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Periventricular nodular heterotopia (PVNH) is a well-defined developmental disorder characterized by failed neuronal migration,
which forms ectopic neuronal nodules along the ventricular walls. Previous studies mainly focus on clinical symptoms caused by the
PVNH tissue, such as seizures. However, little is known about whether and how neurons in the PVNH tissue functionally communicate
with neurons in the neocortex. To probe this, we applied magnetoencephalography (MEG) and stereo-electroencephalography (SEEG)
recordings to patients with PVNH during resting and task states. By estimating frequency-resolved phase coupling strength of the
source-reconstructed neural activities, we found that the PVNH tissue was spontaneously coupled with the neocortex in the «-8
frequency range, which was consistent with the synchronization pattern within the neocortical network. Furthermore, the coupling
strength between PVNH and sensory areas effectively modulated the local neural activity in sensory areas. In both MEG and sEEG visual
experiments, the PVNH tissue exhibited visual-evoked responses, with a similar pattern and latency as the ipsilateral visual cortex.
These findings demonstrate that PVNH is functionally integrated into cognition-related cortical circuits, suggesting a co-development

perspective of ectopic neurons after their migration failure.

Key words: periventricular nodular heterotopia;
electroencephalography.

Introduction

In the developing brain, neurons migrate from areas
they are born to areas they will settle, constructing the
neocortex (Nadarajah and Parnavelas 2002; Ayala et al.
2007; Barkovich et al. 2009). Young neurons travel from
ventricular and subventricular zones to their destined
positions through long-distance radial and tangential
axes (Rakic 1971, 1988, 2009; Geschwind and Rakic 2013).
This complex migratory process is the key to forming
perception, motor, and high-order cognition in humans.

Abnormal neuronal migration leads to malformations,
such as periventricular nodular heterotopia (PVNH),
which is characterized by the stranded nodular gray
matter around the lateral ventricular walls (Battaglia
et al. 2006; Barkovich et al. 2009; Ferland et al. 2009;
Hong et al. 2017). Although the PVNH tissue may
become involved in generating seizures (Kothare et al.
1998; Aghakhani et al. 2005; Kobayashi et al. 2006;

magnetoencephalography;

phase synchronization; oscillation; stereo-

Jacobs et al. 2009; Pizzo et al. 2017), recent functional
magnetic resonance imaging (fMRI) studies suggested a
functional role of the PVNH tissue by finding interactions
between the PVNH tissue and the neocortex (Kobayashi
et al. 2006; Wagner et al. 2009; Christodoulou et al. 2012;
Christodoulou et al. 2013; Liu et al. 2019; Deleo et al.
2020).

However, electrophysiological evidence supporting
the functional role of the PVNH tissue is rare. In
a recent study, using stereo-electroencephalography
(SEEG) recordings, it was shown that PVNH tissues
not only exhibited spontaneous activities which were
correlated to the neocortex, but also generated normal
physiological responses during a cognitive task in three
patients (Akkol et al. 2021). Although this landmark study
suggested a functional involvement of the PVNH tissue,
due to the sparseness of sEEG sampling, we are still
unclear whether and how neurons in the PVNH tissue
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Table 1. Demographic and clinical information of patients with PVNH.

Patient Gender Age PVNH ASO Epilepsy Seizure Interictal epileptiform

No. (years) duration frequency discharge during MEG
(years) (per month) recordings (times)

1 M 26 L 23 3 10 <10

2 M 22 L 20 2 0.25 <10

3 F 48 L 18 30 3 <10

4 F 38 L 12 26 1 <10

5 F 51 L 30 21 1 <10

6 F 30 L 27 0.5 <10

7 M 19 R 12 7 0.25 10-30

8 M 13 R 7 3 0

9 F 13 R 1 12 2 0

10 F 22 R 19 3 1 10-30

11 M 18 R 15 3 3 <10

12 M 37 R 36 0.9 0.5 0

13 F 23 B 23 0.2 3 30-50

147 F 25 L 19 6 5 /

ASO, age at seizure onset; F, female; M, male; L, left; R, right; B, bilateral. 2This patient only participated in the sEEG visual experiment.

functionally communicate with neurons in the neocortex
over a wide spatial range, which limits our understanding
of the potential cognitive relevance of PVNH neurons.

