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How terahertz signals perform in the neural system has attracted widespread interest
in the life sciences community. Relevant experimental reveals that in animal nerve
cells, the myelin sheath of the nerve axon has a higher refractive index than the
intracellular and extracellular fluids in the Terahertz-far-infrared (THz-FIR) frequency
band. This makes THz-FIR wave transmission possible in nerve fibers. Based on this
premise, this article carries out the following work from the theoretical level to
investigate the electromagnetic (EM) characteristics of in vivo nerve fibers at the THz-
FIR band. First, the EM transmission model of the nerve fibers is established and
studied theoretically. The dispersion curves of THz-FIR wave modals transmission in
nerve fibers are calculated, which predict that nerve fibers can act as dielectric
waveguides for transmitting THz-FIR waves and the THz-FIR waves can transmit at
speeds up to 10° m/s. Second, a mode matching algorithm is proposed, which is
named RNMMA, to calculate the transmission characteristics of THz-FIR waves at the
nodes of Ranvier. The scattering matrix obtained from the proposed algorithm is in
good agreement with the results from EM simulation software, which reveals how
THz-FIR signals are transmitted forward through the nodes of Ranvier with low loss.
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Introduction

As a complex physical system, the human brain has often been a popular topic in life
science research, especially in the study of neural information generation and transmission in
neurobiology (Adolphs, 2015; Liu, 2018). Electrochemical theory played a leading role in the
early studies, although it could not perfectly explain many underlying problems, such as the
generation and origin of consciousness (Tononi, 2004; Tegmark, 2015). Meanwhile, action
potential signaling mainly relies on the transmembrane transport of ions to cause the potential
difference between the excitatory site and the non-excited site, thereby forming a local current.
However, traditional electrochemical theories cannot explain the transmission mechanism of
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high-frequency signals in living organisms, such as how THz and
FIR signals that are generated by various redox reactions in
biological cells are transmitted. In this context, research of the
physical mechanisms that coexist with existing electrochemical
theories may reveal new prospects for explaining high-level signal
transduction mechanisms, including whether there are more
efficient physical ways to transmit and store information in the
nervous system. Neuro-electromagnetics provides a new way to
study the mechanism of the high-level communication and rapid
response of the nervous system. However, it also has many
problems, such as how to generate and transmit signals efficiently.

Recently, studies on THz-FIR spectroscopy have confirmed that
many oxidative metabolic processes in biological cells produce a large
number of biological photons, covering the spectrum range of THz-
FIR. Many of the biological macromolecules that play an important
role in life activities, such as proteins and phospholipids, also have
vibration frequencies in the THz-FIR range (Wetzel and LeVine,
1999; Laman et al., 2008; Miller and Dumas, 2010). The ion channels
on the surface of the nerve membrane are not only related to action
potential activity but also show that the process of ion transport across
the membrane generates THz-FIR radiation (Li et al,, 2021; Liu et al,,
2021; Guo et al,, 2022; Hu et al,, 2022; Wang et al,, 2022). These are
several potential sources for the THz-FIR signals transmitting on the
nerve fibers. The THz-FIR signals can also affect the activity of the
proteins in the cells (Chao et al,, 2021), DNA molecular unhelix (Wu
et al,, 2020), and the selective transmission of ion channels (Li et al.,
2021). As information carrier candidates, THz biophotons may
become high-speed signal carriers that connect intracellular
organelles and cells independently of electrical and chemical
transmissions (Xiang et al., 2020).

Some nerve fibers in the vertebrate nervous system are a kind of
EM waveguide structure (i.e., wrapped by high resistance and the low
capacitance of nerve myelin sheath). This structure can accelerate the
conduction of action potential. Meanwhile, in the FIR range, it
supports biological photon signal transmission between cells
(Kumar et al, 2016; Zangari et al,, 2018; Liu et al, 2019). This
natural waveguide structure enables signal transmission at a speed of
up to 10° m/s, which is far higher than the conduction speed of the
action potential. The nerve myelin sheath with a dense membrane
structure can isolate the polar water environment on both sides of the
membrane and greatly reduce the attenuation of the THz-FIR wave
due to polarization loss in the transmission process.

