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Thalamic epileptic spikes disrupt sleep
spindles in patients with epileptic
encephalopathy

Anirudh Wodeyar,"*? Dhinakaran Chinappen,** Dimitris Mylonas,°® Bryan Baxter,°
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In severe epileptic encephalopathies, epileptic activity contributes to progressive cognitive dysfunction. Epileptic en-
cephalopathies share the trait of spike-wave activation during non-REM sleep (EE-SWAS), a sleep stage dominated by
sleep spindles, which are brain oscillations known to coordinate offline memory consolidation. Epileptic activity has
been proposed to hijack the circuits driving these thalamocortical oscillations, thereby contributing to cognitive im-
pairment.

Using a unique dataset of simultaneous human thalamic and cortical recordings in subjects with and without
EE-SWAS, we provide evidence for epileptic spike interference of thalamic sleep spindle production in patients
with EE-SWAS.

First, we show that epileptic spikes and sleep spindles are both predicted by slow oscillations during stage two sleep
(N2), but at different phases of the slow oscillation. Next, we demonstrate that sleep-activated cortical epileptic
spikes propagate to the thalamus (thalamic spike rate increases after a cortical spike, P ~ 0). We then show that epi-
leptic spikes in the thalamus increase the thalamic spindle refractory period (P~ 0). Finally, we show that in three
patients with EE-SWAS, there is a downregulation of sleep spindles for 30 s after each thalamic spike (P < 0.01).
These direct human thalamocortical observations support a proposed mechanism for epileptiform activity to impact
cognitive function, wherein epileptic spikes inhibit thalamic sleep spindles in epileptic encephalopathy with spike
and wave activation during sleep.
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Introduction

Cognitive dysfunction is a common comorbidity in epilepsy,’ but
the mechanism remains unknown.* In the most severe form, cogni-
tive dysfunction is described as an epileptic encephalopathy (EE), in
which patients have a reduced rate of development, plateau or frank
regression in cognitive functions concurrent with the development
of epileptiform activity.” Several epileptic encephalopathies share
the trait of interictal epileptic spikes that are potentiated during
non-REM sleep, termed epileptic encephalopathy associated with
spike-wave activation during sleep (EE-SWAS). In these cases, epi-
leptic spikes during sleep are thought to be related mechanistically
to cognitive decline®; however, direct measures of epileptic spike
rates in sleep fail to predict cognitive symptoms in EE-SWAS.”°

Non-REM stage two (N2) sleep is characterized electrophysiolo-
gically by the presence of sleep spindles, which are prominent
bursts of 9-15 Hz oscillations. Sleep spindles originate in the thal-
amus and propagate to the cortex and occur with an approximate
period of 2-5 s, dictated by an after-depolarization spindle refrac-
tory period.'>'? Spindles are frequently nested in the up-state of
slow oscillations (0.5-2 Hz oscillations)**** and, critically, spindle
rate is correlated with cognitive measures.'®"’ Sleep spindles are
implicated specifically in supporting sleep-dependent memory
consolidation,®2° at least in part through coordination of hippo-
campal ripples.?°??

Epileptic spikes, in contrast to sleep spindles, are cortically driven
pathological events, reflecting summated, excessively synchronous
neural activity.?>** Observations in animals® and in humans?*?’
demonstrate that cortical epileptic spike activity may propagate to
the thalamus.?® Epileptic spikes have been proposed to hijack the
thalamocortical circuitry that produces sleep spindles and thereby
disrupt sleep-dependent memory consolidation,* with several stud-
ies observing a negative correlation between spikes and spindles.?**
However, how and whether cortical spikes interact and interfere with
thalamic activity to disrupt thalamocortical sleep spindles in hu-
mans remains unknown. Direct observations of these dynamics are
challenging owing to the rare condition of EE-SWAS and the scarcity
of recordings available from the human thalamus.

Using a unique dataset of simultaneous human thalamic and cor-
tical recordings in subjects with and without EE-SWAS, we provide
direct evidence for epileptic spike interference of thalamic sleep spin-
dle production in EE-SWAS. We find that cortical slow oscillations
predict both epileptic spikes and spindles during N2 sleep at different
phases of the slow oscillation. We also show that sleep-activated

Table 1 Subject characteristics
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cortical epileptic spikes are more likely to propagate to the thalamus
than spike populations that are not sleep activated. Finally, we
demonstrate that thalamic spikes inhibit spindle production, most
prominently in subjects with EE-SWAS. Taken together, this work
provides in vivo human evidence that epileptic spikes are both sup-
ported by and disrupt thalamocortical oscillations present during
sleep. Furthermore, sleep spindles are most disrupted in patients
with EE-SWAS, supporting this interference as a plausible mechan-
ism contributing to cognitive dysfunction in these patients.

Materials and methods

Consecutive subjects with simultaneous thalamic and cortical local
field potentials and scalp EEG recording collected as part of their
clinical evaluation for drug-resistant epilepsy at Massachusetts
General Hospital were evaluated. Informed consent was received
from all patients included in this study. To ensure appropriate thal-
amic sampling relative to the cortical irritative zone, only those
subjects found to have instantaneous ictal cortical propagation to
the thalamic target were included, resulting in datasets from nine
subjects. In these subjects, thalamic leads targeted the centrome-
dian nucleus in seven subjects and the anterior nucleus in two sub-
jects. Clinical diagnosis, the location of the seizure onset zone,
antiseizure medications and demographic information were col-
lected from chart review (Table 1). Pre- and postoperative high-
resolution MRIs were collected for electrode co-registration. This
study was approved by the Massachusetts General Hospital
Institutional Review Board.

Intracranial and scalp EEG data were collected using the clinical
Natus Quantum system (Natus Neurology Inc.). Depth electrodes
(PMT Depthalon depth platinum electrodes with 3.5 mm spacing,
2mm contacts and 0.8 mm diameter; or Ad-tech depth platinum
electrodes with 5-8 mm spacing, 2.41mm contact size and
1.12 mm diameter) were placed in the regions of clinical interest
and sampled at 1024 Hz (eight subjects) or 2048 Hz (one subject, sub-
sequently downsampled to 1024 Hz). Twenty-four hours of scalp EEG
data (21 scalp electrodes plus ECG and electroculogram electrodes)
were sleep-staged by a board-certified clinical neurophysiologist

ID Sex Aetiology N2 duration ASM Thalamic Cortical SWAS EE
(h) target target
1 Male Stroke 4.98 CBD, LTG, CLB CM Parietal No No
2 Male Non-lesional 7.95 CLB, LTG AN Temporal No No
3 Male Non-lesional 3.67 OXC, TOP, LTG AN Frontal No No
4 Male Malformation of cortical development 5.54 TOP, LTG, LEV CM Parietal Yes No
5 Female Non-lesional 7.32 LAC, PER, ZON, CZP CM Frontal Yes No
6 Male Non-lesional 3.56 CLB, LEV CcM Frontal Yes No
7 Male Non-lesional 8.34 LEV, VPA, LTG CM Frontal Yes CSWS
8 Male Malformation of cortical development 6.69 LTG, RFM, ESL, CZP, LOR CcM Frontal Yes LGS
9 Female Encephalitis 5.85 LEV, LTG, CLB CcM Frontal Yes LGS

