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Abstract

Background: Humans routinely shift their sleepiness and wakefulness levels in response to
emotional factors. The diversity of emational factors that modulates sleep-wake levels suggests
that the ascending arousal network may be intimately linked with networks that mediate mood.
Indeed, while animal studies have identified select limbic structures that play a role in sleep-wake
regulation, the breadth of corticolimbic structures that directly modulates arousal in humans
remains unknown.

Objective: We investigated whether select regional activation of the corticolimbic network
through direct electrical stimulation can modulate sleep-wake levels in humans, as measured by
subjective experience and behavior.
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Methods: We performed intensive inpatient stimulation mapping in two human participants with
treatment resistant depression, who underwent intracranial implantation with multi-site, bilateral
depth electrodes. Stimulation responses of sleep-wake levels were measured by subjective surveys
(i.e. Stanford Sleepiness Scale and visual-analog scale of energy) and a behavioral arousal score.
Biomarker analyses of sleep-wake levels were performed by assessing spectral power features of
resting-state electrophysiology.

Results: Our findings demonstrated three regions whereby direct stimulation modulated arousal,
including the orbitofrontal cortex (OFC), subgenual cingulate (SGC), and, most robustly, ventral
capsule (VC). Modulation of sleep-wake levels was frequency-specific: 100Hz OFC, SGC, and
VC stimulation promoted wakefulness, whereas 1Hz OFC stimulation increased sleepiness. Sleep-
wake levels were correlated with gamma activity across broad brain regions.

Conclusions: Our findings provide evidence for the overlapping circuitry between arousal and
mood regulation in humans. Furthermore, our findings open the door to new treatment targets and
the consideration of therapeutic neurostimulation for sleep-wake disorders.

Keywords
Arousal; Neurostimulation; Human electrophysiology; Sleepiness; Ventral capsule

1. Introduction

Humans routinely shift their arousal levels in response to mood, stress, and reward [1-3],
complementing internal homeostatic and circadian drives. For example, stressful stimuli

that give rise to aversive or rewarding outcomes may promote increased vigilance and
wakefulness, whereas less motivating stimuli, such as a monotonous lecture, can lead to
decreased vigilance and increased sleepiness. Furthermore, in many disorders of mood,

e.g. depression, anxiety, and mania, maladaptive responses to emotional factors can lead

to disruptions in the control of sleep and wakefulness [4-7]. Nearly 90% of patients

with depression are reported to have sleep-wake disturbances, including insomnia and
hypersomnia. The diversity of emotional factors that modulates arousal in both adaptive and
maladaptive ways suggests that the arousal circuitry may be more distributed than previously
appreciated and integrated into the networks that mediate mood. In this study, we tested the
hypothesis that regional activation of corticolimbic network sites differentially modulates
sleep-wake level by measuring behavioral stimulation-responses in human participants.

If sleep-wake levels can be differentially modulated through stimulation of corticolimbic
circuitry, this may support a circuit mechanism for the adaptive fluctuations of arousal

that occur in healthy individuals to emotional stimuli or the sleep-wake dysfunction that
occur in individuals with mood disorders [6,7]. Furthermore, it may support specific
corticolimbic regions as treatment targets for the consideration of neurostimulation therapies
for intractable sleep-wake disorders.

Indeed, the current conception of arousal networks has extended beyond classical structures
(e.g. brainstem, hypothalamus, and basal forebrain) to include distributed pathways of the
ascending arousal system, including within limbic structures [8-12]. Dating back to the
1950s, regional limbic activation, such as with the direct stimulation of the amygdala [13]
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or mesial temporal lobe seizures [14], was identified to elicit a diffuse cortical arousal
pattern of low-amplitude fast activity, reminiscent of the activation of the brainstem reticular
system, albeit with complex clinical features. The amygdala was subsequently implicated

in the cortical synchronization of low-gamma activity, enabled by its widespread reciprocal
connections with the cortex [15]. More recently, electrical and optogenetic neuromodulation
of subcortical regions that have traditionally been implicated in reward or stress response,
including the ventral tegmental area (VTA) [16-19] or bed nucleus of stria terminalis
(BNST) [20], have been shown to promote sleep-wake transitions. In addition to circuit
level behavioral studies, decades of psychometric research have led to the dissection of
emotion into two dimensions of valence and arousal [21-24], implicating the coregulation of
mood and arousal networks. Yet, the extent to which subjective experience of arousal can be
modulated at the level of mood circuits remains unclear.

Human studies may offer increased sensitivity for measuring fluctuations in arousal with
direct neurostimulation through quantifying subtle changes in experience or function, rather
than relying on isolated electrophysiologic changes and/or gross behavioral-state changes,
e.g. the transition from sleep to wake. In fact, modulation of arousal in humans has been
investigated using deep brain stimulation (DBS) techniques. However, these case-series
were largely performed in cohorts with impaired consciousness, such as in patients with
severe traumatic brain injury or stroke, and thus outcome measures were restricted to

gross behavioral observations [25-27]. In addition, anatomical targets to-date have been
limited to structures long identified as playing a role in sleep/wake regulation, including

the pedunculopontine nucleus (PPN), medial thalamus, basal forebrain, and hypothalamus,
with variable success. Other studies in patients with advanced Parkinson’s disease (PD) and
severe sleep-wake disturbances demonstrated that low frequency stimulation of the PPN
decreases daytime sleepiness [28,29], suggesting that there is an opportunity for modulating
arousal in patients with less severe neurologic disease. Stimulation of downstream targets in
subjects who are cognitively intact and can report experiential changes may allow for a more
sensitive identification of arousal responses elicited by direct brain stimulation.