To fill this gap, here we report a quantitative magne-
toencephalography (MEG) study of patients with PVNH.
We reconstructed spontaneous neural activities in the
PVNH tissue and brain-wide areas with high spatial,
temporal, and frequency resolution and estimated the
inter-areal coupling strength using phase locking values
(PLVs; Palva et al. 2018; Arnulfo et al. 2020). We then
inspected whether local activities in sensory areas were
modulated by their communications with PVNH tissues.
In addition, in rare opportunities, we compared visual-
evoked responses in the PVNH tissue and the visual
cortex in three patients, using MEG-reconstructed signals
and sEEG signals, respectively.

Materials and methods

Patients

From May 2014 to June 2021, 14 patients with PVNH
were recruited from the clinical database of epilepsy
patients at Sanbo Brain Hospital, Capital Medical Uni-
versity. Thirteen patients participated in the MEG exper-
iment, including six patients with left PVNH tissues, six
patients with right PVNH tissues, and one patient with
bilateral PVNH tissues (Fig. 1A). None of the patients suf-
fered epileptic seizures during the MEG or sEEG record-
ing. The detailed demographic and clinical information
of each patient is shown in Table 1. All patients provided
written informed consent in accordance with research
protocols approved by the Ethics Committee of the Sanbo
Brain Hospital, Capital Medical University.

MEG recording and preprocessing

Neuromagnetic signals were recorded using a 306-sensor
(204 planar gradiometers, 102 magnetometers) whole-
head MEG system (Elekta-Neuromag, Helsinki, Finland),
sampled at 1,000 Hz. The head position inside MEG was

determined by four head position indicator (HPI) coils.
The positions of three anatomical landmarks (nasion,
left, and right preauricular points), four HPI coils, and
at least 150 points on the scalp were digitized before
MEG recordings. For each patient, five sequences of 6-
min resting-state MEG signals were recorded while the
patient was lying (eye closed) in a magnetically shielded
recording room. In one patient (P11), two blocks of task-
state signals were also recorded.

For MEG source localization purposes, a structural T1-
weighted MRI dataset (voxel size: 1 x 0.5 x 0.5 mm?) was
acquired for each patient using a 1.5 T Philips Achieva
(Best, The Netherlands) MRI scanner. The cortical
reconstruction and segmentation were computed to
extract the brain volume, cortex surface, and innermost
skull surface based on individual T1-weighted images
using the Brainsuite software (http://brainsuite.org/).
The whole brain was subsequently parcellated into
130 neocortical areas (65 areas in each hemisphere)
according to the USCBrain atlas (Joshi et al. 2020).

The external interference in raw signals was removed
by the temporal signal space separation (tSSS) method
and then the signals were down-sampled to 400 Hz. Fifty-
hertz line-noise and its harmonics were excluded with
a band-stop finite impose response filter with a band-
stop width of 1 Hz. For each MEG sensor, the contin-
uous signal was then decomposed to spectra-temporal
components (Fig. 1B) using Morlet wavelet transforms
by morlet_transform function in Brainstorm (Tadel et al.
2011) with the cycle number of eight. Twenty-one center
frequencies of spectra-temporal components were orga-
nized in log space, from 2 to 64 Hz in step of 202>,

Frequency-resolved source estimation

For the continuous signal in each frequency, we per-
formed two types of source estimation. Surface-based
and volume-based models were applied to obtain the
reconstructed MEG time series in 130 neocortical areas
and the PVNH tissue, respectively. All procedures were
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Fig. 1. PVNH localizations and MEG data analysis procedure. A) Localizations of PVNH in 13 patients are exhibited in anatomical MR images (T1-weighted)
and 3D reconstructed brain models (in lateral and top views), respectively. Red arrows and areas indicate PVNH tissues. B) A schematic illustration of the
MEG data analysis procedure. The continuous MEG signals were firstly decomposed to spectra-temporal components using Morlet wavelet transforms,
logarithmically ranging from 2 to 64 Hz. Then, the source estimation was conducted within each frequency. Inter-areal phase-locking values (PLVs) were
calculated between the PVNH tissue and each cortical area in each frequency.

performed on the individual brain model using the Brain-  sphere method with an identity matrix as the noise co-
storm toolbox. variance matrix on the individual pial surface (~15,000

For the surface-based source estimation, we computed  vertices). Then, using the weighted minimum norm esti-
individual MEG forward models using the overlapping- mate (WMNE) model, we obtained source-reconstructed
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MEG time series and grouped them into 130 neocortical
areas.