AN = anterior nucleus; ASM = anti-seizure medications; carbamazepine; CBD. cannibidiol; CLB = clobazam; CM = centromedian nucleus; CSWS = continuous spike and wave of

sleep with encephalopathy; CZP; EE = clinical epileptic encephalopathy diagnosis; ESL = eslicarbazepine; LAC = lacosamide; LGS = Lennox Gastaut syndrome; LOR = lorazepam;
LTG =lamotrigine; N2 = stage two non-REM sleep; OXC = oxcarbazepine = TOP = topiramate = LEV = levetiracetam; PER = perampanel; RFM = rufinamide; SWAS = spike-wave

activation during sleep; VPA = valproic acid; ZON = zonisamide.
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(CJ.C.) following standard visual criteria.**** To control for variability
across sleep stages and focus on sleep-activated epileptic spike activ-
ity and sleep spindles, we selected only non-REM stage two sleep seg-
ments (N2) for analysis. All N2 sleep segments over the course of the
24 h interval were concatenated for analysis.

For epileptic spike and spindle detections, we evaluated three
voltage time series from each subject: (i) adjacent thalamic depth
electrode contacts with the highest-amplitude signal in a bipolar
reference; (ii) adjacent cortical depth electrode contacts in the
clinically determined seizure onset zone in a bipolar reference;
and (iii) scalp EEG in a bipolar reference CZ-PZ. To detect slow oscil-
lations, we analysed the scalp CZ contact using a midline, far-field
non-cephalic reference placed over the second cortical spinous
process.’??> We applied bipolar referencing for improved spatial
resolution. The channel and reference used to test each hypothesis
are stated in the ‘Results’ section.

To detect epileptic spikes, we extended a previously developed
method.?®*” First, we bandpass filtered the data both forwards
and backwards using a finite impulse response (FIR) filter between
25 and 80 Hz (MATLAB function firfilt). We then applied a Hilbert
transform and calculated the analytic signal and the amplitude
envelope of this signal. For each voltage signal, the moments
when the amplitude envelope exceeded three times the mean
amplitude were identified as candidate spikes. To ensure the can-
didate spikes were not attributable to gamma-band oscillatory
bursts, we also calculated the regularity of oscillations in an inter-
val (+0.25 s) around each candidate spike. To assess the regularity
of the signal in this interval, we computed the Fano factor,?® esti-
mated by: (i) detrending the interval of unfiltered data at each
candidate spike; (ii) identifying peaks and troughs; (iii) calculating
the inter-peak and inter-trough intervals; and (iv) estimating the
ratio of the variance of the inter-peak and inter-trough intervals
to the mean of the inter-peak and inter-trough intervals. We
then removed candidate spikes if the maximum amplitude (cal-
culated by rectifying the data and identifying the maximum volt-
age) of the unfiltered data at the candidate spike was below three
times the mean amplitude or if the Fano factor was <2.5; we note
that Fano factors below one indicate a more regular rhythm, with
zero indicating no variability in the inter-peak or inter-trough in-
tervals. Of the resulting spikes, those detected within 20 ms of
one another were merged into a single spike detection. We visu-
ally examined individual detections and the averaged spike
waveform to confirm that the method accurately detected epilep-
tic spikes in both cortical and thalamic recordings.

We applied an existing spindle detector with robustness to epileptic
spikes and sharp transients.! Given the wide age range of the sub-
jects analysed, we used a detector that has been validated in both
children and adults.* Briefly, the spindle detector estimates a latent
state (the probability of a spindle) using three features: the Fano fac-
tor (estimated for data FIR filtered between 3 and 25 Hz), normalized
power in the spindle band (9-15 Hz) and normalized power in the
theta band (4-8 Hz). Distributions of expected values for these para-
meters were determined using manually detected spindles in the
scalp EEG of subjects with sleep-activated spikes. To avoid misiden-
tifying spikes as spindles, we applied a cubic spline to the +50 ms
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interval around each detected spike before applying the spindle de-
tector (as recommended by Klinzing et al.*°). Doing so further im-
proves the ability of the spindle detector to reject spikes and
accurately identify the beginning and end of spindles. The spindle
detector estimates the probability of a spindle in 0.5s intervals
(0.4 s overlap). We detected a spindle when the probability crossed
0.95, chosen by optimizing the sensitivity and specificity of the de-
tector.?! We retained spindles with a minimum duration of 0.5, a
maximum duration of 5 s and separated by >0.5 s; spindles within
0.5 s of one another were merged into a single spindle detection.
We visually confirmed that the method accurately detected sleep
spindles in both scalp EEG and thalamic recordings.

We applied the algorithm described by Mélle and Born*® to detect
slow oscillations. Briefly, slow oscillations were detected by: (i) fil-
tering the data (both backwards and forwards) into the 0.4-4 Hz
band using an FIR filter (4092 order); (ii) identifying all negative
to positive zero-crossings and the time interval (t) to the subse-
quent positive to negative zero-crossings; (iii) retaining all inter-
vals of duration 0.5s < t < 2s (corresponding to oscillations
0.5-2 Hz) and identifying the negative peak and peak-to-peak
amplitude; (iv) omitting intervals in the bottom 75th percentile
of peak-to-peak amplitude and the bottom 25th percentile of
the negative peak amplitude; and (v) retaining any remaining in-
tervals as slow oscillations.

To test hypotheses about relationships between slow oscillations,
epileptic spikes and thalamic or scalp spindles, we first represented
the event detections as a sequence of discrete events or point pro-
cess time series. These stochastic point process time series are
completely characterized by the conditional intensity function, re-
presenting the history-dependent generalization of the rate func-
tion of a Poisson process,

P[Nga — Ne =1 [Hy]
A ®

At |Hy) = lim
where P is a conditional probability, N; denotes the number of
events counted in the time interval (0, t] and H; includes the event
history up to time t and other covariates.*! The logarithm of the
conditional intensity, when considering a time-discretized point
process, can be expressed as a linear function of covariates,

