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Abstract
Background: The sinusoidal low- frequency alternating current (LFAC) 
waveform was explored recently as a novel means to evoke nerve conduction 
block. In the present work, we explored whether increasing the amplitude of the 
LFAC waveform results in nerve fiber activation in autonomic nerves. In- silico 
methods and preliminary work in somatic nerves indicated a potential frequency 
dependency on the threshold of activation. The Hering- Breuer (HB) reflex was 
used as a biomarker to detect cervical vagus nerve activation.
Methods: Experiments were conducted in isoflurane- anesthetized swine (n = 5). 
Two stimulating bipolar cuff electrodes and a tripolar recording cuff electrode 
were implanted on the left vagus nerve. To ensure the electrical stimulation 
affects only the afferent pathways, the nerve was crushed caudal to the electrodes 
to eliminate cardiac effects. (1) Standard pulse stimulation (Vstim) using a 
monophasic train of pulses was applied through the caudal electrode to elicit HB 
reflex and to identify the activated nerve fiber type. (2) Continuous sinusoidal 
LFAC waveform with a frequency ranging from 5 through 20 Hz was applied to 
the rostral electrode without Vstim to explore the activation thresholds at each 
LFAC frequency. In both cases, the activation of nerve fibers was detected by a 
HB reflex- induced reduction in the breathing rate.
Results: LFAC was found to be capable of eliciting an HB response. The LFAC 
activation thresholds were found to be frequency- dependent. The HB threshold 
was 1.02 ± 0.3 mAp at 5 Hz, 0.66 ± 0.3 mAp at 10 Hz, and 0.44 ± 0.2 mAp at 20 Hz. 
In comparison, it was 0.7 ± 0.47 mA for a 100 μs pulse. The LFAC amplitude was 
within the linear limits of the electrode interface. Damage to the cuff electrodes 
or the nerve tissues was not observed. Analysis of Vstim- based compound nerve 
action potentials (CNAP) indicated that the decrease in breathing rate was found 
to be correlated with the activation of slower components of the CNAP suggesting 
that LFAC reached and elicited responses from these slower fibers associated 
with afferents projecting to the HB response.
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1  |  INTRODUCTION

Electrical stimulation of the autonomic nervous system 
(ANS) using standard pulse stimulation is a means to 
achieve therapeutic outcomes for the ANS and modulation 
of major organ function. Pulse stimulation of the cervical 
vagus nerve (VNS) is one approach currently being applied 
to achieve therapeutic outcomes. As VNS became clinically 
approved to treat epilepsy1 and depression,2,3 a tremen-
dous number of techniques emerged to modulate the vagus 
nerve responsible for the treatment of obesity,4 respiratory,5 
and inflammatory6 diseases and regulation of cardiac ab-
normalities,7 among others. As the vagus nerve mediates 
different organ functions, it contains nerve fibers of differ-
ent populations based on the caliber size, function (sensory 
and motor), and structure (unmyelinated and myelinated).8 
Therefore, selective VNS to modulate the nerve response is 
desired to enable titration of stimulation and optimization 
of modulation targeting specific organ systems.

The Hering- Breuer reflex (HB) is one of many reflexes me-
diated by the nerve fibers in the vagus nerve.9– 11 It is thought 
to be a mechanism to compensate for the over- inflation of 
the lung. When the lung is over- inflated, pulmonary stretch 
receptors transmit inhibitory signals to the Central Nervous 
System (CNS) via activation fibers in the vagal afferent path-
way. The reflex results in an inhibition of inspiration depth 
and frequency. The reflex volley is manifested in changes to 
the breathing rhythm, effected by motor nerve fibers project-
ing from the pontine respiratory center through the phrenic 
nerve and spinal nerves to the intercostal muscles. As a re-
sult, the respiratory center maintains a normal inspiration/
expiration mechanism and prevents lung inflation.9– 11 When 
electrically stimulating the vagus nerve to induce the HB re-
flex, the breathing rate decreases as a result of modulating 
the neural activity carried by the vagus nerve afferent fi-
bers.12,13 However, if the stimulation activates nerve fibers, 
off- target efferent fibers such as cardiac efferents within the 
vagus nerve bradycardia14,15 can result.