For the volume-based source estimation, we also con-
ducted the overlapping-sphere method on the individual
volume space. Similarly, we obtained volume-based MEG
time series by the wMNE method. Voxels within the
PVNH tissue were identified manually by two experi-
enced neurosurgeons (Dr Xiongfei Wang and Dr Pengfei
Teng). To verify that we indeed reconstructed activities
in PVNH tissues, we introduced a control analysis pro-
cedure in which a white matter (WM) region (with the
same depth) ipsilateral to the PVNH was selected in each
patient. In each PVNH and the WM region, we averaged
the time series in all their voxels and projected them to
each orientation of the paired neocortical grid for further
analyses.

Inter-areal PLVs

For source-reconstructed time series in the neocortex
and PVNH, we estimated inter-areal phase interactions
at the individual level using PLVs. For each frequency, the
complex PLV (cPLV) between two time series, x(t) and y (t),
is computed as:

I XOy*®
PLV=_> —=2 1
T = xml|yo® =

where T is the total number of time points of the entire
signal, * is the complex conjugate, X/(t) and y'(t) are the
complex wavelet coefficients of x(t) and y (t), respectively.
To reduce the influence of the volume conduction effect,
the PLV was defined as the absolute imaginary part of
cPLV (PLV =|Im(cPLV)|), a metric insensitive to zero-lag
phase interactions (Palva et al. 2018; Arnulfo et al. 2020).
The PLV is a scalar measure bounded between 0 and 1.

We then grouped and averaged PLVs in five frequency
bands (8, 2-4 Hz; 6, 4-8 Hz; «, 8-16 Hz; B, 16-32 Hz;
and y, 32-64 Hz), respectively. We defined the PVNH-
cortical PLVs as the PLVs between PVNH tissues and neo-
cortical areas and the cortico-cortical PLVs as the PLVs
among neocortical areas. And the relative PLV equals the
absolute PLV minus the surrogate mean (see Statistical
Analyses).

Comparison of power spectral densities between
different PLVs

To test whether the changes of local neural activ-
ities were correlated with PLVs between the PVNH
tissue and a certain neocortical area, we compared
the local power spectral densities (PSDs) of source-
reconstructed time series with high PVNH-cortical PLVs
and those with low PVNH-cortical PLVs in each frequency
band. The averaged source-reconstructed signals in
bilateral auditory, visual, and somatosensory areas
(see Supplementary Table 1) were first partitioned into
several 20-s segments. For each neocortical area, 10
segments with the highest PLVs (high-PLV group) and
10 with the lowest PLVs (low-PLV group) were selected

in each frequency band. After Fourier transform, we
computed and averaged PSDs of time segments in the
high-PLV group (PSDy;sn) and those in the low-PLV group
(PSDyoy). The normalized PSD difference was calculated
as follows:

PSDyign — PSDiow

PSD_difference =
-diff PSDnpign + PSDiow

(2)

Procedure and data analyses in the MEG visual
experiment

One patient (P11) participated in the MEG visual exper-
iment. Visual stimuli were projected onto a translucent
screen via a DLP projector (refresh rate: 60 Hz; spatial
resolution: 1,280 x 1,024; PT-D7700E-K). The patient was
seated in a magnetically shielded recording room and the
viewing distance was 85 cm.

A flickering full-contrast checkerboard stimulus
(size: 17° x 25°; Michelson contrast: 1; mean lumi-
nance: 288.83 cd/m?) was presented in the left or right
visual hemifield against a gray background (luminance:
35.4 cd/m?). The checkerboard stimulus reversed in
phase every 500 ms, with a total of 200 reversals in each
block. During the experiment, two blocks, one for each
hemifield, were completed. The patient was asked to
fixate at the fixation point.