Q n
log A(RIHk) = Bo + ) % ANpi + Y B ANj @)
i=1 i

1=—n

where k is the k" interval of discretized time (with k> Q and k> n),
the first term (B,) represents a baseline event rate, the second term
represents a self-history autoregressive process and the third term
represents past and future contributions from other covariates. The
expressions ANp=N  —N; and ANj, =Nf - N{ indicate binary
time series of increments in event counts, and (4, y;) are parameters
to estimate. This discrete-time point process likelihood function is
equivalent to the likelihood of a generalized linear model under a
Poisson distribution and log-link function.*! We estimated model
parameters using the fitglm function in MATLAB.
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To characterize the relationship between scalp slow oscillations
and cortical epileptic spikes, we divided time into 0.125 s intervals
and created two binary time series. In the first time series, a value
of 1 was assigned to intervals containing the down-state of a slow
oscillation and 0 otherwise. In the second time series, a value of 1
was assigned to intervals containing the maximum amplitude of
an epileptic spike, and 0 otherwise. When more than one epileptic
spike occurred in the same 0.125 s interval, the value of that inter-
val was set to the number of spikes that occurred. Using these point
process time series, we estimated the model:

log Asso(klHy) = /ao+zyl ANE? 4+ Y, ANEES 3

i=—n

where 1sso(k|Hz) represents the conditional intensity or conditional
event rate of scalp slow oscillations (SSO) given the history of SSO
events and the occurrence of cortical epileptic spikes (CES) at past
and future times.

In the same way, to characterize the relationship between scalp
slow oscillations and thalamic spindle oscillations, we created
point process times series and estimated the conditional event
rate of scalp slow oscillations. For spindle detections, we assigned
each 0.125 s interval a value of one if the maximum amplitude of
a spindle occurred, or zero otherwise. Slow oscillations and spindle
oscillations were modelled using:

log Asso(kIHi) = Bo + Z 7 A NSSO + Z Bi AN{E? 4

i=—n

where 15s0(k|Hy) represents the conditional intensity or conditional
event rate of scalp slow oscillations (SSO) given the history of SSO
events and the occurrence of thalamic spindles (TSp) at past and fu-

ture times. We applied the same model to assess the relationship

between slow oscillations and scalp spindles by replacing ANTSP

with ANiS’I’ , the history and future of scalp spindle occurrences.

Using these models, we estimated the phase relationships be-
tween slow oscillations, spikes and spindles. We note that the predic-
tion of the scalp slow oscillation down-state using cortical spikes and
thalamic spindles is not causal. We chose this model structure to as-
sess the temporal relationship of spikes and spindles to the slow os-
cillation down-state in a manner concordant with past work.*?

For all models, we tested the model improvement relative to a
nested model with only the history of the scalp slow oscillations.
To estimate parameter significance within a model, we applied
the Wald test. Confidence intervals for the parameters were esti-
mated from the model fits using the function fitglm in MATLAB.
Finally, we tested hypotheses across groups of parameters*® using
an F-test implemented in the coefTest function in MATLAB.

To test the hypothesis that cortical epileptic spikes propagate to the
thalamus, we estimated: (i) the average thalamic evoked response;
(i) an unnormalized cross-correlation histogram; and (iii) the con-
ditional event rate of thalamic spikes given cortical spikes. We de-
fine each measure here.

The average evoked response assumes a temporally locked rela-
tionship between cortical epileptic spikes and thalamic epileptic

A. Wodeyar et al.

spikes. To assess this relationship, for each subject, we extracted
from the thalamic voltage signal +1 s intervals centred on the times
of each cortical spike. We then estimated the mean thalamic re-
sponse and standard error across all subjects and cortical spikes
and tested the results against overlap with zero. Confidence limits
were Bonferroni corrected for multiple comparisons.

To estimate the unnormalized cross-correlation histogram,**
we first created binary time series using one to demarcate time
points with the maximum amplitude of an epileptic spike and
zero otherwise. Then we: (i) identified the time t; of each event i
from the cortical binary time series; (ii) identified the delays of
all events in the thalamic binary time series in the interval +1s
around each t;; and (iii) constructed a histogram from the temporal
delays of thalamic spikes relative to the cortical spikes using
~35ms bins. To assess the significance of the cross-correlation
histograms, we created a null distribution of values by shuffling
the inter-event intervals (i.e. time between events) of the cortical
binary time series and then re-estimating the cross-correlation
histograms. This process accounts for baseline rates of cortical
spike occurrence and the distribution of inter-event intervals.
We repeated this procedure 5000 times for each subject. Using
the shuffled cross-correlation histograms, we created 95% confi-
dence intervals (CI) for the null distribution and corrected for mul-
tiple comparisons (owing to the 60 bins, each of ~35 ms width)
using Bonferroni correction. From the cross-correlation histo-
gram, we computed the number of thalamic spikes in each time
bin between [0,1] s after a cortical spike for each patient. To com-
pare the mean number of thalamic spikes in the [0,1] s interval be-
tween groups (EE-SWAS, SWAS and non-SWAS), we modelled the
mean number of thalamic spikes with an indicator for group (gen-
eralized linear model with log-link and a Gamma-distributed re-
sponse). We compared the mean number of spikes between the
EE-SWAS and non-SWAS groups and between SWAS and
non-SWAS groups using the coefTest function in MATLAB.

Finally, to characterize the relationship between cortical epilep-
tic spikes (CES) and thalamic epileptic spikes (TES), we divided the
time series into 16 ms intervals (the lowest temporal resolution for
epileptic spikes) and estimated the model,

log Ares(tHe) = Bo + Igp_swas (Z ,yEE SWAS ANTES + Z BEE SWAS ANthis)

=1 i=—n

+ ISWAS <Z ,ySWAS ANTES + ZBSWAS ANtC—EIS)

=1 i=—n

+ Inon_swas <Z ,}/lon SWAS ANTES + ZBnon—SWAS ANtC—EiS>

i=1 i=—n

©)

where the variable I indicates subject group (EE-SWAS, SWAS and
non-SWAS), and we include the self-history of TES and the history
and future of CES.

To test the hypothesis that thalamic spindles predict scalp spin-
dles, we estimated: (i) the average evoked response at the scalp;
(ii) the average induced response at the thalamus; and (iii) the con-
ditional event rate of scalp spindles. We define each measure here.

To assess the average evoked response at the scalp, for each
subject, we extracted from the scalp EEG signal +2s intervals
centred on the times of the maximum amplitude of each thalamic
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spindle. We then estimated the mean EEG response and standard
error across all subjects and thalamic spindles and tested the
results against overlap with zero. The confidence limits were
Bonferroni corrected for multiple comparisons.

To estimate the average induced response at the thalamus, we
applied a multitaper spectral analysis to estimate the spectrogram.
For each subject, we first extracted from the thalamic signal +2 s in-
tervals centred on the times of the maximum amplitude of each
scalp spindle. We then estimated the spectrogram of each ex-
tracted thalamic signal using 0.5 s intervals (0.45 s overlap) and a
single taper (2Hz frequency resolution, function mtspecgramc
from the Chronux toolbox*). To enable testing and comparisons,
we log-transformed and standardized (removed mean and divided
by standard deviation) over time for each frequency of each spec-
trogram. We then averaged the spectrograms across all extracted
signals (i.e. across all instances of scalp spindles for all subjects
within each group) and tested the resulting power relative to zero
using the estimated standard error.

