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Epilepsy affects 65 million people worldwide, with 30% suffering from drug-
resistant epilepsy. While surgical resection is the primary treatment, its
application is limited in generalized epilepsy. Centromedian nucleus neuro-
stimulation offers a promising alternative, yet its mechanisms remain unclear,
limiting target optimization. We present a multimodal approach integrating
intraoperative thalamic and sub-scalp electroencephalogram recordings with
post-implant reconstructions to define neural targets affected by cen-
tromedian nucleus stimulation. We find that stimulating low-activity regions
near the centromedian nucleus, particularly the white matter of internal
medullary lamina, induces significant cortical delta power increases greater
than stimulation within high-activity areas inside the nucleus. Implantation in
these low-activity targets results in greater than 50% seizure reduction in all
three subjects. These findings suggest that seizure control primarily involves
stimulating white matter regions such as the internal medullary lamina rather

than the centromedian nucleus itself. A personalized, electrophysiology-
guided implantation approach may enhance neurostimulation efficacy in
drug-resistant epilepsy.

Epilepsy is the fourth most common chronic neurological disorder
worldwide, affecting -65 million people'. Among this group, thirty
percent suffer from drug-resistant epilepsy (DRE), which requires the
failure of at least two appropriate antiepileptic medications>’. These
patients suffer from significant impairments in their quality of life,
education, and employment®*. Surgical resection of the epileptogenic
zone is often the primary therapeutic option for seizure control.
However, many patients are ineligible for this intervention due to the
involvement of eloquent cortical regions, widespread bilateral seizure
foci, or a diagnosis of generalized epilepsy*. These limitations result in
a considerable subset of patients with limited therapeutic options who

experience inadequate seizure control, further deterioration in their
quality of life, and substantial emotional and economic burdens*’.
Neuromodulation, such as thalamic closed-loop responsive neuro-
stimulation (RNS) and open-loop deep brain stimulation (DBS) of the
thalamus, has emerged as a viable alternative for these patients®.
Although both the anterior nucleus (ANT) and centromedian nucleus
(CM) neuromodulation have demonstrated potential in reducing sei-
zure frequency, significant challenges remain in optimizing these
therapies to maximize therapeutic outcomes’™’.

While ANT-DBS has shown considerable efficacy in treating drug-
resistant temporal lobe epilepsy’, there is accumulating evidence
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suggesting that CM stimulation could play a critical role in managing
generalized epilepsy and associated syndromes such as Lennox-
Gastaut Syndrome®®'°, The CM, the largest nucleus within the
intralaminar thalamic group, is intricately connected with the brain-
stem reticular formation and sensorimotor cortices, with the latter
being implicated in the generation of synchronous spike-wave dis-
charges characteristic of generalized epilepsy">'"'®. Despite the CM
being a pivotal node within epileptogenic networks, its relatively small
volume and its encasement by white matter tracts, in particular the
internal medullary lamina (IML), present significant obstacles for pre-
cise electrode targeting to advance neuromodulation therapy'™.

Outcomes from CM stimulation studies have been inconsistent,
with some demonstrating substantial seizure reduction and others
showing limited or variable efficacy*™. For example, early studies by
Velasco et al.”° reported significant seizure improvement following CM
stimulation in patients with generalized epilepsy'. However, subsequent
studies have yielded mixed results, often attributed to variations in
electrode placement accuracy within the CM* 8, Recently, Sisterson
et al.’ disclosed encouraging results with CM stimulation, but surpris-
ingly, almost half of the implantations were outside the CM, highlighting
the inconsistencies between targeting intentions and seizure outcomes’.
These discrepancies underscore the critical need for refined targeting
methodologies that consider both anatomical precision and functional
assessments of the precise mechanisms underlying CM neuromodula-
tion. Thus, a persistent challenge in the field is the incomplete under-
standing of these neuromodulatory pathways®*°2,

