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Abstract— Objective: Percutaneous electrical stimulation of the 

auricular vagus nerve (pVNS) is an electroceutical technology. 
The selection of stimulation patterns is empirical, which may lead 
to under-stimulation or over-stimulation. The objective is to 
assess the efficiency of different stimulation patterns with respect 
to individual perception and to compare it with numerical data 
based on in-silico ear models.  

Methods: Monophasic (MS), biphasic (BS) and triphasic 
stimulation (TS) patterns were tested in volunteers. Different 
clinically-relevant perception levels were assessed. In-silico 
models of the human ear were created with embedded fibers and 
vessels to assess different excitation levels. 

 Results: TS indicates experimental superiority over BS which 
is superior to MS while reaching different perception levels. TS 
requires about 57% and 35% of BS and MS magnitude, 
respectively, to reach the comfortable perception. Experimental 
thresholds are decreased from bursted to non-bursted 
stimulation. Numerical results indicate a slight superiority of BS 
and TS over MS while reaching different excitation levels, 
whereas the burst length has no influence. TS yields the highest 
number of asynchronous action impulses per stimulation symbol 
for the used tripolar electrode set-up. 

Conclusion: The comparison of experimental and numerical 
data favors the novel TS pattern. The analysis separates 
excitatory pVNS effects in the auricular periphery, as accounted 
by in-silico data, from the combination of peripheral and central 
pVNS effects in the brain, as accounted by experimental data. 

Significance: The proposed approach moves from an empirical 
selection of stimulation patterns towards efficient and optimized 
pVNS settings. 
 

Index Terms—auricular nerves, in-silico modeling, 
personalized stimulation, stimulation optimization, stimulation 
patterns, vagus nerve stimulation. 
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I. INTRODUCTION 
LECTRICAL vagus nerve stimulation progressively 

comes into focus as a significant part of bioelectronic 
medicine for non-pharmacological treatment of various 
diseases [1], [2], [3]. Here the percutaneous electrical 
stimulation of the auricular vagus nerve (pVNS) using 
miniature needles within the vagally innervated regions of the 
ear [4] gained a special interest [5]. In addition, methods for 
transcutaneous stimulation of the auricular vagus nerve via 
surface electrodes [3] and for invasive stimulation of the 
cervical branch of vagus nerve via implanted electrodes [6] are 
available. pVNS avoids diffuse stimulation of auricular nerve 
endings and implantation risks of transcutaneous and invasive 
approaches, respectively [5], as summarized in our recent 
review [7]. 

Stimulation of the afferent vagus nerve modulates sensorial 
input to the brain. It changes activation patterns of specific 
brain structures, especially of the nucleus of the solitary tract 
in the brainstem, and thus modulates the parasympathetic part 
of the autonomic nervous system with its systemic effects 
affecting the whole body. pVNS can be expected to be mostly 
sympatho-inhibitory in origin [8], [9]. 

In particular - as recently reviewed by our group [10] - 
auricular stimulation seems to alter signal processing and 
reflex circuitries in the brain [11], [12]. The vagal stimulation, 
in general, modulates nociceptive processing [13] and 
inflammation [14], as well as serotonergic, noradrenergic, and 
endorphinergic pathways in the brain [15]. Diverse systemic 
physiological parameters are affected such as heart rate 
variability [8], [16], [17], peripheral blood perfusion [18], and 
sympathetic outflow [19]. pVNS is targeted in chronic pain 
syndromes [20], [21], neurological, neurodegenerative, and 
metabolic ailments [22], [23], [24] as well as inflammatory 
and cardiovascular diseases [2], [25]. 

Different devices have been used for clinical investigations 
of auricular vagus nerve stimulation [19], [20], [26], [27]. The 
used stimulation settings differ from one device to another and 
are based on empirical observations [5]. Even though the 
stimulation magnitude is individually adjusted in some 
devices, optimal stimulation patterns for pVNS are still 
undetermined. Thus, a suboptimal pVNS therapy can be 
expected to deliver suboptimal therapeutic results, leading 
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potentially to under-stimulation or over-stimulation. 
For instance, for the transcutaneous auricular vagus nerve 

stimulation, authors in [28] show that different stimulation 
parameters yield different responses in the heart rate, whereas 
authors in [29] use vagus somatosensory evoked potentials to 
optimize parameters. The physiological and therapeutic 
relevance of the selected stimulation parameters, especially 
bursted versus non-bursted, is highlighted in [5], [30], [31], 
[32], [33]. 

However, the common denominator in used pVNS 
stimulation settings is that stimuli of a subjectively 
comfortable intensity are preferred to reach therapeutic targets 
[21], [34], whereas perception is a strong function of the 
stimulation pattern [35]. A tingling perception is necessary 
[3], [36] since the non-nociceptive pVNS should recruit 
myelinated Aβ fibers [37] of the auricular vagus nerve, which 
are responsible for cutaneous mechanoreception and touch 
sensation. pVNS should avoid pain perception and thus avoid 
stimulation of myelinated Aδ fibers of the auricular vagus 
nerve, devoted to cutaneous pain and temperature sensation. 
Authors in [13] suggest that non-painful innocuous peripheral 
nerve stimulation preferentially activates Aβ fibers but not Aδ 
nociceptive fibers in the ear. As a practical advantage for 
pVNS, relatively thick Aβ fibers (with the diameter 7-10μm) 
can be easier recruited than relatively thin Aδ fibers (2-5μm). 

This association between subjective perception and 
recruitment of auricular Aβ and/or Aδ fibers warrants an 
optimisation of experimental perception and numerical 
simulation with respect to different stimulation patterns, as 
targeted by the present study. Namely, experimental 

thresholds of subjective comfortable perception are assumed 
to model mechanoreceptive and touch sensation of the ear, and 
thus are assumed to be related with numerical thresholds of 
the required Aβ excitation within proposed in-silico ear 
models. In contrast, experimental thresholds of subjective 
painful perception are assumed to model pain sensation of the 
ear and thus are assumed to be related with numerical 
thresholds of Aδ excitation. 

In this paper, the perceptional efficiency of different 
stimulation patterns with respect to different modalities is - for 
the first time - compared and contrasted with numerical 
counterparts using powerful in-silico models. This work 
should offer useful insights into the experimental and 
numerical relevance of the stimulus waveform, shape, and 
burst lengths in pVNS.  

II. METHODS 

A. Experimental Data 
A pre-clinical single-blinded pilot study was carried out at 

the Medical University of Vienna on the systemic evaluation 
of stimulation parameters of pVNS. The study was approved 
by the local ethics committee (Nr. 1924/2013) and the 
Austrian Agency for Health and Food Safety, and was 
registered at ClinicalTrials.gov (NCT02098447). Ethical 
guidelines were implemented including detailed information 
and signed informed consent of all study participants. 

The present study includes data on eight healthy adult 
volunteers without any pain (five females) aged 44 ± 13 years 
with body mass index 22 ± 4 kg/m2. Three volunteers were of 
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Fig. 1  In-vivo and in-silico models for the percutaneous auricular vagus nerve stimulation (pVNS). a) Ear with vagally innervated regions and four 
percutaneous needle electrodes: three stimulation electrodes (E1 to E3) and a reference electrode (ER). b) Individual in-silico model for pVNS composed out 
of individually-wired auricular blood vessels (yellow and red), two auricular vagus nerve branches running along vessels (blue), and needle electrodes E1..3 
(blue) and ER (green). c) Simple in-silico model for pVNS composed out of a tissue block with an embedded single nerve and two stimulation electrodes E1 
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age < 40 (two females). As shown in Fig. 1a, four stimulation 
needles with the penetration depth of 2mm were placed in the 
ear, namely, three active needle electrodes (E1 to E3) and one 
reference needle electrode (ER). Here auricular regions were 
selected which are partly or solely innervated by the vagus 
nerve: cymba conchae (cc), cavity of conchae (c), and crura of 
antihelix (ca) [4]. Needles were positioned close to vessel-
nerve bundles, as located by measuring the local resistance of 
the auricle (Multi-Point from Biegler Medizinelektronik 
GmbH, Austria) and by visual inspection of the auricular 
vessel structure. Needle electrodes were wired with the 
voltage-controlled output of a proprietary portable µC-based 
stimulator (Fig. 1a) - build by the Vienna University of 
Technology, for technical characteristics see row IV in Table I 
[38] - that is battery powered and wirelessly controlled. The 
capacitive coupling between electrodes and the stimulator 
output avoided electric charge imbalance at the 
electrode/tissue boundary and thus irreversible 
electrochemical reactions over time. 