To characterize the relationship between scalp spindles (SSp)
and thalamic spindles (TSp), we estimated the model,

log Assp(tIHt) = By + Z % ANSSP + Z Bi ANE? (6)

i=—n

where we include the self-history of scalp spindles to account for a
spindle refractory period and identify the independent contribu-
tion of thalamic spindles. We identify binary spindle occurrences
using time intervals of 0.125 s, where one indicates the maximum
amplitude of a spindle that occurred (and zero otherwise).

To test the hypothesis that epileptic spikes disrupt spindles, we ex-
amined the relationship across two time scales. At the ultradian
time scale, we compared the spindle and epileptic spike rates re-
corded at the scalp, cortex and thalamus. To do so, we computed
for each subject the spindle and epileptic spike rates as the total
number of events divided by the total duration of data analysed
(i.e. total duration of N2). We then fitted a linear mixed-effects mod-
el of the spindle rates versus the log-transformed spike rates with
patient as random effect. We tested the model against a nested
model with constant predictor and random effect of patient using
a likelihood ratio test implemented by the MATLAB function
compare.

At the minutes time scale, we modelled the relationship between
thalamic epileptic spikes (TES) and thalamic spindles (TSp) as

log Arsp(tiHe) = Bo + Z ¥ AN;Y + Z Bi AN{E @)

i=—n

where we include the self-history of thalamic spindles to account for
a possible refractory period and identify the independent contribu-
tion of thalamic epileptic spikes. Here, we identify binary time series
for spindle events using time intervals of 1s, where one indicates
that the maximum amplitude of a spindle occurred in an interval.
Likewise, we identify spike event time series by indicating the num-
ber of spikes (i.e. times of maximum amplitude of an epileptic spike)
occurring in each 1 s time interval. We estimated the model consid-
ering self-history terms up to 20 s and thalamic epileptic spike terms
up to +60 s around each scalp spindle. Based on visual analysis, we
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expected that there could be an effect up to 30 s after a spike. To
smooth the estimated parameters, the coefficients were tested in a
group hypothesis test for the parameters between —35 and -25s,
—25and -15 s, and —15 and -5 s, with 0 s indicating the event centre
of a scalp spindle. We thus test whether 3 Bj_3s _55) <0, > Bj_p5_15) <
0 or Y Blis-5 <0 and correct for performing three tests with
Bonferroni correction. We avoid testing the (-5, 5) s period around
time 0 s owing to limitations with our spindle detection approach:
because we identify the spindle occurrence by maximum amplitude
of the spindle, a spindle can begin before 0's.

To investigate the impact of thalamic spikes on scalp spindles,
we estimated a similar model between thalamic epileptic spikes
(TES) and scalp spindles (SSp),

log Assp(tIHr) = Bo + Z 7 ANPP 4 Z B; ANTES ®)

i=—n

where we include the self-history of scalp spindles to account for a
possible refractory period and identify the independent contribu-
tion of thalamic epileptic spikes. We performed the same statistical
tests for this model as for the model of thalamic spindles.

At the seconds time scale, we compared the refractory periods
of thalamic and scalp spindles with intervening thalamic epileptic
spikes and without. Refractory periods were defined as the duration
between the end of one spindle and the beginning of another. We
fitted the distributions of the refractory periods using a generalized
linear model with alog-link and an inverse Gaussian distributed re-
sponse and compared the means of the two refractory period distri-
butions using the function coefTest in MATLAB.

Results

Nine subjects (ages 9-55 years, two female; see clinical and data
characteristics in Table 1) undergoing simultaneous scalp EEG
and stereoelectroencephalography (SEEG) sampling of cortex and
thalamus were included. For each subject, bipolar thalamic depth
electrode contacts, bipolar cortical depth electrode contacts in the
clinically determined seizure onset zone and bipolar scalp elec-
trode contacts (CZ-PZ) were analysed. For slow oscillation detec-
tion and analysis, the scalp electrode CZ was analysed referenced
to a far-field reference (the second spinous process, routinely
used clinically at our institution). We classified subjects into three
groups following the International League Against Epilepsy (ILAE)
electroclinical criteria for diagnosis of EE-SWAS. Three subjects
had both marked increase in spike activity during sleep and clinic-
ally identified cognitive plateau, regression or deceleration®
(EE-SWAS); three subjects had a marked increase in spike activity
during sleep without cognitive symptoms (SWAS); and three sub-
jects had neither markedly increased spike activation during sleep
nor cognitive symptoms (non-SWAS). The spike rates during N2
sleep for each group at the scalp, cortex and thalamus are provided
in Supplementary Table 1.

In contrast to wakefulness, non-REM sleep is dominated by slow os-
cillations. To understand the influence of slow oscillations on sleep
spindles (a canonical rhythm of N2 sleep) and epileptic spikes (acti-
vated during sleep in SWAS), we analysed the temporal and phase
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relationships of slow oscillations to epileptic spikes and sleep spin-
dles during N2 sleep (examples in Fig. 1A). Applying a statistical
modelling approach (Fig. 1B), we find that scalp slow oscillations
(n=42 041 events) increase the probability of a co-occurring cortical
epileptic spike [n =65 107 events, nested model test y*(64) = 5646.5,
P~0] and also, in an independent model, thalamic sleep spindles
[n= 14845 events, nested model test y*(64) = 195.04, P=3.6 x 107",
see the ‘Materials and methods’ section]. Averaging all detected
slow oscillations across all nine subjects, the first up-state of the
slow oscillation begins 1.4 s (range 0.88-1.61 s; defined as deviating
from a baseline of 0 uV, Bonferroni corrected) before the down-state
trough (i.e. at time —1.4 sin Fig. 1B). Here, we refer to the downward
deflection between two zero-crossings in the slow oscillation as the
down-state because this deflection has been related to decreased
neuronal activity in prior work.*®*” Cortical epileptic spikes in-
crease (see the ‘Materials and methods’ section) from -1.125 to
—0.125 s before the trough of the down-state (peak rate at —0.25s
before the down-state trough; Fig. 1B, top and bottom), during the
up-state to down-state transition of the slow oscillation. In con-
trast, thalamic sleep spindles increase 0.25-0.875 s after the trough
of the down-state (maximally detected 0.5 s after the down-state),
during the up-state of the slow oscillation. Thus, when slow oscilla-
tions co-occur with spikes or when slow oscillations co-occur with
spindles, slow oscillations are evident first. Analysing the same
data using a non-parametric approach, we find consistent results
(Fig. 1C); cortical spikes precede the down-state trough of the
slow oscillation and thalamic spindles follow the down-state
trough of the slow oscillation. From these results, cortical slow os-
cillations appear to predict both epileptic spikes and sleep spindles,
where epileptic spikes maximally occur earlier in the slow oscilla-
tion than sleep spindles. To investigate whether spikes are impact-
ing slow oscillations, we now analyse slow oscillation morphology
in the presence or absence of local spikes versus distant spikes.

