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Abstract—Neurostimulations which use High Frequency (HF)
block show great promise for neuromodulatory therapies. Treat-
ments have been developed for various health conditions in-
cluding obesity and obesity related health risks, and now even
stomach cancer treatments are being considered. However the
mechanism of the block is still not completely clear, as well as
how various neural and electrode parameters affect it. In order
to study conduction block during HF stimulation in mammalian
axons, we describe a detailed computational model and perform
comprehensive simulations. We establish relationships between
the blocking frequency and amplitude versus fibre diameter and
the distance between the electrode and fibre. We found that
only a certain level of depolarisation will universally create a
block irrespective of the fibre size, and it is in the range 24-
30 mV depending on the stimulus frequency. Our study crucially
improves our knowledge about this important technique which
is rapidly emerging as a commercially available therapy.

I. INTRODUCTION

HFAC nerve block has become widely studied in the last
decade since it is considered, in some cases, a valuable
alternative to drug therapies [1]. Drawbacks of such methods
are the non-specificity, side-effects and nerve damage [2];
HFAC, besides being selective [3] does not harm the nerve
tissue in chronic applications, as reported in [4], [5].

This technique has seen success in some clinical appli-
cations such as heart failure, obesity, depression, anxiety,
even if the mechanism behind it is not clearly understood.
EnteroMedics R© developed vBloc R© Therapy which induces
weight loss by stimulating the vagus nerve (VN) [6]. This
therapy was highly effective for stimulation times superior to
12 h per day, but “the specific mechanisms for weight loss
due to the use of the device are unknown” as mentioned
by the FDA [7]. Recently conduction block has also been
exploited to suppress tumorigenesis. In particular Chun-Mei et
al. have proved that surgical or pharmacological denervation
of the stomach reduced tumour progression and enhanced
chemotherapy effects in the treatment of gastric cancer [8].

This study arises from relevant results found in literature,
and draws attention to the average depolarisation state gen-
erated below the blocking electrode during high frequency
stimulation, observed by Kilgore et al. in their studies [2],
[9]. An investigation over different fibre sizes, frequencies,
amplitudes and distances between nerve and electrode (δ) was
carried out in order to visualize the depolarisation level in
function of these variables. Conduction block was achieved
above 2 kHz in all the simulations, and the block thresholds,

which ranged from 0.6V to 1.7V for the smallest fibre,
diminished with the fibre size and increased with δ. We noticed
that the depolarisation level is linked to nerve block, taking the
value between 24 mV and 30 mV above the resting potential
at threshold amplitudes.

II. METHODS

A. Axon Model

A double cable model of 60 nodes was used, and the
axon is generated by repetition of 6 sections: node, paranode,
juxtaparanode, internode, juxtaparanode, paranode (see Fig. 1).

Fig. 1: Axon geometry, and the stimulation electrode. The
enlarged sections are the pattern which is replicated to create
the whole axon (parameters are given in Tab. I).

The axon parameters (Tab. I) were taken from MRGaxon
model [10] considering three different fiber sizes. The nodal
and para-nodal length were fixed to 1 µm and 3 µm respec-
tively, while the other parameters depended on the fibre size.
Three types of ion channels (potassium, sodium and persistent
sodium) and a linear leakage conductance were implemented
in the node, while only passive mechanism was considered in
the other sections. An extracellular AC electric field, produced



by a monopolar electrode, was applied above the node-30 at a
distance δ. The AC cuff electrode was modelled in COMSOL
Multiphysics R©, assuming isotropic material properties for the
nerve, to calculate the exctracellular potentials.

TABLE I: MRG axon model parameters

Parameter Symbol Value
Fibre size (diameter), [µm] D 5.7 7.3 8.7

Nodal length, [µm] L1 1 1 1

Paranodal length, [µm] L2 3 3 3

Juxtaparanodal length, [µm] L3 35 38 40

Internodal length, [µm] L4 419 663 909

Nodal diameter, [µm] d1 1.9 2.4 2.8

Paranodal diameter, [µm] d2 1.9 2.4 2.8

Juxtaparanodal diameter, [µm] d3 3.4 4.6 5.8

Internodal diameter, [µm] d4 3.4 4.6 5.8

Paranodal periaxonal space, [nm] p2 2 2 2

Juxtaparanodal periaxonal space, [nm] p3 4 4 4

Internodal periaxonal space, [nm] p4 4 4 4

B. Simulation set-up

Computer simulations using NEURON simulation platform
[11] were performed on our axon model. A time step of 5 µs
was chosen, and the duration of the simulation was set to
100ms. A number of fibre sizes were investigated, here we
show results for three typical cases: D = 5.7, 7.3, 8.7 µm.
The frequencies ot the external electric field ranged from
1 kHz to 40 kHz with a step of 1 kHz and the amplitudes’
range was from 0.1V to 2V with a step of 0.1V. Electrode
distance was δ = 1mm in all results, except in Fig.5 where
the effect of changing δ is investigated. The AC electric field
was turned on at 0ms, and a test action potential (AP) was
triggered at node-1 after 75ms with an Iinj = 2 µA for
0.12ms, which is used to observe the AP propagation block.

