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Abstract—Understanding the biological-electrical transduction
mechanisms is essential for reliable neural signal recording and
feature extraction. As an alternative to state-of-the-art lumped-
element circuit models, here we adopt a multiscale-multiphysics
finite-element modeling framework. The model couples ion trans-
port with the Hodgkin-Huxley model and the readout circuit, and
is used to investigate a few relevant case studies. This approach
is amenable to explore ion transport in the extracellular medium
otherwise invisible to circuit model analysis.

Index Terms—neural recording, extracellular sensing, FEM,
neural signal transduction, Hodgkin-Huxley

I. INTRODUCTION

The interaction of complementary  metal-oxide-
semiconductor (CMOS) electronics with biological entities
[1], [2] represents today a challenging multiphysics and
multiscale case study in the field of neuroscience, given the
different nature, scales, and physical properties of the system
components. Multiscale-multiphysics finite-element modeling
(FEM) and simulation platforms [3], [4] perfectly serve the
aim of estimating the neuron/electrode interaction in well
defined physical conditions. They allow to gain insight on
the transduction processes and derive more accurate and
physics-based lumped-element circuit models [5]-[8].

In previous works [9], [10], we developed a simulation
methodology to study sensing devices coupled to neurons us-
ing a mixed-mode device-circuit simulator for semiconductor
devices [3]. Here we extend and improve our approach and
embrace a general purpose multiphysics FEM platform [4]
that naturally includes distributed time-dependent transport of
ionic and electronic carriers.

II. METHODOLOGY AND VALIDATION

In our work we used [4] which enables the physical de-
scription of the domains of interest: the intra- and extracelluar
electrolytes, the neuron membrane, the metallic/semiconductor
electrode and the related readout circuitry, as showcased in
Fig. 1 where the model equations are also defined.

An electrolyte region is described via its relative permittiv-
ity, and the number, valence, and diffusivity of the soluted ion
species. It is described with the Poisson-Nernst-Plank (PNP)

TThese authors contributed equally to the work. This work has been
financially supported by the European Union’s Horizon-2020 project “IN-
FET” (Grant Agreement n. 862882) vie the IUNET consortium.

transport model [13] (Egs. 1-3), implemented via a multiphysi-
cal coupling between the electrostatics and transport of diluted
species interfaces from the AC/DC and electrochemistry mod-
ules [4], respectively. A reference electrode (RE in Fig. 1) is
inserted in the simulation to set the ground potential reference
in the bulk of the extracellular fluid.

The neuron membrane is treated as an insulator using a
thin layer approximation instead of a fine mesh, enforcing
the continuity of the normal component of the displacement
field vector across the intra- and extracellular boundaries (Eq.
8) so that electrical double layers (EDLs) build up at these
interfaces. The dynamics of the ionic channels embedded
at each grid point of the membrane are described via the
Hodgkin-Huxley (HH) formalism [12], [14] assuming rest
membrane potential V,=-65 mV. The HH’s gating variables
are computed solving a set of ordinary differential equations
(ODE) at each membrane mesh point (Eq. 6); consequently,
the corresponding currents of the ionic channels are updated
as in Eq. 7, and applied as boundary fluxes to the electrolyte
fluids according to Eq. 9. The transmembrane stimulus to elicit
action potentials (APs) is applied as additional Na* boundary
flux as simplified model of excitatory synapses [15]. The
membrane potential, V in Eq. 4, is the voltage controlling the
non-linear conductances, whereas the reversal potentials for
the ions are either: i) directly included as constant parameters
in the ODEs (see caption of Fig. 1); or ii) updated by
sampling the ionic concentration at each time-step assuming
that changes in the concentrations instantaneously turn into
changes in potential through Eq. 5. The sampling is performed
at 6 nm from the cell membrane (i.e., more than than five
times the Debye length of the electrolyte [13]) to ensure an
almost complete decay of the EDL. Option (ii) entails that
we self-consistently account for the impact of extracellular
concentrations on the membrane potential. To the best of our
knowledge, this is a unique and novel feature of our approach
for the modeling of the neuron/electrode interface.

The sensing electrode is modeled as a metal with finite
conductivity and permittivity (Eq. 12) through the electric
current interface of the AC/DC module [4]. Assuming no red-
ox reactions at its interface, we include a Stern layer via the
thin layer approximation also used for the membrane, which
leads to the formation of a diffuse layer in the electrolyte
(Eq. 10). The displacement current entering the electrode from


feder
Font monospazio
© 20XX IEEE.  Personal use of this material is permitted.  Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works. 


dt

[ oo = Cstorn V55 (11) Vitern = thae — L,} 4 Poisson-Nernst-Planck (PNP) 1 V = Yintra — Vertra (4) Vi, = £ log (M) (59
L )

—V-(eaV¥)=F (T, zXal - [AT]) (1)

IXa] _

ot

\ [ tra]