We note that in our analysis slow oscillations were measured at
the scalp vertex (CZ), while focal cortical spikes were measured at epi-
leptic foci variably located across subjects in the intracranial SEEG re-
cording (Table 1). To evaluate whether co-occurring epileptic spikes
might be impacting the morphology of the slow oscillation, we further
investigated the relationship between cortical slow oscillations and
epileptic spikes in two ways. First, we compared the average standar-
dized scalp slow oscillations with or without co-occurring focal spikes
in the same location (scalp EEG) and with and without co-occurring fo-
cal spikes in a distant location (intracranial). We found that slow oscil-
lations with and without co-occurring spikes had nearly the same
morphology (waveform R3_, = 0.95, RZ, = 0.98), although the slow
oscillations with co-occurring spikes at any location (scalp or intracra-
nial) had a slightly deeper down-state than slow oscillations without
co-occurring spikes (scalp: —0.45 standard units difference; cortex:
—0.62 standard units difference; Fig. 2A). In contrast, we found that
slow oscillation morphology was the same (confidence intervals over-
lap throughout waveform) when comparing slow oscillations with co-
occurring local spikes (scalp EEG) versus distal spikes (intracranial
EEG) (R&.upconex = 0-97; Fig. 2B). These results suggest that epileptic
spikes are more likely to co-occur with slow oscillations with a deeper
down-state, but the presence of a focal spike does not measurably im-
pact the slow oscillation morphology.

Second, we investigated the relationship between spindles and
slow oscillations with or without co-occurring cortical spikes. We
found that slow oscillations with and without cortical spikes both
positively modulated thalamic spindle rates (from 0.125s to 0.75s
in Fig. 2C). With cortical spikes, there was, on average, an upregula-
tion of 1.16 (95% CL: 1.1-1.22, P=5.4 x 10~%); without cortical spikes,
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there was an upregulation of 1.15 (95% CI: 1.07-1.22, P=3x107).
We conclude that scalp slow oscillations with cortical spikes continue
to modulate thalamic spindle rates. However, for slow oscillations co-
occurring with thalamic spikes, we find decreased thalamic spindle
rates on average between 0.125 and 0.75 s (orange curve in Fig. 2D; fac-
tor of 0.83,95% CI: 0.74-0.94, P = 0.0031). We note that slow oscillations
without thalamic spikes positively modulated thalamic spindle rates,
as expected (green curve in Fig. 2D; factor of 1.23,95% CI: 1.18-1.28,P =
3.2x10%%). We conclude that thalamic spikes impact thalamic spin-
dle occurrence more than focal cortical spikes do.

These results show that cortical slow oscillations predict both epi-
leptic spikes and sleep spindles, where epileptic spikes occur max-
imally earlier in the slow oscillation than sleep spindles and
epileptic spikes in the thalamus disrupt thalamic spindles. We note
that, when the combined modulatory roles of slow oscillations, cor-
tical spikes or thalamic spikes on spindles are ignored, focal cortical
spikes appear to induce spindles (Figs 1B and 2C and Supplementary
Fig. 1). These results help to explain why epileptic spikes and spindles
are both prominent in non-REM sleep: both spikes and spindles co-
occur with the slow oscillations prominent in N2 sleep. In addition,
these results support the hypothesis that pathological epileptic
spikes in the thalamus ‘hijack’ the same slow oscillatory circuitry
that supports physiological sleep spindles.

Animal models suggest that epileptiform spikes initiate in the cor-
tex,?® and clinical observations suggest that epileptiform activity
can propagate to the thalamus.”® To assess these observations
here, we applied cross-correlation histograms to all detected cor-
tical epileptic spikes (n=65107 events) and thalamic epileptic
spikes (n=15250 events) during N2 sleep. We found that, across
subjects and groups, thalamic spikes tend to occur immediately
after cortical spikes (Fig. 3A and B). This relationship is most prom-
inent in subjects with EE-SWAS and SWAS, in whom a higher mean
number of thalamic spikes occurred within 1s of a cortical spike,
compared to subjects without SWAS (F-test, P=4x10"%° and
P =6x10"%, respectively; see the ‘Materials and methods’ section).
To assess the relationship between cortical and thalamic spike occur-
rence across all subjects, we developed a generalized linear model for
the time series of detected events (see the ‘Materials and methods’
section). We found that, after accounting for spike history, the thal-
amic spike rate increases 8-40 ms after a cortical spike [nested model
test x%(27) = 5548.1, P ~ 0; Fig. 3C]. Indeed, in each group, cortical spikes
increase the likelihood of thalamic spikes (Fig. 3C), although these
events are sparse in the non-SWAS group. We note that, in Fig. 3C,
the horizontal axis indicates the time of a cortical spike relative to a
thalamic spike at time 0's; negative times indicate cortical spikes
that precede thalamic spikes. To evaluate further for evidence of cor-
tical to thalamic spike propagation, separate from possible contribu-
tions attributable to slow oscillation propagation, we generated the
cross-correlation histogram after removing all spikes in the thalamus
and cortex that occurred within 500 ms of a slow oscillation down-
state. We found a consistent result: thalamic spikes most frequently
occurred within 30 ms after a cortical spike (Supplementary Fig. 2).
Thus, a cortical spike during N2 sleep predicts a rapid subsequent
thalamic spike, consistent with corticothalamic propagation.

Although existing models suggest that epileptic spikes disrupt
spindles,****° no direct observations of this disruption exist in
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Figure 1 Slow waves predict spikes and spindles at different phases. (A) Example simultaneous recordings of scalp EEG (purple traces), cortical stereo-
electroencephalography (SEEG; orange trace) and thalamic SEEG (green trace) centred on slow oscillation down-state troughs (vertical dashed line).
[A(i)] A cortical spike (orange trace) precedes the down-state. [A(ii)] A thalamic sleep spindle (green trace) follows the down-state. (B) Averaged cortical
slow oscillations (SO) low-pass filtered below 30 Hz (purple) across all subjects. Slow waves initiate with a low-amplitude up-state ~1.4 s before the
down-state trough. The modulation coefficient (95% confidence interval) of cortical spike rate (orange) and thalamic spindle rate (green) is shown
over the course of the slow oscillation. Spikes are positively modulated during the up-state to down-state transition. Sleep spindles are positively
modulated during the up-state. Horizontal bars on the bottom axis indicate times during which the slow oscillation amplitude (purple), spindle
rate modulation (green) and spike rate modulation (orange) are significant (P < 0.05). (C) Normalized cross-correlation histogram of events timed to
down-state at 0 s reflecting the modulation of cortical spikes and thalamic spindle occurrences.
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Figure 2 Slow oscillations with or without cortical spikes exhibit similar dynamics and impact on thalamic spindles. (A) Averaged unfiltered slow os-
cillations (SO) that did [orange; shaded area indicates 95% confidence intervals (CI)] or did not (green; shaded area indicates 95% CI) co-occur with a
distant cortical spike. (B) Averaged unfiltered slow oscillations that co-occurred with a local scalp EEG spike (grey; shaded area indicates 95% CI) or
with a distant cortical intracranial spike (orange; shaded area indicates 95% CI). (C) Thalamic spindle modulation (95% CI) for slow oscillations with
(orange) and without (green) cortical spikes. Averaged slow oscillations are shown in purple. Spindles occur maximally during the slow oscillation up-
state. (D) Same as C, but for thalamic spikes instead of cortical spikes. Thalamic spindles are significantly decreased on average for slow oscillations
with thalamic spikes during the slow oscillation up-state between 0.125 and 0.75 s (see main text for details).

