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926 Figure 4: Ephaptic Modulation in the human brain. (A) Average EMODI. Individual EMOD1
927 maps are registered to Freesurfer’s common template (fsaverage) and then averaged at each vertex
928 across subjects. For the purpose of visualization, we have thresholded the average EMOD1 map

929 at EMOD1>50. (B) Vertex-wise correlation. At each vertex, the Pearson’s correlation coefficient

930 between EMODI and cortical surface area, thickness, gyrification and subject’s age is computed.
931 The resulting maps are then corrected for multiple comparisons using the Benjamini- Hochberg
932 procedure (p-value <0.05). Pearson’s correlation coefficient values for vertices that passed the
933 multiple comparison correction are overlaid on Freesrufer common template (fsaverage).
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938 Figure 5. Ephaptic interaction and Aging EMODI1. (A) Vertex-wise EMOD1 values were
939 correlated with age across the sample of 401 subjects, resulting in a weighted map displaying the

940 cortical regions whose ephaptic modulation index is significantly affected by aging. (B)

941 Individual data for correlation between age, EMODI1, as well as cortical morphologies are
942 displayed. Red-yellow shows positive and blue-cyan negative correlations.
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945  SUPPLEMENTARY MATERIALS

946  Speed of electromagnetic waves in the brain

947 Table S1 provides a summary of the speed of electromagnetic waves in brain media.

948
949  Review of literature on the effects of slow, weak electric fields (SEFs)

950 See Table S2 for an overview of relevant papers involving weak fields.
951

952 Decay of dipole fields

953 Figure S1 displays plots with the decay of electric field and potential as a function of
954  Euclidean distance for different models.

955 3D sulcus geometry

956 Figure S2 displays distance measurements of the sulcus gap.

957

958  EMODI1 maps for selected subjects

959 Figure S3 displays the surface distribution of the EMOD1 coefficient (10 of 5 mm) for subjects
960  with different ages.

961 Variants of EMOD1

962 We provide here some variants of EMOD1. We recall the definition of EMODI1 (with /0 = 5
963  mm):
964
K n,'n
g . _ = —_ - _ x Y
ef = — o Z@[ n, 10l — 1] =52 54 s1)
X Y#EX
965 The spatial scale /o can be varied, but it does not have a big impact on the results.
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The first main EMODI variant just considers the effect of distance between emitter and

receiver, ignoring relative orientation:

g K 1
e ~ =) > Bl — ]84 (s2)

X y#X

The second one takes into account relative orientation, but does not enforce the requirement

in EMOD1 for opposite orientation of emitter and receiver (which forces cross-sulcal contributions

in EMODI1):
‘n
ey =y Y Ollg— 1] Y|5A (s3)

X y#X

Figure S4 provides linear fits of EMOD variants with age, S5 provides second order fits.

Second order correlations of metrics

Figure S6 provides second order fits of EMOD1, LGI, cortical thickness and area with to age,

while figures S7 and S8 provide Pearson cross-correlation between the different metrics.

Scalp map/EEG generated by dipole patch model

Figure S9 displays the scalp map potential for one of the chosen dipole cortical patches (Figure
3, 0.5 nAm/mm? density).
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984
985
Tissue & c/v v (km/s) Ty9em (nS)
Vacuum | 1 299,792 0.0
CSF 109 10 28,715 0.0
GM 40,699,000 6,380 47 4.3
WM 27,627,000 5,256 57 3.5
986
987 Table S1: Relative permittivity, speed of light reduction factor with respect to vacuum (c¢/v ),
988 speed of light in tissue (v) in the low frequency range (10 Hz) for various tissues, with data
989 from (77) provided online at http://niremf.ifac.cnr.it/tissprop/. Here we use v = c/+/&,. U, =

990 c/\&, (the relative magnetic permittivity in body tissues is close to unity (78)). The last
991 column is the time in nanoseconds required by ephaptic signals to traverse a sphere of 20 cm.
992 Speed increases 3—4 times at 100 Hz for grey matter (GM) and white matter (WM), and stays
993 constant for cerebrospinal fluid (CSF).

