are
difficult to measure with non-invasive methods. Additionally,
the RNS system enables data collection from fully ambulatory
participants, allowing the study to take place in a naturalistic
setting. This improves the study’s ecological validity by recording
direct brain activity while participants behave in conditions that
closely resemble a real-world meditation setting. Finally, the
statistical methods used in this study account for both periodic
and aperiodic neural activity, offering a detailed and mechanistic
understanding of how LKM affects the brain.
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Future Directions. These results are the first to document acute
intracranial electrophysiology changes with LKM. Specifically, we
see an increase in y oscillations and a decrease in § burst duration
in the amygdala and hippocampus with LKM. While we observe
acute changes in amygdala and hippocampal electrophysiology
during LKM, we did not assess long-term changes that may occur
with LKM practice. The meditation literature has defined “state
changes” as temporary modulations of mind (and implicitly brain
function) that occur with meditation, versus trait changes as long-
term, enduring effects of meditation on the mind (and thus brain)
(65). Our research documents brain signals that may contribute
to the acute state changes of LKM but does not explore long-
term brain changes that may underlie traits unique to long-term
meditators. Yet, the RNS system enables long-term tracking of
electrophysiology, which may be applied over the course of a novice
meditator’s practice as they journey to a higher level of expertise.
Further, alternative forms of meditation, such as mindfulness, may
be similarly assessed to determine the varying effects of meditation
practice on brain state and trait changes. The work presented
here focuses on hippocampal and amygdala electrophysiology, as
these are the typical targets of RNS implantation for epilepsy.
Complementary studies on intracranial EEG recordings in
patients implanted with a wider range of contact locations for
seizure localization (SEEG) may provide additional insight into
the circuit-level activity changes associated with meditation.
We feel both approaches are complementary and will improve
future investigations via a feedback loop. There thus remains an
exciting opportunity for exploration on how meditation practice
exerts acute state changes and long-term trait changes through
modulation of intracranial electrophysiology in the human brain.

Summary. Our findings reveal increased hippocampal and
amygdala y power associated with LKM, and amygdala-specific
increases in y oscillation duration. Further, we identified a global
decrease in amygdala and hippocampus P oscillatory duration
during LKM. These findings provide anatomically localized
and neurophysiologically detailed for the role of these regions
in meditation and suggest an association with their known roles
in memory and emotional regulation processes. In addition,
they confirm the potential of first-time LKM practice to induce
transient physiological alterations in brain regions whose
maladaptive functioning is implicated in mental health disorders.
By identifying physiological mechanisms that are amenable to
noninvasive neuromodulation via LKM, we highlight LKM’s
potential as a targeted therapeutic intervention.

Materials and Methods

RNS Participants. Eight DRE patients participated in the present study (n = 3
female, mean age = 44.75 = 7.67 y). All participants had been previously
implanted with the NeuroPace RNS System to treat DRE. Electrode placement was
solely determined by clinical criterion. Astructured clinical interview was conducted
based on the NIH Common Data Elements Battery for Epilepsy Patients prior to
participation. Participants provided informed consent for participating in the pres-
ent study which was approved by the Mount Sinai Institutional Review Board.

RNS Data Acquisition. RNS is an FDA-approved chronically implanted invasive
intervention to treat patients with DRE by continuously monitoring forabnormal
electrical activity and delivering electrical stimulation to circumvent seizure onset
(Fig. 14). RNS devices provide access to intracranial LFP activity from the stim-
ulating electrode in postsurgical, chronic conditions, which provides an oppor-
tunity to record intracranial LFP data from deep brain regions. iEEG storage in
the RNS Neurostimulator was manually triggered by the experimenter to mark
the startand end of the experimental session. During the experimental session,
the RNS Neurostimulator continuously recorded iEEG activity in two (unilateral
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implantation) or four (bilateral implantation) bipolar channels depending on each
patient's electrode placement. Bipolar derivations were carried out between the
two most anterior and the two most posterior channels, typically implanted along
the anterior-posterior axis of the amygdala-hippocampus (Fig. 24). iEEG activity
was continuously recorded from all available bipolar channels across two depth
electrode leads in each patient at a sampling frequency of 250 Hz.