The historical use of the rectangular pulse waveforms 
for electrical stimulation (activation) has provided an 
adequate means to induce nerve activity at the intra and 
extracellular levels of nerve stimulation. However, the 
conventional rectangular pulse waveform preferentially 
activates large- caliber nerve fibers before small nerve 

fibers,16 which limits target selectivity. Therefore, alterna-
tive methods for selective activation are emerging to ex-
pand the toolset available for the neuromodulation field.

Several methods to selectively activate and block nerve 
fibers have been developed and investigated, which rely on 
optimizing the stimulation waveform parameters to induce 
selective block of a target population of nerve fibers while 
maintaining the activity of other populations. Such opti-
mization resulted in different waveforms that utilize the 
blocking effect to selectively activate nerve fibers, such as 
anodal block,17 sub- threshold prepulse,18 ramp prepulse,19 
exponentially rising waveform,20 and quasi- trapezoidal 
waveform.21,22 Although those methods are effective in the 
short term, many of these techniques rely on imbalanced 
charge injection which has longer term nerve injury conse-
quences and will require additional methods and complex-
ities in the stimulation waveform to overcome.

Recently, we reported the feasibility of using a sinusoidal 
low frequency alternating currents (LFAC) waveform to re-
versibly block nerve conduction in mammalian autonomic 
peripheral nerves. In the rat model,23– 25 LFAC presented 
between VNS and the heart blocked the descending volley 
to block their effects on the heart effectively blocking VNS 
elicited bradycardia. Similarly, when applied against the 
ascending VNS volley that elicits the Hering- Breuer (HB) 
reflex response,25,26 the LFAC waveform presented at 1 Hz 
blocked the afferent nerve activity to block the HB response. 
As the LFAC waveform is symmetrical, it is intrinsically 
charge balanced. However, given the low frequencies, elec-
trodes with interfaces capable of passing currents at these 
frequencies without exceeding the water window need to be 
used and care needs to be exercised. Although the waveform 
is still under development, it has been shown to reversely 
block nerve conduction without onset activation and ap-
pears to preferentially block small nerve fibers first.23,25,26

Studies utilizing or exploring sinusoidal waveforms 
have been reported in the literature,27– 31 and the wave-
form frequency varies widely based on their applications. 
The characteristics of the sinusoidal LFAC waveform, 
being at low frequency, not at DC, pure tone continuous 
wave, symmetrical, and charge balance, could be utilized 
to achieve an optimal stimulation protocol. In terms of 
neural excitability, waveform frequency, electrode geom-
etry, type, and material play major roles in determining 

Conclusions: These results suggest the feasibility of the LFAC waveform at 5, 
10, and 20 Hz to activate autonomic nerve fibers and potentially provide a new 
modality to the neurorehabilitation field.
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the overall neural response to stimuli.32 Therefore, those 
factors in accordance with the cellular axonal cable prop-
erties,33 length, and time constants, can be modulated to 
provide neural excitation with limited risks associated 
with damage to tissue and the electrode interface.

In this study, we aim to (1) explore and provide exper-
imental evidence that the LFAC waveform is able to acti-
vate ANS nerve fibers within mammalian cervical vagus 
nerve using the HB reflex as a biomarker, and (2) deter-
mine whether the threshold of activation is a function of 
the applied LFAC frequency.

2  |  METHODS

2.1 | Animal preparation and electrodes 
configuration

All experiments in this study were approved by the 
Institutional Animal Care and Use Committee (IACUC) 
at the Indiana University School of Medicine (IUSM 
IACUC) and performed in accordance with the Guide 

for the Care and Use of Laboratory Animals (National 
Institutes of Health Publication. No. 85– 23, Revised 
2011 in Ref. [34]). These experiments were conducted 
following the LFAC block experiments described in “In 
vivo application of low- frequency alternating currents on 
porcine cervical vagus nerve evokes reversible nerve con-
duction block” using the same animals and detailed sur-
gical and preparation methods are published in Refs. 
[25,26].

