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Abstract

Sleep spindles are major oscillatory components of Non-Rapid Eye Movement (NREM) sleep, reflecting hyperpolarization-
rebound sequences of thalamocortical neurons. Reports suggest a link between sleep spindles and several forms of high frequency
oscillations which are considered as expressions of pathological off-line neural plasticity in the central nervous system. Here we
investigated the relationship between thalamic sleep spindles and ripples in the anterior and mediodorsal nuclei (ANT and MD)
of epilepsy patients. Whole-night LFP from the ANT and MD were co-registered with scalp EEG /polysomnography by using
externalized leads in 15 epilepsy patients undergoing a Deep Brain Stimulation protocol. Slow (712 Hz) and fast (714 Hz) sleep
spindles were present in the human ANT and MD and roughly, 20 % of them were associated with ripples. Ripple-associated
thalamic sleep spindles were characterized by longer duration and exceeded pure spindles in terms of 100-200 Hz thalamic, but
not cortical activity as indicated by time-frequency analysis. Furthermore, ripple amplitude was modulated by the phase of sleep
spindles within both thalamic nuclei. No signs of pathological processes were correlated with measures of ripple and spindle
association, furthermore, the density of ripple-associated sleep spindles in the ANT and MD showed a positive correlation with
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Abstract

Sleep spindles are major oscillatory components of Non-Rapid Eye Movement (NREM) sleep, reflecting
hyperpolarization-rebound sequences of thalamocortical neurons. Reports suggest a link between sleep spind-
les and several forms of high frequency oscillations which are considered as expressions of pathological off-line
neural plasticity in the central nervous system. Here we investigated the relationship between thalamic sleep
spindles and ripples in the anterior and mediodorsal nuclei (ANT and MD) of epilepsy patients. Whole-night
LFP from the ANT and MD were co-registered with scalp EEG /polysomnography by using externalized leads
in 15 epilepsy patients undergoing a Deep Brain Stimulation protocol. Slow (712 Hz) and fast (714 Hz) sleep
spindles were present in the human ANT and MD and roughly, 20 % of them were associated with
ripples. Ripple-associated thalamic sleep spindles were characterized by longer duration and
exceeded pure spindles in terms of 100—200 Hz thalamic, but not cortical activity as indicated
by time-frequency analysis. Furthermore, ripple amplitude was modulated by the phase of sleep spindles
within both thalamic nuclei. No signs of pathological processes were correlated with measures of ripple and
spindle association, furthermore, the density of ripple-associated sleep spindles in the ANT and MD showed
a positive correlation with general intelligence. Our findings indicate the complex and multifaceted role of
the human thalamus in sleep spindle-related

physiological and pathological processes.

Significance Statement: Thalamo-cortical loops are associated with sensory processing, memory formation,
executive functions, many of which are tightly related with sleep state-dependent neural oscillations, such as
sleep spindles. It was proposed that sleep-related epileptic transformation of normal neurological networks
interfere with sleep-related synaptic homeostasis, neural plasticity, and cognitive functioning. We had a
unique opportunity to investigate the association between thalamic sleep spindles and ripples, and their
associations with intellectual ability within two higher-order thalamic nuclei in human subjects, the anterior
thalamic and mediodorsal thalamic nuclei.

Our findings indicate the involvement of the human thalamus in sleep spindle-related physio-
logical activity.

List of abbreviations:

AASM: American Academy of Sleep Medicine
ANT: Anterior thalamic nucleus

CT: Computed Tomography

DBS: Deep brain stimulation



EEG: Electroencephalogram

EMG: Electromyogram

FIR: Finite impulse response

TAM: Individual Adjustment Method
IEDs: Interictal epileptic discharges
IQ: General intelligence

LFP: Local field potential

M: Mean

MD: Mediodorsal thalamic nucleus
MI: Modulation index

mPFC: Medial prefrontal cortex
MRI: Magnetic Resonance Imaging
NREM: Non-rapid eye movement sleep

Ripple(NREM): Density of ripples during NREM sleep calculated as ripple number per mi-
nutes

Ripple(sp): Density of ripples during sleep spindles calculated as ripple number per minutes
SD: Standard deviation

SP(pure): pure sleep spindle

SP(ripple): ripple-associated sleep spindle

WAIS: Wechsler Adult Intelligence Scale

Introduction

Higher order brain functions rely on distributed networks involving the cortex and subcortical regions. The
thalamus plays a crucial role in the proper functioning of these networks: thalamo-cortical loops are associated
with sensory processing, memory formation, executive functions, many of which are tightly related with sleep
state-dependent neural oscillations (Fama and Sullivan 2015; Wolff et al. 2021). The thalamus also plays an
important role in the coordinated connection between the cortex and hippocampus (Latchoumane et al. 2017).
The human anterior thalamic nucleus (ANT) is a higher-order thalamic nucleus which is interconnected
with the hippocampus (Aggleton et al. 2010). It has reciprocal connections with the anterior cingulate
cortex, retrosplenial cortex, and subiculum, and selective inactivation of the ANT leads to impaired memory
formation similarly to hippocampal lesions. Furthermore, the ANT plays an important role in the propagation
of epileptic seizures and therefore became an important target for deep brain stimulation (DBS) which serves
as a treatment for medically refractory epilepsy (Salanova 2018). Another important higher-order nucleus
in the human thalamus is the mediodorsal nucleus (MD) which is reciprocally connected with the medial
prefrontal cortex (mPFC) and also receives inputs from parahippocampal regions, and therefore it is assumed
to interact with the cortex and hippocampus in declarative memory formation during non-REM (NREM)
sleep (Mitchell and Chakraborty 2013). Reduced MD volume was associated with decreased sleep spindle
density in frontal brain regions which suggest that the MD is involved in sleep spindle generation and/or
propagation (Buchmann et al. 2014).