The applied stimulation patterns of the voltage u1(t) to u3(t) 
on the active electrodes E1 to E3 , respectively, with respect to 
ER are illustrated in Fig. 2, with the burst repetition rate fS of 
1Hz and the peak amplitude U. Monophasic stimulation (MS) 
comprises a rectangular voltage pulse of 1ms duration tP with 
zero voltage for the subsequent 1 ms, forming a single MS 
symbol with 2 ms duration (Fig. 2a). Here the pulse changes 
its polarity after each stimulation period 1/fS . Biphasic 
stimulation (BS) is formed out of consecutive up and down 
pulses each with tP = 1 ms (Fig. 2b), forming a single BS 
symbol with 2 ms duration. A novel stimulation pattern, 
triphasic stimulation (TS), is composed out of six consecutive 
pulses of tP = 1ms duration each, with the total duration of 
6 ms of a single TS symbol (Fig. 2c). In TS, the sum over all 
three stimulation patterns u1(t) to u3(t) equals to zero voltage at 
any time, favorably unloading  the resulting current iR along 
the reference electrode (Fig. 1a). A variable burst length BL of 
1, 30, or 250 symbols per second were implemented for MS 

and BS, with the respective total burst duration of 2 ms, 
60 ms, and 500 ms. TS was tested with BL = 1, 15, or 125 
symbols per second, with the respective total burst duration of 
6 ms, 90 ms, and 750 ms. While the sequence of BS or TS 
symbols (for BL > 1) does not change from one burst to the 
next with the repetition rate fS (Fig. 2b,c), the sequence of 
cathodic MS symbols (BL > 1) follows that of anodic MS 
symbols and vice versa in MS (Fig. 2a). 

Three recording sessions were performed per study 
participant, with one measurement session per day on three 
consecutive days (reducing accommodation effects) in a quiet 
room and sitting position. Measurement sessions were 
initiated 1-2min after placement of needle electrodes. After 
each session, needles were removed. The stimulation side was 
switched from right to left ear (or vice versa) from one 
measurement session to the next. The electrode position was 
slightly altered from the first to third session - when the same 
ear was used - in order to avoid both formation of scar tissue 
and increase in the electrode impedance. 

Each measurement session included nine tests (three 
stimulation patterns with the respective three different BL), 
with in total 27 tests per subject and 216 tests for the whole 
study. In each test, U of the selected stimulation pattern and 
BL was increased from 0V in small steps of 50 to 100 mV 
every 10 s until a particular individual perception level (PL) is 
reached. There was a short pause of at least 2 min in-between 
tests to avoid refractory behaviour. Single blinded tests were 
performed, i.e., subjects were not informed about the onset of 
the stimulation, the type and BL of the stimulation pattern, as 
well as about the applied change in U. 

The first measurement session included the following tests 
(in chronological order): MS with BL = 1, 30, and 250, then 
BS with BL = 1, 30, and 250, and then TS with BL = 1, 15, 
125. The second session started with BS with BL = 1, 30, and 
250, then TS with BL = 1, 15, and 125, and then MS with 
BL = 1, 30, 250. The third session began with TS with BL = 1, 
15, and 125, then MS with BL = 1, 30, 250, and then BS with 
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BL = 1, 30, and 250. 
For each test, three PLs of U were experimentally assessed: 

first the threshold perception (PLa), then the comfortable 
perception (PLb), and lastly the painful up to intolerable 
perception (PLc). All PLs were assessed as a function of the 
stimulation pattern and BL. At the end of each test, subjects 
reported verbally their subjective perception of the 
stimulation. 

Values of U were averaged over all three measurement 
sessions for a given subject, PL, stimulation pattern, and BL. 
In order to assess the energetic footprint of the different 
stimulation patterns and the associated metabolic stress on 
auricular nerves, the effective value Ueff 

 
2 2
eff S ( ) dU f u t t= ⋅ ∫   (1) 

 
was calculated. For MS, BS, and TS, Eq. 1 yields the 

respective Ueff,MS , Ueff,BS , and Ueff,TS according to Fig. 2 given 
by 

 
2

eff,MS S PU f U t BL= ⋅ ⋅ ⋅  , 

 
2

eff,BS S P 2U f U t BL= ⋅ ⋅ ⋅ ⋅  , and 

 
2

eff,TS S P 3U f U t BL= ⋅ ⋅ ⋅ ⋅  , (2) 

 
with U as the peak value, tP the pulse duration, fS the 

repetition rate, and BL the burst length. In a generalized form, 
Eq. 2 can be rewritten as 

 

eff P SU U t f BL k= ⋅ ⋅ ⋅ ⋅   (3) 

 
with 1k =  for MS, 2k =  for BS, and 3k =  for TS. 
Data was tested for normal distribution using Kolmogorov-

Smirnov test. Since data was not normally distributed, 
statistical differences between sample medians (between the 
different stimulation patterns and BL) within a single group of 
subjects were tested by the two-sided Wilcoxon signed rank 
test for paired dependent samples. Statistical differences 
between medians of different groups of subjects (between 
male and female, as well as age < 40 years versus age ≥ 40 
years) were tested by the two-sided Wilcoxon rank sum test 
for two independent samples. An error probability of 0.05 was 
assumed for rejecting the null hypothesis (medians are equal) 
and the rejection is denoted by asterisks “*” (Fig. 3 to Fig. 5). 
All boxplots reflect the 25th, 50th (median), and 75th percentiles 
with whiskers extending to 1.5 of the interquartile range below 
the first quartile and above the third quartile (compare Fig. 3). 

B. Numerical Data 
Numerical simulation of pVNS requires a step-wise coupled 

electromagnetic and electrophysiological modelling, which 
was performed in the Sim4Life platform (from Zurich 

MedTech AG, Switzerland) [39]. First, the distribution of the 
electric field in the auricular tissue was calculated in response 
to the spatially distributed application of voltages u1(t) to u3(t) 
(Fig. 1a), using the low-frequency solver in Sim4Life. As in 
the experimental setting, u1(t) to u3(t) reflected the temporal 
stimulation patterns MS, BS, and TS with the variable BL 
(Fig. 2). The resulting distribution of the electric field 
considered the particular anatomy of the ear and the 
heterogeneity of local electrical properties - especially of the 
electrical conductivity - of the auricular tissue due to 
embedded blood vessels but without auricular nerves [40] 
(Fig. 1b). Here the auricular tissue conductivity was set to 
0.2 S/m while that of embedded vessels to 0.7 S/m, in line 
with our recent works [41], [42]. 

Second, the resulting local electric fields in the auricle, their 
gradients and dynamics - along extracellular spaces of now 
embedded auricular axons and their endings - were used for 
the neural simulation, i.e., for excitation of axonal membranes. 
The dynamics of these electric fields were tightly connected 
with the temporal characteristics of u1(t) to u3(t) (Fig. 2). Here 
the physiological distribution density of fiber types in the ear, 
fiber trajectories, and their diameters as well as realistic fiber 
models were required, as these properties determine the 
physical stimulation depth and numerical thresholds of pVNS 
for specific electrode placement and stimulation waveform. 
Fig. 1b,c show the used models: a realistic and a simple in-
silico model. We simulated auricular myelinated fibers and 
thus their transmembrane mechanisms with the SENN model 
[32] and the Sweeney model [43], both models being used and 
validated in Sim4Life. Titration mechanisms were used to find 
thresholds of excitation for single fibers. For more details on 
the low-frequency solver and neuronal modelling, the reader is 
referred to [41]. 