Our current work is focused on how THz-FIR waves behave
in nerve fibers, and how the THz-FIR waves hop and exchange
energy with periodic nodes of Ranvier structures. In view of this
hypothesis, we build a transmission model of nerve fibers and
nodes of Ranvier (as shown in Figure 1). The myelinated nerve
axon can be regarded as a fiber transmission line that is loaded
with layered annular media (i.e., nerve cell fluid, myelin sheath,
and extracellular fluid). In contrast to optical fiber, the energies of
THz-FIR waves concentrate in the myelin sheath area rather than
the fiber core area because of its high dielectric constant; while
the physical environment of the nerve fibers are polarity
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solutions, and there is no obvious boundary. Meanwhile, the
node of Ranvier is a periodic structure that is formed by the
discontinuity of the myelin sheath, which will inevitably produce
energy changes. The main work and innovations of this article
are as follows: 1) the field equations and dispersion curves of
THz-FIR  wave
unmyelinated bare

transmission in both myelinated and
fibers obtained; 2) the

transmission efficiencies of THz-FIR electromagnetic waves in

nerve are
different modes are quantitatively analyzed; and 3) a new mode
matching algorithm is proposed that can quickly calculate the
scattering parameters and energy exchange of THz-FIR wave
transmission at the nodes of Ranvier.

Methods

THz-FIR transmission modes in myelin-
sheathed nerve fibers

As shown in Figure 1, the nerve fiber is structurally composed
of three regions, and the dielectric constants are represented by
€1, &, and &3, respectively. Compared with the intracellular fluid
and extracellular fluid of nerve cells (i.e., water as the solvent and
have strong absorption characteristics in the THz-FIR band), the
myelin sheath is a tight membrane structure with a high dielectric
constant and low loss in the THz-FIR band (Liu et al., 2019). The
relationship of the dielectric constant of the three-layer media
can be expressed as €3 <¢; <¢& (Friede and Bischhausen, 1982;
Kumar et al., 2016; Liu et al., 2019).

From the completeness of the EM field, it can be known that
the
composed of the guided modes of the finite mode and the

THz-FIR transmission modes on the nerve fiber are

integral of the radiation modes over their continuum spectra.
Hence, we decompose the fields on the nerve fiber into two parts,

N
E(r,9.2,t) = Y C,E, (1, 9)el (“Fe?)

n=1

+ J CeEe (1, 9)e’ (ot-Bos2) g (1-1)
N
H(r,¢,z,t) = ZDan (r,9)el (wt=B2u2)
" J DeHe (r, g)e! (“P-c2)d (1-2)

where the first terms with the subscript # represent the guided
modes at a certain frequency and the second terms with
continuous subscript ¢ denote the integral over the radiation
modes. Here, the integration variable & represents the radial
wavenumbers of the radiation modes. N is the total number of the
guided modes on the nerve fiber at a certain frequency. C, is the
normalized amplitude, w is the angular frequency, and 8, and
B, ¢ are the propagation constants of the nth or {th mode along
the nerve fiber and have the same value in the three regions.
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FIGURE 1
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Schematic diagram of the nerve fiber structure. (A) Cross section of the nerve fiber and (B) 3D perspective graphics of the nerve fiber.

E, (r,¢), H, (r, ) describe the electric and magnetic fields of the
nth mode in the cross-sectional area of the nerve fiber, which can
be expressed as the superpositions of transverse and longitudinal
components,

E,(r,¢) = En(r.9) + E.,i (1, ¢), Hy(r,9)

=H,,(r,¢)+H,,(r,9) (2)

The longitudinal components of the electric field E,, (r, ¢) and
magnetic field H,, (r, ¢) satisfy the Helmholtz equation. Thus,
we have

V’E, + w’peE,, — jouoE,, = 0,

V°H, + w’ueH,, — joucH,, =0 3
which can be further expressed as,
_ sinng \ . _
Elz,n Cmvlin (ﬁinr)< cosng >:1 1,2,3, (4)

sinng
cos ng

),i: 1,2,3

where vy, represents the Bessel function of order n and has

Hiz,n = Diﬂv/in (ﬁinr)<

different combinations and representations in different regions.
The subscript i represents ith region in Figure 1A. 3, represents
the transverse propagation constant in the ith region.