In this study, we hypothesized that sleep-wake level can be modulated by regional

activation of the corticolimbic network, providing supporting, mechanistic evidence that

the corticolimbic network may provide a parallel pathway for augmenting arousal. We tested
this hypothesis by leveraging an ongoing clinical trial [30,31] focused on assessing the
antidepressant effects of intracranial stimulation. By assessing subjective experience and
clinical behavior, we performed mapping of sleep-wake responses to acute corticolimbic
stimulation. Our findings reveal a set of corticolimbic targets, whereby stimulation
differentially modulates sleep-wake levels and electrophysiologic biomarkers in the gamma
band correlate with changes in arousal. These results provide new mechanistic support for
the distributed circuitry of the arousal network across corticolimbic sites. These findings
further support novel targets and the consideration of therapeutic neuromodulation strategies
for the treatment of refractory sleep-wake disorders.

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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2. Methods

2.1. Participant cohort

The study design leveraged an ongoing in-hospital clinical trial (NCT04004169) involving
the implantation of intracranial electrodes in participants with treatment-resistant depression
[30]. Participants included in the study were required to have treatment-resistant depression
without suicidality and prior successful but transient response to electroconvulsive therapy
(ECT). During the hospitalization, no sleep-wake medications, including stimulants or
sedatives, were administered during or within 10 h prior to the testing period. Two patients
(a 31 year-old Caucasian man and a 29-year old Caucasian woman) met inclusion criteria
and were implanted with multi-site, intracranial depth electrodes and underwent a 10 d
period of intensive stimulus response mapping in the UCSF Epilepsy Monitoring Unit

[30]. Neither participant was previously formally diagnosed with a sleep-wake disorder;
however, Patient 2 had required stimulants as needed for symptoms of daytime sleepiness
and zolpidem as needed for insomnia. In addition, Patient 2 had been maintained on nightly
trazadone for symptoms of both mood and insomnia.

2.2. Electrode placement, reconstruction, and tractography

Sixteen-contact depth electrodes (PMT® sEEG Depthalon electrodes, 3.5 mm pitch, center
to center) were implanted in the two patients enrolled in the inpatient study. Electrodes were
implanted using standard neurosurgical techniques with trajectories targeting the bilateral
amygdala (Amy), hippocampus (Hipp), subgenual cingulate (SGC), orbital frontal cortex
(OFC), and ventral capsule (VC) with the most distal contacts. Due to differences in
electrode trajectories based on individual neuroanatomy, Patient 2 also had left nucleus
accumbens (NAC) represented. All subjects underwent presurgical 3 T brain magnetic
resonance imaging (MRI), including 1 mm isotropic T1-and T2-weighted imaging, and post-
operative computed tomography (CT) scan for electrode localization. Electrode locations
were determined by coregistering the presurgical T1-weighted MRI sequence with the post-
operative CT. Anatomical locations of each electrode were determined by neuroradiologist
review (L.P.S.).

Fiber tracts were identified using the Lead DBS toolbox [32] in MATLAB (Mathworks,
Inc., Natick, MA). Pre-operative MRI and post-operative CT scans were co-registered and
normalized to a standardized Montreal Neurological Institute template (MNI1152, ICBM
2009b NLIN asymmetric) [33]. Putative fiber tracts were derived from a normative group
connectome based on 32 subjects from the Human Connectome Project (HCP) (as detailed
in Horn et al., 2017 [34]) based on a simple spherical estimate of the volume of tissue
activated by a 5 mA unipolar stimulation at the mean location between the individual
electrode pair used for bipolar stimulation during the study (according to the stimulation
model detailed by Dembek et al., 2017 [35]). For each participant and region, the electrode
pair modeled represents the pair that was tested most frequently for that region.

2.3. Behavioral measures and responses

Three behavioral ratings were used to capture the degree of arousal of the patient. First, a
visual-analog scale (VAS) was completed by the patient to rate the level of energy. The VAS

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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was presented to the patient as a digital slider scale with the level of energy anchored by 0
(i.e. “not at all energetic™) and 100 (i.e. “very energetic”). Second, the Stanford Sleepiness
Scale (SSS) [36], a validated, 7-point self-rated scale of sleepiness, was completed by

the patient to determine the degree of sleepiness. Scores of SSS ranged from 1 (“Feeling
active, vital, alert or wide awake™) to 7 (“No longer fighting sleep, sleep onset soon,
having dream-like thoughts™). Third, arousal metrics were scored by a bedside observer
using a 5-point Likert scale ranging from -2 (i.e. episodes of eye closure, decreased
responsiveness to the environment, slowed speech rate) to 2 (i.e. high level of engagement
with the environment, completion of tasks, relatively rapid speech rate). Both participants
were blinded to all simulation parameters for all survey assessments. In addition, arousal
measures were obtained in a double-blinded fashion. Specifically, the bedside observer sat
out of view from the streaming EEG.

At any time, patients were allowed to spontaneously report any experiences or symptoms.
Verbal responses were not cued.

2.4, Stimulation paradigm and survey assessments during simulation

We note that the stimulation protocol employed in this study were originally designed for
the treatment of depression; however, through these methods, it was possible to extract
additional behavioral scores to evaluate sleep-wake responses to stimulation. As such, the
regions that were repeatedly assessed and included in this study for each subject were found
to have some degree of anti-depressant effects, and the frequency of stimulation at each
region was a function of assessing antidepressant treatment potential for therapy. While

this context led to a variation in the amount of data available for each stimulation site,

this study offered the unique opportunity to elucidate subjective experience of sleep-wake
effects in humans (without epilepsy and without the confounds of anti-seizure medication
side effects), which is extremely rare.