The realistic individual in-silico model is shown in Fig. 1b 
and has a spatial resolution of 3mm, including major auricular 
arteries (originating from the superficial temporal artery and 
the posterior auricular artery, colored in yellow and red in Fig. 
1b), and two branches of the auricular vagus nerve (marked in 
blue in Fig. 1b). Branches and sub-branches of this modelled 
nerve are running alongside blood vessels since fibers and 
vessels are usually wired together, often alongside one another 
[44], even in the auricle [7], [40]. Nerves are modelled as 
bundles of fibers with a physical volume (given by the fiber 
diameter, see below) and conductivity (of 1 S/m [32]). A 
distance equal to the diameter of a single fiber is kept between 
two adjacent axons to simulate a dense population of axons 
[42]. 

Approximate locations of vessels and nerve branches in Fig. 
1b are based on the vascularization of the auricle and the nerve 
supply of the human ear [4], [45], [46]. However, detailed 
distribution of vessels and nerves is highly individual; thus, a 
typical and exemplary distribution is selected in Fig. 1b. 
Vessels and nerve branches are located at least 70 µm under 
the skin surface, i.e., below the epidermal thickness at the 
thinnest parts of the human body [47]. In close agreement with 
the experimental setting (Fig. 1a), four stimulation electrodes 
E1 to E3 and ER are located in vagally innervated regions of the 
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ear (regions cc, c, and ca from Fig. 1a) with their penetration 
depth of 2 mm (Fig. 1c). 

The two branches of the modelled auricular vagus nerve in 
Fig. 1b are composed out of 66 myelinated thick Aβ fibers and 
189 myelinated thin Aδ fibers, in agreement with numerical 
counts of dissected auricular axons [37]. Modelled Aβ fibers 
have the diameter 8.3 µm (their typical diameter is in the 
range 7-10 μm with the estimated average diameter 8.3 µm in 
the ear [37]), whereas Aδ fibers have the diameter 3.5 µm 
(with their typical diameter 2-5 μm and the estimated average 
3.5 µm [37]). As shown in Fig. 1b, Aβ and Aδ fibers are 
distributed in a way that each active electrode E1 to E3 is 
surrounded by 1/3 of all Aβ and Aδ fibers, namely, by 22 Aβ 
and 63 Aδ fibers. These fibers reside relatively close to the 
respective needle electrodes, where they can be recruited due 
to the resulting high local electric fields and their high local 
gradients (around E1 to E3 in Fig. 7a). Particular numbers of 
embedded Aβ and Aδ fibers along splitting nerve branches are 
listed in Fig. 1b. A space equal to the diameter of a single 
axon is modelled between two adjacent axons to simulate a 
dense axon population [42]. 

In addition, a simple in-silico model for pVNS was 
established, as shown in Fig. 1c. The model provides 
comparative numerical data on pVNS since it excludes 
potential influence of individual geometrical, vascularization, 
and innervation features of the individual in-silico model (Fig. 
1b). This simple model is a block of auricular tissue 
(100×100×10 mm3) without vessels and with a single 
embedded straight-line nerve in the depth of 2 mm. A single 
stimulation electrode E1 is pierced down to 2 mm into this 
block at a lateral distance of 1 mm from the nerve (Fig. 1c), 
whereas the reference electrode ER is placed in a distance of 
20 mm (or 10 mm for sensitivity analysis of the model, see the 
discussion section). This lateral distance was selected because 
needle electrodes are typically positioned in a distance of 
about 1 mm from identified auricular vessels in clinical pVNS 

applications to minimize risks of local bleeding. In line with 
the individual model, the nerve is composed out of 22 Aβ and 
63 Aδ fibers for this single electrode E1 . The auricular block 
was positioned in the center of another larger block of air as 
the background domain (1000×1000×1000 mm3), whose all 
six surfaces were subjected to the zero electric field (Neumann 
boundary condition). This distant setting of boundary 
conditions allows unrestricted distributions of the electric and 
current density fields within the auricular block. 

For both models, three excitation levels (EL) of U were 
numerically assessed: the excitation threshold (ELa) of any 
single Aβ fiber in the ear during a single stimulation period 
1/fs , the mechanoreceptive threshold (ELb) with at least a 
singular excitation of all modelled Aβ fibers during the period 
1/fs , and the pain threshold (ELc) with at least a singular 
excitation of at least 50% of all modelled Aδ fibers within 
1/fs . Thus, ELb and ELc were assessed as a function of the 
stimulation pattern and BL. 

For both models, the total number TN of action impulses 
was counted for ELb and ELc within the single period 1/fs , 
and was related to the total number of the embedded Aβ and 
Aδ fibers (255 for the individual model and 85 for the simple 
model). Synchronous impulses at all electrodes (e.g., for MS 
or BS) as well as asynchronous impulses (for TS) individually 
contributed to TN regardless of their potential overlap in time. 
In approximation, TN provides the amount of sensorial 
information leaving the ear towards the brain. For instance, if 
we assume a single action impulse in response to every 
symbol in MS, BS, or TS (Fig. 6a,c), the expected calculated 
TN for the individual or simple model approximates 0.26 
(= 66/255 = 22/85) for MS, BL = 1, and ELb. For ELc, we 
assume that all Aβ fibers become co-excited so that TN 
approximates 19 (= 30∙(66+95)/255 ≈ 30∙(22+32)/85) for BS 
and BL = 30; see Table 3 for the respective calculated TN. 

Please note that for MS with its subsequent cathodic and 
anodic pulses (Fig. 2a), the simulated cathodic pulse of MS 

Fig. 3  In-vivo pVNS. Absolute peak amplitudes U of all perception levels PLa, PLb, and PLc, all burst 
durations BL, and all three different stimulation patterns. 
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(Fig. 6a) was considered as being representative for the whole 
MS cycle in terms of the calculated EL-related levels of U and 
the resulting size of TN. This is because cathodic pulses 
typically show lower excitation thresholds than anodic pulses 
in extracellular stimulation [48]. 

III. RESULTS 

A. Experimental Data 
Experimental peak values U are shown in Fig. 3 as a 

function of the stimulation pattern, PL, and BL, whereas Table 
1 provides the associated medians in % as related to PLa of 
each person of MS with BL = 1. No obvious differences in U 
were observed between all three measurement sessions for a 
given subject, PL, stimulation pattern, and BL (data not 
shown), which justified the averaging procedure over sessions. 

In all tests, the registered U increases from PLa, to PLb and 
then to PLc, as expected from the experimental protocol. The 
bursted stimulation with BL > 1 decreases U to reach different 
PL when compared with the non-bursted stimulation with 
BL = 1. For instance, U of MS, BS and TS with BL of 30, 30 

and 15 requires significantly lower levels of only about 73% 
(= 101/139), 58%, and 34% of U of MS, BS, and TS with 
BL = 1, respectively, to reach PLb (Table 1 and Fig. 3). A 
further increase of the duration of bursts seems to have no 
effects, e.g., U of MS, BS and TS with the respective BL of 
250, 250 and 125 requires about 108%, 106%, and 106% (all 
non-significant) to reach PLb as compared with the respective 
BL of 30, 30 and 15 (Table 1). 

For all PL and the non-bursted stimulation with BL = 1, U 
tends to decrease non-significantly from MS to BS or to TS. In 
contrast, for all PL and the bursted stimulation with BL > 1, U 
decreases significantly from MS to BS and then even further 
to TS. The smallest U is observed for PLa, TS with BL = 125, 
whereas the highest U for PLc, MS with BL = 1. For instance, 
in order to reach PLb for BL > 1, TS requires significantly 
lower magnitudes of only about 57% and 35% of BS and MS 
magnitude, respectively, whereas BS requires about 61% of 
MS magnitude (Table 1 and Fig. 3). 