Here, we make the approximation ¢; = &3, due to the
influence of the high dielectric constant myelin sheaths.
However, for the bare nerve axon at the node of Ranvier, the
approximation is no longer used because the bare axon is similar
to a weakly conducting fiber (which we will discuss in detail later
on). For the guided modes in the myelinated axons, the
propagation B, satisfy the of
ko+/e; <3, <ko~/ez. The transverse propagation constants of
= B2~ koer By =

constants relations

the three regions can be expressed as f37,

kész —ﬁin, and ﬁén = ﬁzn k283, where ko = w/cy.
Accordingly, the Bessel function distribution of the
corresponding region satisfies w=1a(By,7)
Yo = Jn(Byyt) + Y (By,r), and vy, = K, (B,,r), respectively,

which means that the field decays exponentially at both sides
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of the myelin sheath region. The transverse field components are
expressed in terms of the longitudinal field components,

_ j
= 7{02#080%_[;2 (-B,V:H; + wyye, x V:H,),
H, = %( -B,V.E, + weoeie, X V,E,) (5)
P,

Furthermore, we can obtain the guided mode expressions of
12 field components in the three regions, as follows:

B, _wun
3 I, (B,,r)sinng Br —Lu(B,,r)sinng |
1n
wy
Elr ’3 ) cos n(p _ﬂ—In (IBInr) cos n(P
1n
E1¢ _ ln
Hy, |~ ! WeEN
H,, 1, (B,,r) cos ng r) cosng
ﬂlnr In
0)8081 ' /5
S sy k) song |
- 1n 1n
G
D,
(6a)
E,,
Eyy
H,,
H,
[ e s L2y, 5,y snng 42,5, )sinng 27, r)sinng |
L (o L, (8 r)cosng 81, (B, cosmg SV, (8, commy
=j "
A, 5oy S, 8y r)cosng 2, </sznr)cosn¢—’;—y (Br)cosnp
_wee WEYEy ﬁ ﬁ
B T, (Byr)sinng - N Y, (B,r)sinng 2= Bl (Bur)si o r)sinng |
Cll
CZZ
X
DZl
DZZ
(6b)
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E3‘P _ ﬁSnr
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ﬂSnr 3n
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K, (B,r)sinng ——5— K, (B,,r) sinng
o ﬂSn Snr -
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(6¢)

The dispersion curves of THz-FIR wave transmitting in nerve
fibers can be obtained by using the tangential continuous
boundary conditions for the electric and magnetic fields on r =
R; and r = R,, and the dispersion equation of nth HEM mixing
mode is as follows:

1 (BiuRi) 0 “Jn (Boui)

Yo (BouRi) 0 0 0 0
0 1 (B Ri) o 0

I (B Ri) =Y (B, Ri) 0 0

YaBaR) T k)

. fin i

» Y, (B Re) *m/u (B R:) PR

¥ (B R) 0 0
0

PR 5 6,5)

E

Bn
UOBR

weyes

G ER) 0 0

weees

B

pon
Bk

LB R) ol (B Ri) B Yo (BoRe) 0 0
=Ky (Byy R2) 0
Tu(BuR2) Yo (B R2) 0 Ky (ByuR:)

LGk YL (BR) fﬁ%mﬁ@,m) K Buk)

p.n
my” (BouRe)

Bon
B

Y (BnRe)

&

B

n

V) A ()
i

K1) o, (5

2 BLR

@

It is worth noting that when n#0, the aforementioned
equation has non-zero solutions, indicating that the THz-FIR
waves on the nerve fibers are transmitting in mixed modes. When
n=0, the THz-FIR waves will no longer transmit in the mixed
modes but are decomposed into independent TE and TM modes,
and the field components satisfy E,=E,=H,=0 or
H, =H, = E, = 0. Therefore, in the case of n = 0, the left-
hand determinant can be rewritten as a 4 x 4 order determinant.
For the radiation modes, it is used to describe the radiation
fields outside and inside of the myelin sheath, which are
necessary supplements to the guided modes to provide a
completely orthogonal set of modes. The fields of the
radiation modes will not decay exponentially for increasing
values of r outside of the nerve fiber (i.e., extend to infinity).
Because there is no need to limit the function describing the
radiation modes to those decaying exponentially for large r, a
combination of Bessel and Neumann functions is used to
describe the radiation modes. It is worth noting that the
radiation modes also satisfy the boundary conditions and the
fields remain finite on-axis at r = 0. The propagation constants of
radiation modes satisfy 3, <ko/e;, and the transverse
propagation constants can be expressed as
B = Ko~ By = Koo~ By and By = Kes— 2, in
three regions. Accordingly, the Bessel function y,, in Eq. 4
can be written as v, = J,(B,,7), ¥y, = Ju(By,r) + Yu(By,1),
and v, = J, (B;,r) + Y, (B;,r). Unfortunately, in the general
field solution of the radiation mode, there are 10 unknowns
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and only eight boundary conditions. Therefore, the propagation
constants of the radiation modes can theoretically take
continuous values (Dietrich and Marcuse, 1970; Marcuse, 1973).