Sleep spindles are NREM sleep state-specific oscillations characterized by waxing/waning 10-16 Hz wave-
forms that are generated by the reticular nucleus of the thalamus and are propagated to other brain regions
by thalamo-cortical circuits (Huguenard and McCormick 2007; Steriade 2005). Animal studies confirmed that



dynamic reticular thalamic-thalamo-cortical interactions are responsible for the generation of sleep spindles
(Steriade, 2005; Steriade et al., 1987), which were associated with cognitive functions such as learning and
memory consolidation (Cairney et al. 2018; Saletin, Goldstein, and Walker 2011), and intellectual ability
(Fogel and Smith 2011; Ujma 2018; Ujma, Bédizs, and Dresler 2020). Sleep spindles tend to co-occur with
and coordinate the faster oscillations, called hippocampal ripples (T7100-200 Hz), providing efficient
off-line plasticity windows for memory consolidation and reorganization (Girardeau and Zugaro 2011; Wilson
and McNaughton 1994). Besides neural plasticity sleep spindles were associated with pathological off-line pla-
sticity in epileptic models and human epilepsy patients (Gelinas et al. 2016). Findings regarding the strong
relationship between NREM sleep oscillations, neuroplasticity and epilepsy indicate that sleep-associated
interictal epileptic discharges (IEDs) harm cognitive functions, inducing a significant cognitive loss (Haldsz
et al. 2019).

The aim of the current study was to assess the function of ANT and MD in sleep-related neural oscillations
measured by the association between thalamic sleep spindles and thalamic ripples during NREM sleep.
It was proposed that sleep-related epileptic transformation of normal neurological networks, involving the
hippocampus, thalamus and cortex, interfere with sleep-related synaptic homeostasis, neural plasticity, and
cognitive functioning (for a recent review, see Haldsz and Sztics 2020). In this pathway, the role of the human
ANT and MD is not clear. Although, different aspects of sleep spindle-related dynamic thalamocortical
interactions were revealed (Mak-Mccully et al. 2017; Tsai et al. 2010), relationships between sleep spindles
and ripples in the thalamus remained questionable. A recent report (Rektor et al. 2016) indicated the
occurrence of high frequency oscillations, such as ripples in the human thalamus, however results confirming
the involvement of ripples in the thalamus is remarkably sparse. Furthermore, IEDs in the human thalamus,
such as in the ANT LFP records were observed and suggested the involvement of ANT in the propagation of
epileptic activity and to contribute to the epileptic network (Hodaie et al. 2002; Sweeney-Reed et al. 2016).
Here we investigated the association between thalamic sleep spindles and ripples within two higher-order
thalamic nuclei in human subjects, the ANT and the MD. We hypothesized that sleep spindles and
ripples in these thalamic nuclei are not pathological expressions of epilepsy, but physiological
oscillatory patterns. Sleep spindles, and especially fast sleep spindles measured on the scalp
have a close connection with cognitive performance and intelligence (Bestmann et al. 2019;
Bédizs et al. 2005; Chatburn et al. 2013; Ujma 2018). The ANT has tight anatomical and
functional connections with the hippocampus, as well as different parts of the prefrontal cortex,
and might act as an interface between them. In order to test the hypothesis that sleep spindles
and ripples are physiological oscillations in the ANT, we assessed the association between sleep
spindles and ripples with general intelligence and clinical epilepsy characteristics.

Materials and Methods
Participants

Subjects were 15 pharmacoresistant, surgically non-treatable epilepsy patients (Mage = 36.9 years, range:
17-64; 7 females) participating in the ANT deep brain stimulation (DBS) protocol at the National Institute
of Mental Health, Neurology and Neurosurgery, Budapest, Hungary. Clinical and demographic data are
reported in Table 1. The research was approved by the ethical committee of the National Institute of Mental
Health, Neurology and Neurosurgery. Patients signed informed consent for participating in the study. General
intelligence (IQ) was measured prior to the surgery by Wechsler Adult Intelligence Scales, 4th edition IQ from
11 patients who underwent on neuropsychological testing in the context of their clinical routine presurgical
assessment.

Experimental Design and Statistical Analysis
Procedure

A pair of quadripolar Medtronic DBS electrodes were bilaterally and stereotaxically inserted into the ante-
rior part of the thalamus during general anaesthesia. Contact lengths of the electrode are 1.5 mm, whereas
intercontact spacing is 0.5 mm. Electrode diameter is 1.27 mm. Besides frontal transventricular and ex-



traventricular trajectories, the posterior parietal extraventricular approaches were used in accordance with
the decisions of the clinical-neurosurgical team. In accordance with the clinical protocol patients under-
went a 48 hour, postsurgical video-EEG monitoring with externalized thalamic leads, that is thalamic LFP
co-registered with scalp EEG /polygraphy. The first 48 hours were recorded without thalamic stimulation
(DBS-off). One whole-night seizure-free records of the 48 hours DBS-off records were selected and analyzed
in the present study.

Individual localization of thalamic contacts

Thalamic contacts were localized by using the procedure described below (see also Simor et al. 2021). In
order to individually localize the thalamic contacts preoperative MRI and postoperative CT images were
co-registered using tools available in the FMRIB Software Library (FSL, Oxford, FLIRT, linear registration,
6 degrees of freedom). Threshold was applied on the co-registered CT scans to achieve the desired level
of density for proper identification of the lead, thus removing the surrounding brain tissue. Coordinates
of the most distal point of the lead were identified and a more proximal point was selected along the line
of the contacts to mathematically reconstruct the coordinates of the center point of each contact using
Euclidean distance in three dimensional space. These points superimposed over the T1 MRI image provided
a guideline for contact localization by examining their location to the anatomical boundaries of the ANT.
Anatomical positions according to standard coordinates of the contacts were double-checked by using the
mamillothalamic tract as an anatomical guide to localize the ANT. In case of convergent results of these
two methods, the ANT (for 15 patients) and MD (for 10 patients) contacts were considered as subjects for
further digital signal processing in the present study.