994
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Table S2: Overview of relevant work highlighting the physiological impact of weak electric
fields in-vitro or in-vivo and providing quantitative measurements of electric field. The range
of electric field magnitude (E = | |E| |) or of the normal component of the electric field to cell layers
(E,,) in V/m (equivalently, mV/mm), that have been shown to influence function are listed. Only
references where at least the magnitude of the extracellular electric field is specified are used (the
voltage gradient). EPs: evoked potentials. AC: alternating current. DC: direct current. FR: firing
rates. LFP: local field potential. SUA/MUA: single/multiple unit activity.

Reference Preparation E |E,| |Type Effects Comments

Terzuolo 1956 Abdominal 14 1 DC FR Fields required were for FR

(79) receptors in the changes were 20 times below
crayfish and threshold. Orientation
cardiac ganglion dependence demonstrated.

of the lobster

Bindman 1964 Rat cortex in- 2.5 2.5 DC FR and EPs | After effects after 5-10 min

(80) vivo stimulation were described.

Jefferys 1981(87) | Guinea-pig 5-70 |5-70 |DC EPs Extracellular currents
hippocampus perpendicular to granule cell
slices layer in hippocampal slices

altered their excitability.

Effects seen with fields

>5V/m.
Bawin 1984 (82) |Rat 2-7 |27 |AC EPs Brief stimulation of 5-30 s
hippocampus induced long term changes
slices (more than 10 minutes) of

population spike. Exogenous
extracellular fields in the tissue
were of the order of EEG
gradients, suggesting a
functional role of EEG-like

fields in hippocampus.

Ghai 2000 (83) |Rat 0-8 |08 |DC Epileptiform |Modulation and full
hippocampus activity/LFP | suppression of epileptiform
slices activity was observed at field

strengths between 1 and 5 V/m

in a direction dependent
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Reference

Preparation

|E, |

Type

Effects

Comments

manner. Results indicate that
DC fields modulate and
suppress low-calcium activity
by directly polarizing CA1

pyramidal cells.

Francis 2003 (84)

Rat
hippocampus

slices

0.14-
3.9
rms
value
(0.3
6.8 p-
p)

same

as F

Simulated
burst
stimulus
waveforms
with
gaussian

profile

Entrainment

Neuronal networks respond to
fields with more sensitivity
than single neurons. Estimated
theoretical lower limit for
meaningful interaction
between electric field and

neuron is 0.1 V/m.

Bikson 2004 (53)

Rat
hippocampal

slices

0-200

0-200

DC

Membrane
potential,
evoked action

potentials

The induced polarization was
linear (0.12 £0.05 mV per
V/m applied average
sensitivity at the soma). DC
fields altered the thresholds of
action potentials evoked by
orthodromic stimulation and
shifted their initiation site

along the apical dendrites.

Deans 2007 (85)

Rat
hippocampus

slices

0.5-
16

0.5—
16

DC,AC

FR,
Entrainment,
Timing,
Membrane
potential

alteration

Decreasing impact w.r.t. DC
with increasing frequency.
Gamma rhythms modulated by
50 Hz AC with (normal) fields
> 0.5V/m (p-p). Effects on
both the power spectrum and
spike timing depend on AC
frequency, with slower
frequencies being more

effective.

Radman 2007
(86)

Rat
hippocampal

slices

0.5—
1.0

0.5-
1.0

DC,AC

Timing,

entrainment

Spike timing effects are a
potential mechanism for the

network effects of weak fields.

Frohlich 2010 (2)

Coronal slices

of ferret brain

04

04

DC, AC, in

vivo-like

FR,

entrainment

Enhancement of slow

oscillation at its intrinsic
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Reference

Preparation

E

|E, |

Type

Effects

Comments

fields,
activity-
dependent
“feedback"
fields

frequency with 2 V/m,
entrainment at 0.5 V/m.
Significant effect at 0.5 V/m.
The E field lines were
approximately orthogonal to

the cortical surface.

Anastassiou 2010
(87)

Rat neocortex
slices (layer V
pyramidal

neurons)

0.7-
5.6

N/A

AC (1-9 Hz)

Timing

Ephaptically induced phase
locking of spiking is thus more
effective, and occurs at lower
field strengths, for slow rather
than fast modulations of E.
Efield as small as 0.74 V/m

led to entrainment at 1 Hz.

Ozen 2010 (88)

In vivo, rat
neocortex and
hippocampus.
Brain slices also

analyzed.