In line with (3), the derived effective Ueff in Fig. 4 yields 
identical tendencies as U (Fig. 3) with respect to changing PL 
for the given stimulation pattern and BL. In contrast, the 

TABLE 1 
IN-VIVO PVNS. EXPERIMENTAL MEDIAN THRESHOLDS OF PEAK VALUES U ARE PROVIDED IN %, AS RELATED TO THE 

THRESHOLD PERCEPTION (PLA) AT THE MONOPHASIC STIMULATION (MS) WITHOUT BURSTING (BL = 1). 

Burst length 
BL 

Perception 
level 
PL 

Monophasic 
stimulation 

MS (%) 

Biphasic 
stimulation 

BS (%) 

Triphasic 
stimulation 

TS (%) 

1 for MS, BS, TS 
PLb 139 107 106 

PLc 202 164 146 

30 for MS, BS 
15 for TS 

PLb 101 62 36 

PLc 138 86 52 

250 for MS, BS 
125 for TS 

PLb 109 66 38 

PLc 143 91 49 

 

Fig. 4  In-vivo pVNS. Effective amplitudes Ueff of all perception levels PLa, PLb, and PLc, burst 
durations BL of 1 and 250, and different stimulation patterns. 

Ueff (mV) 

     250 BL = 1 

PLb 

PLc 

PLa 

   250 BL = 1     125 BL = 1 

Monophasic 
stimulation 

Biphasic 
stimulation 

Triphasic 
stimulation 

* 
* 
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differences in Ueff between BL = 1 and BL > 1 become even 
reversed in comparison with those in U due to weighting 
effects of the square root of BL in (3), i.e., Ueff 
disproportionately increases with increasing BL for a given U. 

From an energetic point of view and for a single symbol, 
MS is the most efficient set-up (with k = 1 in (3)), followed by 
BS (k = 1.4) and then by TS (k = 1.7). Therefore, the observed 
potential advantage of TS over BS and BS over MS in terms 
of the reduced U for BL > 1 is counterbalanced by this factor 
k; compare Fig. 3 for U and Fig. 4 for Ueff . However, TS with 
BL > 1 still seems to be superior to MS and BS with BL > 1 in 
terms of a significantly lowered Ueff (Fig. 4), considering not 
only perceptional aspects (PL-related) but also energetic 
aspects (k-related). 

Males tend to show an insignificantly higher U than females 
for PLa and PLb, as applicable only for MS irrespective of BL 
(Fig. 5a). In contrast, females tend to reach an insignificantly 
higher U than males for PLc, irrespective of the stimulation 
pattern and BL. Fig. 5a compares U of PLa and PLc of males 

versus females for MS with BL of 1 and 250. For instance, 
males required 118%, 111%, and 79% of U of MS for PLa, 
PLb, and PLc in comparison with females, respectively (% 
values were calculated when averaging over all BL due to 
small sample size). All differences were non-significant. 

Subjects of age < 40 tend to show a lower U than that of age 
≥ 40 for all stimulation patterns irrespective of BL, with the 
largest difference for PLc. Fig. 5b compares U of PLa and PLc 
of age < 40 versus age ≥ 40 for MS with BL of 1 and 250, with 
the significant difference for BL = 1 and PLc only. For 
instance, subjects of age < 40 required 74%, 67%, and 47% of 
U of MS for PLa, PLb, and PLc in comparison with age ≥ 40, 
respectively; for TS the respective values were 92%, 66%, and 
53% (all % values were calculated when averaging over all 
BL). 

Volunteers described the non-bursted pVNS (BL = 1) as 
knocking and twitching, with the tendency to become 
uncomfortable soon. The bursted pVNS (BL > 1) was 
described as creeping and twitching, tingling and vibrating, 

U (mV) 

Male 
Female 

< 40 years 

b) 
BL = 1 BL = 250 BL = 1 BL = 250 

PLc PLa 

Fig. 5  In-vivo pVNS. Absolute peak amplitudes U of two perception levels PLa and PLc for burst lengths 
BL = 1 and 250 of monophasic stimulation. a) Male versus female. b) Age differences. 

Monophasic stimulation Monophasic stimulation a) 

PLc PLa 
≥ 40 years 

* 

TABLE 2 
SIMPLE AND INDIVIDUAL IN-SILICO PVNS. NUMERICAL THRESHOLDS OF PEAK VALUES U ARE PROVIDED IN %, AS 

RELATED TO THE MONOPHASIC CATHODIC STIMULATION (MS) WITHOUT BURSTING (BL = 1) LEADING TO EXCITATION OF 
AT LEAST A SINGLE Aβ FIBER. TWO DIFFERENT NUMERICAL FIBER MODELS ARE CONSIDERED (SWEENEY/SENN). IN 
CONTRAST TO EXPERIMENTAL DATA (TABLE 1), NUMERICAL THRESHOLDS TURNED OUT TO BE INDEPENDENT ON BL. 

 
Excitation 

level 
EL 

Monophasic 
stimulation 

MS (%) 

Biphasic 
stimulation 

BS (%) 

Triphasic 
stimulation 

TS (%) 

Si
m

pl
e 

in
-s

ili
co

 
pV

N
S 

ELb 
117.3 / 117.9 

(119.4 / 118.2)* 
112.3 / 117.2 

(114.0 / 116.9)* 
112.3 / 117.2 

(114.0 / 116.9)* 

ELc 
310.8 / 287.6 

(311.0 / 285.7)* 
232.2 / 220.8 

(238.4 / 223.4)* 
232.2 / 220.8 

(238.4 / 223.4)* 

In
di

vi
-

du
al

 
in

-s
ili

co
 

pV
N

S ELb 182.5 / 180 174.7 / 178.9 174.7 / 178.9 

ELc 254.3 / 235.5 244.6 / 235.5 244.6 / 235.5 

* For comparison, threshold values are provided for the halved distance of 10 mm  
(= 20 mm / 2) between the reference electrode ER and active electrode E1 (Fig. 1c) for the 
simple in-silico pVNS model. 
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and was qualitatively and subjectively considered as more 
comfortable than the non-bursted pVNS. No consistent 
differences in subjective perception were reported between 
MS, BS, and TS. 

Experimenter reported that perceptional resolution of U 
changes for all stimulation patterns was finer for the bursted 
stimulation (BL > 1) than for the non-bursted (BL = 1). 
Likewise, a smaller change in the absolute U was required to 
find the different PLs for BL > 1, which is in line with the 
decreased U for BL > 1 as compared to BL = 1 (Fig. 3). 

B. Numerical Data 
Numerical peak values U are shown in Table 2 for the 

individual and simple in-silico models as a function of the 
stimulation pattern, EL, and the two biophysical neuron 
models. Values are provided in % as related to the cathodic 
MS with BL = 1 leading to the excitation of at least a single 
Aβ fiber in the considered model. 

As expected, the simulated U increases from ELa, to ELb, 
and to then ELc (Table 2). Both the non-bursted (BL = 1) and 
bursted (BL > 1) stimulations show identical U. The level of U 
tends to decrease from MS to BS by about 4% in both in-silico 
ear models and the Sweeney fiber model, whereas a larger 
decrease of 25% can be observed in the simple model and 
ELC. For the SENN model this decrease is much less and 

amounts to only 0 to 0.6%, again with the exception of the 
simple model and ELC showing a decrease of 23%. There is 
no difference in U between BS and TS, irrespective of the 
applied in-silico and fiber models. 

Table 3 summarizes the relative TN for both in-silico 
models in comparison with the expected calculated TN (in 
brackets). For the simple model and BL = 1, we get a single 
action impulse per symbol so that the simulated TN follows 
the expected TN (= 0.26) for ELb. However, a larger value of 
0.67 results than expected 0.63 (= (22+32)/85) for ELc. This 
value of 0.67 means that 35 Aδ fibers were excited instead of 
the requested 32 Aδ fibers (50% limit) for ELc. This is due to 
close vicinity of individual fibers within the model (Fig. 1c) 
resulting in an almost identical U for the recruitment of 32 or 
35 Aδ fibers within the numerical resolution of the model. 