Electrophystological data recording a preprocessing

ANT and MD LFP, and all-night sleep EEG signals were recorded by SD-LTM 64 Express EEG /polygraphic
recording system. Physiological signals were recorded at 8192 Hz/channel effective sampling rate with 22
bit precision and hardware input filters set at 0.02 (high pass: 40 dB/decade) and 450 Hz (low pass: 40
dB/decade). Data was decimated by a factor of 4 by the firmware resulting in stored time series digitized at
2048 Hz/channel. LFP signals were assessed by bilateral (L — left, R — right) quadripolar electrodes applying
bipolar reference scheme and focusing only on those leads which were derived from two adjacent contacts
positioned in the same thalamic nucleus or alternatively from the BRIDGE area (bipolar recordings with
one contact within the ANT and the second contact in adjacent tissue Deutschovd et al. 2021). The number
of ANT and MD derivations recorded for each patient is reported in Table 2. Scalp EEG was recorded
according to the international 10-20 system (Fpl, Fp2, Fpz, F3, F4, F7, F8, C3, C4, T3, T4, T5, T6, P3, P4,
01, 02, Oz; Jasper 1958) extended with the inferior temporal chain (F9, F10, T9, T10, P9, P10) and two
anterior zygomatic electrodes (ZA1, ZA2; Manzano et al. 1986), with the reference placed at the CP1 and
ground placed at CP2 locations. Submental electromyograms (EMGs) were recorded by bipolarly referenced
electrodes placed on the chin. For two patients (#1 and #2) the EEG electrode set up were slightly different
from the above described montage. For patient #1 no Fpz, P9, P10 and EMG time series were recorded, and
for patient #2 F3, F4, C3, C4, P3 and P4 electrodes were missing, although the electrode position at Pz
was present in this patient. Data from missing electrodes were treated as missing values in further analyses.

Continuous EEG and LFP recordings were automatically segmented into 90 minutes chunks by the recording
software. During the recording session there were no explicit light off and light on time, thus, the first and
the last chunk for data analysis were selected as follows: a 90 minutes segment were required to contain at
least 10 minutes of continuous sleep in the second or in the first halves, respectively for the first and last
chunks. EEG data were offline re-referenced to the mathematically-linked T9 and T10 electrodes. All-night
sleep records were scored for sleep-waking states and stages according to standard AASM criteria on 20
seconds basis (Berry et al. 2015) by an expert. Furthermore, artefactual segments were marked on 4 seconds
basis and excluded from quantitative EEG and time series analyses.

Detection of IEDs and thalamic ripples
Data analyses were performed by MATLAB version 9.5 (R2018b, The MathWorks, Inc.,



Natick, MA; https://www.mathworks.com/products/new products/release2018b.html) using
the EEGIlab toolbox 14.1.2b. For removing potential electric power-related noise, 4 Hz band-
stop filter was applied centered at 50 Hz and its harmonics up to 400 Hz. For all data and
frequency bands a zero-phase Hamming-windowed sinc finite impulse response (FIR) filter im-
plemented in EEGlab (function pop eegfiltnew contributed by A. Widmann) was used, which
automatically calculates the transition bandwidth and filter order for the selected frequency
bands. Ripple detection was performed on the basis of the analysis method by Gelinas et al.
(2016) within the NREM stages 2 and 3 sleep. For removing potential epileptic activity (IEDs)
whole-night ANT and MD LFP signals were band-pass filtered with a 25-80 Hz finite impulse
response (FIR) filter. The filtered signal was then rectified and normalized. IEDs were detec-
ted as events where the filtered envelope (applying Hilbert transformation) exceeded 2 times
the baseline (the mean of the filtered envelope). Those events were then eliminated where the
unfiltered signal envelope was 2 times below the baseline. Where two or more IEDs occurred
within 1 s, only the one with the largest amplitude was kept. For thalamic ripple detection
band-pass filtering of the whole-night ANT and MD LFP signals were performed at 100—-200
Hz (FIR filter). The filtered signal was then rectified and normalized. Ripples were then de-
tected as events where the filtered envelope exceeded 5 standard deviations the baseline (the
mean of the filtered envelope), and the mean envelope around the detected ripple event for a
minimum of 20 ms and a maximum of 100 ms exceeded 2 standard deviation the baseline. Den-
sity of the ripples (ripple number per minutes) were calculated for the whole non-artifactual
NREM sleep (in stage 2 and 3; defined as ripple(NREM) density) and for sleep spindles (i.e.
the density of ripple events occurring during sleep spindle periods; defined as ripple(sp) den-
sity). Ripple(NREM) density and ripple(sp) density were compared by two-tailed Student’s
t-tests, separately for the ANT and MD. Statistical analyses were performed by STATISTICA
13.1 and JASP 0.15.0.0.

Sleep spindle detection and analysis

Non-artifactual NREM sleep EEG and thalamogram records were subjected to the Individual
Adjustment Method (IAM) of sleep spindle analysis (Bédizs et al. 2009; Ujma et al. 2015).
Frontally dominant slow and parietally dominant fast sleep spindles were defined for each
patient and each EEG and thalamic channel using individual-specific frequency criteria, as
well as associated individual- and derivation-specific amplitude criteria in the 9-16 Hz all-
night NREM sleep. Thalamic sleep spindles contaminated with assumed IEDs (see below)
were removed from further analyses, as IEDs with increased activity in the spindle frequency
range may be falsely detected as spindles. The remained sleep spindles were categorized based
on their association with or without ripples. If one or more ripple was detected during the
spindle, that spindle was categorized as ripple-associated spindle, SP(ripple). Spindles without
any association with ripples were categorized as pure sleep spindles, SP(pure). The spindle
densities (number per minutes) were calculated separately for each category. Sleep spindle
density data were averaged across appropriate derivations within a nucleus, separately for the
ANT and MD, and for the fast and slow spindles. The duration of sleep spindles was measured
as the time interval from spindle onset and offset, separately for each spindle category. Spindle
duration data from all derivations corresponding to same nucleus were averaged, separately
for the ANT and MD, and for the fast and slow spindles.