Briefly, the left cervical vagus nerves of five adult 
male domestic Landrace swine (~50 kg) were isolated 
bilaterally following sedation and continuous isoflurane 
anesthesia. Anesthesia was maintained at the surgical 
plane throughout the experiment. Figure  1 illustrates 
the in- vivo experimental setup and electrode placement. 
Vital signs were continuously monitored during the ex-
periment and breathing change was measured through 
a pressure transducer cuff placed around the animal’s 
chest. Two bipolar cuff electrodes were placed on the iso-
lated nerve; a caudal electrode (CE) was used for vagal 
pulse stimulation and a rostral electrode (RE) was used 
for LFAC stimulation. Both electrodes were Pt- Ir bipolar 

F I G U R E  1  An illustration of the experimental instrumentation and electrode placement. The site of the cervical vagus nerve access 
displays the three electrodes with respect to the animal position. Standard pulse vagal nerve stimulation (VStim) was delivered through the 
caudal electrode (CE), LFAC waveform was delivered through rostral electrode (RE). Tripolar recordings of the ENG were obtained from 
the recording electrode, placed most rostral. Respiration rates were measured using a pressure transducer cuff placed around the animal’s 
chest. The image also shows the ligature used to crush the nerve most caudal to eliminate the cardiac effects of the Vstim. [Color figure can 
be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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cuff electrodes (CorTec GmbH, Freiburg, Germany) 
coated with polyethylenedioxythiophene (PEDOT)- 
based Amplicoat® (Heraeus Medical Components, Saint 
Paul MN). A custom- made tripolar cuff electrode was 
placed most rostral for electroneurograph (ENG) sig-
nal.35 The cardiac effect was eliminated via crushing the 
nerve caudal to the most caudal electrode using a liga-
ture. The crush is similar to a caudal vagotomy, where 
the stimulation affects the afferent pathways only.14 All 
electrodes and implants were applied unilaterally on the 
left cervical vagus. The right cervical vagus was left un-
touched and helped maintain the stability of the prepa-
ration. The recording and stimulation instrumentation 
used in this study were the same as in Refs. [25,26]. The 
only major difference was the stimulation paradigm 
used.

2.2 | Nerve stimulation and experimental  
paradigm

2.2.1 | Pulse stimulation

The first part of the experiment was conducted to elicit 
HB reflex and to identify the activated nerve fiber type. A 
monophasic train of 5 pulses (2 Hz pulse train rate) was 
applied to the vagus nerve, with a cathodic pulse width 
of 100 μsec, 200 ms train duration, and 25 Hz pulse rate. 
The pulses were presented to the CE using an optoiso-
lated stimulator (DS3, Digitimer LTD, Hertfordshire UK) 
triggered by a square pulse stimulator (Grass SD9, Grass 
Instrument, Quincy, Massachusetts, USA). The pulse 
amplitude was gradually increased with simultaneous 
measurements of changes in inter- breath intervals to de-
termine the activation of the HB reflex. ENG signal was 
measured and recorded with a gain of x50k and prefiltered 
with a high- pass filter at 300 Hz (Cyberamp 320, Axon 
Instruments, Foster City, CA).

2.2.2 | LFAC stimulation

The LFAC waveform was generated as a continuous si-
nusoidal waveform using an arbitrary function generator 
(Analog Discovery 2, Digilent Inc, Pullman WA) and con-
trolled by a tuning application written in LabVIEW®. The 
LFAC waveform was delivered to the RE via a custom- 
built analog optical isolator followed by an isolated 
voltage- controlled current source (CS580, SRS: Stanford 
Research Systems) with a constant gain of 1 mA per Volt. 
The LFAC stimuli were applied using three frequencies: 
5, 10, and 20 Hz. In one experiment, the LFAC frequency 
was increased to 100 and 500 Hz. With each frequency, the 

LFAC stimuli were applied at different amplitudes and 
each stimulation amplitude lasted for about 20  seconds 
and was followed by a zero- amplitude period to allow for 
breathing recovery. Because the activation of HB reflex 
has the potential to elicit apnea, and complete stoppage of 
animal breathing, the periods of LFAC application were 
kept at minimum.