Bipolar stimulation of adjacent or nearby electrodes and monitoring of real-time
electrophysiologic data were performed using the Nihon Kohden System (Tokyo, Japan).
Stimulation was performed on post-operative days 2 through 10 of the inpatient
hospitalization for the two patients involved in the inpatient study. Bipolar stimulation was
delivered with charge-balanced, biphasic, constant-current trains at a specified frequency,
pulse width, and current. Bipolar contacts tested for each region and patient are listed in

the Supplementary Materials (Table 1s). Intracranial EEG recordings were collected at 2-10
kHz sampling rates using the Nihon Kohden System and a secondary data stream.

Prior to experimental stimulation, a safety survey was first performed using short duration
1-3 s bursts of stimulation at all anatomically verified electrodes within candidate brain
regions to assess for epileptiform discharges. Safety surveys were performed at 1 and

100 Hz, 100 ps pulse width, and increasing currents (1-6 mA). For each patient, brain
regions and stimulation parameters that elicited epileptiform discharges were avoided in all
subsequent experimental stimulation paradigms with longer-duration stimulation [37] (see
Supplementary Methods).

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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During stimulation mapping sessions, participants were informed that stimulation would

be performed at different brain regions but blinded to the location and parameters of the
stimulation and the time when stimulation started and ended. Stimulation parameters varied
by region and current (1-6 mA). All regions were tested at 100 Hz frequency; an additional
frequency of 1 Hz was tested for the OFC contact, given a prior anti-depressant effect at
low frequencies [30]. Sham (0 mA) stimulations were randomly included in a subset of the
stimulation blocks to serve as an internal control. Baseline periods (i.e. no stimulation) were
also interspersed throughout the stimulation testing period, as both a control condition and a
source of resting-state data for the biomarker analysis (see below). Finally, washout periods
of at least 2 min were included into the stimulation schedule to provide resting time for the
participants to minimize carryover effects.

Participant surveys assessments were completed at the end of stimulation and baseline
periods. To minimize survey fatigue, the frequency of survey assessments was reduced
when consecutive stimulations were performed in the same brain region, for instance,
with repeated intermittent stimulation paradigms and sequential escalations of stimulation
current. To characterize responses of these stimulation paradigms, a single score was
obtained, as detailed below. Bedside observer arousal scores were performed after each
stimulation, including when participant survey responses were not administered.

2.5. Stimulation response analysis and statistics

Behavioral scores and survey responses were aggregated and visualized across regions of
stimulation using MATLAB v2019a. As a subset of baseline recordings did not have bedside
observer subscores, missing-data was predicted from a regression model using subjective
energy and sleepiness measures as predictors for bedside arousal measures. Leave one-out-
cross validation was performed to estimate the quality of the imputation (Supplementary
Materials).

Stimulation responses were then collected across a range of stimulation paradigms during
the 10d inpatient monitoring. Stimulation paradigms included single trial assessments
(e.g. 90s continuous stimulation), sequential stimulation assessments (e.g. 90s continuous
stimulation at 1 mA, 3 mA, then 6 mA), and intermittent stimulation assessments (e.g. 10s
stimulation/60s off x 50 min).

For single trial assessments, stimulation responses were associated with the specifics of
the stimulation, which varied by region and stimulation parameters, including current
(0.5-6 mA), duration (30s-3min), and frequency (1Hz or 100Hz). During sequential
stimulations, multiple current levels were tested sequentially while holding all other
stimulation parameters constant, including electrode contacts, frequency, and duration of
stimulation. To account for sequential stimulation results, the survey responses associated
with the highest current level were included as a single point to summarize the series of
tests. During intermittent stimulation paradigms, short duration stimulations followed by
an off period were administered over a longer duration (e.g. 30—60 min). To account for
intermittent stimulation results, the survey response with the highest deviation from baseline
was included as a single point to summarize the overall response.

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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Principal component analysis (PCA) was performed across the behavioral outcome scores
to provide a summary metric of arousal based on multiple subscores for each participant.
To assess the significance of the behavioral responses, a two-sample Wilcoxon rank sum
test was performed on the stimulation-response, summary arousal metrics against a null
hypothesis of equivalence of baseline and sham testing. Statistical testing was thresholded
for multiple comparison testing with false discovery rate (FDR) of 5%.

2.6. Biomarker preprocessing and statistical analysis

Resting-state electrophysiology and behavioral scores were collected throughout each
testing day to capture baseline measures for biomarker analyses. Baseline measures were
performed before stimulation testing or at least 10 min after the most recent stimulation

to minimize the impact of stimulation on the biomarker recording of arousal. Survey
assessments were obtained at the end of the baseline recording sessions. The intracranial
electrophysiology data obtained over the 5 min prior to the initiation of the survey were used
in biomarker development.

Offline analysis of electrophysiology data was performed in MATLAB v2019a and Python
v3.10. Standard preprocessing of the data was performed, including common average
referencing to the mean of all channels, down-sampling to 512Hz, and application of

a notch filter to remove artifact from noise and harmonics (60Hz, 120Hz, 180Hz, and
240Hz). We employed a second-order IIR notch digital filter using the Scipy function
scipy.signal.iirnotch and a frequency bandwidth of 2Hz above and below the filtered
frequency (i.e. total of 4Hz band). Additionally, we performed visual identification and
rejection of periods with artifact across all channels, rejection of channels with high degree
of noise based on a kurtosis threshold, and band-pass filtering of 1-150 Hz.