Overall sleep spindle density and duration were compared across nuclei performing repeated-
measures ANOVA with the factors spindle type (slow vs. fast) X nucleus (ANT vs. MD),
where missing values were handled as missing data. Comparison of SP(ripple/pure) density
and duration were performed by repeated-measure ANOVA with the factors spindle type
(slow vs. fast) X association (ripple vs. pure) X nucleus (ANT vs. MD). Post-hoc tests were
conducted by Tukey’s HSD.



Time-frequency wavelet analysis was performed on 4600 ms long epochs extracted in the -2300 to 2300 ms
latency range around sleep spindle onsets (separately for the slow and fast SP(ripple/pure)) on all ANT
and MD derivations. Furthermore, time-frequency analysis was also performed on frontal and parietal scalp
records using the same time intervals as for the ANT and MD sleep spindles (scalp EEG activity around
thalamic sleep spindles). Data from the F3 and F4 electrodes were analyzed for the frontal region, except for
patient #15, where Fpl was used instead of F3 due to the low signal quality. Parietal electrodes were P3 and
P4, except for patient #2, where Pz was used instead of P3 and P4 as these electrodes were missing for this
patient. Data were averaged across the frontal and parietal electrodes, separately. Time-frequency analysis
was performed by Morlet wavelet transformation with linearly increasing cycle numbers from 4 cycles to 20
cycles for the 1-450 Hz frequency range using 0.5 Hz frequency resolution in the 1-40 Hz range, 1 Hz frequency
resolution in the 41-80 Hz range and 5 Hz frequency resolution in the 81-450 Hz range. The baseline interval
was set at -2000 ms to 0 ms before sleep spindle onset. Time-frequency power spectra were averaged across all
derivations within the same nucleus, separately for the fast and slow SP(ripple/pure). Statistical comparison
of SP(ripple) vs. SP(pure) was performed by nonparametric randomization test separately for the slow and
fast spindles and for the ANT, MD and scalp (frontal and parietal), applying the Monte-Carlo estimate of
significance probabilities (1000 permutations), using the Fieldtrip toolbox (Oostenveld et al. 2011), applying
FDR correction.

For assessing phase-amplitude coupling between sleep spindle phases and ripple amplitudes in the thalamus,
the modulation index (MI) was calculated based on the method by Tort et al. (2010), separately for each
thalamic derivation. First, 4600 ms long epochs were extracted around individual sleep spindles with co-
occurring ripples (SP(ripple)), in the -2300 to 2300 ms latency range where 0 ms corresponds to the onset of
sleep spindles. For all detected SP(ripple) data were band-pass filtered in the frequency bands of interest, 80—
200 Hz for extracting the ripple amplitude and individual slow and fast spindle bands, detected by the IAM of
sleep spindle analysis (see above) for extracting instantaneous phase of sleep spindles (FIR filter). Bandpass-
filtered data were than Hilbert transformed using the 0-2000 ms time range for avoiding edge effects. MI
were then calculated for each electrode using 18 phase bins from —r to +r, pooling all phase and amplitude
values extracted from the epoched data. The observed MI were then subjected to permutation testing in
order to quantify the difference between the observed MI and the distribution of shuffled coupling values.
Shuffled MI distribution were calculated by measuring the MI between the original phase time series and
permuted amplitude time series where amplitude data points were randomly shuffled, using 1000 iterations
for each electrode. The observed MI values were then z-standardized to the shuffled phase-amplitude coupling
distribution, where normalized z-values directly reflect p-values, MI(z) equal to 1.645 corresponds to the 5%
p-value. Thus, MI(z) values larger than 1.645 reflects a significant spindle-ripple coupling in the thalamus.

We aimed to estimate the time dynamics of spindle co-occurrence between thalamic and cortical channels.
Spindle co-occurrence was defined in the following way: when the initiation of a sleep spindle
was detected on any channel (cortical or thalamic), all subsequent spindles initiating on any
other channel before the end of the original spindle were considered to co-occur, comprising
a single spindle event involving multiple channels with a time lag on each channel, defined
as the time difference of spindle initiation relative to the first spindle. For thalamocortical
co-occurrence analysis, we selected all instances when sleep spindles co-occurred on both 1) a
selected scalp channel (F3 or F4 for frontal spindles, P3 or P4 for parietal spindles, for patient
#2 Fp2-Fpz and Pz-Oz instead) and 2) on a channel localized in a specific thalamic nucleus
(ANT or MD). That is, the analysis included spindles which could originate elsewhere, but were
later detected on both specific scalp channels and in the thalamus. We defined thalamocortical
spindle lags as the time lag (relative to the first spindle) of the scalp channel minus the time
lag of the thalamic channel. We modeled spindle lags with a linear mixed model implemented
in the MATLAB 2017a fitlme() function using lag as the dependent variable, spindle type,
thalamic nucleus and scalp channel as fixed effects with random intercepts by patient (Ujma
et al. 2022).

For assessing the potential correlates and functions of thalamic ripples and spindles Pearson correlations



coefficient were calculated between sleep spindle density (scalp-detected parietal fast sleep spindle density,
overall thalamic spindle density, thalamic SP(ripple) and SP(pure) density), clinical epilepsy characteristics
(years since epilepsy onset and seizures/month (before DBS)), and general intelligence (Table 3 shows the
WAIS IQ scores ); separately for the ANT and MD, and for the slow and fast spindles. Relationships
between scalp-detected, parietal fast sleep spindle density were measured based on the average recording
locations P3 and P4, except Patient #2, where Pz was used.