Here, we ignore the evanescent radiation modes of the nerve
fiber, which are the modes with imaginary values of the
propagation constants B, and do not propagate in the
z-direction. However, omitting evanescent radiation modes

keeps the set of orthogonal modes from being complete.

Nodes of Ranvier mode matching
algorithm

In the vertebrate nervous system, nerve fibers are not
completely enclosed by myelin sheaths, which periodically
disintegrate to form structures called the node of Ranvier. The
membranes of the axon that are exposed at the narrow node of
Ranvier contain large numbers of ion channels, which enable the
action potential to jump over the nodes. A schematic diagram of
the structure is shown in Figure 2. The calculations of the electric
and magnetic fields at the node of Ranvier are very complicated
because of the discontinuity of the longitudinal section of the
THz-FIR wave in the transmission direction. To analyze the
THz-FIR wave transmission and field mode transformation at
the nodes of Ranvier, we propose the nodes of Ranvier pattern
matching algorithm (RNMMA), which theoretically consists of
three steps: 1) the RNMMA begins by expanding the tangential
components of the electric and magnetic fields at the node in
terms of the normal modes in each region; 2) the scattering
matrices on the boundaries of IIT and IV are obtained by using
mode orthogonality and power normalization; and 3) the total
scattering matrix of one node of Ranvier can be obtained from
the matrix cascade, and then the distributions and mode
characteristics of the electric and magnetic fields at the nodes
of Ranvier can be solved. To simplify the analysis, we made the
boundaries of III and IV perpendicular to the z-direction, while
the boundaries are not strictly perpendicular physiologically.

As shown in Figure 2, the structure of the node of Ranvier (®
and ® regions) can be regarded as an unmyelinated neural axon,
whose structure is similar to an optical fiber. The permittivity of
the extracellular fluid in ® region is the same as that in @ region,
and the permittivity in @ region is the same as that in @ region.
The field components can also be described by Eqs 1-5. The
Bessel function in ® and ® regions can be expressed as vy, =
Jn(By,r) and s, = K, (fs,r) for guided modes, which can
ensure that the field propagates in region ® and decays
exponentially in the r-direction in region ®. The propagation
constants satisfy ko~/es <f_, <ko~/€3, and the transverse
propagation constants can be expressed S, = kZes — fa’in and
Bz, = B2, — kies. When B, < ko+/es, the transmission modes of
the THz-FIR wave generated by the node of Ranvier are radiation
modes. The transverse propagation constants can be expressed as
B =kies — P2, and B2, = kies — B2 .. The field components in
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FIGURE 2

10.3389/fbioe.2022.1055232

Schematic diagram of one node of Ranvier structure, and electromagnetic wave transmissions and reflections.

the r-direction can be described by a combination of Bessel and
Neumann functions, v,, =J,(f,,r) and v, = J,(Bs,r) +
Y" (ﬁ Snr)‘

The tangential components of electric and magnetic fields at
the boundary can be expressed in terms of each normal mode:

B = 3 CRELy (rp)e P ®
N.p

Hy = ¥ CLHD, (1 g)e P ©)
N.p

where p (p = +, —) represents the propagation direction of the
wave, N indicates the mode number, Ag is the amplitude
coefficient of each mode, and E‘Z N (1, 9) and Hf ~ (7> 9) are the
transverse electric field and magnetic field of each mode in
different regions. The pattern functions of different regions all
satisfy the orthogonality theorem of patterns,

9Sez . (E‘Zm x HY, + E) x Hzm)ds = 48,8 (p,q)P,  (10)

N

where 6,,, is the Kronecker delta. When m=n, 6, = 1,
otherwise On, =0, which means the different modes are
orthogonal to each other. Meanwhile, p and q represent the
propagation directions of the modes. When p and q are both
positive, S=1; when p and q are both negative, S=-1;
otherwise, S = 0. This means the same modes of forwarding
and backward transmissions are also orthogonal to each other.
The scattering matrix (SM) is the premise of analyzing the THz-
FIR wave propagation mode at the node of Ranvier, the core of
which is establishing the coupling matrix (CM). N and M modes
are, respectively, considered in the axon and node of Ranvier
regions on both sides of the III boundary. By applying the
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continuity conditions (E;uon = Efng and Hyaxon = Hynr) at
the junction (z = 0), we obtain the equation for the electric
field as