Behavioral Task. The experimental session consisted of a 15-min audio-guided
meditation paradigm. All experimental sessions occurred in Mount Sinai's
Quantitative Biometrics Laboratory (Q-Lab) which was designed to emulate
Japanese teahouses and gardens, affording patients a restorative environment
for participation (Fig. 1B). The present study's LKM paradigm was an audio-only
prerecording to ensure standardization across participants. The recording uti-
lized material from the Healthy Minds Program and Mindfulness-Based Stress
Reduction course through Palouse Mindfulness. Both programs provide open-
source, empirically evidenced LKM resources (10). The recording was performed
by a neuropsychologist with specialist training Acceptance and Commitment
Therapy, a psychological intervention that utilizes mindfulness, and experience
in facilitating meditation sessions for epilepsy patients. An experimenter was
present for each experimental session to monitor potential seizure activity. The
meditation paradigm began with 5 min of audio-guided instruction during which
participants passively listened to discussion of meditation's objective and were
guided in best practices for engaging effectively in LKM. This period was con-
sidered baseline in further analysis. Instruction was followed by 10 min of LKM
during which participants were guided to wish well to oneself and then others
by first imagining that "you are filled and overflowing with warmth and love”
and then repeating phrases silently, such as “may you live with ease, may you be
happy, may you be free from pain.” The meditation builds from receiving loving
kindness directed at oneself followed by sending loving kindness to loved ones,
neutral people, and all living beings (see SI Appendix for complete transcript).
Through active attention regulation, practitioners to exert top-down attention on
a target object while disengaging attentional resources from irrelevant objects
(66).The goal-directed modulation of attention and its neural underpinnings has
been well characterized in humans (67). Until now, significant technical limita-
tions have prevented the direct recording of neural activity with the spatial and
temporal resolution necessary to potentially detect neurophysiological fluctua-
tions induced by meditative states, especially in novice meditators. RNS patients
present a unique opportunity to record intracranial electrophysiology (iEEG) in
freely behaving, postoperative humans. For these reasons, we chose to focus the
present iEEG study on LKM. Participants remained seated for the duration of the
experimental session. For analysis purposes, the first 2 min of instruction were
selected as the baseline epoch, and 2 min in the middle of meditation during each
patient's experimental session were selected as the meditation epoch for compar-
ison. These conditions were referred to as baseline and meditation, respectively.

Analysis. Analyses were performed with custom MATLAB (electrode localization),
Python (iEEG preprocessing/quantification, visualization, and statistics), and R
(statistics and visualization).

Electrode Localization and iEEG Preprocessing. Electrode localization was
performed with MATLAB LeGUI. We coregistered each participant's postoperative
CTimage to their preoperative whole brain MRI. All electrodes determined to be
in the amygdala or hippocampus following localization were included in further
analysis (amygdala: electrode, bipolar channels; hippocampus: electrodes, bipo-
lar channels). The anatomical location of each electrode was determined using
the Yale Brain Atlas (68), a whole-brain atlas of the human cortex, hippocampus,
amygdala created using 3,866 electrodes across 25 iEEG subjects, and verified
through visual examination. Epileptic or noisy activity was manually removed
following visual inspection of each channel similar to previously published
methods (32). Similar to previous results (29, 30, 32), we excluded ~6% of the
data from further analyses due to the presence of epileptic or noisy activity. The
proportion of excluded data across amygdala and hippocampus channels was not
significantly different between conditions (P > 0.05 for all channels, Pearson's
chi-square goodness-of-fit test).