The raw electrophysiological signals were first imported
into the Brainstorm toolbox. Both volume-based and
surface-based source estimations were applied using
the same parameters in the resting-state experiment.
We conducted the volume-based source estimation,
identified the voxels within the PVNH tissue, and
averaged the time series in all PVNH voxels for further
analyses. We also applied the surface-based source
estimation to reconstruct neural activities in visual
cortex. We defined visual cortex as 100 vertices with
the largest M100 (~95 ms) visual evoked fields in the
hemisphere ipsilateral to the PVNH tissue. Continuous
source-reconstructed signals in the PVNH tissue and
visual cortex were epoched starting at 100 ms before
stimulus reversal and ending at 400 ms after stimulus
reversal. Visual-evoked fields (absolute value) were
computed by averaging the signals across trials.

Procedure and data analyses in the SEEG visual
experiment

Two patients (P04 and P14) performed the visual task dur-
ing sEEG recordings. The patients were implanted with
several stereo-electrodes, which contained 8-16 indepen-
dent contacts (0.8 mm in diameter, 2 mm in length,
intercontact spacing of 3.5 mm). To identify the location
of each contact, we co-registered the post-implantation
computed tomography (CT) with the preimplantation T1-
weighted magnetic resonance (MR) images and manu-
ally labeled each electrode on the aligned CT images.
The contacts within the PVNH tissue and visual cortex
were confirmed by two experienced neurosurgeons (Dr
Xiongfei Wang and Dr Pengfei Teng).
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The sEEG recordings were conducted in the ward after
electrode implantation, with a sampling rate at 512 Hz
(Nicolet Clinical Amplifier, USA). Visual stimuli were dis-
played on a laptop (refresh rate: 60 Hz; spatial resolu-
tion: 1,980 x 1,080; 14-inch, Thinkpad T590). The view-
ing distance was 42 cm, and the patient’s head was
stabilized with a chin rest. A full-screen, square-wave
grating (radius: 17.8°; spatial frequency: 1 cycle/degree;
Michelson contrast: 1; mean luminance: 160.98 cd/m?)
was presented against a gray background (luminance:
22.4 cd/m?). The orientation of the grating could be one of
four possible orientations from 0° to 135° in steps of 45°
(relative to the vertical axis). In each trial, the stimulus
was presented for 500 ms, followed by a 500-ms blank
interval. During the experiment, a total of 80 trials, 20
trials for each orientation, were completed in a random
order. The patient was asked to fixate at the fixation point
and detect its color change by mouse clicking.

The raw electrophysiological signals were firstimported
into the EEGLAB toolbox (Delorme and Makeig 2004) and
visually inspected for artifact rejections. Then the signals
were bandpass filtered at 0.5-200 Hz, epoched starting
at 100 ms before stimulus onset and ending at 400 ms
after stimulus onset, and corrected for baseline over the
100-ms prestimulus baseline. Visual-evoked potentials
were computed by averaging the signals across trials of
all four orientations.

Response peak latency and onset latency

In MEG and sEEG visual experiments, we measured the
peak latency and the onset latency for each bootstrap
sample. First, the peak latency was defined as the time
point of the first peak after 50 ms. Second, the onset
latency was modified from previously published meth-
ods (Raccah et al. 2018; Schrouff et al. 2020) to esti-
mate the time of the inflection point. We divided the
response (0-100 ms) into 20-ms bins with 18-ms overlap
and extracted the slope by linear fitting. We identified the
earliest five consecutive bins with the maximum slope
(absolute value) as the response onset.

Electrical brain stimulation

In the sEEG visual experiment, P04 and P14 also par-
ticipated in electrical brain stimulation (EBS) mapping
tests for cognitive function evaluation using Nicolet Cor-
tical Stimulator (Natus Neuro, USA). After the record-
ings of clinical seizures, electrical stimulation was per-
formed through the electrodes in each contact pairs
(frequency =50 Hz, pulse width=1 ms, duration=5 s,
amplitude from 1.0 to 6.0 mA). Patients were unaware
of the timing of the stimulation and the anatomical
location of the stimulated structure. During the mapping
test, patients were asked to perform a number counting
task (speak loudly from 1 to 100). Patients were asked to
report immediately if they had any feelings. The results
of patients’ self-reports were reviewed and further clas-
sified by at least one experienced neuropsychologist.
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Statistical analyses