This study seeks to address these challenges by investigating
parameters for CM stimulation through a multimodal approach to
elucidate the associated mechanisms of action. Our methodology
combines microelectrode recordings (MER) of neuronal activity,
intraoperative electrical stimulation, and simultaneous intraoperative
electroencephalography (EEG) to deliver real-time feedback on

cortical responses to thalamic stimulation. Additionally, post-implant
imaging is employed to determine whether these stimulation sites are
located within the CM or adjacent white matter tracts. Using innova-
tive electrophysiological and neuroimaging methods, we demonstrate
that stimulating CM target sites with lower neuronal firing activity
leads to augmented cortical delta power, suggesting an increase in
thalamo-cortical synchronization. We identified these targets in close
proximity to the CM, within the intrathalamic white matter tracts that
envelop the nucleus. This comprehensive approach seeks to advance
the development of evidence-based guidelines for electro-
physiological mapping while deepening our understanding of the
mechanisms underlying thalamic neuromodulation. By providing cri-
tical insights into the precise implantation of thalamic stimulation
electrodes in patients with generalized DRE, this study aims to evaluate
stimulation locations and elucidate the nuances of CM neuromodula-
tion. Ultimately, these findings, if validated in future clinical studies,
are expected to enhance the precision and therapeutic efficacy of
neuromodulation strategies for generalized epilepsy.

Results

To perform MER and macrostimulation of the CM and surrounding
areas, we guided microelectrodes with a stereotaxic robot (Fig. 1a).
Spectrograms of the sub-scalp EEG far-field potentials during different
epochs (pre-stimulation, during stimulation, and post-stimulation), at
the different depths for each electrode tract (Figs. 1c and 2b), were
calculated based on the power at different EEG frequency bands
(alpha, beta, theta, delta, and gamma). Between two macrostimulation
contact depths along a single depth electrode trajectory (Fig. 1b and
Table 1), we observed at least a 50% difference in the neuronal firing
rate between the two macrostimulation contact depths among all
subjects (with P-value < 0.05) (Fig. 2a and Supplementary Fig. 2). The
boundaries of the CM were delineated using electrophysiological
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Fig. 1| Intraoperative setup and data analysis. a Experimental setup of the
ROSA robot advancing three microelectrodes through the CM centromedian
nucleus and vicinity, LV lateral ventricle, Il third ventricle, Hg habenula nucleus,
MD mediodorsal nucleus, Vc ventral caudal nucleus, VIM ventralis intermediate
nucleus, PF parafascicular nucleus, IML internal medullary lamina. b Top: Example
processed trace of the multi-unit data recorded from the microelectrode with the
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subsequent peak detection. Bottom: An example of the firing rates across all the
implant depths is shown cLeft: Map of sub-scalp 10-20 system electro-
encephalogram (EEG) electrode locations. Center: Example sub-scalp EEG trace
during stimulation trials. Right: Example sub-scalp EEG signal spectrogram during
the stimulation phase. Source data for (b, ¢) are provided as a Source Data file.
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Fig. 2| Neuronal firing activity and LFP power in sub-scalp EEG. a Top.: Schematic
representation of microelectrode recording locations taken near and within the CM
centromedian nucleus, LV lateral ventricle, Il third ventricle, IML internal medul-
lary lamina. Bottom: Multi-unit spiking activity recorded at a low-activity target
(-1 mm, n =9 sites) and a high-activity target (+2 mm, n =12 sites) along a single
microelectrode trajectory of RNSO3, RT right tract. Note the difference from
recordings inside (higher firing activity) versus outside (lower firing activity) the
CM. b Example spectrograms during the pre-stimulation (Pre), stimulation (Stim),
and post-stimulation (Post) phases at the low and high activity targets. ¢ Left:
Changes in absolute sub-scalp EEG delta power during the pre-stimulation (n=13
windows), stimulation (n =50 windows), and post-stimulation (n =25 windows)
phases during low-activity target stimulation. Right: Absolute delta power values
when stimulating low and high activity targets along a single electrode trajectory
during the pre-stimulation (n =13 windows, n =13 windows respectively), stimula-
tion (n =50 windows, n =50 windows respectively), and post-stimulation phases

(n=25windows, n =25 windows respectively). Here, the stimulation of regions with
lower levels of neuronal activity exhibited the highest changes in scalp EEG signals,
mainly in the delta band. d Left: Percentage of bilateral sub-scalp EEG leads (n =16)
that show significant increases, decreases, or no change in power when stimulating
low- versus high-activity targets (RNSO3 RT) across the delta, theta, alpha, beta, and
gamma frequency bands. Right: Number of hemispheres displaying potentiation in
at least 85% of sub-scalp EEG leads during stimulation and post-stimulation phase of
low- versus high-activity targets across each frequency band. For all bar plots, each
bar represents the mean, and each error bar represents standard error over trials.
For all boxplots, whiskers represent the full data range excluding outliers, and the
central, top, and bottom lines denote the median, 25th, and 75th percentiles,
respectively. Statistical significance was determined using two-tailed bootstrapping
with Bonferroni correction, with significance set at p <0.05 (*). Source data for
(a-d) are provided as a Source Data file.