Quantifying Oscillatory Prevalence, Power, and Duration. \We computed
the power spectral density (PSD) of the iEEG signal between 0 and 125 Hz using
the Welch method (2 s-segments, 12.4% overlap).
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Fitting Oscillations and 1/f (FOOOF) Method. PSDs for each channel across
conditions were analyzed using the FOOOF method (23) which parameterizes
aperiodic and periodic features of the power spectrum allowing us to determine
whether FA meditation induces true oscillatory changes in neural activity or
impacts other neurophysiological processes. Consistent with prior work leverag-
ing the FOOOF method to assess human electrophysiological data, we visually
inspected each PSD to determine the appropriate method of aperiodic fitting
(linear versus nonlinear). Across most channels (n = 26), PSDs depicted a bend in
higher frequencies (>40 Hz), therefore spectral parameterization with FOOOF was
performing using a knee to appropriately capture these power spectra's nonlinear
dynamics (Fig. 2B). This was consistent with existing human electrophysiology
literature, especially when evaluating higher frequency domains (>40 Hz). In
one channel, a bend was not observed in the PSD. Spectral parameterization
for this channel was performed without a knee. Using fitted exponent and knee
parameters for each channel, we calculated the knee frequency to evaluate group
differences. The knee frequency reflects the frequency in which the aperiodic
slope of the PSD changes. Further, peak width was restricted to 1 to 8 Hz to
minimize overfitting. Model fit was evaluated according to R-squared and error
metrics (Amygdala: median R2(median error) = baseline (0.99(0.03)), medita-
tion (0.99(0.04)); Hippocampus: baseline (0.99(0.03)), meditation (0.99(0.03))).
R-squared for both regions was in accordance with existing literature (68) and
not significantly different between conditions suggesting good fit for both the
amygdala (P> 0.05, two-sided paired-samples Wilcoxon signed rank test) and
hippocampus (P > 0.05, two-sided paired-samples Wilcoxon signed rank test).

Using the FOOOF method, we fit the aperiodic (offset, knee, exponent) and
periodic (power, bandwidth, center frequency) components of each iEEG channel's
power spectrum between 2 and 55 Hz for each condition (Fig. 2B). This allowed
us to separate true oscillatory features of the PSD versus background (1/f) neural
activity, characterized by the aperiodic components (69). The aperiodic offset, or
broadband intercept, reflects the up/down translation of the spectrum while the
aperiodic exponent reflects the overall curve of the aperiodic component with a
smaller exponent reflecting a shallower power spectrum (Fig. 2B). Oscillations are
reflected as narrowband peaks in powerabove the aperiodic component of the PSD.
Parameterizing both the periodicand aperiodic components of the PSD allows us to
compare differences in the presence/absence of oscillations atindividual frequency
bands between regions and conditions, as well as the periodic features of those
oscillations while accounting for the background 1/f aperiodic profile which reflects
other physiological processes. Periodic components of the power spectra refer to
activity with a characteristic frequency. Of interest for the present study is frequency-
specific power, which quantifies the amount of energy contained in the iEEG signal
ata particular frequency band. Aperiodic components of the power spectra refer to
recorded activity with no characteristic frequency. We assessed LKM-associated dif-
ferences in aperiodic offset, which measures the overall up/down translation of the
power spectra, exponent, which reflects the slope of the aperiodic component of the
power spectra, and the knee frequency, which quantifies the aperiodic component’s
"bend” ortransition point wherein the dominant characteristics of the neural signal
change (Fig. 2B; 23). For each channel, we estimated power in putative frequency
bands by taking the average power of peaks above the aperiodic componentfalling
within a priori designated ranges according to their center frequency (8 = 2-4 Hz,
0 =4-8Hz, o = 8-13 Hz, p = 13-30 Hz, y = 30-55 Hz).

Quantifying Subject-Level Beta and Gamma Power Modulations. Data from
each condition (baseline and LKM) were segmented into 1-s non-overlapping
epochs. Time-frequency representations of power were computed for each epoch
using Morlet wavelet convolution. For each frequency (in a logarithmically spaced
range between 1and 60 Hz), the number of cycles used in the wavelet transfor-
mation was defined as half of the frequency value. We extracted power estimates

1. R.Chambers, E. Gullone, N. B. Allen, Mindful emotion regulation: An integrative review. Clin.
Psychol. Rev. 29, 560-572 (2009).