N

0<r< R1 Z(C;n + Cl_,n)vllt,n (r’ (P)

n=1
N

R1 <r< R2 Z(C;,n + C;,n)lllzt,n (T', (p) s

n=1
N

Z(C;,n t Cg,n)‘/’y,n (r.9)

n=1

Rzgr

Mz

(D;,, £ D}, ), (1 9) 0<r<R,
- 11)

(D;r,m * D;,m)wst,m (1’, (P) Rl <r

3
0

Mz

1

3
il

where y, , (r,¢) represents tangential electric field (E) and
tangential magnetic field (H). By making use of the property
of mode orthogonality, we can derive a set of an equation
To this the
aforementioned equation is multiplied v, (r,¢) in the

involving the unknown coefficients. end,

different regions and integrated with the whole interface. We

can get
N M
z ZF"’"(CZn-Fan) = Zfijv"m(DZm-'-DZm) (12)
i=1,2,3 n=1 j=1.2.3 i=45m=1
N M
2, 2FL(ChCi) = 2 LDl =Di)  (13)
i=1,2,3 n=1 j=1.23 i=45m=1

where F;, and fijnn, are the CM, and their representations are as
follows:
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2n R;
Fi,= J J VW, rdrdf,i=1,2,3 (14-1)
0 Rig
2n Rj
Fiiom = j j Yo vhrdrdd, j= 4,5 andi=1,2,3  (14-2)
0 Ry
2n R;
Fffn = J J w:’t,nv/xht,nrdrde’i = 1’2’3 (14_3)
0 Ri
n Ry
Fhom = J J ViV rdrdf, j=4,5andi = 1,2,3  (14-4)
0 R

where 7, represents the transverse electric field component of
the nth mode in the ith region of the axon region. y/; , represents
the transverse magnetic field component of the nth mode in the
ith region of the axon region. Meanwhile, yj,, represents the
transverse electric field component of the mth mode in the jth
region of the NR region. Finally, ‘//jht,m represents the transverse
magnetic field component of the mth mode in the jth region of
the NR region.

Therefore, the SM at the Node of Ranvier can be obtained by
using the method in Ref. (Itoh, 1989), as follows:

-1
Spm = (I + Mty_HIMx,Iu) (I - Mty_HIMx,m) (15-1)
-1

S m = 2(1 + M;,_H[Mx_III) M;,_IHMX_III (15-2)
Sz = M, (I + Szz,m) (15-13)
Siim =My mS_m -1 (15-4)

where
Mx,III = (ZixonFaxon)_l (fNRZaxonZNR) (16 - 1)

-1

MJ’—IH = (ZixnnFﬁxon) (f}I'\IRZW“mZNR) (16 - 2)

and I is the unit matrix. Each term in the CM is given by Eq. 14,
and its matrix expression is as follows:

Fy +F;,+F;5; - 0
Fuon = : _ : (17-1)
0 o FintFon+Fsn vy
FU +F% +F% - 0
Flon= : . : (17-2)
0 o Fl+Fh +Fhy )
i f41,11+f52,11+f53,11 f41,1M+f52,1M+f53,1M ]
fNR = .
L fanitfsonitfsang - fanmtfsonmt fsanm | (NxM)
(17 -3)
[ f21,11+f?2,11+f?3,11 fZl,lM"’fgz,lM*'fga,lM |
fﬁm = -
-fZl,N1+f§2,N1+f23,N1 fZl,NM+f§2,NM+fZ3,NM J(nxany
(17 - 4)
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Piion 0
Zom=| 1 . (17-5)
0 - PRl
p;’%»?R 0
Zyw = R (17-6)
0 Pyie

where Z,,,n and Zyg are the normalized matrices, which can be
determined by Eq. 10. The SM of the boundary IV can be solved
by the same methods. Then, the SM of the entire NR can be
obtained by the cascade formula of two-port networks (Chu and
Itoh, 1986).