humans. To address this, we evaluated the relationship between
epileptic spikes and sleep spindles across scalp, cortical and thal-
amic recordings. Consistent with previous observations,%>!
evaluating across three separate regions per patient (scalp, intra-
cranial cortex near the seizure onset zone and thalamus; see the
‘Materials and methods’ section), we found that the epileptic spike
rate and sleep spindle rate across N2 sleep were anti-correlated
(r=-0.59; P=0.0015; Fig. 4A and B). In support of this observation,
in each group, thalamic spindle refractory periods were longer if a
thalamic spike occurred between spindles (EE-SWAS: 4.27 +0.1s;
SWAS: 2.66 +0.02 s; non-SWAS: 3.48 +0.1s) compared with thal-
amic spindle refractory periods with no intervening thalamic spike
(EE-SWAS:2.39 +0.02 s5; SWAS: 1.81 + 0.02 s; non-SWAS: 2.38 + 0.02 s;
P~0,P~0andP=1.1x10"%, respectively; Fig. 4C; see the ‘Materials
and methods’ section).

To characterize further the inhibitory effect of thalamic spikes on
spindles, we modelled the thalamic spindle event rate using the his-
tory of thalamic spindles and thalamic spikes as predictors (see the
‘Materials and methods’ section). In the EE-SWAS group, the likeli-
hood of a thalamic sleep spindle was significantly decreased in the
period immediately after a thalamic spike (Fig. 4C and D). The pres-
ence of a thalamic spike from —35 to —15 s before a spindle decreased
the probability of a thalamic spindle by a factor of 0.91 (for —35 to
-25 s, factor 0of 0.92, 95% CI: 0.86-0.98, P = 0.0098; for —25 to —15 s, factor
0f0.9,95% CI: 0.84-0.97, P = 0.0014; for —15 to -5 s, factor of 0.94, 95% CI:

0.88-0.99, P=0.033); we found qualitatively similar results for spikes
that did or did not co-occur with slow oscillations (Supplementary
Fig. 3). The downregulation of thalamic spindles was maximal
~10 s after a thalamic spike (by a factor of 0.71, 95% CI: 0.56-0.94,
P =0.013). This prolonged effect was detected only in the EE-SWAS
group. For this analysis, we omit times immediately before a spindle
(-5 to 0 s) owing to the temporal limitations of our spindle analysis
approach (e.g. spindle rate at time zero here is the time of the max-
imum amplitude of the sigma amplitude of detected spindles, which
can be mid-spindle). Thus, we find that thalamic spikes increase the
spindle refractory period in all patient groups and downregulate the
probability of a thalamic spindle for tens of seconds in patients with
epileptic encephalopathy and spike activation during sleep.

We find consistent results for the relationship between thalamic
spikes and scalp-detected sleep spindles (Fig. 4E and F). In all groups,
we find increased scalp spindle refractory periods when a thalamic
spike occurred between spindles (EE-SWAS: 4.82+0.34s; SWAS:
3.23+£0.08 s; non-SWAS: 2.84 +0.22) compared with spindle refrac-
tory periods without an intervening thalamic spike (EE-SWAS: 2.71
+0.08s; SWAS: 1.84+0.04 s; non-SWAS: 1.74+0.02s, P 0, P ~0
and P=1.5x10"%', respectively; Fig. 4E). For subjects with EE-SWAS,
modelling scalp spindle events with the predictors thalamic spike
events and self-history (i.e. scalp spindle events; see the ‘Materials
and methods’ section), we find downregulation of scalp spindles fol-
lowing thalamic spikes (for —-25 s to —15 s, factor of 0.86, 95% CI: 0.77-
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amic spikes relative to the time of cortical spikes for each subject. Zero indicates the moment of a cortical spike. (C) Model estimates of thalamic spike
rate modulation attributable to the occurrence of a cortical spike (mean solid, confidence intervals shaded) for each patient group (see key). Significant
increases [P < 0.05 when confidence intervals exclude one (black horizontal line)] in thalamic spike rate occur owing to a preceding (8-40 ms earlier)

cortical spike.

0.94, P=0.0016; for —15 to -5, factor of 0.75, 95% CI: 0.67-0.84,
P =6.6 x 107’; Fig. 4F). Scalp spindles were maximally downregulated
by a factor of 0.4 (95% CI: 0.23-0.69, P =0.0011) when occurring ~5.5 s
after a thalamic spike. This contrasts with results for thalamic spin-
dles, where we observed a maximum downregulation at 10 s. One ex-
planation for this difference is that the scalp EEG measures activity
from a broader area of cortex, with the possibility of alternative thal-
amic spindle generators, than the thalamic nucleus sampled. This ef-
fect was detected only in the EE-SWAS group. We conclude that,
across subjects, thalamic spikes increase sleep spindle refractory
periods. Furthermore, in patients with EE-SWAS, thalamic spikes dis-
rupt sleep spindles measured at the scalp.