criteria. Regions within the nucleus were characterized by higher firing
rates (corresponding to high-activity targets), while lower firing rates
indicated areas outside or adjacent to the nucleus (corresponding to
low-activity targets) (Supplementary Fig. 1). Furthermore, while
simultaneously recording sub-scalp EEG during stimulation, micro-
electrode depths at lower to no neuronal firing activity levels (outside
the CM) resulted in a significant increase in the delta power band in
sub-scalp EEG compared to depths associated with higher neuronal
firing activity levels (within the CM), during both the stimulation and
post-stimulation periods (Fig. 2b, ¢ and Supplementary Fig. 3a). Then,

we calculated the proportion of all sub-scalp EEG leads that showed
potentiation of various frequency bands when stimulating at the lower
neuronal firing activity level. We observed that, when stimulating at the
location of lower neuronal firing activity, the delta power band showed
the most consistent increase in spectral power across all sub-scalp EEG
across the 6 hemispheres we implanted (Fig. 2d and Supplementary
Fig. 3b). Yet, no consistent correlations between the two different
stimulation depths at any other frequency bands were observed. Five
out of six hemispheres showed a significant increase in power in the
delta band in greater than 85% of all sub-scalp EEG while no more than
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2 hemispheres showed such a large proportion of potentiation in the
other frequency bands. (Fig. 2d).

Next, we sought to determine the precise location of the stimu-
lation locations with elevated delta power in relation to the intended
anatomical target, the CM. Anatomically, it is likely that these low-
activity areas outside the CM correspond to the white matter fibers of
the IML (Fig. 3a). In all three patients, the implanted RNS electrodes
were confirmed to traverse some extent of the CM with the targeted
contacts based on the microelectrode stimulation with low neuronal
firing activity (most distal contact for RNSO1 and RNS03 and 2nd most
distal contact for RNS02) identified to be located in proximity, but
outside of CM (Fig. 3b).

Clinical outcomes

No complications related to RNS electrode placement or macro-
stimulation of the electrode contacts were reported. Each patient’s
ictal pattern captured in the responsive neurostimulator is illustrated
in Supplementary Fig. 4. As illustrated in Table 1, the overall
improvement noted in all 3 patients was that no GTC were reported for
the last few months of RNS therapy with greater than a 50% average
decrease in the number of reported absence and myoclonic seizures.

Discussion

Our study marks an important advancement in the field of neuromo-
dulation for generalized epilepsy by establishing a correlation between
multimodal electrophysiological data, such as neuronal discharge
characteristics from MER and stimulation-dependent frequency band
power changes in sub-scalp EEG. By using MER to precisely identify
stimulation targets with the lowest levels of neuronal activity, we
observed that these sites, when stimulated, led to an increase in delta
band power. These low-activity target sites, reconstructed to be
immediately adjacent to the CM and likely within the IML, provide
mechanistic insights into the effects of CM neuromodulation and may
offer a deeper understanding of the underlying mechanisms of action
of CM neuromodulation. This integrated approach combining MER
with sub-scalp EEG monitoring provides a foundation for personalized
and electrophysiologically guided implantation of thalamic stimula-
tion electrodes during intraoperative procedures. Such advances are
essential for improving the precision and efficacy of neuromodulation
therapies in patients with drug-resistant generalized epilepsy.

The results demonstrate that even small changes in depth, only
millimeters apart, along a single trajectory can show significant dif-
ferences in recorded neuronal activity and in stimulation effects on
delta band power changes in the sub-scalp EEG. Velasco et al." repor-
ted that DBS of the CM could evoke recruiting responses. These
responses were characterized by long-latency (around 35 ms) mono-
phasic surface-negative waxing and waning EEG potentials, recorded
from the sub-scalp during the stimulation phase. The stimulation was
delivered at a frequency of 6-8 Hz, with a pulse duration of 0.45ms
and intensities ranging from 0.8 to 1.2 mA. The author reported that
this suggests a specific brain activity pattern in response to stimula-
tion, which could be relevant in the context of neuromodulation
strategies for epilepsy and other neurological disorders. In our patient
cohort, we did not observe the recruitment patterns previously
described, which pertain to the distinct temporal sequence and mode
of neuronal activation in response to specific external stimuli. These
previously observed oscillatory patterns differ from the activity
recorded in our current experiments, as did our stimulation para-
meters. Our protocol employed higher stimulation frequencies (147 Hz
vs. 6-8 Hz), greater stimulus intensities (3.0 mA vs. 0.8-1.2 mA), and
shorter pulse durations (0.16 ms vs. 0.45 ms). Under these conditions,
we observed localized increases in delta band activity (Fig. 2, Supple-
mentary Figs. 2, 3, and 5a) that emerged during stimulation and per-
sisted post-stimulation. The sustained elevation in cortical delta
activity post-stimulus provides further evidence that our findings
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Fig. 3 | Localization of Stimulation locations across Hemispheres. a Left: Loca-
lization of stimulation locations that caused the greatest increase in delta band
power. LV lateral ventricle, Il third ventricle, Hg habenula nucleus, MD mediodorsal
nucleus, CM centromedian nucleus, Vc ventral caudal nucleus, VIM ventralis
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intermediate nucleus, PF parafascicular nucleus, IML internal medullary lamina.
Right: FGATIR-MRI and T2 of the location of each stimulation location.