Spectral power was obtained for individual channels using 25 scales with logarithmically
increasing center frequencies between 1 and 150 Hz and by performing wavelet analysis
with Morlet wavelets. Relative power was obtained by dividing the power associated with
each scale by the total power (i.e. normalizing the power spectra for area under the curve to
1). The relative spectral power was then averaged across scales to arrive at average estimates
within canonical frequency bands: delta (1-4Hz), theta (4-9Hz), alpha (9-13Hz), beta (13-
31Hz), low gamma (31-81Hz), and high gamma (81-150Hz). Finally, the relative spectral
power was averaged across the 5-min biomarker recording period and across channels within
each anatomical region for statistical testing.

To assess the correlation between SSS and spectral biomarkers, Pearson’s correlations
were assessed across candidate regions and frequency bands. P-values were adjusted for
multiple comparison testing with a FDR of 5% across all regions. SSS was selected

as the behavioral outcome to enable a consistent metric for comparison across patients.
Electrophysiologic biomarkers that were statistically significant in both patients were used
as features of investigation in the Electrophysiology Response analysis described in the
following paragraph. To further evaluate the biomarkers, the SSS ratings were divided into
equal sized high and low sleepiness groups, i.e. a median split. Given that the patients
substantially varied in their overall level of sleepiness, the threshold for high and low
sleepiness group was patient-specific (Patient 1, high sleepiness state of = 6 SSS; Patient 2,

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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high sleepiness state of = 4 SSS). Logistic regression was performed to classify high and
low sleepiness levels per patient based on six randomly selected features. Features with the
highest predictive values were determined by mean F-values, following 1000 iterations of
feature selection and logistic regression across different train-test splits. The top six features
were recalculated in each iteration based on those with the highest F-score in a particular
train set. Receiver operating characteristic (ROC) curves were constructed for the strongest
logistic regression models to quantify the area under the ROC curve (AUC). Top F-score
features were identified by calculating the percentage of the cross-validated models in which
each feature was selected.

Electrophysiologic biomarker response to regional stimulation

To identify how local spectral power was affected by stimulation, spectrograms were
constructed across candidate channels for each stimulation condition with 1) stimulation
durations of = 30s and 2) pre- and post-stimulation durations of > 20s. Stimulation response
was investigated on the narrow set of electrographic biomarkers that were identified to

be significant across both patients in the Biomarker analysis. For processing stimulation
response electrophysiology, spectral power was obtained by performing wavelet transform
with the same center frequencies as above and averaged across electrodes representing
individual regions. Averaged spectral power for pre-/post-stimulation were obtained using
a buffer of 9s from stimulation, which was visually determined to avoid direct stimulation
artifact. Specifically, to prevent the introduction of stimulation artifact to the analysis, the
9s periods acutely before and after stimulation were not included in the analysis; the buffer
of 9s was conservatively determined by obtaining the maximum duration of stimulation
artifact visualized within the channels and applying the rule symmetrically to both pre

and post-stimulation analyses for all conditions (see Fig. 1s B,C,E,F tan blocks). Power
was z-scored to the pre-stimulation period and subsequently smoothed using a 3s window
size. Post-stimulation z-scored power was compared to pre-stimulation z-scored power, and
the difference in pre- and post-stimulation spectral power were assessed by a two-sided,
paired T-test, computed separately for each selected feature. Post-hoc multiple comparison
thresholding with FDR of 5% was performed across the features investigated.

3. Results

3.1

Intracranial mapping to modulate arousal

Two patients underwent bilateral symmetric implantation of electrodes targeting candidate
corticolimbic structures, followed by an intensive 10 d inpatient monitoring period, during
which stimulation-response testing was performed (Fig. 1A). For each participant and
region, the predicted volume of tissue activated by stimulation at the select electrode
contact pair was used as a seed for fiber-tracking based on the normative connectome. We
hypothesized that the resulting tracts reflect those most likely to be recruited by stimulation
at the modeled electrode contact pairs. For the VC contacts, fibers belonging to the medial
forebrain bundle (Patients 1,2; Fig. 1B, fgp), anterior thalamic radiations (Patients 1,2), and
ansa peduncularis (Patients 1) were identified. For the SGC contacts, associated fiber tracts
included the cingulum bundle (Patients 1,2; Fig. 1B, middle), forceps minor (Patient 2), and
uncinate fasciculus (Patient 2). Finally, for the OFC contacts, associated fiber tracts included

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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the ventral component of the anterior thalamic radiations (Patient 1; Fig. 1B, bottom),
uncinate fasciculus (Patient 2), and a branch of the frontal asalant tract (Patient 2).

Voluntary spontaneous remarks were made by Patient 1 during stimulation across the

VC, amygdala, SGC, and OFC. While verbal responses were variable, notable example
comments are presented in Fig. 2A. Patient 2 did not provide spontaneous remarks during
stimulation, although they participated in frequent survey assessments. Quantitative outcome
assessments (i.e. VAS energy, clinician-rated Likert arousal scale, and SSS) results from
Patient 2 revealed increased energy (p = 0.002) and decreased sleepiness with right VC
stimulation (p < 0.001), as well as decreased sleepiness with left OFC 100Hz stimulation (p
< 0.001; Fig. 2A-C).

To best capture the regional stimulation response across all subscores, the quantitative
behavioral assessments (i.e. arousal, SSS, and energy) were combined into a summary
metric for each individual, corresponding to the first principal component (PC1) following
dimensionality reduction with PCA. The contributions of each behavioral assessment to PC1
are provided in Table 2s. PC1 captured 83.0% and 79.7% of the variance in the data for
Patient 1 and 2, respectively.