Spindles co-occur in thalamus and scalp EEG

Sleep spindles are generated in thalamic circuitry and transmit-
ted to the cortex, at least partly in response to cortical input.**°
To confirm that thalamocortical spindle propagation was consist-
ent across subject groups using direct thalamic recordings in hu-
mans, we examined the averaged scalp activity time locked to the
occurrence of thalamic spindles (see the ‘Materials and methods’
section). Thalamic spindles and scalp spindles co-occurred and
were phase locked (Fig. 5A). We found higher spindle-band power
in the thalamic data at the time of scalp spindles (Fig. 5B) for all pa-
tient groups (standardized spectrogram power P < 0.05). When
modelling the scalp spindle event times using the thalamic

spindle event times (and past scalp spindle occurrence, thus ac-
counting for scalp spindle refractory periods), we found that thal-
amic spindles modulated scalp spindle rate [EE-SWAS: 4*(20) =
138.28, P ~0; SWAS: 4?(20)=844.52, P~0; non-SWAS: »%(20)=
1230.8, P~ 0] across all patient groups. A thalamic spindle in-
creased the probability of a scalp spindle by a factor of 3.3 (95%
CL: 2.4-4.7, P=3x10""?) in EE-SWAS subjects, by a factor of 4.6
(95% CI: 3.9-5.5, P~0) in SWAS subjects and by a factor of 3.1
(95% CI: 2.7-3.6, P ~ 0) in non-SWAS subjects. When temporally in-
dexed to slow oscillations (Supplementary Fig. 4), the maximum
modulation in the thalamic spindle rate (~0.5 s after slow oscilla-
tion down-state) preceded the maximum modulation in the scalp
spindle rate (~0.625 s after slow oscillation down-state). We con-
clude that, across all groups, thalamic sleep spindle occurrence
consistently modulates cortical sleep spindle occurrence, as ex-
pected. This finding is clinically significant, because non-invasive
sleep spindle measures using scalp EEG accurately reflect spindle
activity occurring in the thalamus.

Conceptual model of spike-driven epileptic
encephalopathy

Taken together, our analyses support a unifying mechanistic circuit
model of epileptic encephalopathy with spike-wave activation dur-
ing sleep (Fig. 6). Slow oscillations, generated in the cortex, create
conditions in the brain that facilitate corticothalamic spikes and
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Figure 4 Spikes inhibit spindles. (A) Spike rate and spindle rate across subjects and brain regions during stage two (N2) sleep are anti-correlated.
(B) Example spike disruption of spindles in the thalamus. Before a spike (red arrow), spindles occur regularly; see upper trace for example spindles
and lower image for spindle band peaks in the spectrogram. After a spike, spindles are not apparent in the trace (middle row) or spectrogram (bottom
row). (C) Histograms of thalamic spindle refractory periods with (orange) and without (green) intervening thalamic spikes for subjects with epileptic
encephalopathy. Insets show distributions for subjects with (yellow) and without (blue) spike-wave activation during sleep (SWAS). (D) The rate of thal-
amic spindles is reduced by thalamic spikes in subjects with epileptic encephalopathy-related SWAS (EE-SWAS). Estimates of spindle rate modulation
parameters at each second (coloured dots) and grouped over 10 s intervals (violin plots with median and quartiles indicated). Thalamic spindle rates
are downregulated when a preceding spike occurs between —35 and -5 s. Time 0 s (dashed vertical line) indicates the time of spindle occurrence. (E and
F) Same asin C and D, except using scalp EEG-detected spindles. InF, scalp spindle rates are downregulated when a preceding spike occurs between —25

and -5s. *P < 0.05.

thalamocortical spindles. The up-state to down-state transition of
the slow oscillation promotes pathological epileptic cortical spikes.
Sleep-facilitated epileptic spikes are more likely to propagate to the
thalamus, resulting in increased thalamic spikes in patients with
EE-SWAS. Simultaneously, the down-state to up-state transition
of a slow oscillation facilitates thalamic sleep spindles, which
peak at the subsequent up-state of the slow oscillation. These thal-
amic spindles propagate to the cortex and are observable in the
scalp EEG. Epileptic spikes present in the thalamus induce a longer
refractory period for spindles and can disrupt sleep spindle produc-
tion more markedly in subjects with EE-SWAS.

In line with the observed statistical relationships that we report
between sleep-activated cortical spikes, thalamic spikes and spindle
suppression proposed by our model, we note anecdotally that one of
the patients with EE-SWAS underwent cortical resection of the cortex
with maximal spike activation during sleep. Following cortical resec-
tion, scalp cortical spindle rate increased nearly 5-fold during N2 on a
night after resection compared with immediately before resection
(0.24/min compared with 0.05/min, respectively). Thus, in this sub-
ject, resolution of the sleep-activated cortical spikes corresponded
to increased sleep spindle production. Although further work is re-
quired to demonstrate causal relationships, this spike-disrupted
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Figure 5 Spindles consistently co-occur in the thalamus and the scalp EEG across all subject groups. (A) Averaged spindle response in individual sub-
jects, time locked to maximum spindle amplitude in the thalamus, indicates consistent phase-locked spindle activity across the cortex and thalamus.
(B) Modulation of scalp spindle rate at time 0 s across subjects in each group (green curves, mean solid, 95% confidence intervals shaded) by thalamic
spindles. Background spectrograms of thalamic data time locked to scalp spindles. Warm (cool) colours include high (low) standardized power; see
scale bar. Regions outlined in black indicate Bonferroni-corrected islands of significant changes in power. EE = epileptic encephalopathy; SWAS =
spike-wave activation during sleep.

Conceptual model of EE-SWAS

1. Slow oscillations facilitate 4. Decreased sleep
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Figure 6 Proposed mechanistic circuit contributing to spindle deficit and cognitive dysfunction in epileptic encephalopathy associated with spike-
wave activation during sleep (EE-SWAS). Our observations are consistent with this proposed mechanistic circuit.
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electrophysiological circuit demonstrates a candidate mechanism
for cognitive dysfunction in epilepsy.

Discussion

Cognitive symptoms are a common comorbidity in epilepsy, but
there are currently no mechanisms to explain cognitive dysfunc-
tion or treatments to improve these dysfunctions. Although an
underlying aetiology can often result in both epilepsy and cognitive
dysfunction, and antiseizure medications themselves can contrib-
ute to cognitive dysfunction, epileptic encephalopathies are disor-
ders in which the abnormal epileptic activity is thought to
contribute directly to cognitive dysfunction beyond these influ-
ences. Here, using direct thalamic and cortical human brain record-
ings in subjects with epileptic activity, we provide evidence for a
long-proposed mechanism by which epileptic activity contributes
to cognitive dysfunction by disrupting thalamic sleep spindles.

Slow oscillations are a ubiquitous phenomenon in non-REM sleep
and have been implicated in the initiation of sleep spindles*® and the fa-
cilitation of epileptic spikes.*? Inhibitory neurons may be coordinated by
the slow oscillation up-state to help generate the down-state, and this
increase in synchrony might, pathologically, facilitate an epileptic spike
(for a discussion, see Frauscher et al.>>*?). In our analysis, when slow os-
cillations co-occur with epileptic spikes, the first up-state of the triphasic
slow oscillation (which has been linked to an increase in neuronal popu-
lation activity*) precedes the epileptic spike. Slow oscillations that
support epileptic spikes have a slightly deeper down-state, whether
an epileptic spike occurs locally or at a distant location. We conclude
from these results that epileptic spikes have little impact on the slow
oscillation morphology. Indeed, our data show that high-amplitude
slow oscillations detected at the scalp midline can facilitate epileptic
spikes at local or distal irritative cortical locations (e.g. scalp CZ,
intracranial frontal, parietal or temporal), in line with past observa-
tions.*? Future recordings of single-neuron or multi-unit data would
help to confirm that slow oscillations with and without epileptic
spikes reflect similar population-level activities.