Results and discussion

Dispersion curves and field distributions of
different modes

The dispersion curves of the guided modes in the nerve fiber
can be obtained by solving Eq. 7. The results are shown in
Figure 3. Here, the radii of the three regions of the model are set
at R; = 8ym, R, = 10ym, and R; = 20pum (Kwon et al,, 2017).
The refractive indexes of the medium in the three regions are set
asn; = 2.1,n, = 3,and n3 = 2 (Liu et al., 2019), and the dielectric
constants can be expressed as ¢; = nf . Meanwhile, we will further
investigate the effect of the difference in the dielectric constant
between the myelin sheath, and the internal and external fluids
on the transmission of the THz-FIR wave.

B is the relative propagation constant, which can be
represented as B =f_/ky. ko is the vacuum propagation
constant and is expressed as k-g = w./Eff;. As shown in
Figure 3, we only show the case of m = 0, 1, 2, and 3, but in
practice the mode order n can take any value. Because the outer
boundary of the nerve fiber is a metal tube wall with incomplete
conductance, the tangential electric field on the outer boundary
surface is not zero and the transmitted electromagnetic waves will
no longer be pure TE mode or TM mode. Similar to the structure
of optical fibers, the main transmission mode of terahertz waves
in myelinated nerve fibers is mainly HEM mixed mode.
According to the dominance of electric and magnetic fields,
the modes obtained under the nerve fiber are denoted as the
HEmn and EHmn hybrid modes when m > 1 (or TEOn or TMOn
modes).

As can be seen from the dispersion curves in Figures 3A, C,
both myelinated and unmyelinated nerve fibers transmit
has
propagation constant and corresponding transverse cutoff

independent patterns, and each mode a different
wavenumber at a given frequency. Hence, for any given
excitation signal, the mode that satisfies the transmission
characteristics

can be found by the dispersion curve.

Meanwhile, axons encased in high-refractive myelin sheaths
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(A) Dispersion curves of different guided modes in the myelinated nerve fibers within the frequency range of 0-30 THz, where m is the number

of angular variations; (B) phase velocity of different guided modes in the myelinated nerve fibers within the frequency range of 0-30 THz; (C)
dispersion curves of different guided modes in the unmyelinated nerve fibers within the frequency range of 0-30 THz; and (D) phase velocity of
different guided modes in the unmyelinated nerve fibers within the frequency range of 0-30 THz.

greatly increase the number of modes that can be transmitted in
nerve fibers compared to bare axons. By using Eq. 18, we further
investigated the phase velocities of different modes of

axons. The
3B, D. The
transmission speed of THz waves in nerve fibers can reach

propagation in myelin-wrapped and bare

calculated results are shown in Figures
108 m/s, which is much higher than the propagation speed of
action potential in myeloid axons (order of magnitude 102 m/s).
Therefore, this unique biological structure is more conducive to
supporting long-distance and high-speed communication

between nerve cells.

v, = (18)

B.

To further analyze the number of guided modes that nerve
fibers can transmit, we investigate the effect of the difference
between the dielectric constant of the myelin sheath and internal
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fluid on the number of guided modes when f = 30 THz. The
results are shown in Figure 4.

The results show that the number of guided modes increases
with the increase of the difference between the dielectric
constants of the myelin sheath and internal fluid, which
indicates that the nerve fiber can transmit THz signals to a
greater extent in the frequency band with a higher permittivity of
the myelin sheath. In addition, the lateral field distributions of
different modes can be obtained by taking the results of Figure 3
into Eq. 6, the results are shown in Figure 5. Here, Figures
5A1-E1 show the electric field intensities and their vector
of the first of THz-FIR wave
transmission at the nerve fiber port. Figures 5A2-E2 show the

diagrams five modes
magnetic field intensities and their vector diagrams.

The results show that the energies of electric and magnetic
fields are mainly concentrated in the myelin region in both
fundamental and higher modes. To compare the influence of

frontiersin.org
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The lateral field distributions of different modes. (A1-E1) Electric field intensities and their vector diagrams of the first five modes; (A2-E2)
magnetic field intensities and their vector diagrams of the first five modes.
different myelin dielectric constants and modes on the energy It can be seen from Figure 6 that the energy in the myelinated
distribution, we conducted the following supplementary studies. region increases as the difference in dielectric constants increases.
The results are shown in Figure 6. At the same frequency, lower-order modes with high
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Effects of changes in the permittivity of myelin sheaths on energy distribution in axons, myelin sheaths, and fluid regions.

propagation constants concentrate energy more efficiently in the
myelin sheath region.