b Reconstruction of final electrode implantation for each subject using group
analyses with lead-DBS* and Human Motor Thalamus atlas*’.

diverge from previously reported recruitment patterns, which were
confined to the stimulation period. Short-term follow-up studies of
these patients revealed a significant reduction in seizure incidence,
indicating a positive clinical outcome associated with the stimulation
protocol. However, future clinical trials are warranted to assess the
differences in outcomes between patients receiving stimulation
involving the IML versus those receiving only CM stimulation.

We then demonstrate that putative white matter stimulation,
corresponding to the IML, rather than the targeted CM stimulation, is
associated with the greatest level of cortical electrophysiological
responses in the delta band frequency range. Our method establishes a
framework of real-time feedback using intraoperative neurophysiolo-
gical data, enabling the clinical team to make immediate adjustments
to enhance the accuracy of thalamic electrode placement. This
approach is crucial for optimizing RNS therapy”. Although demon-
strated for Zona Incerta DBS therapy in PD?, the targeting of white
matter tracts typically diverges from conventional and well-
established methods for DBS implantation in movement disorders
and is an alternative proposal for thalamic neuromodulation for sei-
zure control. For example, the optimal placement of DBS electrodes in
patients with Parkinson’s disease is targeted to regions of the STN with
the highest cell density and largest STN span by unitary recordings®.
Here, the opposite may be true for CM stimulation for generalized
epilepsy, since we find that stimulation locations with low neuronal
activity, likely within the IML white matter bundle surrounding the CM,
could provide more beneficial clinical effects.

Our data suggest that stimulation targets that produce the largest
elevation of cortical delta power are immediately adjacent to the CM.
Our preliminary analysis indicates that this white matter likely corre-
sponds to the IML. The IML is a crucial yet underexplored thalamic
structure in the context of seizure reduction. It is a thin layer of mye-
linated nerve fibers traversing the central region of the thalamus,
dividing it into medial and lateral components* 2. The IML surrounds
the CM and facilitates bidirectional projections to and from various
cortical areas. It plays a pivotal role in thalamic organization and
connectivity, serving as an essential relay station for sensory and
motor signals?’ . Additionally, as part of the reticular formation, the
IML is involved in regulating cortical excitability, with widespread

influence over cortical activity, particularly during sleep and
wakefulness®. Here, the bilateral effects of electrical stimulation in the
vicinity of the CM are intriguing and likely reflecting the widespread
influence of delta power changes, which may be attributed to the
extensive bilateral projections of the IML. In a recent publication, our
group highlighted similar findings in other thalamic regions, demon-
strating the modulation of bi-hemispheric epileptic activity through
unilateral thalamic stimulation®% This expansive network, which
includes projections to critical structures such as the cerebral ped-
uncles, provides a plausible explanation for the observed effects
across both hemispheres and the multiple sub-scalp electrodes
recorded’. The IML’s involvement in epileptic mechanisms, particu-
larly those affecting consciousness and alertness, highlights its sig-
nificance since disruptions in consciousness and alertness are critical
factors contributing to morbidity and a decline in quality of life in
patients with generalized epilepsy. Importantly, further investigation
is warranted to replicate our results of a widely distributed increase in
delta power following stimulation in the IML.