In both patients, right and/or left VC stimulation led to increased arousal/energy responses
(Fig. 3; Patient 1, p < 0.001; Patient 2, left VC p = 0.019 and right VC, p < 0.001),

as compared to the control. Statistically significant increases in arousal/energy were also
observable in the right OFC 100 Hz (Patient 1, p = 0.001), left OFC 100 Hz (Patient 2, p
=0.008), and right SGC (Patient 1, p < 0.001). In addition, Patient 1 exhibited significant
decreases in arousal with right OFC 1Hz stimulation (p = 0.011), an opposing effect as
compared to 100 Hz stimulation within the OFC. Contralateral regions of stimulation,
including left OFC 100 Hz and left OFC 1 Hz for Patient 1 and right OFC 100 Hz for
Patient 2 were not statistically significant. Only regions that underwent three or more
acute stimulation assessments were included in the stimulation analysis. There were no
statistically significant differences in the time of day each stimulation was performed
relative to the baseline condition (Fig. 2s A,B).

Biomarkers of sleepiness

To characterize electrophysiologic correlates of sleep-wake levels within the sampled
regions, we then performed a biomarker analysis. Relative spectral power from resting-state
recordings was correlated with patient-reported sleepiness levels (Fig. 4A; Patient 1, N =
59; Patient 2, N = 64). The top 20 regions and frequency bands whose spectral power levels
are associated with high and low sleepiness for both patients are illustrated in Fig. 4B and
C with the highest positive and negative correlations depicted in Fig. 4D and E. Across
target regions, increased relative power in the low and high gamma frequency bands was
associated with low sleepiness or high arousal/wakefulness (i.e. negative correlations with
SSS), whereas increased relative power in the delta, theta, and alpha frequency bands was
more commonly associated with increased sleepiness (i.e. positive correlations with SSS).
The regions and features that are statistically significant across both patients are examined in
the subsequent local electrophysiologic response analysis.

Brain Stimul. Author manuscript; available in PMC 2023 November 09.
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A logistic regression classifier was constructed to further characterize the ability of the
spectral power features recorded from target regions to differentiate the dichotomous high or
low sleepiness level for each patient. Utilizing the six top features most commonly selected
across 1000 iterations of cross-validated feature selection, the AUC achieved was 0.75 for
Patient 1 and 0.89 for Patient 2 (Fig. 4F and G). The top features determined for the

logistic regression classifier for Patient 1 are the delta, alpha, and beta bands of the right
hippocampus, the alpha and high gamma bands of the left VC, and the high gamma band

of the right VVC and bilateral OFC (Fig. 4G). The top features for Patient 2 are the high and
low gamma bands of the bilateral OFC and bilateral amygdala (Fig. 4H). There were no
statistically significant differences in the time of day of the dichotomized biomarker periods
representing high and low SSS levels (Fig. 2s C,D). In addition, redefining the low gamma
band (i.e. to 31-51 Hz) to assess the impact of the notch filter led to no changes in the study
conclusions.

Local electrophysiology effects of stimulation mapping

To validate the association between the identified biomarker features and arousal, we next
tested whether stimulation paradigms that modulated arousal also modulated these features.
Using the biomarker features that were identified to be statistically significant across both
patients (Fig. 4D, denoted by line and asterisks), we assessed the biomarker responses

with respect to the most robust, wake-promoting stimulation site, i.e. right or left VC,

and compared the response to a sleep-promoting site, i.e. 1Hz OFC stimulation (Fig. 5).
Example spectrograms are constructed for select regions in response to 100Hz VVC (Fig. 5A)
and 1Hz OFC stimulation (Fig. 5C).

Across all patients, the post-stimulation spectral power was compared to the pre-stimulation
power within relevant spectral bands (Fig. 5B,D). The group analysis of VC stimulation
across all patients revealed increased spectral power in the high gamma power band within
the left VC (p = 0.019), left SGC (p = 0.037), left OFC (p = 0.011), right OFC (p =

0.016), and right VC (p = 0.029), as well as increased spectral power in the low gamma
power band within the right VC (p = 0.033) and right amygdala (p = 0.038). The change in
spectral power within the low gamma band of the left \VC was not statistically significant.
In contrast to the effects of VC stimulation, 1Hz OFC stimulation did not elicit a change

in the spectral power of any of the relevant sensing locations/frequency bands. Importantly,
the increase in spectral power with VVC stimulation in these regions/frequency bands are
consistent with what would be predicted by the biomarker results, where increased power
indicates increased wakefulness and decreased sleepiness.

4. Discussion

In this study, we present evidence that acute intracranial stimulation of corticolimbic sites
modulates sleep-wake levels based on both subjective experience and behavior. Three novel
targets whereby stimulation led to arousal effects were identified, including OFC, SGC,
and most robustly, VC. Low frequency (1 Hz) stimulation of the OFC led to increased
sleepiness, while high frequency (100 Hz) stimulation of the SGC, OFC, and VC led

to increased wakefulness/arousal. Gamma frequency activity in a variety of subregions

Brain Stimul. Author manuscript; available in PMC 2023 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fan et al.

Page 11

was demonstrated to be associated with decreased sleepiness/increased wakefulness. The
finding that a subset of these corticolimbic regions, which are broadly implicated in mood,
motivation, inhibition, reward, and fear and currently investigated as targets for treatment-
resistant depression [31, 38-40], modulates sleep-wake levels provides supporting evidence
for shared circuitry between arousal and mood regulation in humans — a possible mechanism
for the strong clinical and behavioral association of arousal and mood [5-7]. Additionally,
the identification of novel targets highlights the feasibility of using neurostimulation in
corticolimbic structures to modulate sleep-wake levels, potentially opening the door to novel
neurostimulation strategies for disabling sleep-wake disorders.