Moreover, during LFAC application, the voltage drops 
across the RE were measured continuously via the cali-
brated monitored output of the current source. This al-
lowed to monitor and maintain the linearity of the input 
current and output voltage across the electrode as an indi-
cation of the maximum current to be applied without ex-
ceeding the cell potentials causing the hydrolysis of water 
or the “water window.” For PEDOT coated electrode, the 
water window reported as a half- cell potential against a 
standard Ag/AgCl electrode is −0.9 to 0.6 V.32 Thus, the 
corresponding full cell potential is ~1.5  V. Additionally, 
the change in inter- breath intervals was measured simul-
taneously to visualize changes in breathing rate indicating 
the activation of the HB reflex.

2.3 | Data analysis

The analysis of both modes of stimulation was performed 
in MATLAB® (Version: R2018b, The MathWorks). The 
instantaneous breathing rates during the baseline (ini-
tial period before stimulation) and stimulation were 
calculated by measuring the time between each inspira-
tion peak from the respiration data. Because the baseline 
breathing rate was different for each animal, the instan-
taneous breathing rate was normalized to the average 
instantaneous breathing rate during the baseline of each 
run. During Vstim, the threshold of activation was identi-
fied as the lowest pulse amplitude that caused an increase 
in the intervals between breathing peaks. During LFAC 
stimulation, the frequency and current amplitude to peak 
(mAp) were quantified. The LFAC waveform was applied 
through a bipolar electrode. The current flows from con-
tact to contact and the potential spanning the electrodes 
relates to the full electrochemical cell potential. At any 
given phase of the sinusoidal waveform, the relevant cell 
potential is the potential across the cell, the relevant cur-
rent the current between the contacts, and not the peak- 
to- peak value of the sinusoid. Thus, we report the current 
amplitude- to- peak value rather than the peak- to- peak 
value of the sinusoid.

Furthermore, during Vstim, Compound Nerve Action 
Potentials (CNAPs) were extracted from the ENG signal 
using spike- triggered averaging in a 6 ms window of in-
terest. Heavy in- band noise interference from the SRS 
current source obscured the ENG signal and prevented 
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recovery of the instantaneous ENG recordings. Therefore, 
the quantification of CNAP peaks and estimation of con-
duction velocity were based on stimulus- triggered aver-
ages of the ENG recordings. In this analysis, the evoked 
CNAP peak latency was calculated as the time difference 
between CNAP peaks to the rising edge of the stimulation 
artifact. The conduction velocity of each peak was calcu-
lated with respect to the distance from the first contact 
of the stimulating electrode to the center contact of the 
tripolar recording electrode. The ECG signal was digitally 
filtered from 1 Hz to 40 Hz, and the heart rate during stim-
ulation was calculated based on the instantaneous R- R in-
terval, averaged with a 5 s moving average filter.

2.4 | Statistical analysis

A one- way ANOVA with Dunnett's multi- comparison 
test was used to determine the effect of pulse amplitude 
of Vstim on breathing rate (n = 5). Furthermore, a two- 
way ANOVA with Tukey's multi- comparison test was 
used to determine the effects of LFAC amplitudes and 
frequency on breathing rate (n = 5). Because of the varia-
tion of different LFAC amplitudes applied during the ex-
periments, we grouped the data into four treatments (No 
stim, below threshold, at threshold, and above threshold) 
and two factors (amplitude and frequency). To avoid bias 
during grouping, each experiment’s results were analyzed 
using one- way ANOVA to determine the threshold result-
ing in a significant reduction in breathing rate (p- value 
< 0.05). Additionally, a one- way ANOVA with Dunnett's 

multi- comparison test was used to determine the effect of 
LFAC frequency (5, 10, and 20 Hz only) on the thresholds 
to reach LFAC activation. In this test, each experimental 
current to peak thresholds was normalized to their 5 Hz 
thresholds. In all comparisons, statistically significant 
differences were determined when p- values are <0.05. 
All statistical analyses were performed using GraphPad 
Prism software version 9.0 (Graphpad Software, Inc) and 
MATLAB.

3  |  RESULTS

Measurements of the breathing rate were used as the main 
physiological response indicator. During Vstim, clear HB 
responses were detected. The threshold for a sustained 
HB varied between experiments, but the mean threshold 
that resulted in a significant reduction in breathing rate 
(p- value < 0.05) was within the range of 0.7 ± 0.47 mA 
(mean ± SD) using a 100 μsec pulse. Figure  2 shows the 
normalized breathing rate percentages as stimulus inten-
sity increases.