Results
Ripple density during sleep spindles and overall NREM sleep

Ripple(NREM) and ripple(sp) density were not significantly different from each other (Figure
1) in the ANT (#14 = 1.427, p = 0.176) but a significant difference was found in the MD (tg
= 2.293,p = 0.048), where the ripple(sp) density was larger than the ripple(NREM) density,
indicating the more frequent coupling of ripples to sleep spindles compared to spindle-free
NREM periods.

Owerall sleep spindle density and duration in the ANT and MD

For the overall sleep spindle density (Figure 2), main effect of spindle type and nucleus was
not significant (nucleus:F; 9 = 3.432, p = 0.097 spindle type:F; 9 = 3.490, p = 0.095), but
there was a significant interaction between these factors (F19 = 6.203, p = 0.034). Post-hoc
test revealed that the interaction was caused by the significantly lower fast spindle density in
the MD compared to the ANT (p = 0.039). Main effect of spindle type was significant for
the duration of sleep spindles (F1,9 = 5.756, p = 0.040) due to the longer slow sleep spindles
compared to fast sleep spindles. Main effect of nucleus was not significant (F; 9 = 0.126,p =
0.730) and no interaction occurred between these factors (F19 = 2.621, p = 0.140) on the
duration of sleep spindles.

Sleep spindle density and duration (SP(pure/ripple) in the ANT and MD associated with and without ripples

Piyvpe 3. oMNowg EEAUTAES QPOP PACT CAEET OTMIVOAEGC PEOW TYNE CAUE TATIEVT AVE VU-
GAELG, ACCOGLATEDS WLTY] AVO WLITNOUT PINTAEG. JLYVIPLEAVT LY EPYPECT 0@ LCCOGLATIOV
was Pouvd gop tne omwdie devoutd (P19 = 53.180, © < 0.001,nw®> = 0.855), due <o
tne Nuynee XII(nupe) devout)d counaped to tne XII(pinntAe) devoutdh. Trne pouv sp@e-
T 0@ omMWIAE TPme avd vucheug wac Vot owyvigicavt (omvdie tne: P 9 = 3.489, &«
= 0.095,nn? = 0.279: vughevug: Py g = 3.432, T = 0.097,nn? = 0.276), But owyvigigavt
WWTEPASTIOV 0GGLEEED Petweey tnece gagtops (P19 = 6.202,m = 0.034, nr® = 0.408).
ITooTt-1n0g TECT PEEAAED TNAT TNE WWIEEASTIOV WOAG DUE TO TNE CLYVIPLGAVIAY AowEep YacT
ocheent onwwdAe devoitd v tne MA counaped to tne ANT (rn = 0.027). Trne Supatiov o
OAEET OTUVOAEG WAG APPESTED B TNE pIRTAS-ACCOCLATIOV, oG Wiicated B Tne ovyvipe-
SAVT pouy EQYEST 0 accogiatiov (P19 = 54.661, © < 0.001,nn® = 0.858), ov ccpaye,
pLiTAE-acooclated onvdAec wepe 232 png Aovyep tnav nupe omvdies (Puyvees 4). Trne
ROV EQPYPEGT 0@ OTIVOAE TYNE WAUC AACO CLYVIPLGAVT, A AOVYEP CAOW OTIVOAES WEPE
detected counoped To Tne pact onwdiec (P1,9= 5.577, © = 0.0425, nn® = 0.383). Tne
ROV EQYPEST 0@ VUGAEUS WG VOT CLYVIPLGAVT (@1,9: 0.404, © = 0.541, 171'c2 = 0.043),
aAVd VO VTERASTIOV 0cgLpeed Petweey Tne gactops (1t > 0.137, at AsaoT).

Power spectral density in the time-frequency domain of pure and ripple-associated spindles

SP(pure) and SP(ripple) were characterized by comparable spindle frequency power (11-16
Hz) in both thalamic nuclei (ANT and MD) between 0-500 ms from the onset of sleep spindles,
while increased power was observed between 5-15 Hz later, beginning from 500-1200 ms for the
slow sleep spindles in the ANT (Figure 5). Similar results were found for the ANT fast spindles,
however, the low-frequency difference was less pronounced (see Supplementary material). The
100—200 Hz power of ANT slow and fast SP(ripple) exceeded the corresponding power values



of SP(pure) up to around 1000 ms. In the MD, the same contrast resulted in significant
differences for fast spindles, but not for slow spindles. Thalamic SP(pure) and SP(ripple)
did not differ in terms of concomitant scalp EEG time-frequency power (see Figure 5. for
ANT slow sleep spindles, the ANT fast and MD spindles are presented in the Supplementary
material).

Spindle-ripple coupling in the thalamus

For all electrode position, the permutation test revealed that the observed MI were significantly
larger than the permuted MI (all p’s < 0.001, except a single MI value for the slow sleep
spindles in one ANT derivation for patient #2, where p = 0.019), both in the ANT and MD,
separately for the slow and fast sleep spindles (MIz ANT fast spindle: 22.56, p < 0.001, SD:
19.00; MIz ANT slow spindle: 22.01,p < 0.001, SD: 15.93; MIz MD fast spindle: 92.07, p
< 0.001, SD: 224.09; MIz MD slow spindle: 89.54, p < 0.001,SD: 201.83). Figure 5 shows a
representative example for spindle phase and ripple coupling in the ANT.