For the individual model and BL = 1 (Table 3), we see that a 
share of Aδ fibers were co-excited in addition to all Aβ fibers 
for ELb; e.g., TN = 0.4 means 36 (= (0.4∙255)-66) co-excited 
Aδ fibers. For ELc, values of TN lower than the expected 0.63 
(= (66+95)/255) mean that not all Aβ fibers were co-excited 
together with the requested 95 Aδ fibers (50% limit), whereas 
TN larger than 0.63 indicates that more than 95 Aδ fibers were 
excited at the threshold U for ELc due to small inter-fiber 
distances. 

For BS and TS subjected to ELc, more than one action 

(a) (b) 
Monophasic stimulation Biphasic stimulation 

Tr
ip

ha
si

c 
st

im
ul

at
io

n 

Fig. 6  Excitation of Aβ and Aδ fibers in the individual in-silico model in response to (a) monophasic stimulation at the electrode E3 of Aβ and Aδ 
fibers (from the nerve branch (7 Aβ 21 Aδ) in Fig. 1b), (b) biphasic stimulation at E3 of Aβ and Aδ fibers (from the branch (7 Aβ 21 Aδ) in Fig. 1b), 
and (c) triphasic stimulation with asynchronous firing of an Aβ fiber at E1 to E3 (from branches (22 Aβ 63 Aδ), (11 Aβ 32 Aδ), and (7 Aβ 21 Aδ) in 
Fig. 1b), all simulated with the burst length BL = 1 for the modelled pain threshold level ELc. The time course of the transmembrane voltage um 
(SENN model) is shown along with the applied voltage u1 to u3 at E1 to E3 (Fig. 1). The risk level for cathodic block of nearby fibers is indicated for 
two subsequent pulses in TS. 

(c) 

um (mV) u3 (V) 

t (ms) 

Aβ 
fiber 

u3 

Aδ fiber (silent) 

um (mV) u3 (V) 

t (ms) 

u3 Aβ 
fiber 

Aδ 
fiber 

Aδ 
fiber 

u1 (V) u2 (V) u3 (V) 

t (ms) t (ms) t (ms) 

um (mV) um (mV) um (mV) 

High risk 

Low risk 

Aβ 
fiber 

Cathodic excitation Anodic excitation 
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impulse was observed per single BS or TS symbol, 
respectively, in some Aβ fibers, as illustrated in Fig. 6b. Thus, 
multiple impulses per single stimulation period occur for the 
relatively strong stimulation of Aβ fibers - with lower 
stimulation threshold than Aδ fibers - and increase the 
effective value of TN. 

For the bursted stimulation (BL > 1), Table 3 shows that a 
single action impulse is usually generated with each symbol 
within bursts since the observed deviations of the simulated 
TN from the expected TN are rather small. The absolute 
deviations increase from the simple model (in the range from -
9% to +6% with the median of -0.4%) to the individual in-
silico model (from -10% to +58% with the median +17.3%). 
When the simulated TN for ELb is smaller than the associated 
expected TN, it means that not all consecutive symbols within 
the burst generated individual action impulses. In contrast, 
higher values of the simulated TN for ELb indicate co-excited 
Aδ fibers. The deviations for ELc are due to still non-excited 
Aβ fibers, co-excited Aδ fibers (exceeding 50% limit), missing 
action impulses in response to certain symbols in the burst, 
and/or multiple action impulses within BS or TS symbols. 

IV. DISCUSSION 

A. Stimulation Patterns and Electrode Set-up 
In MS, a cathodic pulse (U < 0, see Fig. 2a) depolarizes the 

fiber region closest to the extracellular electrode, which, for a 
straight fiber, has an opening angle of about 70° from the 
electrode’s point of view. The depolarized central region is 
laterally surrounded by hyperpolarized regions. In contrast, an 
anodic pulse (U > 0) depolarizes lateral regions and yields a 
strong central hyperpolarization. 

In MS with varying polarity, anodic depolarization is 

weaker by a factor 4 to 8 than cathodic depolarization, 
whereas the theoretical straight-mode excitation yields the 
factor 5 [48]. Here the investigated auricular in-silico models 
have shown factors 1.6-3.7, in line with our previous 
numerical pVNS data [41]. Therefore, thresholds of cathodic 
pulses of MS can be assumed to represent the lowest 
excitation thresholds of the subsequent cathodic and anodic 
pulses as used in MS (Fig. 2a). Fig. 6b demonstrates a lower 
threshold of cathodic excitation for the shown Aβ fiber since 
the cathodic pulse of BS induces an action impulse earlier than 
the anodic pulse. Cathodic and anodic pulses in MS can be 
considered to induce independent effects on the fiber’s 
membranes due to a relatively long time in-between these 
pulses (> 500 ms for maximal BL = 250) as compared with the 
membrane time constant (< 1 ms). 

In BS, equally strong depolarizing and hyperpolarizing 
pulses follow each other so that there is relatively little time 
for the inert threshold depolarization to develop within a 
single fiber [32]. Only fibers close to the electrode 
experiencing strong depolarization stimuli have sufficient time 
to become excited. In contrast, distant fibers become 
depolarized and hyperpolarized around their resting state 
without excitation. This desensitizing effect typically yields 
larger excitation thresholds for BS than MS, especially for 
relatively short pulses of about 100 µs (and below). The 
difference in thresholds progressively disappears with 
increasing duration of pulses and is already absent for the 
relatively long pulses of 1 ms, as used in the present study 
(tP = 1 ms in Fig. 2). These long pulses can be expected to 
provide sufficient time for the relatively thick fibers of about 
10 µm up to the depth of 1-2 mm (from electrodes) to become 
depolarized and excited either in the cathodic or anodic pulse 
of BS symbol [33]. 

TABLE 3 
SIMPLE AND INDIVIDUAL IN-SILICO PVNS. THE TOTAL NUMBER OF ACTION IMPULSES TN IS GIVEN FOR A SINGLE STIMULATION PERIOD 1/fS , AS RELATED TO THE 

TOTAL NUMBER OF FIBERS (NAMELY, 85 FOR THE SIMPLE MODEL AND 255 FOR THE INDIVIDUAL MODEL). TWO DIFFERENT NUMERICAL FIBER MODELS ARE 
CONSIDERED (SWEENEY / SENN) WHILE FOR IDENTICAL RESULTS A SINGLE VALUE IS PROVIDED. THE EXPECTED CALCULATED VALUE OF TN IS GIVEN IN BRACKETS 
UNDER THE ASSUMPTION THAT A SINGLE ACTION IMPULSE IS GENERATED IN RESPONSE TO EVERY SYMBOL IN MONOPHASIC, BIPHASIC, OR TRIPHASIC STIMULATION. 