We observed that stimulation of the bilateral VVC yielded the most significant and robust
increases in quantitative sleep-wake levels. Our findings expand upon and corroborate
findings from an initial patient previously published by our group, suggesting a dose
response of VVC stimulation with clinician-scored arousal metrics [30]. Anecdotal experience
with the initial patient, who subsequently underwent chronic responsive neurostimulation
within the right VC [31] and reported symptoms of insomnia and disrupted sleep with

right VC stimulation during evening hours, further reinforce this finding. These symptoms
resolved when overnight VC stimulation was prevented. Indeed, the observations during

the stimulation-mapping of this initial patient inspired methodologic changes to capture
subjective experience of sleepiness-wakefulness in subsequent clinical trial participants, as
presented in this study. Supplementary analysis with the initial patient is provided in Figs.
3s and 4s. In addition, our findings are consistent with other group’s qualitative observations
of increased engagement in conversation, energy, and awareness with therapeutic VC
stimulation for TRD [41,42] and expand on such reports by providing quantitative measures
of arousal levels.

While VVC has been a target for DBS applications for depression [31,39,43,44], OCD [45],
and other neuropsychiatric disorders, the physiological effects of VC stimulation remain
poorly understood. VC stimulation is thought to activate traversing white matter tracts and
their connected structures. Here, VC stimulation was identified to increase gamma activity
in multiple brain regions (Fig. 5), including the bilateral VCs, amygdala, SGC, and OFC,
suggesting a distributed and highly connected network associated with the VVC subregion.
Prominent tracts identified in models of depression and OCD include the anterior thalamic
radiations connecting the anterior and medial nuclei of the thalamus to the frontal lobe
[46,47], and the ventral tegmental area projection pathway (VTApp) connecting the VTA to
the nucleus accumbens (NAc) and key frontal nodes including the subgenual cingulate (in
some studies part of this pathway has been referred to as the superolateral branch of the
medial forebrain bundle [47-50], though the existence of this structure as a discrete anatomic
connection has recently been called into doubt [51]). Indeed, in our tractography results
based on normative connectome data (Fig. 1B), models of tissue activated by stimulation

at effective VC contacts were associated with fibers corresponding to both the anterior
thalamic radiations and VTApp/MFB. In addition, structures near the VC, such as the bed
nucleus of stria terminalis (BNST) and NAc, may be directly affected by the sphere of
electrical stimulation.
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In fact, the aforementioned corticolimbic structures associated with VVC stimulation effects
have recently been implicated in sleep-wake control by means of the mesolimbic dopamine
pathways [16]. Modulation of dopaminergic VTA neurons have been demonstrated to
sustain wakefulness, even during periods of high sleep drive [17,18,52]. Arousal effects

of VTA stimulation have been traced to projections within the central amygdala, dorsolateral
striatum, and most robustly within NAc, in which optogenetic and chemogenetic modulation
of D1-expressing neurons promotes wakefulness in animal models [18,19]. D1 neurons
within the NAc have additionally been observed to project to midbrain and lateral
hypothalamus structures [19], thereby converging on classical arousal pathways, while D2
receptor-expressing GABAergic neurons within the NAc promote NREM [53]. As such,
lesions within the NAc have eliminated wake-promoting effects of modafinil, a weak
dopamine reuptake inhibitor and commonly used stimulant for excessive daytime sleepiness
in a number of conditions including narcolepsy [54]. It is therefore possible that VC
stimulation, leading to activation of VTApp/MFB and anterior thalamic radiations, yields
behavioral increases in arousal indirectly via the modulation of connected structures (e.g.
NAc, VTA) or directly via activation of the prefrontal cortex or the thalamus [55].

The neighboring BNST has additionally been associated with the activation of
norepinephrine neurons within the locus coeruleus, lateral hypothalamus, and VTA, all
wake-promoting regions [18,20]. Stimulation within the BNST has led to the rapid state
transition to sustained wakefulness [56]. In addition, distinct activity and connectivity
between the BNST and lateral hypothalamus lead to hypocretin/orexin expression and may
be play a role in driving opposing emotional states [20,57]. An alternative mechanism of
VC stimulation therefore includes the activation of neighboring, wake-promoting subcortical
structures, i.e. the BNST, included in the theoretical volume of activated tissue.

In our study, SGC stimulation demonstrated a moderate response in wakefulness, which may
relate to its connectivity to structures involved in visceromotor activity and recent findings
demonstrating an association with autonomic arousal [58,59]. The arousal response within
the SGC was overall less robust, which may relate to the variability in the identified fiber
tracts recruited based on electrode positioning between the two patients (Fig. 1B). Finally,
the OFC behavioral responses were also less robust, which may relate to the relatively large
territory of the OFC and the associated variation across participants in electrode location

and stimulation, spanning the medial to lateral OFC. Connectivity analysis revealed fibers
corresponding to a branch of the anterior thalamic radiations, i.e. inferior thalamic peduncle,
associated with effective OFC stimulation sites in Patient 1 and may also play a role in

the modulation of sleep-wake levels via the direct activation of thalamus [55]. It is also
possible that the heterogeneity observed in both regions reflect a more complex relationship
with arousal, such as state dependence [30]. Given the heterogeneity of responses and tracts
recruited, further studies with more patients are required to elucidate which specific fiber
tract(s) associated with SGC and OFC stimulation promote wakefulness. Further studies are
also required to assess the differences in arousal responses between contralateral regions, for
which systematic mapping was limited by statistical power due to the nature of the study to
advance toward candidate mood-specific stimulation targets.
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In addition to differential effects across regions, our findings indicate that the frequency