N/A

AC (0.8-1.7
Hz)

Entrainment

In the intact brain, neurons
distant from the stimulation
sites can be entrained directly
through ephaptic coupling or
indirectly, through
multisynaptic projections of
the directly entrained neurons
proximal to the stimulation

sites.

Reato 2010 (89)

Rat
hippocampus

slices

0-15

DC-40 Hz
AC

Intracellular
Spikes, FRs,
spike timing
and phase-

entrainment

resonance

Negative fields decreased the
steady-state power of gamma
oscillations measured during
stimulation, positive fields
increased steady-state gamma
power. With fields as low as
0.2 V/m phase entrainment can
occur with stimulation
frequency matched to the

endogenous rhythm.

Anastassiou

2011(90)

Rat cortical
pyramidal

neuron slices

0.7-
4.2

N/A

AC (1-9 Hz)

Entrainment
of spikes,
Timing (no

FR changes)

Despite small size, fields could
entrain action potentials,
especially for slow (< 8 Hz)
oscillations. LFP like
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Reference

Preparation

|E, |

Type

Effects

Comments

fluctuations readily entrain
membrane potential and

spiking.

Berzhanskaya
2013 (49)

Rat
hippocampal

slices

0-60

0-60

DC

Membrane

polarization,
spike latency
and synaptic

response

Significant effects on spike
latency evoked by somatic
current injection. The relative
position and spatial orientation
of dendritic trees affect both
synaptic circuitry and the
interaction with electric fields;
subthreshold electric fields
should robustly alter the
balance between different
rhythms, and in particular

theta-gamma ratio.

Rahman 2013
1)

Rat cortical

brain slices

DC

field EPSPs

Polarization of both axon
terminal and soma are

important for effects.

Zhang 2014 (3)

Unfolded
hippocampus
preparation

from mice

N/A

Endogenous

fields

Timing

Experiments indicated that
longitudinal propagation is
independent of chemical or
electrical synaptic
transmission. Spontaneous
epileptiform activity can
propagate in both the
transverse and longitudinal
directions with a speed of 0.1
m/s independently of

connectivity.

Schmidt 2015
92)

Mouse
neocortical

slices

1-2

1-2

AC

FR, Activity

spectrum

Weak AC fields enhanced
ongoing oscillations only if
matched in frequency when
strong endogenous activity
was present. Enhanced activity
occurred at frequency of

application when no strong
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Reference

Preparation

E

|E, |

Type

Effects

Comments

endogenous activity was
present. Results point to the
importance of frequency
matching when strong
endogenous oscillations are

present.

Qiu 2015 (4)

Rat unfolded
hippocampus +
compartment

model

2-5

DC

Reduction of
propagation
speed with
blocking field
(firing rate

changes)

Results show that weak
electric fields can be solely
responsible for spike
propagation at ~0.1 m/s. This
phenomenon could be
important to explain the slow
propagation of epileptic
activity or normal propagation

at similar speeds.

Krause 2017 (93)

Alert nonhuman

primates

0.4-
0.7

N/A

DC

LFP,
SUA/MUA in

neocortex

FRs did not change but tDCS
induced large low-frequency
oscillations in the underlying
tissue. Local increase in LFP
power near the site of anodal
stimulation. More wide-
spread effects included a
decrease in low-frequency LFP
coherence between distant
cortical sites along with an
increase in high-frequency

(gamma-band) coherence.

Voroslakos 2018
(99)

Intracellular and
extracellular
recordings in

rats

N/A

AC

Membrane
potential
alteration.
Firing rate
changes.
Power in

delta band.

Membrane became
depolarized or hyperpolarized
in a relatively linear manner.
Electric fields applied either
subcutaneously or
transcutaneously which induce
at least 1 V/m voltage gradient
can affect spiking activity, but

stronger fields are needed to
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Reference Preparation E |E,| |Type Effects Comments
affect network oscillations.
NB: Voltage gradients
measured parallel to cortex,
normal component probably
much lower.

Asamoah 2019 Rat motor 1 1 1-2.5Hz AC |Single neuron | Weak field stimulation (~1

(95) cortex in-vivo recording V/m) can entrain neural

entrainment | oscillations (~1 Hz) in the rat
(PLV) motor cortex.