Burst 
length 

BL 

Excitation 
level 
EL 

Simple 
in-silico pVNS 

Individual 
in-silico pVNS 

Monophasic 
stimulation 

MS (1) 

Biphasic 
stimulation 

BS (1) 

Triphasic 
stimulation 

TS (1) 

Monophasic 
stimulation 

MS (1) 

Biphasic 
stimulation 

BS (1) 

Triphasic 
stimulation 

TS (1) 

1 for MS, 
BS, TS 

ELb 0.26 
(0.26) 

0.34 / 0.40 
(0.26) 

0.37 / 0.40 
(0.26) 

0.37 / 0.40 
(0.26) 

ELc 0.67 
(0.63) 

0.57 / 0.63 
(0.63) 

0.60 / 0.73 
(0.63) 

0.70 / 0.80 
(0.63) 

30 for MS, 
BS 

15 for TS 

ELb 7.72 / 7.05 
(7.76) 

7.72 / 7.69 
(7.76) 

3.86 / 3.84 
(3.88) 

9.80 / 9.10 
(7.76) 

11.20 / 12.10 
(7.76) 

5.60 / 6.12 
(3.88) 

ELc 19.00 / 18.22 
(19.06) 

19.00 / 18.9 
(19.06) 

9.50 / 9.45 
(9.53) 

17.90 / 17.06 
(18.94) 

18.9 
(18.94) 

10.50 / 10.60 
(9.47) 

250 for 
MS, BS 

125 for TS 

ELb 64.33/ 58.75 
(64.71) 

64.33 / 64.08 
(64.71) 

32.17 / 32.00 
(32.35) 

81.67 / 75.83 
(64.71) 

93.32 / 100.8 
(64.71) 

46.66 / 51.00 
(32.35) 

ELc 158.3 / 151.83 
(158.82) 

158.33 / 157.5 
(158.82) 

79.16 / 78.75 
(79.41) 

149.2 / 142.2 
(157.84) 

157.5 
(157.84) 

87.50 / 88.34 
(78.92) 
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In BS, the recruitment volume under stimulation electrodes 
can be expected to be larger for a single BS symbol than for a 
MS symbol of the same U and pulse duration, especially for 
longer pulses. This is because disjoint and dense fiber 
populations under electrodes may experience successive 
depolarizing cathodic and anodic stimuli within a single phase 
reversal, i.e., within a single BS symbol. The reversal may 
yield excited regions at different locations along axons that 

enlarges the recruitment volume in comparison with a single 
excited region following a single MS symbol. The reversal 
enhances also the recruitment of disjoint fibers under 
electrodes subjected to end-mode or bend-mode excitation 
[32]. Namely, a monopolar MS symbol may lead either to 
depolarization or hyperpolarization of an exposed terminus or 
a bend region depending on its spatial orientation under the 
electrode. In contrast, the reversal within BS symbol may lead 

(a) 

Fig. 7  Distribution of electric and current density  fields in the individual in-silico model (Fig. 1b) for the applied electric potentials on electrodes E1 to E3 
and ER . a) The magnitude  of the electric field  on the auricular surface at the time instance t0 for monophasic or biphasic stimulation set-up from Fig. 
2a,b, with the dB color scale being linear. b) The associated vectors of the conductive current density field  and their magnitudes . While E1 to E3 act as 

current sources, ER acts as sink. c,d)  and  at the time instance t0 for triphasic stimulation set-up from Fig. 2c (comparable with the time point t = 2.5 ms 
from Fig. 6c). While E2 acts as a current source, E1 and E3 act as current sinks, and ER is unloaded. 
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to depolarization irrespective of the fiber’s orientation. 
Therefore, the different PLs in BS can be expected to be lower 
than in MS, as supported by results in Fig. 3. 

In the novel stimulation mode TS, successive depolarizing 
and hyperpolarizing pulses have different magnitudes 
(resembling a triphasic power supply network, see Fig. 2c) so 
that a weak hyperpolarization will not potentially abolish 
excitation of distant fibers in response to preceding or 
subsequent strong depolarization. There will be more time for 
excitation to be developed on average. In addition, multiple 
pulses with varying depolarizing magnitudes within a single 
TS symbol imply that if a nearby fiber experiences cathodic 
block at a particular pulse, preceding or subsequent pulses of 
lower magnitudes may circumvent this block and still release 
an action impulse within the TS symbol. Here cathodic block 
refers to strong central depolarization accompanied by strong 
lateral hyperpolarizations, abolishing propagating action 
impulses generated in the central region [33]. Fig. 6c indicates 
qualitative risk levels of cathodic block. In fact, the missing 
block in TS would enlarge the excited region below each 
electrode and thus is a favorable property as compared with 
MS and BS. Therefore, the different PLs in TS can be 
expected to be lower than in BS, as supported by results in 
Fig. 3. 

The proposed tripolar set-up uses three active electrodes E1 
to E3 (Fig. 1). Tripolar stimulation has been shown to provide 
more focused, spatially selective stimulation than bipolar 
stimulation but at the cost of the local stimulation strength 
[33], [49]. This is valid for electrodes residing relatively close 
to each other in the distance in the order of the fiber’s distance 
to the electrode, so that activating functions of individual 
electrodes can constructively or destructively interfere [48]. 
However, this interference cannot be anticipated to occur in 
the analyzed pVNS set-up (Fig. 1) because E1 to E3 and ER 
reside in the mutual distance of 10-15 mm, which is much 
larger than the expected distance from any electrode to the 
closest fiber of < 1-2 mm. Fig. 7a,c confirms the absence of 
interference. Here the strongest electric fields and their 
excitatory gradients arise only within relatively small regions 
around electrodes in the radial distance r up to a few 
millimeters, as governed by the electrical point effect, a strong 
decrease of the electrical field with 1/r2, and an even stronger 
decrease of the amplitude of the activating function with 1/r3 
determining the local excitation [33], [50]. Therefore, these 
regions only insignificantly overlap in space in-between 
individual electrodes and thus only very little interfere with 
each other. In line with [50], a distant electrode with its r 
about three times of r of another near electrode can be 
neglected. Consequently, excitation of fibers can only be 
expected near active electrodes while excitation effects of 
individual electrodes are independent from other electrodes. 

The combination of the novel TS with the tripolar set-up 
(Fig. 1) shows favorable properties. Because the sum voltage 
acting on the stimulating electrodes E1 to E3 is zero at any time 
(Fig. 2c), it favorably unloads the reference current iR

T 
towards zero (to be precise, iR

T = 0 only for symmetrical loads 
of E1 to E3) along the reference ER . This is in clear contrast to 

MS or BS where iR
M or iR

B along ER , respectively, 
accumulates all other stimulating currents from E1 to E3 (Fig. 
2a,b). 

Fig. 7b illustrates the distribution of the conductive current 
density field in the auricle in MS or BS, indicating that ER 
(green) acts as a sink of all currents coming from E1 to E3 
(blue). In TS, Fig. 7d illustrates that ER is unloaded while E2 
acts as a source, and both E1 , E3 as sinks. In particular, the 
current unloading can also be seen by comparing Fig. 7a with 
Fig. 7c in that the electrical field strength in the region of ER is 
lower in TS than in MS or BS (the local strength is still non-
zero due to the electrical point effect [33]). 

Therefore, TS avoids the risk of a local over-stimulation 
with iR under the electrode ER . Obviously, performing MS or 
BS with E1 to E3 in succession would also unload ER that 
warrants further investigations. In addition, a potential drop-
off of any electrode including ER in TS does not effectively 
stop pVNS that renders TS more robust than MS or BS where 
ER is indispensable. 

It should be noted that the stimulated auricular regions (Fig. 
1a) are differently innervated by the vagus nerve. The vagus 
nerve was found in 100% of cases in cymba concha [4] (cc in 
Fig. 1a) with the associated maximum activation of vagal 
projections to the nucleus of the solitary tract (NTS) - the 
termination site of the afferent vagus nerve [10] - during its 
stimulation, as compared to other auricular regions [51]. 
Cavity of concha and crura of antihelix (c and ca in Fig. 1a) 
were found to be partly but non-exclusively innervated by the 
vagus nerve in 45 and 9% of cases, respectively. However, 
there is still some controversy on the true anatomical location 
of the vagus nerve in the ear [52]. 

pVNS may concomitantly stimulate a few more auricular 
nerves in addition to the vagus nerve, especially the great 
auricular nerve (with connections to the spinal cord) or the 
auriculotemporal nerve (connecting to the nucleus spinalis of 
the trigeminal nerve). For instance, tracing of the 
transcutaneous stimulation at the tragus in rats labeled the 
dorsal horn of the cervical spinal cord, with only sparse 
labelling of NTS [53]. It is suggested that the tragus 
stimulation can indirectly influence brainstem regions 
involved in the autonomous control via the spinal cord and 
even suggest an indirect innervation of NTS by recruited 
auricular vagus nerves via the spinal cord. 