Vel @ (caie Ve = CuV (8)  znFitfu = [x, el (9))
ZnF

N P with fo = —Dj (v[x,,J vl jx,,;w) @)
DL‘;yZe,l O OO o \\ X, € {K*,Na*,CI"} Hl kin-Huxley (HH) ~N
- - ‘ odgkin-Huxle
somt SO ) A el 9 y
tever — > RE™ at = (Vv [Jk,cnl = Grn (V = Vi) = [ Jk.r|
( Sensing electrode o ; ° 5 d% = % (6) \‘/’\/} = ;fw..(r:}i‘h(:: —) L\U) - },/N,. o ()
B o d(Vi)se) N o dh heo(V)—h Joven| = ga(V = Va) = [Jeir
Jee = 0seVihae — Exe——g (2) 7 o \ ° 5 \W —=
Vode=0 N @ e \ ¢ -
. ° o, %
/1 T 1'\ Neuron @ || °
se=f .me ( i o o/ & o Intracellular fluid ° oo o © o
- — ® / ° ® e e ° °
/ o OO JCICICN X X I CGCR
. / |, nanannnnannnnnnnC@NAann MG AnH I8 Va0
Conceptual = S CRRERYRETERRERANI SRRV | ARREQy§EEe!
Readout ) \ ) T ) o
Circuitry Vi <_T_ L ° A\ Sensing Electrode 4 Extracellular fluid ® © % o oo o6 oo o
N - = (\{ Readout I @ Potassium, K* O sodium,Na* (@ Chloride, CI @ Organicanion, A

Physical variables: i=clectrolyte electric potential, [X,, ]=concentration of a mobile ion, [Af] =concentration of fixed anions, fy=ion flux, n, m, h=gating variables, Jx,, =ion
channel current density, JXn,7»= Jx,, evaluated at rest potential, Vx, =reversal potential, V=membrane potential, Vs¢ern=Stern layer potential, Jse.=electrode electric
current density, 1 s.=electrode electric potential, Is.=readout input current, Vs.=readout input voltage. Physical parameters: €.;=electrolyte electric permittivity, D,,=ionic
diffusivity, z,,=ionic valence, Moo, Moo , hoo=(in)activation curves of gating variables, Ty, , T , Tp=time constants of gating variables, gx,, =maximum ion channel conductance,
C,p,=membrane capacitance, C'gtern=Stern layer capacitance, o s.=electrode conductivity, &s.=electrode permittivity, T’=temperature, F'=Faraday constant, R=gas constant,
Age=electrode surface area, Z,.mp=readout input impedance. (Image adapted from Servier Medical Art, © CC BY 3.0)

Fig. 1: Sketch of the modeling framework: neuron membrane, cellular fluids, sensing electrode, and readout circuitry. The
boxes represent different physics, mutually coupled by the equations on the connecting arrows. If not otherwise specified the
parameters of the PNP and electrode models (e.g., gold electrode conductivity) are taken from [11]. Those of the HH model
are taken from [12]. The ion concentrations at the reference electrode (RE) are set to typical extracellular values: [K*]=5 mM,
[Na*]=130 mM, [CI']=135 mM, while in the intracellular fluid they are computed to match the baseline reversal potentials
Vk=-77T mV, VN,=50 mV, V¢ =-54.4 mV. The fixed charges A" are set to yield electroneutrality. Cg,,,=55.6 pF/cmz. T=23° C.
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Fig. 2: Comparison between the proposed simulation deck that naturally embodies a distributed description of the system and
an equivalent lumped-element circuit approach: (a) 2D cross-section (not to scale) of the 3D FEM domain with cylindrical
symmetry around the z-axis, modeling an ellipsoidal neuron in proximity of a planar sensing electrode that is connected to
the same Z,,,, of panel b. Default parameters are: heyq=dexira=0ne,=40 pm, dye,=r5,=10 um, b, =67 pym, d,,=10 nm, h;=90
nm, h,=0.2 um. (b) Lumped-element circuit model derived from [11] splitting the neuron into four compartments (yellow
boxes). Default values are: Rp;=510 M2, Cys=2.2 pF, Rypreaq=7.7 MSY, Ryea11=600 K2, Rieap=8 kU, Rjq=140 kQ, Rypicro=14
u2, Cpe=106 pF, Cgpm=4 PF, Zamp=Ramp=100 GS2. (c) Waveforms of imposed transmembrane stimulus current (top panel),
resulting APs (middle panel) and sensed signal (bottom panel) from the models a and b, respectively.

the Stern layer originates from the normal current density action potential generation capability via HH circuits [16]. The
boundary condition (Eq. 11). The electrode is connected to the model accuracy in [11] is validated against literature data.
input impedance of an ideal amplifier although our approach Fig. 2.a sketches a 2D cross-section of the 3D FEM domain

can include readout circuits of any complexity.