2. A Lutz, J. Brefczynski-Lewis, T. Johnstone, R. J. Davidson, Regulation of the neural circuitry
of emotion by compassion meditation: Effects of meditative expertise. PLoS One 3, 1897
(2008).

3. A Lutz, L. L Greischar, N. B. Rawlings, M. Ricard, R. J. Davidson, Long-term meditators self-induce
high-amplitude gamma synchrony during mental practice. Proc. Natl. Acad. Sci. U.S.A. 101,
16369-16373(2004).

4. A Lutz, H.A. Slagter, J. D. Dunne, R.J. Davidson, Attention regulation and monitoring in meditation.
Trends Cogn. Sci. 12,163-169 (2008).

PNAS 2025 Vol.122 No.6 2409423122

corresponding to the beta (13 to 30 Hz) and gamma (30 to 55 Hz) frequency
range separately for each frequency band. Power values within each range were
averaged across the frequency dimension for each epoch and channel, providing
ameasure of broadband beta and gamma power, respectively, for further analysis.
To assess changes in beta power during meditation relative to baseline, z-scores
were computed for the LKM epochs. First, the mean and SD of baseline power
values were calculated across epochs and time points for each channel and used
to z-score each LKM epoch across channels for each subject, yielding normalized
values that reflect relative deviations from baseline (Fig. 6). For each subject,
the median z-scored beta power was computed across all epochs and channels.

eBOSC Method. To assess FA meditation-induced temporal differences in oscil-
latory activity, we estimated the duration of oscillations by applying the eBOSC
method (24, 70). By calculating both the strength (i.e., amplitude) and duration of
agiven oscillation, eBOSC provides a comprehensive characterization of oscillatory
events. eBOSC allowed us to estimate the duration of oscillations by identifying
significant oscillations that surpass a statistical power threshold, extracting the
number of detected cycles in each significant oscillation, and converting the num-
ber of detected cycles to duration in a frequency-specific manner. eBOSC first
performs time-frequency decomposition on continuous data. The resulting power
spectra are fitlinearly using robust regression to estimate the relationship between
log(frequency) and log(power). A power threshold for each frequency was set at
the 95% of a ’-distribution of power values centered around the fitted estimate
of background power at a given frequency based on the linear model fit. This
establishes a statistical power threshold for determining a significant oscillation
at a given frequency. Using the derived power threshold, oscillations and their
associated time intervals were extracted. The duration threshold was set to zero,
allowing us to compare both transient and sustained oscillatory episodes. The
proportion of time spent oscillating at each frequency is calculated by summing
detected time intervals and normalizing by total duration of a given iEEG recording.

Statistics.

Data quality checks. We used a nonparametric Pearson’s chi-square goodness-
of-fit test to determine whether there was a significant difference in the proportion
of data within each condition following preprocessing. We used a nonparametric
Wilcoxon rank-sum test to check whether FOOOF model fit (R?) differed signifi-
cantly between conditions.

Hypothesis testing. We used a nonparametric Fisher's exact test to assess whether
anonrandom association exists between experimental condition (baseline versus
meditation) and categorical variables (presence versus absence of an oscillation
within a given frequency band). To assess significant differences between condi-
tions for linear variables (oscillatory power and duration), we used nonparametric
Wilcoxon rank-sum tests. One-sided Wilcoxon rank-sum tests were implemented
where applicable based on empirical literature regarding meditation-induced
modulation of p and y oscillations (3, 16, 17).

Data, Materials, and Software Availability. Anonymized data from partici-
pants who consented to data sharing are available upon request with the approval
of NeuroPace. Analysis scripts can be found at the following GitHub repository:
https://github.com/christinamaher/iEEG_LKM (71).
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