Chiang 2019 (5) |Triple- 5 5 Endogenous |Propagating |Endogenous electric fields
transgenic mice fields and waves play a significant role in the
used for anti-fields self-propagation of slow waves
longitudinal (< 1 Hz) in the hippocampus.
hippocampal External anti-fields can block
slice studies them. Slow activity stopped

propagating when cut gap was
> 400um.

Krause 2019 (6) |Alert nonhuman |0.2— |N/A |1-100 Hz Single tCS consistently influences the
primates 03 Neurons in timing, but not the rate, of

basal ganglia |spiking activity. Effects are

& frequency- and location-

hippocampus. |specific and can reach deep

Spike Timing |brain structures; control
experiments show that results
cannot be explained by
sensory stimulation or other
indirect influences.

Negahbani 2019 | Alert ferrets <0.5 |0.22—- |6-14Hz Spike-field Weak electric fields (< 0.5

(96) 0.3 synchrony mV/mm) comparable to tACS

field strength in humans and
nonhuman primates can
entrain neural spiking in the

source of target oscillations.

995
996
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1001 Figure S1: Decay of V and E, in the 2D and 3D models of the sulcus. Top: field decay in 2D
1002 model: (a) Decay of V' with sulcus width in the single source model (blue dots) and multiple
1003 sources model (orange dots). The fit to a power function is also shown for each model. (b)
1004 Same as (a), but now for E,,, the component of the electric field normal to the sulcus wall.
1005 Bottom: field decay in 3D model: loglog plot of |E,| (in V/m) in the GM-CSF surface as a
1006 function of the logarithm of the geodesic (blue dots) or Euclidean (red dots) distance (in mm)
1007 to the dipole. The inset shows E, (in V/m) in a 3D rendering of the cortical surface. The
1008 location ofthe sourceis indicated by thered arrow. Only points where the absolute value of E,, is
1009 between 0.001 V/m and 1.0 V/m are shown. Linear fits to these plots are also shown, together
1010 with the slope and R? values.
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M6 7.1862

~ M7 5.4818
ME: 4.7908

#10: 5.06721

M11: 5.62
Cr—12: 2.80998

Cm—13 2,.02687

Cem—114: 1.75049
Ss==-M15: 1.79655
Cum—1116: 1.79655
CEm—117: 221114

Cm——18: 2.5336

Figure S2: Sulcus geometry Measurements of width (mm) in the sulcus used for realistic

modeling in Figure 3 in the main text.
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1022
Subject with max EMOD1: 259 .V
250
200
150
100
50
' |
Age: 76
1023 ’
1024

1025 Figure S3: Surface distribution of the EMODI1 coefficient (/o of 5 mm) for subjects with
1026 different ages. Subjects are presented from highest (top) to lowest EMOD1 (bottom) values. The
1027 color scale is common across all the plots. From left-right: top/bottom view, left/right-hemisphere

1028 view, front/back view, mid sagittal place left/right hemisphere view.
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Figure S4: Linear fits of EMOD variants to age. Different rows correspond to different
EMODI variants: EMODO (gJ), EMODIla (¢J) and EMODI (). Different columns

correspond to different 10 parameters: 1, 5, 10 and 200 mm, respectively from left to right.
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Figure S5: Second order fits of EMOD variants to age. Different rows correspond to different

EMODI1 variants: EMODO (gJ), EMODIla (¢J) and EMODI (). Different columns

correspond to different /o parameters: 1, 5, 10 and 200 mm, respectively from left to right.
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1078 Figure S6: Second order fits of EMOD1, average LGI, average cortical thickness and cortical

1079 area to age. For each plot, r-squared and p-values for the fit are shown as well.
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1089 Figure S7: Pearson correlation coefficients between different EMOD variants, average LGI,

1090 average cortical thickness and total surface area.
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Figure S8: Correlation between average LGI, EMODI1 (/o set to S mm), average cortical

thickness and total cortical area for different age range groups. The plots along the main

diagonal show histograms of these quantities grouped by age range. The offline range elements

show each variable plotted against all others. Pearson correlation coefficients for each pairing,

divided by age group, are also presented.
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1102 Figure S9: EEG (referenced to T8, in nV) as generated by cortical patch in Figure 3 (see also
1103 Table 1). The dipole patch consists of 133 dipole sources (patch area of 5.3 cm?), with a dipole
1104  density of 0.5 nAm/mm?.
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