of stimulation may have differential effects on sleep-wake responses. While low and

high frequency intracranial stimulation of OFC have been identified to yield specific
antidepressant effects in a prior study [30], we demonstrate that 1Hz OFC stimulation led
to increased sleepiness, while 100Hz OFC stimulation led to increased wakefulness. The
differential frequency-dependent findings were similarly recapitulated with the initial patient
with a subset of outcome measures (Fig. 3s). Stimulation at low versus high frequencies
has been identified to selectively modulate excitatory and inhibitory neural populations
[60-62], which likely gives rise to the variable clinical effects. Prior work has also
demonstrated that low frequency stimulation is associated with presynaptic activation and
high frequency activity is associated with synaptic depression [63,64]. Indeed, dating back
to early work from the 1940s, stimulation within the classical subcortical arousal circuitry
has also revealed frequency-specific effects, including within the reticular activating system
and thalamus [65-67]. For instance, high frequency electrical stimulation of the reticular
activating system, central thalamus or intralaminar nuclei within animal models has been
demonstrated to evoke cortical activation patterns of desynchronization and behavioral
arousal [66,68]. On the other hand, low frequency stimulation within these classical regions
has led to decreased neural firing with spike-wave absence seizure activity or slow-wave and
spindle activity, associated with behavioral arrest, drowsiness, and/or loss of consciousness
[67,69]. The opposing effects on sleepiness induced here by high and low frequency OFC
stimulation suggest that stimulus parameter tuning for neuromodulation of corticolimbic
sites will be essential for potential future therapeutic applications.

Although sleepiness is known to be associated with a decrease in higher frequency

activity (alpha, beta, low gamma and high gamma) and an increase in delta and theta

power in scalp EEG data [70-72], the correlates of sleepiness within intracranial targets
have not been systematically studied. Importantly, in our biomarker analysis, subjective
sleepiness was found to correlate with specific spectral power features within the SGC, VC,
amygdala, and OFC, providing further evidence for the distributed effects of the arousal
network, including within corticolimbic regions [8,9,73]. The most prominent biomarker
features were increases in low and high gamma frequency activity, which were correlated
with increased wakefulness, while increased lower frequency activity was associated with
increased sleepiness, mirroring findings from surface EEG. Decreases in gamma activity
with subjective sleepiness across all recorded regions suggest that perceived sleepiness

is associated with broad changes in brain activity affecting both cortical and subcortical
structures. These biomarker features are consistent with prior studies that have demonstrated
that gamma frequency activity across broad cortical regions correlates with sleep-wake
states, as well as attention and cognitive tasks [74-77]. Furthermore, these findings are
relevant for future efforts involving intracranial recordings and stimulation. Specifically, our
recent work [30], revealing that the antidepressant effects of intracranial stimulation are
dependent on arousal level, suggests that it may be important to characterize and control for
arousal as part of optimal treatment delivery.

Our findings extend prior deep-brain stimulation studies in humans indicating that arousal
level can be modulated with direct neural stimulation [25-27] by expanding both the patient
population and the target selection. Given that our study is performed in participants without
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significant neural injury or neurodegeneration, the participants were able to articulate their
experiences and provide more sensitive outcome measures of sleepiness and energy to
facilitate comparison between different stimulation targets. Prior studies of sleep-wake
effects in patients with advanced PD and severe sleep disturbances also revealed that
chronic low stimulation of the PPN led to decreased daytime sleepiness and improved sleep
quality [29], whereas high frequency stimulation induced NREM sleep [28]. These findings
reinforce frequency-dependent effects of stimulation, such that changes in stimulation
frequency can yield opposing effects, as seen in our study with low and high frequency
OFC stimulation. Finally, we highlight that a unique aspect of this study is that, unlike
prior stimulus-response mapping work, primarily carried out in those with epilepsy, we

had access to subjects without epilepsy undergoing a stimulation-mapping paradigm with
bilateral corticolimbic implants (including the \VC), thereby eliminating confounds related to
anti-seizure medications or epileptiform activity.

This study has limitations. 1) Our findings in patients with treatment-resistant depression
may not be generalizable to other patient populations. Further efforts to investigate
sleep-wake responses in patients without an underlying mood disorder will be important

to assess any contribution from potentially altered emotional regulation networks. 2)

This study is limited to two patients (with supporting data from a third patient in the
Supplementary Materials). An important distinction from other intracranial mapping studies
is that the subjects discussed in this study underwent an intensive 10 d inpatient monitoring
period with continuous recordings and comprehensive stimulation mapping, enabling a
personalized, detailed, and robust evaluation. In contrast, intracranial mapping studies that
leverage patients undergoing EMU monitoring are limited to a small number of stimulation
tests, spread across many patients (often due to the limited testing time). In our study, a
large number of stimulation and biomarker recordings were collected per individual, leading
to findings that were statistically powered within each patient. Future efforts to continue

to expand this analysis to a larger cohort of patients is indicated and underway. 3) Finally,
limited frequencies of stimulation were tested (1Hz in OFC and 100 Hz in all other sites,
i.e. frequencies optimized in depression studies); further exploration of different stimulation
frequencies is required for the optimization for arousal responses and will be the subject of
future work.