To test the statistical significance of PLVs, we estimated
the null distributions of interaction metrics with surro-
gates that preserved the temporal autocorrelation struc-
ture of the original signals while eliminating correlations
between two signals. In each iteration, for a signal in the
PVNH tissue, we divided the whole time series T into
two blocks at a random time point k so that x/(t) =
X' (1...k) and x»(t) = x'(k...T), constructed the surro-
gate as Xqur(t) = [X/2,x1], and computed the surrogate
PLVs as in Equation (1). This randomization procedure
was repeated 2,000 times. We then averaged surrogate
PLVs and obtained a surrogate mean in each patient for
further statistical testing.

Permutation tests were applied to estimate the signif-
icance of PLV differences by bst_permtest in Brainstorm.
Pearson correlation was calculated by corr function in
MATLAB. Bootstrap procedures (5,000 times with replace-
ment) were applied to test the PSD difference against zero
and the statistical difference between response latencies.
False discovery rate (FDR) corrections were applied to P-
values involving multiple comparisons, using the mafdr
function in MATLAB.

Results

PVNH was coupled with the neocortex during
the resting state

At the individual level, we first estimated the spectral
property of inter-areal phase synchronization between
the PVNH tissue and neocortical areas using source-
reconstructed resting-state MEG signals. Generally, as
shown in Fig. 2A and Supplementary Fig. 2, both the
averaged PVNH-cortical and cortico-cortical PLVs were
greater than the surrogate means in a broad frequency
scale (from 2.4 to 38 Hz, permutation tests, all P <0.005,
FDR corrected). Moreover, to verify the specificity of
PVNH-cortical coupling, we also showed that PVNH-
cortical PLVs were larger than WM-cortical PLVs in
the «—g band (Supplementary Fig. 1, from 4.7 to 27 Hz,
permutation tests, all P <0.05, FDR corrected). As shown
in whole-brain statistical maps in Fig. 2C and D, after
combining PLVs into five frequency bands (§, 2-4 Hz; 6,
4-8 Hz; «, 8-16 Hz; B, 16-32 Hz; and y, 32-64 Hz), we
identified that both PVNH-cortical and cortico-cortical
PLV maps exhibited a peak in the «—8 band (permutation
tests, all P <0.005, FDR corrected), which was similar to
the spectral property of cortico-cortical PLVs in healthy
participants (Ghuman et al. 2011).

Next, we asked whether the PVNH-cortical and
cortico-cortical PLVs shared a similar spectral property.
As shown in Fig. 2A, we found no significant difference
between averaged PVNH-cortical and cortico-cortical
PLVs in any frequency band (permutation tests, all
P>0.05). Furthermore, the correlation coefficients
between PVNH-cortical and cortico-cortical PLVs were
clustered in the «—B band (Fig. 2B; Pearson correlation,
all P<0.05 FDR corrected). In the high-frequency
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Fig. 2. PVNH-cortical and cortico-cortical PLVs. A) Frequency-resolved PVNH-cortical PLVs (left) and cortico-cortical PLVs (right) are exhibited in colored
lines. Shaded areas exhibit SEM of PLVs. Dash lines are the 95th%-ile of the surrogate mean (determined by bootstrap with 5,000 times). Colored bars
near the horizontal axis indicate significance (permutation tests, all P <0.005, FDR corrected). B) The correlation map between PVNH-cortical PLVs
and cortico-cortical PLVs. Only significant correlations were colored (Pearson correlation, all P <0.005, FDR corrected). C) Relative PVNH-cortical and
D) cortico-cortical PLV maps in § (2-4 Hz), 6 (4-8 Hz), « (8-16 Hz), 8 (16-32 Hz), and y (32-64 Hz) bands, respectively. The relative PLV equals the absolute
PLV minus the surrogate mean in each frequency band. In each cortical area (parcellated using the USCBrain atlas), the averaged PLVs are re-projected
to the hemisphere either ipsilateral or contralateral to the individual PVNH location, respectively. Only areas with a PLV greater than the surrogate mean
were colored (permutation tests, all P <0.005, FDR corrected). E) PVNH-cortical PLVs sorted by the PVNH-cortical distance. Each line represents PLVs in
one cortical area. F) PVNH-cortical distance maps of the hemispheres ipsilateral and contralateral to the individual PVNH location, respectively. G) No
correlation between the PVNH-cortical PLV and the PVNH-cortical distance.