The sole consistent EEG frequency modulation that increased in
power with CM stimulation was observed in the delta-band activity.
Studies have demonstrated that cortical delta activity is thalamus-
driven, occurring when thalamocortical neurons transition to a burst
mode of firing, effectively isolating cortical neurons from sensory
input®™?*, Thalamic bursting, induced by rebound excitation when
thalamocortical neurons are rapidly released from inhibition, occurs at
delta frequencies. This process may toggle cortical pyramidal cells
between up and down states at the same frequency while obstructing
ascending sensory input®?°. Noteworthy is the correlation between
the deactivation of the thalamus, measured by regional cerebral blood
flow, and the emergence of delta oscillations”. Taking this into con-
sideration, we assert that the stimulation-induced increase in delta
power acts as a biomarker in locating an optimal target within the
vicinity of the CM for thalamic neuromodulation and potential anti-
epileptic effects. This proposal suggests that the ability for fine
adjustments of the final implant location can be based on electro-
physiological data, such as modulated delta power in the EEG. Future
studies are required to assess if this biomarker-assisted targeting of
IML for neuromodulation therapies can reliably lead to long-term
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seizure reduction as we have shown some short-term results in this
limited cohort of DRE patients.

Our study has limitations. While it is based on intraoperative data
recorded under anesthesia, the robustness and consistency of our
results are noteworthy. The effectiveness of IML/CM stimulation gui-
ded by the described method in long-term seizure control and a larger
cohort of patients warrants further investigation. Additionally,
although our results were acquired from a relatively small cohort of
patients, the use of several recording and stimulating sites (36 in total)
demonstrates high consistency and robustness, enhancing the relia-
bility of our findings.

In conclusion, the results of different multi-unit recordings and
electrical stimulation locations within the CM and adjacent areas
demonstrated that the targets with lower neuronal density, potentially
indicating axon-predominant regions, were associated with wide-
spread cortical delta band frequency changes. We determined that the
thalamic structure corresponding to the lower neuronal density
regions to most likely be the IML. These findings contribute to a deeper
understanding of the underlying mechanisms of action of CM-targeted
neuromodulation therapy. This approach, which integrates MER
mapping with sub-scalp EEG monitoring, paves the way for persona-
lized and electrophysiologically guided intraoperative implantation of
thalamic stimulation electrodes in treating generalized epilepsy.

Methods

Human participants

This study was performed under a University of Pittsburgh Institu-
tional Review Board approved protocol (STUDY21060089). From
2022 to 2023, we consecutively enrolled n =3 patients (3 females) of
age 30.7 £12.6 (mean = s.d.) who underwent bilateral responsive nerve
stimulator (RNS) implantations of the CM for DRE (Table 1). The par-
ticipants were informed of the procedure, and they signed an informed
consent, which included the consent for the use of all collected data.
Bilateral hemispheric studies were performed for each subject. For
each studied hemisphere, three different tracts of recording and sti-
mulation, at 2 different depth levels, were recorded and analyzed with
a total of 36 studied sites. All subjects had failed at least two appro-
priate doses of chosen antiepileptic medications and were considered
non-resection candidates due to the diagnosis of generalized DRE.
After multidisciplinary case management discussions, all patients were
decided to be implanted with RNS systems (Neuropace, Mountain
View, CA, USA) with robotic stereotaxic guidance (ROSA, Zimmer-
Biomet, Warsaw, IN, USA) and bone fiducial registration (Fig. 1a). Pre-
operative MRI and CT were acquired to determine the pre-operative
stereotactic plan and target location within the CM in relation to the
AC-PC (anterior commissure-posterior commissure) line. Stereotactic
coordinates for the indirect target were originally defined as 6 mm
lateral to the AC-PC line, 1mm dorsal to the AC-PC line, and 1mm
rostral to the vertical line through the PC. The final target coordinates
were further refined by the direct visualization of the CM using Fast
Gray Matter Acquisition T1 Inversion Recovery (FGATIR) or T2-
weighted MRI images (I1mm isotropic, TR/TE=2300/2.9 ms, 3T
Siemens-Primsa Fit)*.

Before the operation started, a Leksell stereotactic frame was
applied to each patient, and 10-20 sub-scalp EEG electrodes were
placed by the neurophysiologists (TA, DJC). Sub-scalp EEG recordings
(13mm Needle Electrodes, Rhythmlink, Columbia, SC, USA) were
continuously recorded throughout the operation until after placement
of the depth electrodes.

Intra-operative electrophysiology

For all three patients, intravenous propofol and sevoflurane were used
to induce sedation. After induction, IV remifentanil and dexmedeto-
midine were utilized for maintenance. No changes in anesthesia were
made throughout the MER and stimulation phases of the surgery.