III. RESULTS

A. Nerve Blocking

A demonstration of block is shown in Fig. 2. The recordings
at both node-1 (N1) and node-60 (N60) first show two APs
due to the onset of the HF stimulus at node-30 (N30), Fig.2a)
and c). Then for the test AP generated at N1 at 75ms, there is
no corresponding AP at N60. For N30 we show the paranode
membrane voltage since the actual node voltage changes at
high frequency following stimulus. As the stimulus is turned
on, the paranode membrane voltage rapidly increases from
the resting potential to a steady depolarised level. Paranodes’
depolarisation has a maximum where the electric field is
strongest (near N30) and decreases to the resting potential far
from the electrode, as the electric field vanishes.

A complete and reversible block was observed for all
frequencies above 2 kHz. Below this frequency the stimulation
causes the nerve to fire continuously for every amplitude
tested. Above 2 kHz, the minimum amplitude needed to obtain
block increases almost linearly with frequency and decreases
with D. For example, when frequences change from 2 kHz to

40 kHz, these values range: 0.6V to 1.7V for D = 5.7 µm,
0.5 V to 1.2V for D = 7.3 µm and 0.4 V to 1V for
D = 8.7 µm. Amplitudes slightly below the block threshold
generate a finite number of bursts on the activation of the
HFAC stimulus, but afterwards, an AP triggered by the test
impulse in N1 will propagate. For even lower amplitudes, the
nerve fires continuously at a frequency of about 600Hz.

b)

a)

c)

Fig. 2: Recording of the membrane voltage at: (a) node 1,
(b) paranode adjacent to node 30 and (c) node 60. The AC
stimulus is delivered at 10 kHz and amplitude 1V.

B. Average Depolarisation

Fig. 3 gives a detailed insight how the HFAC block operates
by showing the membrane voltage in nodes near the blocking
node (N30). The AP generated at N1 starts decreasing grad-
ually as it encounters the depolarized region (N20, N23, N26
and N29 are shown in Fig. 3a), until it completely vanishes
at the blocked node and no spike appears on the subsequent
nodes (N31, N34, N37). We note that each node has a different
effective depolaristaion, which depends on the distance from
the stimulation electrode. The depolarisation level for N30 at
steady state is 30.3mV (corresponding to membrane voltage
−49.7mV Fig. 3a)) and decreases to 1.6mV towards the end
of the axon (N1 and N60).

Important difference occurs for a slightly lower HFAC
stimulation amplitude (0.9 V instead of 1 V) which caused a
small deacrease of depolarisation at N30 (28.3 V) shown in
Fig. 3b). In this case the AP is able to recover in the following
nodes (N31, etc) and thus escape the block.

In order to better understand the relationship between the
depolarisation level and block effectiveness, 3D maps showing
membrane voltage at the paranode adjacent to N30 in steady
state were created for different fibre sizes, amplitudes and
frequencies, see Fig. 4. Two different regions can be identified:
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Fig. 3: Recordings of the AP generated by the test stimulus
at N1 after 75ms of HFAC stimulation, for HFAC 10 kHz
and two different HFAC amplitudes: (a) 1V, when the AP is
blocked, and (b) 0.9V, when the AP is transmitted.

the Block region (with blue border) and Transmission (with
red border). Interestingly the colour map, which shows the
depolarisation levels, coincides with the actual region borders:
yellow is in the Block region and blue-green in the Transmis-
sion region, with same colour of the separation line, which is
green and corresponds to 24 mV. This result is the same for
each D, i.e. this property is invariant. We also note that the
higher the frequency is, the higher the amplitude must be to
depolarize the membrane and block the AP propagation.

C. Different fibre sizes

The blocking behaviour in the HFAC frequency-amplitude
space (Fig. 4) as a function of fiber size shows that the block
threshold is shifted towards lower amplitudes, and the slope
of the threshold line decreases as the fibre diameter increases.
The observation that larger fibres are easier to depolarize so
they can reach block at lower amplitudes, have been previously
experimentally verified. The depolarisation level for the same
amplitude will depend on the frequency and shows maximum
at a frequency which slightly depends on D.