Spindle dynamics in the thalamus and the cortex

Trne SioteifuTiov 09 TRAALLOCOoETICAN Aoy (Bepoxey dowv B pIITAE CO-0CCUEPEEVCE) &
onowv ov $ryvepe 7. Iv onopeT, TNANAULOCOPTICAN AaYs WEPE YEVERPAAAYD siTtnEp VEYATLE
0p VOT Oy VIPLGavTAY dLpepevTt Qo LEEO, LWBLCATIVY TNAT ELTNEP CASEN OTIVOAES NpEEe-
@EPEVTIAAA] 0CCUEEED OV TNE CGUAT QPLECT 0P OCCUEEEDS CLULUATAVEOUCAY OV GGAAT avd
TNAAAULS SNAVVEARS. €pd) AMTTAE AlElAVCE LV OTILVOAE Aay wac accouvted gop B Ttnig nodeA
(P2 = 0.014), cvyyeoTvy tTnat Aoy pouvAi) demevdc ov eftpaveous gacTtops. XTLAA,
pact onwdieg (B = 0.015), omwwdreg wv tne MA vughevg (B = 0.017) avd omiwvdieg
occuppvy ov @4 (B = 0.010) wepe ACCOGLATED WLTY LOPE TOCLTIE AXYS, WMLAE OTUVIAES
occupewvy ov II3 (B = -0.007) avd onwwdieg wity pinnieg (B = -0.017) wepe accoglated
w1t pope veyatie Aayg. Tnat g, v caoce o @act onvdreg, v tne MA avd ov $4, tne-
PE WAC A SLULVIOTMES TEVOEVCY) Qop OCAAT GTIVOIAESC TO 0CgUE PLEOT, BUT TMg TEVIEVCY
wepeaoed ov II3 avd sonecladd) wNeEV PIRTAE ACTUTY WA MEECEVT WV TNE TNAALALG.
AN\ e@pegT owWleg ape LVOTAVOXESLLED avd yiev v oegovdg. AAN n<0.001, eEgent Qop
TNE e@YecT acocociated witn II3 (x = 0.010).

The relation between thalamic spindles, clinical epilepsy characteristics, and general intelligence

Statistical analysis revealed a significant negative correlation between slow SP(pure) density
in the MD and the years since epilepsy onset (Figure 7; » = -0.653, N = 10, p = 0.040),
whereas the fast SP(pure) density in the same nucleus correlated positively with the seizure
prevalence (r = 0.633, N = 10,p = 0.050). No significant correlation occurred between the
ANT spindle density (SP(pure) and SP(ripple)) and years since epilepsy onset (p > 0.061),
and with seizure prevalence (p > 0.384).

The overall density of sleep spindles did not show significant correlation with IQ, neither in
the ANT (r = 0.139, p = 0.682 for slow and r = 0.029, p = 0.932 for fast sleep spindles, N
= 11), nor in the MD (r = 0.311, p = 0.497 for slow and r = -0.523, p = 0.229 for fast sleep
spindles, N = 7). Furthermore, the association of fast spindle density measured on the scalp
with IQ did not reach the specified alpha level (r = 0.399, p = 0.225, N = 11). However,
when thalamic sleep spindles were separated according to their associations with and without
ripples, positive correlations were observed between IQ and fast SP(ripple) density in the
ANT (r = 0.778, N = 11,p = 0.0055) and slow SP(ripple) density in the MD (r = 0.808, N
=11, p < 0.028).

Discussion

We investigated the occurrence of sleep spindles and ripples in the human anterior and mediodorsal thalamus
and those associations with epilepsy characteristics and general intelligence. Sleep spindles were detected



both in the ANT and MD. The occurrence of sleep spindles in the human ANT were confirmed
in previous studies (Tsai et al. 2010). We demonstrated that spindles are also present in the
human MD. The duration of slow and fast spindles was similar in the two thalamic nuclei,
however the overall density of fast sleep spindles was lower in the MD compared to the ANT.
In the majority of cases where thalamic-scalp sleep spindle co-occurrences were detected, ANT and MD
sleep spindles slightly lagged behind cortical ones, which coheres with available reports (Tsai et al. 2010)
and suggests the prevailing role of corticofugal fibers in the herein studied phenomena. In a recent study,
Bastuji et al. (2020) recorded sleep spindles from different parts of the posterior thalamus. These results
indicate that anterior, mediodorsal and posterior thalamic nuclei are involved in the proper functioning of
the NREM sleep-related thalamo-cortical network generating mid-frequency oscillations in the burst-firing
mode.

In addition of detecting thalamic sleep spindles in human subjects, we revealed their associ-
ation with thalamic ripples. SP(ripple) made up around 20% of overall ANT and MD sleep
spindles, respectively. These spindles were of longer duration and characterized by different
time-frequency activity profiles than sleep spindles in the absence of ripples: SP(ripple) were
associated with an excess of thalamic ripple and lower (5-15 Hz) frequency activity compared
to SP(pure). This 5-15 Hz activity occurred later, roughly 500 ms after sleep spindle onset,
which is assumed to reflect the elongation of ripple-associated sleep spindles. The increased
ripple-band activity was the basis of ripples-associated sleep spindle definition; however, no
signs of power difference were observed in the same time window at scalp derivations.