In summary, our work presents new evidence in human participants that stimulation of
corticolimbic regions modulates subjective sleep-wake level and that electrophysiologic
biomarkers within corticolimbic sites correlate with changes in sleep-wake levels. Three
novel targets — VC, SGC, and OFC — were implicated in mediating sleep-wake levels.
Crucially, these findings indicate a broad overlap in the circuitry underlying mood and
arousal, which may ultimately explain the strong behavioral and clinical links between mood
and arousal [6,7]. In addition, these findings open the door to new treatment targets and
the consideration of therapeutic brain stimulation for sleep-wake disorders [78], such as
idiopathic hypersomnia, a condition characterized by excessive daytime sleepiness. Future
efforts to map brain regions involved in the extended arousal circuitry will be critical

for the ongoing identification of novel treatment targets for the future application of
neurostimulation for intractable sleep-wake disorders.
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Fig. 1. Overview of experimental methodology and imaging of implantation sites.
A) Following electrode implantation, each patient underwent an intensive 10 d inpatient

monitoring period, in which biomarker recordings and stimulation testing were performed.
Biomarker recordings comprised of 10 min of resting state activity, followed by survey
completion. During stimulation testing, patients provided spontaneous verbal reports of any
sensations and survey responses were completed at the end of the stimulation period. Survey
assessments included the SSS and VVAS-Energy scores. In addition, bedside clinical arousal
scores were recorded in response to stimulation. We note that the represented neural signal is
a truncated duration of time for each block and is intended only for the illustration purposes
of the stimulation block design (see Fig. 1s for a scaled representation). B) Structural
connectivity analysis for both patients based on seeding the normative connectome with

the volume of tissue predicted to be activated by stimulation at representative stimulation
sites within the VC (tgp). SGC (middle), and OFC (bottom). Stimulation at VVC contacts

is associated with fibers corresponding to the medial forebrain bundle (MFB), anterior
thalamic radiations (ATR), and ansa peduncularis (AP). Stimulation at SGC contacts is
associated with fibers corresponding to the forceps minor (FM), cingulum bundle (CB),

and uncinate fasciculus (UF). Stimulation at OFC contacts is associated with fibers
corresponding to the ventral component of the ATR, UF, and frontal asalant (FA) tracts.

Red spheres represent the location and volume of tissue activated used for fiber tracking in
the normative connectome. Coloration of tracts follows conventional coding, i.e. right-left
(red), anterior-posterior (green), and superior-inferior (blue) fiber directions.
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Fig. 2. Example behavioral reportsand survey responses from an individual patient.
A) Example spontaneous verbal reports associated with stimulation at the specified

regions for Patient 1. B-D) Behavioral responses from Patient 2 for arousal, energy, and
SSS, respectively, illustrate a statistically significant increase in energy and reduction in
sleepiness in response to right VC 100Hz stimulation and a reduction in sleepiness in
response to left OFC 100Hz stimulation. Different electrode bipolar pairs within a region of
stimulation are uniquely color-coded within each violin plot. Abbreviations: R =right; L =
left; OFC = orbital frontal cortex; SGC = subgenual cingulate, NAC = nucleus accumbens,

VC = ventral capsule.
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Patient 2
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Behavioral effects of arousal to regional stimulation across in both patients. Stimulation
response quantified by the summary metric (i.e. first dimension of PCA across the three
behavioral assessments) in Patients 1 (/eft) and 2 (right), respectively. Different electrode
bipolar pairs within a region of stimulation are uniquely color-coded within each violin plot.
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Fig. 4. Electrophysiologic biomarkers of sleepiness across both patients.
A) Electrophysiology for biomarker analysis was obtained from the resting-state periods

preceding survey completion. B) Top 10 features with highest positive and negative
correlations with SSS for Patient 1. Correlations that were statistically significant following
multiple comparison testing across regions are indicated by the line and asterisks (right). C)
Same as B, but for Patient 2. D) Example of the highest positive and negative correlations
between SSS and candidate electrophysiologic features, e.g. relative power in the alpha band
of the right hippocampus (Zgp) and low gamma band of the left ventral capsule (bottormn).
Purple and orange background shading represent the high and low sleepiness state cut-offs
used for logistic regression classification. E) Same as D, but for Patient 2, illustrating the
relationship between SSS and relative power in the theta band of the left amygdala (Zop)
and high gamma band of the left OFC (bottom). F) ROC curves representing the best
average model from cross-validated logistic regressions using six features (fop) with AUC
0.75. Demonstration of top model features used in multivariate logistic regression (bottorn),
quantified by percent of models in which features were selected from cross-validated 1000
iterations. G) Same as F, but for Patient 2 for whom the best logistic regression model
achieved an AUC of 0.89.
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Fig. 5. Effects of regional stimulation on shared electrophysiologic biomarkers of sleepiness.
A) Example local spectrograms before, during, and after stimulation between the left VC 2

and 3 channels at 100Hz, 2 mA. Green and red lines denote onset and offset of stimulation,
respectively. Visualized spectrograms represent the electrophysiology observed from the
left VC (top lefi), right VVC (top right), left SGC (bottom lef?) and right OFC (bottom

right) contacts. B) Changes from pre-stim to post-stim z-scored spectral power for identified
biomarkers of sleepiness aggregated across both patients, in response to VVC stimulation
(cyan dots, patient 1; blue dots, patient 2; red dots, group mean). A subset of the group
biomarker responses to stimulation are presented, including high gamma power within

the left VC, right VC, left SGC, and right OFC. C) Example local spectrograms during
stimulation between the right OFC 2 and 9 channels at 1Hz, 3 mA. Visualized spectrograms
represent the electrophysiology from the same contacts as in A. D) As in B, change from
pre-stim to post-stim high gamma power within the left VC, right VC, left SGC, and

right OFC, in response to 1Hz OFC stimulation. No statistically significant responses were
observed in the low or high gamma power with respect to 1Hz OFC stimulation.
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