D. Different distances between the electrode and the fibre (δ)

This parameter influences the shape and strength of the elec-
tric field and plays an important role in the evoked behaviour
of the nerve. Results for three different distances are shown
in Fig. 5. We notice that for δ = 2mm there are two blocking
and transmission regions (Fig. 5b), as well as for δ = 3mm
(Fig. 5c). By increasing δ at fixed voltage amplitude results in
a flatter distribution of the electric field, and that affects how

different nodes will depolarise due to HFAC. However, on
the demarcation line between the first block and transmission
regions, the depolarization level is almost the same for all δ, as
previously noted. As δ increases a larger amplitude is needed
to obtain block: e.g. for f = 10 kHz and δ = 1mm the block
threshold amplitude is at 1V, and increases to 5 and 10V for
δ = 2 and 3mm respectively.

IV. DISCUSSION

HFAC stimulation of the nerve for specific amplitudes and
frequencies causes block, but the reason why it happens is
still not fully understood. The key phenomenon that leads
to the inability of a node to create a spike is effective
depolarisation due to HFAC. What emerged from this work is
that the block is achieved after the nerve finds an equilibrium
depolarisation condition. For instance this equilibrium can
be noticed in Fig. 2b), where the membrane voltage at the
paranode is characterized by a transitional state, in which the
nerve produces the onset response, followed by a steady state,
in which the membrane voltage stays constant and the nerve
stops firing. The same applies for other model variables such
as the ion currents, but they differ in the time they reach the
steady state. We noticed that the sodium current arrives at
equilibrium 5 times faster than the potassium current. This
fact explains why the membrane quickly depolarizes in the
transitional state, but then potassium current becomes big
enough to offset the sodium current, resulting in maintaining
a constant depolarisation level over the time.

The depolarisation is a predictor of nerve blocking [12], and
our study shows that a specific level of depolarisation causes
the block and any combination of frequency and amplitude of
HFAC stimulus that can reach it will cause the block.

We also found that depolarisation can be achieved only
when the nerve spikes at least one AP during the HFAC onset,
and this could be referred to a sort of activation energy to be
gained in order to achieve block. Indeed at very low amplitudes
the electric field can’t trigger the onset response and the
membrane stays at resting potential (Fig. 4.a), blue band).
However, by sufficiently increasing the HFAC amplitude an
onset response of the nerve is achieved, and the membrane
voltage rises steeply in the steady state (Fig. 4.a), green band).

By increasing δ the extracellular electric field near the
blocking node becomes smaller and a higher HFAC amplitude
is needed to achieve block. The increase of distance and
amplitude also produces alternating regions of transmission
and block, Fig 5b), c). The secondary firing regions have
been experimentally observed [13], and are accompanied by
an overall depolarisation of the axon, which resulted in a
shift of the membrane voltage profile. This could be related
to the secondary phase of the onset response which, for in
vivo experiments, lasts for several seconds before block is
achieved. We think indeed that the secondary block observed
in experiments could be related to ion accumulation and
depletion mechanisms that alter the excitability of the nerve:
implementation of ion diffusion mechanisms would be taken
into account in further works. Moreover we assumed a linear
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Fig. 4: Depolarisation level at the paranode adjacent to node 30 in the steady state.

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Fiber = 5.7μm, δ = 1mm Fiber = 5.7μm, δ = 2mm Fiber = 5.7μm, δ = 3mm 

Frequency of the external eletric field, kHz Frequency of the external eletric field, kHz Frequency of the external eletric field, kHz

A
m

p
lit

u
d

e
 o

f 
A

C
 s

tim
u

la
tio

n
, 

V

0

5

10

15

20

25

30

35

V
m

 -
 R

e
st

in
g

p
o

te
n

tia
l, 

m
V

a) b) c)

10 15 20 25 30 35 405110 15 20 25 30 35 4051 10 15 20 25 30 35 4051

2

4

6

8

10

12

14

16

18

20

5

10

15

20

25

30

Block
Block

Block

Block

Block

Transmission

Transmission

Transmission

Transmission

Transmission

Fig. 5: Depolarisation level at the paranode adjacent to node 30 in the steady state.

increment of the electric field with the increase of stimulus
amplitude: such an assumption could preclude the possible
changes in shape of the electric field which may cause the
nerve to behave differently. Finally, a more accurate COMSOL
model of the cuff electrode will be analysed, taking into
consideration the interface between electrode and electrolyte.

V. CONCLUSION

A comprehensive simulation study based on MRG axon
model has been conducted in order to gain a better understand-
ing of mechanisms behind the high frequency nerve block.
We explain how the nerve depolarisation causes the block
and its universal character. A number of experimental results
can be explained from the results of our simulations. Some
improvements can be carried out to reproduce a more realistic
scenario when the electrode-nerve distance increases.
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