The coordinated interactions between hippocampal ripples and cortical sleep spindles plays crucial role in
memory formation (Latchoumane et al. 2017; Siapas and Wilson 1998; Staresina et al. 2015). It was pro-
posed that NREM sleep-based memory formation depends on the hierarchical nesting of slow waves, sleep
spindles and hippocampal ripples, as these oscillations are instrumental in transferring information from the
hippocampus to the neocortex (Diekelmann and Born 2010; Staresina et al. 2015). In the past few years,
accumulating evidence were found for the existence of ripples outside of the hippocampus (for a review, see
McKenzie, Nitzan, and English 2020). Ripples were detected in several cortical areas such as somatosensory
and motor cortices (Averkin et al. 2016), olfactory cortices (Manabe et al. 2011), parahippocampal regions
(Axmacher, Elger, and Fell 2008) and higher order associational cortices as well (Khodagholy, Gelinas, and
Buzséki 2017). These cortical ripples were frequently coupled with slower oscillations including sleep spind-
les. In the prefrontal cortex, mesio-temporal and neocortical structures, ripples were detected both before
sleep spindles and locked to the spindle troughs (Bruder et al. 2021; Peyrache, Battaglia, and Destexhe
2011). Similar results were observed confirming that cortical ripples were embedded into spindle troughs
during natural sleep (Averkin et al. 2016). Although it is not entirely clear, whether ripples in the
thalamus are connected with pathological processes related to epilepsy. A close relationship
between epilepsy and high-frequency oscillations (80-600 Hz, HFOs) occurrence is repeatedly
found in animal and human studies (for a review, see Jiruska et al. 2017). In a recent study,
Rektor et al. (2016) found HFOs during wakefulness in the human ANT up to 240 Hz fre-
quency, and 500 Hz frequency in one case, which was the first report of HFOs in the human
thalamus. Deutschova et al (2021) reported a relationship between prestimulation HFO power
and ANT-BDS treatment reponse, with reduced awake resting 65-500 Hz activity forecas-
ting better outcome. In the current study, ripples (100—200 Hz) were revealed in both ANT
and MD nuclei during NREM sleep. Ripple events were in part coupled with sleep spindles,
but also detected outside spindles during NREM sleep. We found a strong phase-amplitude
coupling measured by the modulation index between sleep spindle phase and ripple amplitude.
However, thalamic 100—-200 Hz ripples emerging during sleep spindles were not associated with
pathological processes, rather, SP(ripple) were shown to indicate preserved cognitive ability.
Here we found a positive correlation between the density of SP(ripple) in the ANT and general
intelligence (overall cognitive functions) of our patients. This latter result indicates that 100—
200 Hz ripples detected in the human ANT during NREM sleep spindles may contribute to
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the physiological expression of thalamocortical oscillations. Furthermore, these results suggest
that thalamic ripples could indicate physiological forms of neural activity.

The temporal dynamics of sleep spindles in the thalamus and the scalp show that cortical spindle preceded
thalamic spindles, especially those associated with ripples. Sleep spindles are generated by the reticular
thalamic nucleus and propagate to the cortex through thalamo-cortical network (Steriade 2005; Steriade et
al. 1987). The temporal advantage of the scalp sleep spindles suggest that ANT and MD sleep spindles are
propagated through cortico-thalamic networks, and not directly through thalamo-thalamic projections. It
was suggested that cortico-thalamic feedback projections from the cortical sites to the reticular thalamus is
responsible for the large-scale synchronization of sleep spindles (Destexhe, Contreras, and Steriade 1998). The
ANT has a bidirectional connection with the anterior cingulate cortex, retrosplenial cortex, and subiculum,
whereas the MD is interconnected with the medial-prefrontal cortex (Aggleton et al. 2010; Mitchell and
Chakraborty 2013; Pergola et al. 2018). The recent results suggest that sleep spindles propagate through
these cortical sites to the ANT and MD. Thus, the thalamus seems to play an important interface between
the propagation of these neural oscillations in the hippocampal-prefrontal network.

Former studies suggested that the human ANT contribute to the epileptic network, and the ANT became
an important target for DBS in epilepsy treatment (Hodaie et al. 2002; Salanova 2018; Sweeney-Reed et
al. 2016). Furthermore, interictal discharges were also detected in the MD (Sweeney-Reed et al. 2016).
Although, there is no direct anatomical connection between the ANT and MD, this report indicates that the
MD might be involved in the epileptic circuitry as well. Our current results further support this assumption.
Besides interictal discharges, the presence of different sleep spindle (slow vs fast) could be also indicative
for specific network dysfunctions. The density of slow SP(pure) in the MD showed a negative correlation
with the year since epilepsy onset. In contrast to slow spindles, fast SP(pure) density showed a positive
correlation with seizure prevalence. These results suggest that the ANT and MD are involved in different
epileptogenic circuitries. The occurrence of fast sleep spindles may indicate the altered functioning of the
MD due to network-based changes through epilepsy propagation, whereas the occurrence of fast spindles
seems physiological in the ANT. This was also indicated by the lower overall fast spindle density
in the MD. Sleep spindles in the mediodorsal thalamus were also indicative in schizophrenia patients,
where a negative association were found between the volume of the MD and scalp-recorded sleep spindle
density (Ferrarelli and Tononi 2017). To our best knowledge, this is the first report where sleep spindles
were separated to fast and slow spindles, showing that the appearance of fast sleep spindles may indicate
pathological mechanisms in the mediodorsal thalamic functions.

The current results support the involvement of the human thalamus in sleep spindle-related
neural activity. Sleep spindles were found in the ANT and in the MD and ripples coupled with
sleep spindles resulted in distinguishable spectro-temporal differences in the thalamus but not
at the scalp. The major finding is that ripples are also present in the thalamus, which seems
to contribute to intellectual ability through a tight interaction between spindles and ripples.
Limitations of the study are the lack of direct testing of offline memory processes during sleep.
Also, the sample size is too low to reveal the specific IQ subscores which are influenced by
the coordinated activity of sleep spindles and ripples in the thalamus. Co-registration from
the hippocampus, thalamus and scalp will present an opportunity to reveal the hippocampal-
thalamo-cortical pathway in further research, providing target circuits for neuromodulation
and therapeutics. Furthermore, our participants suffered from medically refractory epilepsy
being subjects of poly-antiseizure medication treatment. This type of treatment was shown
to reduce sleep slow wave (0.1-2 Hz) EEG amplitude, increase sleep spindle frequency (11-16
Hz) power, and decrease slow wave-sleep spindle cross-frequency coupling in epilepsy patients
(Roebber et al. 2022). As our present investigation focuses on sleep spindle-related activity
of epilepsy patients we cannot entirely exclude the possibility that our reported findings are
indeed partially influenced by antiseizure medications. Further investigations focusing on the
thalamic recordings of patients groups with different medication are needed in order to provide
unequivocal evidence for the claims we made in our paper.
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Figure 3. Examples of sleep spindles detected in the ANT from Patient #10: fast SP(pure)
(left), and SP(ripple) (right). Upper row: 5 Hz highpass-filtered signal (raw signal), second
row: 10-16 Hz bandpass-filtered signal (spindle band), third row: 100—200 Hz bandpass filtered
signal (ripple band) of the same sleep spindle within each category. The fourth row depicts
the time-frequency power spectra averaged across all fast sleep spindles of the same category
detected in one ANT derivation of the same patient. The timepoint “0”, and the green and
blue lines indicate the onset of sleep spindles.
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associated and pure slow spindles (upper row) and fast spindles (bottom row). The green and
orange dots represent the ripple-associated, and the pure sleep spindles, respectively.
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Power spectral density plots in the time-frequency domain for slow SP(ripple) and SP(pure) and SP(ripple)-
SP(pure) contrast show increased ripple-band activity during SP(ripple) in the ANT but not in the scalp