B. Experimental Data 
The present experimental data show that the bursted 

stimulation (BL > 1) decreases the required peak values U to 
reach different PL and is even subjectively more comfortable 
when compared with the non-bursted stimulation (BL = 1). 
This is qualitatively in line with [49] reporting that the 
perceived intensity of the stimulation usually increases with 
increasing stimulation rates, and is supported by [32] showing 
that excitation thresholds decrease with increasing number of 
oscillation periods within a burst. 

The smallest U can be observed in TS, followed by BS and 
with the largest in MS, with the exception of BL = 1 with no 
significant changes from TS to BS and from TS to MS (Fig. 
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3). Considering the individual perception only, the bursted TS 
(BL > 1) seems to be the most effective stimulation, whereas 
the non-bursted MS (BL = 1) seems to be the least effective 
stimulation. The size of Ueff necessarily rises with increasing 
BL and the change from MS to BS to TS (3). The latter change 
increases energy demand needed to power phase reversals 
with a single symbol (Fig. 2). A single BS or TS symbol 
requires two and three times, respectively, more power than a 
single MS symbol for a given U and BL (2). Consequently, 
Ueff of the BS or TS symbol is larger by 2  and 3 , 
respectively, than of the MS symbol (3). Therefore, the 
observed perception-related differences in U between MS, BS 
and TS (Fig. 3) clearly weaken when considering the energy-
related Ueff (Fig. 4). 

While the peak value U is a measure of the nerve 
stimulation and determines the electrochemical stress at the 
electrode/tissue boundary, the effective Ueff determines the 
applied metabolic stress on the auricular nerves, the local heat 
deposition, and the power consumption of the stimulation unit 
(and determines e.g., the battery size in portable applications). 
In particular, the metabolic stress is proportional to the applied 
electric charge per anodic or cathodic pulse, and implies that 
an overly strong and/or extended pVNS may render neurons 
less responsive with elevated excitation thresholds up to 
depressed and refractory [33]. 

Therefore, while the change of the non-bursted stimulation 
to bursted stimulation advantageously lowers U, the associated 
electrochemical stress, and increases the stimulation comfort - 
in order to reach a certain PL (Fig. 3) - this change 
disadvantageously raises Ueff (3) as well as the power 
consumption and metabolic stress. However, the demonstrated 
comparison in-between the analyzed stimulation patterns MS, 
BS, and TS shows that TS with BL > 1 exhibits the lowest 
levels of U, where there is no difference in U between BL = 15 
and BL = 125 of TS (Fig. 3). Therefore, in line with (3), the 
setting with TS and BL = 15 seems to be energetically in favor 
over BL = 125 (> 15) in terms of a lowered Ueff . Fig. 4 
confirms experimentally this preference considering not only 
the energetic but also perceptional aspects. Namely, for all 
PLs, the required Ueff for TS and BL = 15 is still significantly 
lower than for MS and BS with BL > 1 (not shown in Fig. 4). 
In conclusion, the bursted TS with BL = 15 seems to be the 
best compromise for pVNS from perceptional, 
electrochemical, metabolic, heat, and energetic points of view. 

The comparisons between males and females as well as age 
< 40 and age ≥ 40 disclose only some tendencies in view of 
the limited data set (Fig. 5). Females tend to be more sensitive 
to comfortable perception, i.e., females may perceive an 
increasing U earlier than males, whereas the reverse is true for 
pain perception, i.e., females may bear a larger U before 
sensation of intolerable pain. In general, females act more 
sensitive to electrical stimulation (from perception to pain) 
and show lower pressure thresholds by about 30% than males 
[54], which may indicate a higher sensitivity of Aβ receptors 
in females. 

These gender-related differences may be related to different 

counts of auricular fibers of the vagus nerve. As shown in an 
anatomical dissection study [37], the median count for Aβ 
fibers was 95 (in the range 21-108) and 58 (23-133) for 6 
female and 12 male ears, respectively, whereas the associated 
median numbers of the total count of myelinated fibers 
showed also gender-related differences with 466 (183-548) 
and 396 (180-544). These insignificant larger numbers for 
female than male may have contributed to the observed larger 
sensitivities in females. Other contributing factors are 
potential differences in neuronal pathways recruited by pVNS, 
in neuronal sensitivity, and in levels of reactivity of certain 
brain nuclei, as well as neurohormonal differences between 
male and female that require further investigations [55]. 

Younger volunteers show lower U for all stimulation 
patterns irrespective of BL; in particular, adult volunteers seem 
to have higher thresholds of pain. The age-related differences 
may also be related to the different counts of auricular fibers. 
Anatomical data in [37] and our regression analysis show that 
the number of Aβ fibers decreases with age by about 1 fiber 
per ear and per year while the number of the total myelinated 
fibers decreases by about 5 fibers per ear and per year. 
However, these decrease rates apply only for elderly 
population within the age 50 to 96 years (with the median of 
72 years). In addition, the number of Aβ fibers was lower for 
donors with history of diabetes and age >80 years, which is 
also in line with other reports [56], [57]. 

These tendencies over gender and age - especially 
applicable for the comfortable perception PLb as 
recommended and used for pVNS therapy - may stress the 
necessity of adaptive and individualized settings of pVNS 
stimulation parameters. 

The current peak values delivered to the body per active 
electrode and for the perception levels PLa, PLb, and PLc can 
be estimated to be in the range 0.02-0.6 mA (with the median 
of 0.2 mA), 0.06-0.9 mA (0.3 mA), 0.08-3.2 mA (0.5 mA), 
respectively, with the estimated total impedance of the 
tissue/electrode boundary and the auricular tissue of about 5 
kΩ from [33], [58]. 

C. Numerical Data 
The present numerical data show that there is no difference 

in U for a given EL between the non-bursted (BL = 1) and 
bursted (BL > 1) stimulation. We hypothesize that it is due to 
relatively long pulses of tP = 1ms (Fig. 2). Namely, increasing 
BL typically decreases the excitation threshold through the 
rapid non-linear accumulating mechanisms of the membrane 
excitability [32], [33]. In short, oscillatory stimulus forms 
progressively a depolarizing bias voltage across the membrane 
(in the subthreshold range) that favors subsequent excitation 
and thus lowers its threshold. However, this effect is dominant 
for relatively short pulses in the range of 100 µs and already 
disappears for long pulses of 1000 µs - as we have used in the 
present study - where the rapid membrane excitability cannot 
accumulate from one long pulse to another for BL > 1. 

There is only a small change in U from MS to BS, with a 
noteworthy exceptional decrease of more than 20% for the 
simple model and ELC . There is no change in U from BS to 
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TS, neither in the individual nor in the simple model. This 
approximate match in U for MS, BS, and TS seems to be due 
to the absence of the desensitizing effect of hyperpolarizing 
pulses in BS and TS for relatively long pulses of 1 ms as well 
as the effective absence of rapid accumulating mechanisms of 
the membrane excitability in neuronal models. 

Analysis of TN shows that we usually end up with a single 
action impulse per symbol (Fig. 6a) since the constituting 
pulses of 1 ms are relatively long and thus can be considered 
to act independently from other pulses. The particular time 
stamp of the induced impulse depends on the recruited fibers 
distance from the electrode, the fiber type, the stimulus type, 
and other properties. For instance, an Aβ fiber is excited 
earlier than an Aδ fiber in Fig. 6a since an Aβ fiber is thicker 
and thus more easily excitable. Even a few subsequent action 
impulses can result per single symbol for the relatively strong 
BS and TS acting on easily excitable Aβ fibers (Fig. 6b) that 
increases the net information flow to the brain. While MS and 
BS generate almost synchronous impulses at each electrode E1 
to E3 , TS generates asynchronous impulses in fibers located at 
E1 to E3 (Fig. 6c). Thus, TS incorporates three active sites 
working in sequence with each other, leading to increased 
asynchronous information flow to the brain and thereby 
increased efficiency of pVNS. The number of non-overlapping 
impulses in TS per stimulation symbol is ideally tripled, as 
compared to MS or BS. 