band (70-150 Hz), we utilized the envelopes of the and Supplementary Fig. 3, Pearson correlation, r=0.48,
high-frequency band amplitudes to obtain the PVNH- P <0.001). The similarity between PVNH-cortical and
cortical and cortico-cortical correlation maps and  cortico-cortical coupling suggested that PVNH might be
found they were also similar (Supplementary Methods  involved in the cortico-cortical network.
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Fig. 3. Local PSDs were associated with the PVNH-cortical PLV fluctuations in sensory areas. A) A schematic illustration of PLV-related PSD analysis
procedure. Step 1: Source-reconstructed signals were partitioned into 20-s segments; step 2: In each frequency band, segments were sorted by their
PLVs, then segments with the highest 10 PLVs (high-PLV group) and the lowest 10 PLVs (low-PLV group) were included in further analyses; step 3: We
calculated the PSDs of those two groups of segments using Fourier transform. B) Frequency-resolved PSD differences between the high-PLV group and
the low-PLV group in bilateral auditory, visual and somatosensory areas. Error bars indicate SEM. *P < 0.05, FDR corrected.

Considering the whole brain as a volume conductor,
the high PVNH-cortical PLV could be an effect of a short
distance between the PVNH tissue and a certain cortical
area. To test this possibility, we sorted the frequency-
resolved PLVs of cortical areas by their PVNH-cortical dis-
tances (Fig. 2E and F). As shown in Fig. 2E, areas near the
PVNH tissue did not have stronger PLVs than the other
areas in any frequency band. No significant correlation
was found between the averaged PVNH-cortical PLV and
the PVNH-cortical distance (Fig. 2G; Pearson correlation,
r=—-0.016,P=0.853). These results demonstrated that the
PVNH-cortical PLV was not linearly correlated to dis-
tance.

PVNH-cortical PLVs were associated with activity
changes in sensory areas
In healthy participants, a major feature of the spon-
taneous phase coupling in sensory areas was a peak
in the o—B band (Ghuman et al. 2011). As shown in
Fig. 2C, the PVNH tissue was coupled with sensory areas
including auditory, visual, and somatosensory areas in
the a—p band, suggesting that the PVNH tissue might
be integrated into sensory systems. To further test that,
we estimated whether local PSDs in sensory areas were
associated with their interactions with PVNH tissues. As
shown in Fig. 3A, source-reconstructed signals in bilat-
eral auditory, visual, and somatosensory areas were seg-
mented and sorted by their PVNH-cortical PLVs, respec-
tively. We then calculated the PSDs of time series with
the highest PLVs and those with the lowest PLVs and
compared the PSD difference with zero. In that case, a
significant difference between the PSD difference and
zero indicated a co-modulated relationship between the
local PSD and the PVNH-cortical PLV in a certain area.
As shown in Fig. 3B, in auditory cortex, higher PVNH-
cortical PLVs were associated with lower PSDs in 6 band

(bootstrap tests, 95% confidence interval [CI] —0.09 to
0.02,P=0.02, FDR corrected). Meanwhile, in visual cortex,
the PSDs in the « band were enhanced with higher PVNH-
cortical PLVs (bootstrap tests, 95% CI 0.07-0.33, P=0.02,
FDR corrected). In somatosensory cortex, no difference
between PSDs and zero was found (all P> 0.05, FDR cor-
rected). These results suggested that local PSDs in sen-
sory areas were associated with their interactions with
PVNH tissues, with distinct spectral characteristics.