derivations. o
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Figure 5. Power spectral density plots in the time-frequency domain for the slow sleep spindles
measured in the ANT (left) and in the same time window in the frontal scalp derivations
(right), separately for the SP(ripple) —top panels— and SP(pure) —bottom panels—, within the
1-450 Hz frequency range. The middle panels show the power spectral density differences
between SP(ripple) and SP(pure). The timepoint “0” indicates the onset of sleep spindles in
the ANT. Significant (p< 0.05 after FDR correction) time-frequency bins are circumscribed
by the black lines. Increased time-frequency power was observed in the ripple and spindle
band in the ANT but not in the scalp derivations. All time frequency maps were displayed
from 2 to -2 dB, and frequency is represented in logarithmic scale.
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Example for coupling between fast spindle phase and ripple amplitude in the ANT for patient
#3

0.06 !

0.055

Observed Ml (raw)

0.05

0.06

0.055

Permuter Ml

0.05

Figure 6. Example phase-amplitude coupling between fast spindle phase and ripple amplitude
measured in the ANT for patient #3. MI(z) measured for this electrode position is 27.00,
P<0.00001. The sine wave represents one cycle of the sleep spindle.

Figure 7. Thalamocortical spindle lags by ripple occurrence. Histograms show the time lag
difference of scalp minus thalamic spindles by scalp region, thalamic nucleus, ripple presence
and spindle type (slow or fast), pooled across all patients. Vertical green lines show the mean
lag and red lines indicate the 95% CIs. Negative values indicate that spindles preferentially
occur on the scalp first and vice versa. Axis X on each histogram is truncated at [-1 1] seconds
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for optimal visibility.
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Figure 8. Correlations between clinical epilepsy characteristics, general intelligence and sleep
spindle densities. The top left panel shows the significant negative correlation between epilepsy
duration (year since epilepsy onset) and MD slow SP(pure) density. The top right panel shows
the positive correlation between MD fast SP(pure) and seizure prevalence. The bottom left
and middle panels show the significant positive correlations between general intelligence and
SP(ripple) density in the ANT (left) and MD (middle). We did not find significant correlation
with parietal scalp fast spindle density and IQ (right).

Table 1. Clinical and demographic data of the patients

Patient

#1
#2
#3
44
#5
#6
#7
#8
#9
#10
#11
#12
#13
414
#15

'bitemp — bitemporal; FO — foramen ovale electrodes; CR — controlled release; HS — hippocampal sclerosis; PVNH — periver

Table 2. Number of ANT and MD derivations for each patient

Patient Total number of ANT derivations Left ANT derivations Right ANT derivations Total numbe

#1 1 0 1 1
#2 2 0 2 1
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Patient Total number of ANT derivations Left ANT derivations Right ANT derivations Total numbe

#3 2 0 2 1
#4 3 2 1 0
#5 1 1 0 1
#6 4 2 2 0
#7 1 0 1 2
#8 6 3 3 0
#9 3 1 2 1
#10 3 2 1 2
#11 3 2 1 0
#12 2 1 1 2
#13 2 1 1 1
414 4 2 2 0
#15 1 0 1 1

Table 3. WAIS IQ scores for each patient

Patient WAIS IQ

#1 NaN
#2 NaN
#3 64
#4 61
#5 70
#6 97
#7 NaN
#8 92
#9 94
#10 71
#11 73
#12 71
#13 94
#14 NaN
#15 57
ANT MD
60 - 60
E s . . 407 o
g 0': o2 > .:o =
0 ° . ol ° o
220 — ‘ ‘ -20 - ‘ ,
ripple(sp) ANT ripple(NREM) ANT ripple(sp) MD ripple(NREM) MD
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Power spectral density plots in the time-frequency domain for slow SP(ripple) and SP(pure) and SP(ripple)-
SP(pure) contrast show increased ripple-band activity during SP(ripple) in the ANT but not in the scalp
derivations.
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Example for coupling between fast spindle phase and ripple amplitude in the ANT for patient
#3

0.06 !

0.055 -

Observed Ml (raw)

0.05

0.06 T

0.055 |-

Permuter Ml

0.05

. slow, ANT, Frontal sippie

25 o 05 3 ] 25 o 05 3 0 a5 o 0s | h a5 o 05

25



ANT fast SP(ripple) density

MD slow SP(pure) density

75

8 =
7.0 0.653, p =0.040 _ | r=0633,p=0050
27
:
1 ol
55 T &
50 )
45 %
40 g4
35 =]
3.0 t =3
25 -0 2
o 5 10 15 20 25 30 35 40 0O 2 4 6 8 10 12 14 16 18
Year since epilepsy onset seizures/months (before DBS)

o
r=0.808, p <0.028,"

MD slow SP(ripple) density

parietal fast spindle density

o
r=0.399, p = 0.225

WAIS IQ

02 02 =
55 60 65 70 75 80 85 90 95 100 55 60 65 70 75 80 85 90 95 100

WAIS 1Q

26

4.0
55 60 65 70 75 80 85 90 95 100

WAIS 1Q