with cylindrical symmetry around the z-axis, representing

To validate the proposed methodology we define a FEM an ellipsoidal neuron in proximity of a planar electrode.
domain with physical properties and dimensions taken from We account for the protein-glycocalyx layer at the bottom
a reference model [11] that implements a lumped-element of the neuron [5], [6], [11] by setting the ion diffusivities
circuit description of the neuron/electrode interaction and in this domain so as to reproduce the resistivity reported



in [11]. Fig. 2.b illustrates the lumped-element equivalent
circuit obtained, as in [11], by partitioning the neuron into
four HH compartments, each with parameters proportional to
the respective membrane surface area. We neglect the series
resistances between adjacent HH compartments given that the
intracellular compartment behaves like an equipotential space
due to its large dimensions. All lumped-elements in the circuit
have been computed as in [11] except for Ry and Ry, that
are adjusted so that the circuit’s waveforms match the FEM’s
ones, and Z,,, which accounts for the presence of a readout
circuitry. Fig. 2.c compares the AP waveform elicited by a
transmembrane stimulating current (top panel) applied to the
compartment HH4 in Fig. 2.a and b. The resulting intracellular
(middle panel) and sensed (bottom panel) waveforms show full
agreement between our FEM model and [11] demonstrating
the credibility of the approach w.r.t. state-of-the-art results.

III. RESULTS AND CONCLUSIONS

We now analyze a few relevant case studies with the new
modeling framework. Fig. 3 collects the signal sensed by the
electrode during transient responses to action potentials (a)
for variations of one parameter at a time and constant reversal
potentials (b-d), and for default parameter values and sampled
reversal potentials (e). During each study, the other parameters
are kept at their default value (see caption of Fig. 2).

All the APs are elicited by means of the same transmem-
brane current stimulus (Fig. 2.c, top panel) applied to the
region HH4 of Fig. 2.b, thus yielding the same intracellular
potential profiles (Fig. 3.a). However, when the current stim-
ulus reaches the extracellular fluid it causes an artifact in the
recorded signal waveforms (i.e., the peak between 0-0.5 ms in
Fig.3 b-e). After that, the extracellular dynamics and the result-
ing waveforms (i.e., profiles, and peaks amplitude and location
in Fig.3 b-e) remain unaffected by the artificial stimulus but
only depend on the electrogenesis and electrodiffusion.

Fig. 3 shows the principal trends: b) the lower the cleft
thickness, the larger the amplitude of the recorded signal as
the neuron/electrode sealing increases (as in [11]); c¢) a too
small electrode entails weak coupling and sealing with the
neuron whereas a too large electrode entails strong coupling
with the grounded extracellular environment rather than with
the neuron, implying an optimal size of ~10 um in our study;
d) the larger the amplifier’s input impedance (i.e., large R,
or small Cg,,), the larger the sensed signal as the readout
strongly dominates the potential divider with the electrode
(and possibly the interconnects). In the aforementioned studies
the reversal potentials of the neuronal membrane are kept fixed
for the sake of a qualitative comparison with the circuit-level
modeling studies from literature.

Fig. 3.e shows the sensed signals induced by two consecu-
tive APs elicited 30 ms apart from each other. Differently from
the previous analyses, now the membrane reversal potentials
change consistently to the ion concentrations (Eq. 5), that in
general are time-dependent. In particular, Vk drifts from -77
mV to -36.5 mV (not shown) due to the accumulation of K*
ions emitted in the protein-glycocalyx layer during the first
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Fig. 3: (a) Elicited action potential (AP) waveform; (b-e)
corresponding signals sensed by the electrode for constant
(b-d) and sampled (e) reversal potentials. The parameters
swept from the default values (in bold) for parametric studies
are: cleft thickness (b), radius of the sensing electrode (c),
amplifier’s input impedance (either a resistance Ry, or a
capacitance C,y,) (d); the same signals are recorded for
repeated APs (not shown). The analysis with sampled reversal
potentials (e) has default parameters (see caption of Fig.
2) but depends on the previous stimulation pulses. The Vi,
waveforms obtained by two consecutive pulses (at 0 and 30
ms) are shown superimposed for comparison.

AP, whose diffusivity is approximately 10° smaller than in the
extracellular fluid. Such a low diffusivity is consistent with the
high resistivity provided in [11], but the observed impact on
the V., waveform highlights the importance of self-consistent
models and asks for further in-depth investigations to improve
the FEM model of the protein-glycocalyx layer, combining its
electrodiffusive effects with a more realistic ionic homeostasis.
In conclusion, the proposed simulation framework accu-
rately reproduces the results of state-of-the-art circuit mod-
els of the neuron/electrode interaction. It also enables the
investigation of fundamental hypotheses regarding macro-
scopic aspects of the model (e.g., the protein-glycocalyx layer
impedance). Finally, it helps shed light on the ion transport
phenomena that ultimately affects the transduced signals.
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