Visual-evoked responses in the PVNH mimicked
the ipsilateral visual cortex
Although our results showed that the PVNH tissue was
coupled with sensory areas during the resting state, it
remained unknown how the PVNH tissue responded
to sensory stimuli and communicated with sensory
areas during the task state. To explore that, one patient
(P11) also participated in a MEG visual experiment. As
shown in Fig. 4A, visual stimuli were presented to P11
during MEG recordings. We reconstructed the visual-
evoked activities in both PVNH and the ipsilateral
visual cortex. The results showed that both PVNH and
visual cortex strongly responded to the visual stimulus
presented in the contralateral visual field (Fig. 4B and
Supplementary Fig. 4). The remarkable visual-evoked
activity in the PVNH tissue might result from projections
from either visual cortex or visual thalamus. To verify
the hierarchical relationship between the PVNH tissue
and visual cortex, we further compared the first peak
latencies and the onset latencies (Fig. 4C) of the PVNH
tissue and visual cortex at single-trial level, but no
significant difference was found (Fig. 4D, bootstrap test,
both P > 0.05). These results implied a parallel processing
of visual information in PVNH and visual cortex neurons.
We further verified this observation via sEEG record-
ings in a rare opportunity. Another two patients (P04
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Fig. 4. Visual-evoked activities in PVNH and visual cortex measured by MEG and sEEG. A) Visual stimuli used in the MEG visual experiment (P11).
B) Reconstructed visual-evoked fields estimated by source estimation in the PVNH tissue (red) and visual cortex (blue), respectively. Shaded areas indicate
SEM across trials. Black arrows indicate peak latencies. C) A schematic illustration of peak latency and onset latency in responses. D) Comparison
between latencies of the PVNH tissue (red) and those of visual cortex (blue) in the MEG visual experiment is shown. E) Visual stimuli used in the sEEG
visual experiment. F) Visual-evoked potentials in P04 (left) and P14 (right) at contacts within the PVNH tissue (red) and visual cortex (blue), respectively.
G) Comparison between latencies of the PVNH tissue (red) and those of visual cortex (blue) in the sEEG visual experiment is shown. Vertical dashed lines
denote the stimulus onset. Shaded areas indicate the 2.5th%-ile-97.5th%-ile confidence interval determined by bootstrap with 5,000 times. N.s.: Not

significant.

and P14) were implanted with stereo-electrodes in both
the PVNH tissue and visual cortex for the preoperative
evaluation and participated in the sEEG visual exper-
iment. As shown in Fig. 4F, both contacts located in
the PVNH tissue and visual cortex exhibited strong
visual-evoked potentials. Similar to the MEG visual

experiment, we found no significant difference between
the latencies of PVNH and those of visual cortex
(Fig. 4G, bootstrap test, all P> 0.05). These results further
confirmed that the functional activity in PVNH might
not result from projections from visual cortex, but
rather directly from subcortical structures. The visual
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response properties suggested an essential functional
role of PVNH.

Besides, P04 and P14 underwent EBS mapping. For the
visual responsive contacts we used to calculate visual-
evoked potentials, EBS applied to more than half of the
visual cortex contacts (4/6) evoked subjective visual per-
cepts (i.e. phosphene) (Supplementary Table 2). However,
EBS applied to PVNH contacts (n=3) evoked no visual
percepts (Supplementary Table 2). These results implied
that the visual responsive PVNH tissue might be func-
tionally homologous with the visual cortical neurons
without EBS-evoked percepts.

Discussion

In this study, we applied a state-of-art quantitative anal-
ysis approach to characterize the brain-wide inter-areal
synchronization in patients with PVNH. Results showed
that the synchronization between PVNH and the neocor-
tex and within the neocortex identically predominated in
the a—B band during resting and task states. Besides, local
neural activities in sensory areas were associated with
the coupling strength between these areas and PVNH
tissues. Furthermore, in a rare opportunity, we revealed
that the PVNH tissue was coactivated with the ipsilateral
visual cortex during visual tasks. These results strongly
indicate that the PVNH tissue is functionally integrated
into neocortical circuits.