Transmissic_)n charac_teristics of THz-
FIR waves in nerve fibers

The complex permittivity of a polar solution can be

) o
e=¢ —]<s”+—)
w

where ¢’ is the imaginary part of the permittivity,

expressed as:

19)

representing the polarization loss in the nerve fiber.
Meanwhile, ¢ is the electrical conductivity, representing
the ohmic loss of the nerve fiber. During the simulation,
we take &” =0.1, 0 =30.95/m. The normalized Poynting
vector of the longitudinal transmission THz-FIR waves in
the nerve fibers are shown in Figure 7. It can be seen that
myelinated nerve fibers can greatly reduce the loss caused by
the absorption of polar liquids, such as water.

We further investigate the effects of different myelin sheath
thickness and dielectric constant on THz-FIR wave transmission.
The theoretical calculation results of HE11 mode are shown in
Figure 8.
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Figure 8 shows the relationship between the maximum
attenuation of THz-FIR waves traveling along the 100 um
long axon with the difference between the dielectric constants
of the myelin sheath and the internal and external fluids, and the
thickness of the myelin sheath when the frequency is 30 THz. It
can be seen that with the increase of the permittivity and
thickness of the myelin sheath, the attenuation of THz-FIR
waves is greatly reduced. This indicates that the bearing
capacity of the nerve fibers in different positions in the
organism for the transmission of the THz-FIR wave is
different. Thicker nerve fibers (e.g., squid’s spinal nerve)
facilitate long-distance transmission of THz-FIR wave.

Transmission characteristics at nodes
of Ranvier

As an important physical parameter, the SM can be used to
calculate the energy transfer process at the nodes of Ranvier. The
calculation process of the SM is shown in Eqs 16 and 17. Here, we
set the gap width of the nodes of Ranvier to 2 um, the thickness of
myelin sheath to 2 pm, the length of the axon to 100 pum, and the
permittivity of three regions to & =4, &, =9, and &5 = 4.41,
respectively. We then calculated the S11 curve and S21 curve of
the node of Ranvier and compared them with the calculation
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results of the CST simulation software. The results are shown in
Figure 9.

Compared with the result calculated by CST software, the
results of the theoretical calculation are consistent with those
from CST simulation software, which verifies the accuracy of our
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method. At f = 12.5 THz, S11 has the minimum value. This
indicates that the reflection of THz-FIR transmission is the
smallest at this time, which is mainly related to the width of
the nodes of Ranvier. At the same time, S21 is greater than —5dB,
which indicates that the THz-FIR wave has good transmission
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performance through the Ranvier junction. Meanwhile, the
results also show that the S21 curve maintains a relatively
stable value in the range of 10-30 THz and its value is greater
than —5dB. This indicates that the node of Ranvier gap width
(2 pm) has a weak influence on the transmission of THz waves.
This happens because when the periodic gap width is much
smaller than the wavelength of the THz-FIR wave, the THz-FIR
wave can pass through the structure with minimal loss. This
method provides theoretical support for further research on the
interaction between THz-FIR waves and ion motion at the nodes
of Ranvier.

Conclusion

In this article, we investigated the propagation characteristics
of THz-FIR waves at the nerve fibers and the nodes of Ranvier by
theoretical analysis. We aimed to study the new physical
mechanism of high-frequency signal transmission in the
nervous system. First, the exact expressions of the guiding
mode and radiation mode in the nerve fiber have been
obtained by theoretical analysis and the dispersion curves of
the transmission of the THz-FIR wave in the nerve fiber have
been obtained by applying proper boundary conditions.
Myelinated nerve fibers more modes of

can support
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transmission than unmyelinated bare axons, which greatly
enhances the possibility that THz-FIR waves can travel
through nerve fibers. It was found from the calculation results
of field distributions that the myelinated nerve fibers could
concentrate the field energy within the myelin region to a
great extent, thus avoiding the strong absorption of THz-FIR
waves by the surrounding polar liquids. Meanwhile, the thickness
and permittivity of myelin sheath had a considerable influence on
the propagation of THz-FIR wave along the nerve fiber. With the
increase in the thickness and permittivity of the myelin sheath,
the attenuation of the terahertz wave in longitudinal
transmission gradually decreases.

We established a pattern-matching algorithm for the first
time, named RNMMA, which was used to investigate the
electromagnetic wave propagation and reflection
characteristics of longitudinal discontinuities at the axon and
the nodes of Ranvier. The accuracy of our algorithm has been

verified by comparing it with the calculation results of CST.
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