We note that previous work has observed that hippocampal epi-
leptic spikes precede both slow oscillations and sleep spindles in
the prefrontal cortex.?” In contrast, we analysed slow oscillations
at the scalp relative to cortical epileptic spikes across diverse epi-
leptogenic zones, consistent with Frauscher et al.>**> Thus, dynam-
icsin the prefrontal cortex might be unique, given its monosynaptic
connectivity to the hippocampus,®® whereas slow oscillations fa-
cilitate epileptic spikes in other cortical regions in patients with
epilepsy. One additional interpretation of the results could be
that a potential fourth, unobserved rhythm initiates both the
slow oscillation and the epileptic spike (e.g. a 0.02 Hz rhythm has
been proposed to coordinate spindle occurrence and arousal®?).
This hypothesis remains to be tested in future work.

Across time scales and recording locations, spikes and spindles
were anti-correlated. This analysis replicates and extends past stud-
ies that also observed an anti-correlation between spikes and spin-
dles in scalp EEG***'33°! and in the hippocampus.?® Although
subjects with spike activation during N2 sleep had higher overall epi-
leptic spike rates, subjects with spike wave activation during sleep
and epileptic encephalopathy had the most prolonged inhibition of
sleep spindles following thalamic spikes. Based on these results
and evidence from past studies, one aspect of EE-SWAS that differs
from SWAS is the suppression of sleep spindles.?**'32*1 Here, we
propose that three separate dynamic patterns support epileptic en-
cephalopathies: (i) slow oscillation facilitation of epileptic spikes;
(ii) corticothalamic spike propagation; and (iii) inhibition of thalamic
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sleep spindles. The uncovering of the thalamic neurophysiology here
helps to reconcile why some subjects can have near-continuous
spike and wave activity during sleep with a range of cognitive symp-
toms, spanning from no detectable cognitive impact to subtle decel-
eration to profound cognitive regression.’ Future work in animal
models is required to confirm our empirical observations in humans
and identify the specific biophysical mechanisms that support these
interacting electrophysiological events.

The role of sleep spindles in cognitive function, especially memory
consolidation, in healthy individuals is well established.'®**>
Inhibition of spindles might reduce opportunities for high-fidelity
memory consolidation®® through reactivation of neuronal patterns
during hippocampal ripples.”®*” In support of this claim, spindle defi-
cits have been linked to cognitive dysfunction in epilepsy®*"*° and in
response to treatment.*? Thus, in subjects with epileptic encephalop-
athy, cognitive deficits might be explained, in part, by the reduction
of sleep spindles. Alternatively, changes in slow oscillation features
over the course of sleep have been linked to cognitive deficits in epilep-
tic encephalopathy.”®*® Distinguishing the separate and joint impacts
of slow oscillations, sleep spindles, and their coupling, on cognitive
dysfunction in epileptic encephalopathy remains to be studied.
Given that slow oscillations and sleep spindles are easily accessible
in the scalp EEG, measurements of these rhythms provide a direct
mechanistic biomarker of the cognitive impact of epileptic spikes.
Such a biomarker could support detection of at-risk subjects, measure-
ments of treatment response and screening of cognitive therapeutics.

Past work suggests that epileptic spikes are pathological
excitatory pulses,® and sleep spindle probability is regulated by
activation of the thalamic reticular nucleus and the hyperpolariza-
tion of the thalamocortical neurons.'” Both the thalamic reticular
nucleus neurons and thalamocortical neurons have a refractory
period after a spindle because of after-hyperpolarization'* or after-
depolarization,®® respectively. We hypothesize that the excess exci-
tation induced from epileptic spikes might reduce the sleep spindle
probability by inducing increased depolarization of thalamocortical
cells, an expectation that is consistent with a thalamocortical com-
putational model.°* Alternatively, spikes might act as de facto spin-
dles by occurring through the same circuits*®> and thus enable a
phase reset of the spindle refractory period (e.g. by simultaneously
inducing after-depolarization of thalamocortical cells and after-
hyperpolarization of the thalamic reticular neurons).

Like most analyses of intracranial human thalamic data, our
analyses were limited to a small group of subjects. In addition, we
restricted our analysis of the complex electrophysiological interac-
tions between brain structures and rhythms to N2 sleep. Because
we analysed subjects with a wide range of ages and epilepsies, we
cannot provide a comprehensive assessment of how these results
vary with patient features. However, despite this diversity of pa-
tient features, we found consistent patterns across the large num-
bers of slow oscillations, spindles and epileptic spikes analysed.
Future work is necessary to extend the analyses conducted here
to a larger sample of subjects and to N3 sleep. Furthermore,
whether patients with EE-SWAS also exhibit increased spike propa-
gation from cortex to thalamus during wakefulness or different
states of vigilance in comparison to patients without SWAS re-
mains a topic for future work. Here, we did not directly link electro-
physiological features to specific cognitive measures in individual
subjects. Instead, we grouped subjects using clinical diagnoses re-
lated to the severity of cognitive deficits and showed how electro-
physiological features differed between diagnostic groups. Our
findings are consistent with prior work linking cortical sleep spin-
dle deficits to cognitive symptoms in epilepsy.?"3*°! Future
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work using behavioural assays is required to assess the relation-
ship between the circuit outlined here that results in spindle defi-
cits and cognitive dysfunction in EE-SWAS.

Thalamic recordings are sparse and chosen based on clinical de-
mands. As such, we combined recordings from anterior and centro-
median nuclei. However, to ensure that the results were less
affected by the different nuclei, we selected cortical leads that
showed near-instantaneous seizure propagation to the thalamic nu-
clei with SEEG recordings. Nonetheless, we observed that there were
thalamic spikes that occurred earlier than cortical spikes. These
spikes might be generated in the thalamus or propagate from another
unobserved (cortical) region. Recent work™ has suggested that there
might be differences in which area receives slow oscillations from the
cortex (centromedian) and which area generates slow oscillations
(anterior nucleus). In the study by Schreiner et al.,** only 30% of neo-
cortical slow oscillations were connected to anterior thalamic slow
oscillations, suggesting that most neocortical slow oscillations might
still be generated cortically.

Conclusion

We analysed simultaneous invasive thalamic and cortical human re-
cordings and non-invasive scalp EEG to understand the relationships
between sleep slow oscillations, sleep spindles and epileptic spikes.
These results support a mechanism of cognitive dysfunction in epi-
leptic encephalopathy, wherein epileptic spikes travel from the cortex
to the thalamus, inhibit sleep spindles and thereby disrupt a neuro-
physiological rhythm underlying memory consolidation.
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