Before the final implantation of the depth electrodes, MER mapping of
the CM and vicinity areas was performed and interpreted by the senior
neurophysiologist (DJC). Three sterile Sonus NeuroProbe microelec-
trodes (Alpha Omega, Nof HazGilil, Israel) were used to map the CM
and adjacent areas (Fig. 1a). The three microelectrodes were posi-
tioned within a “Ben-Gun” microelectrode holder’s center, posterior,
and medial trajectories (2 mm between each trajectory). They were
advanced with a NeuroFortis head stage (Alpha Omega, Nof HazGilil,
Israel). MER began 13-15mm above the pre-determined CM target
depth and ended, on average, at 4 mm below the target (Supplemen-
tary Fig. 1). Single and multi-unit action potentials were recorded as the
three microelectrodes were simultaneously advanced along the three
pre-defined trajectories (Fig. 1b). During this process, two depths of
higher (high activity target) and lower (low activity target) firing
activity were identified intra-operatively at which monopolar stimula-
tion through the macro-contact of each of the three electrodes, was
tested sequentially at a current of 3.0 mA, frequency of 147 Hz, and a
pulse width of 160 ms for 40 s, closely mimicking the default stimu-
lation parameters of bipolar RNS. Stimulation was performed in each
of the three tracts at two different depths and was repeated twice.
Stimulation testing was delayed for 2 min between stimulation ses-
sions to permit the EEG signal to recover to baseline values. The site
that resulted in the maximum stimulation-induced delta activity in the
sub-scalp EEG was determined and used for the final RNS electrode
placement (Table 1).

Analysis of sub-scalp EEG and multi-unit activity

Sixteen sub-scalp EEGs were placed using a 10-20 EEG placement
system and recorded in a referential montage to the mastoid bone
(Fig. 1c). The sampling rate of the sub-scalp EEG was 1275Hz. We
conducted a frequency power analysis of sub-scalp EEG data across
three distinct phases: a 10-s pre-stimulation phase before any stimu-
lation was applied, a 40-s stimulation phase, and a 20-s post-stimula-
tion phase (Fig. 1c). This analysis was performed at two different
depths and repeated for each trial. To calculate the power in each
frequency band, we applied a short-time Fourier transform to the EEG
signals, focusing on the following bands: delta (0.5-4 Hz), theta
(4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (30-100 Hz).
Power values were expressed in decibels (dB) for each frequency band.
Then, the number of interictal epileptiform discharges were counted
and confirmed by the neurologist (TA) during the 20s post-
stimulation phase.

For multi-unit detection, we performed bandpass filtering of gross
MER data from 300 to 3000 Hz and calculated the derivative of the
filtered signal. To detect neuronal spiking units, we found peaks above
a threshold of three to six standard deviations of the entire signal. We
divided the number of spikes by the length of the signal in seconds to
compute the firing rate and estimated the level of neuronal firing
activity recorded at each depth.

Statistical procedure

All statistical comparisons of means were performed using the
bootstrap method, a non-parametric approach that makes no dis-
tributional assumptions on the observed data. For each comparison,
we construct bootstrap samples by drawing a sample with replace-
ment from observed measurements, while preserving the number of
measurements in each condition. We construct 10,000 bootstrap
samples and, for each, calculate the difference in means of the
resampled data. We employed two-tailed bootstrapping with alphas
of 0.05 (95% confidence interval). The null hypothesis of no differ-
ence in the mean was rejected if O was not included in the confidence
interval of the corresponding alpha value. If more than one com-
parison was being performed at once, we used a Bonferroni correc-
tion by dividing the alpha value by the number of pairwise
comparisons being performed.
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Data analysis software

Data analysis of cortical and thalamic neural data was performed using
custom analysis code written in Matlab R2021a/b. Data from intra-
operative electrophysiology were extracted manually and converted
to Matlab files from propriety data files using the Neuro Omega File
Converter (v.5.1.10). Electrode reconstructions was performed using
Lead-DBS (v.2.0) and Compumedics Neuroscan’s Curry software (v.9).
All figures were rendered in Adobe Illustrator CC (v26.0 - v26.3.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within
the paper and its Supplementary Information. Source data are pro-
vided with this paper. Due to the sensitive nature of the dataset, which
contains graphic information on human patients, raw data are avail-
able under restricted access and access can be obtained upon request
to the corresponding author (Gonzalez-Martinez, gonza-
lezjo@upmc.edu). Data access will be provided within a month from
the request and for up to 6 months once access has been gran-
ted. Source data are provided with this paper.

Code availability

Software routines utilized for data analysis will be deposited on GitHub
under search keyword NCOMMS-24-17835B and the following link:
https://github.com/jho323/NCOMMS-24-17835B.
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