In order to examine the robustness of the simple in-silico 
model, a simple sensitivity study was additionally performed. 
Here the distance between the stimulation electrode E1 and the 
reference electrode ER was reduced from 20 mm to 10 mm 
(Fig. 1c). As the absolute thresholds decreased by about 8%, 
the reported relative thresholds from Table 2 were subjected to 
an even smaller change in the range of up to about 2%. 
Concerning TN from Table 3, the reduced distance yielded 
changes by up to 0.2% only for BL > 1 and the SENN model. 
These sensitivity-related results prove that the simple model is 
quite robust with respect to the distance between electrodes 
(Fig. 1c), a relevant boundary condition of the simple in-silico 
model for pVNS. 

D. Experimental versus Numerical Data 
Comparison of experimental and numerical data is not 

straightforward. Experimental data account for both the 
peripheral stimulation in the ear and the subsequent central 
processing of the pVNS-generated sensorial information in the 
brain, in terms of the registered perception levels PL. In 
contrast, numerical data consider only peripheral stimulation 
in terms of the registered excitation levels EL. 

However, since ELb models cutaneous mechanoreceptive 
and touch sensation of the ear with the required recruitment of 
Aβ fibers, this numerical ELb can be assumed to be 
qualitatively comparable with the experimental PLb 
accounting for the comfortable perception. Likewise, ELc 
models cutaneous pain sensation of the ear while recruiting Aδ 
fibers; ELc can thus be assumed to be comparable with PLc 
accounting for painful perception. However, percentages of 
fibers activated at each PL may be questioned. 

In particular, comparison between non-bursted (BL = 1) 
versus bursted (BL > 1) stimulation shows that while 
experimental data show clear differences in U, numerical data 
does not. While MS, BS, and TS show significant differences 
in experimental data, numerical data show only little (MS 
versus BS) or even no differences (BS versus TS). It can be 
hypothesized that these experimental differences are due to 
central processing of the perception in the brain, as assessed in 
the experiment but not in the numerical simulation. 

Experimental thresholds show that the bursted TS seems to 
be the best option while numerical thresholds do not offer any 
preference. However, detailed numerical analysis on the level 
of individual action impulses reveal that TS in combination 
with the used tripolar electrode set-up generates asynchronous 
impulses per stimulation symbol in the ear and thus might 
favorably increase sensorial input to the brain. 

E. Limitations 
Study limitations include low number of volunteers who, in 

addition, were healthy and relatively young, thus not 
representing typical pVNS patients, aged and with chronic 
complaints. Since needles were removed after each 
measurement session and the ear was changed in-between 
sessions, the auricular position of needles showed intra-subject 
and inter-subject variability. As reviewed by our group [10], 
the stimulation of the left or right ear cannot be expected to 
yield different physiological effects since afferent information 
from both sides are centrally merged in the brainstem [59], 
and the right and left aVN show comparable counts of Aβ 
fibers (on average 64 and 78 on the left and right, 
respectively) [37]. Even though stimulation patterns were 
permutated from session to session, in each session the size of 
BL was increased over time, which may have influenced the 
recorded U as a function of PL. The duration of sessions 
ranged from 1 to 2 hours, which was quite long and exhaustive 
to study participants and thus may have influenced the PL-
related U at the end of sessions. The comparisons of males 
versus females as well as of subgroups of different age are 
strongly limited by small and differently sized data sets. 

The interface between needle electrodes and tissue is 
subject to changes over time that affect the applied stimulation 
strength within auricular tissue, given the voltage-controlled 
stimulation. These changes occur with a time constant of a few 
hours to several days concerning adhesion, migration, and 
differentiation of cells at the interface [60]. In order to 
minimize this time-dependent factor, needle electrodes were 
replaced before each measurement session with its maximum 
duration of up to 2 hours. 

In the numerical study, electrode interface effects were not 
modeled. In fact, needle electrodes, i.e., polarizable electrodes, 
act as high-pass filters and thus influence the electric field 
distribution in tissue and the resulting neuronal stimulation. 
Please note that the discussed advantageous properties of TS 
in combination with the tripolar set-up disappear in the simple 
model where only a single stimulation electrode is used (Fig. 
1c). Therefore, TS stimulation becomes more similar to BS in 
the simple model than in the individual model, which may 
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have affected the comparison of the different stimulation 
patterns in these in-silico models. 

It should be noted that the potential advantage of TS with 
the tripled number of action impulses per stimulation symbol 
holds only for the stimulation of nerves quite near to the 
electrodes or to the surface of the skin, as compared with the 
distance in-between electrodes. Otherwise, the independent 
action of individual electrodes is lost and then the mentioned 
interference phenomena would determine the excitation of 
fibers [48]. 

While the composition of individual bursts in BS and TS 
does not change from one burst to the next (Fig. 2b,c), the 
cathodic burst follows the anodic burst and vice versa with the 
rate fS in MS (Fig. 2a). Since cathodic and anodic stimulation 
have different excitation effects - as discussed above - it can 
be expected that the burst-related excitation effects in MS 
oscillate with fS / 2 while those in BS and TS with fS . In 
addition, MS, BS, and TS inject different amounts of the 
electric charge per symbol and per time unit. Both issues may 
potentially affect the comparison between all three 
investigated stimulation patterns and will be addressed in 
future studies. 

The voltage-controlled pVNS does not provide a direct 
control over the electric charge that is injected into the auricle 
like the current-controlled stimulation. In addition, a relatively 
high impedance for one or more electrodes may reduce the 
resulting stimulation current and thus affect the likelihood of 
the auricular nerve excitation. However, the selected voltage-
controlled stimulation increases the required robustness of 
pVNS in that a temporal drop-off of electrodes or a loss of the 
electrode contact (e.g., due to movements) would not shock or 
induce unexpected pain in subjects. Otherwise, the current-
controlled pVNS and quickly deteriorated electrode contact 
would necessarily and abruptly raise the stimulation strength. 

V. CONCLUSION 
pVNS gains importance as a tool in the bioelectronic 

medicine with the potential to address diverse chronic 
ailments. It is imperative to move from an empirical selection 
of stimulation patterns towards efficient and optimized 
settings. 

The present study evaluates the pre-clinical efficiency of 
different stimulation patterns in pVNS - with respect to 
perception levels - and compares it with the numerical 
efficiency of the same patterns - with respect to excitation 
levels. While experimental data were attained in healthy 
volunteers, numerical data were based on developed in-silico 
electromagnetic models of the ear including functionalized 
axons of the auricular vagus nerve. 

The comparison favors the novel TS pattern in combination 
with the used tripolar electrode set-up. It is instructive to 
observe that the presented experimental and numerical 
analysis separates excitatory pVNS effects in the auricular 
periphery, as accounted by in-silico data and local excitation 
levels, from the combination of peripheral and central pVNS 
effects in the brain, as accounted by experimental data and 
global perception levels. 

The innovation of the study is that - for the first time - 
coordinated experimental and numerical data were used to 
optimize stimulation patterns of the investigated minimally-
invasive neuromodulation, namely pVNS. Moreover, it can be 
expected that the observed efficiency of stimulation patterns is 
also applicable for non-invasive and invasive neuromodulation 
of peripheral nerve endings when using multiple stimulation 
electrodes. 

The present study warrants further in-silico and in-vivo 
research on pVNS. While the former should focus on 
optimization of local excitation effects and minimization of 
energetic footprints of stimulation patterns, the latter should 
investigate brain-induced clinical effects. Furthermore, 
neurophysiological studies are needed on the brain level to 
validate the different stimulation patterns using, for instance, 
functional magnetic resonance imaging to assess brain 
activation patterns and/or magnetoencephalography to assess 
brainstem potentials. 
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