Inter-areal coupling at different frequency bands is a
general characteristic of the cortical network and is sug-
gested to be an underlying mechanism of neuronal com-
munications in both healthy (Hipp et al. 2012; Bastos et al.
2015; Arnulfo et al. 2020) and epileptic (Englot et al. 2015)
brains. Although previous fMRI studies have revealed the
functional connectivity between the PVNH tissue and
surrounding (Aghakhani et al. 2005; Kobayashi et al. 2006;
Tyvaert et al. 2008; Archer et al. 2010; Christodoulou
et al. 2012; Liu et al. 2019; Deleo et al. 2020) or distant
(Kobayashi et al. 2006; Christodoulou et al. 2012) cor-
tical areas, the oscillatory features of this connectivity
are largely unknown. Using whole-brain MEG with high
resolution in spectral, temporal, and spatial domains,
this study has found two prominent characteristics of
the PVNH-cortical coupling in the resting state, which
indicate that the PVNH tissue is functionally integrated
into neocortical circuits. One is that PVNH-cortical and
cortico-cortical PLVs share a similar spectral feature, a
peak in the o—p band, which is similar to the spectral
property of cortico-cortical PLVs in healthy participants
(Ghuman et al. 2011). The other feature is the associated
changes between the PVNH-cortical coupling and local
neural activities in sensory areas, which has been found
in normal cortico-cortical interactions (de Pasquale et al.
2012; Tang et al. 2017). In addition, the PVNH-cortical
coupling strength is not linearly correlated to distance.
Therefore, our results reveal that PVNH tissue may be
coupled with both anatomically near and distant areas
of the neocortex via a shared frequency band.
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PVNH has long been considered to be related to the
pathological brain network which leads to seizures. Pre-
vious studies verified the involvement of the PVNH tissue
in epileptic networks with the coactivation of the PVNH
tissue and seizure onset zones (Valton et al. 2008; Pizzo
et al. 2017). However, a recent perspective suggested
that there may exist two PVNH-cortical networks, where
epileptic tissues in PVNH are connected to epileptic cor-
tical areas (Aghakhani et al. 2005; Tassi et al. 2005),
whereas nonepileptic tissues in PVNH are connected to
cognitive cortical networks (Akkol et al. 2021). Using
SsEEG recordings, it was shown that only a portion of
recording sites within PVNH tissues generated normal
physiological responses and connected to the neocortex
(i.e. nonepileptic tissues) during a cognitive task (Akkol
et al. 2021). Their findings were partly supported by our
current study, which showed that the PVNH tissue could
exhibit visual-evoked activities similar to the ipsilateral
visual cortex, although we were not able to distinguish
neural activities in nonepileptic tissues from those in
epileptic tissues in PVNH.

It is not surprising that the PVNH tissue exhibits
visual-evoked response which mimics the response in
visual cortex ipsilateral to PVNH, in both MEG and
SsEEG visual experiments. A previous case study found
that direct stimulation of the PVNH tissue led to
auditory or visual hallucinations (Wagner et al. 2009),
suggesting a functional role of PVNH neurons. This
assumption is supported by subsequent fMRI and sEEG
studies which reveal that the PVNH tissue is activated
during multiple cognitive tasks (Christodoulou et al.
2013; Akkol et al. 2021). In this study, we additionally
probed the relationship between the activities in the
PVNH tissue and visual cortex by measuring the peak
latencies. Interestingly, no significant difference between
the two response latencies was found, in neither the
MEG nor the sEEG visual experiment. One possible
explanation is that both the PVNH tissue and visual
cortex have matured visual neuron assembly to receive
parallel synaptic projections from subcortical structures.
That is, although neurons in the PVNH tissue fail to
migrate properly, they still have opportunities to develop,
mature, and eventually get involved in functional cortical
circuits.

Our study has several limitations. First, due to the
limited spatial resolution of MEG source localization, we
are not able to dissociate MEG signals of epileptic PVNH
tissues from those of nonepileptic PVNH tissues. Second,
we did not observe any significant phase coupling at high
frequencies, which may be restricted by our MEG sam-
pling rate (Arnulfo et al. 2020). Third, as the opportunity
to collect these data is extremely rare, we only inspected
the visual function in the PVNH tissue, whereas other
cognitive functions may also relate to the PVNH tissue
(Akkol et al. 2021). These issues should be investigated
with advanced approaches in future studies.

In summary, combining MEG and sEEG recordings, we
extend our knowledge that ectopic neurons in the PVNH
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tissue may retain cognitive functions and be functionally
integrated into neocortical circuits, suggesting a poten-
tial role for the abnormally migrating neurons in co-
development with normally migrating neurons during
brain development.
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