Stimulus- triggered averages of simultaneously mea-
sured ENG clearly show that later peaks of the CNAP as-
sociated with larger pulse amplitudes correlate with the 
decreased breathing rate related to the HB reflex. Figure 3 
(from animal# 14062) shows that as the Vstim intensity 
increased, two distinct CNAP peaks were observed. The 
first “fast” peak (average conduction velocity of 47.0 m/s) 
with a threshold of 0.29 ± 0.06 mA had no effect on the res-
piration rate. However, the shallow breathing and reduced 

F I G U R E  2  Normalized breathing 
rate percentages as a function of stimulus 
intensity during Vstim with 100 μsec pulse 
width. The error bars indicate standard 
deviations between the instantaneous 
breathing rates. Asterisks represent a 
significant reduction (p- value < 0.05) 
compared to baseline. [Color figure can be 
viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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respiration rate was associated with the presence of the 
second “slow” peak of the CNAP (average conduction ve-
locity of 29.0 m/s) evoked with higher pulse amplitudes 
at a threshold of 0.45 ± 0.10  mA. From Figure  2, ampli-
tude (≥0.5 for animal #14062) resulted in a significant 
reduction in breathing rate compared to baseline, which 
was the threshold of observing the slower CNAP seen in 
Figure 3A. Due to heavy in- band noise interference from 
the current source, CNAP was only retrieved from two ex-
periments; therefore, no statistical comparison between 
breathing rate reduction and the presence of CNAP peaks 
was performed.

Presentation of the LFAC waveform instead of pulse 
stimulation also resulted in a HB response. Figure  4A 
shows a representative continuous recording of the breath-
ing change during the application of a 5 Hz LFAC wave-
form at different LFAC amplitudes, 2nd trace. The 3rd 
trace shows the instantaneous calculated breathing rate 

per minute based on the time intervals between each ad-
jacent breathing peak. As the LFAC amplitude increases, 
the breathing rate decreases further until a state of near 
apnea is reached at an amplitude of 1.5 mAp. The recov-
ery time between each LFAC increment was observed 
to resume the normal breathing as shown in the calcu-
lated breathing rate. As expected, the HB- reflex resulted 
in a larger time interval between the breathing peaks and 
further increments of LFAC amplitude would result in a 
complete stoppage of breathing. The bottom trace show-
ing the instantaneous heart rate during this experimen-
tal sequence indicates that there were no cardiac changes 
during the application of LFAC. The missing effect on the 
heart is assumed to be due to the caudal crush of the nerve 
eliminating descending volleys caudal to the ligature.

Similar results as those shown in Figure 4A were ob-
tained using 10 and 20 Hz LFAC. However, the HB acti-
vation thresholds were lower than at 5 Hz. As shown in 

F I G U R E  3  An example of the ENG recording during Vstim at multiple stimulation amplitudes and the corresponding respiration 
behavior during each run. (A) Stimulation- triggered averages of ENG evoked by Vstim amplitudes: 0.02, 0.25, 0.32, 0.5, and 1.5 mA. The fast 
CNAP peak (marked with X) appeared at 0.25 mA with an average conduction velocity of 47 m/s and the slower peak (marked with *)  
appeared at 0.5 mA with a conduction velocity of 29 m/s. (B) The respiration behavior during 8 seconds of Vstim at each corresponding 
amplitude. The respiration peaks are aligned to show the variation in the inner breathing intervals indicating the activation of the HB reflex. 
The ordinate of respiration is an arbitrary unit.
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Figure 5, the normalized breathing rate percentages tend 
to decrease at higher intensities and higher waveform 
frequencies. The maximum reduction in breathing rate 
of each animal required higher intensity, however, with 
higher frequencies, lower intensity is required to reach the 
same maximum reduction. Figure 4B shows a summary 
of the two- way ANOVA with Tukey's multi- comparison 
test used to determine the effects of LFAC amplitudes 
and frequency (5, 10, and 20 only) on breathing rate. The 
results indicate that there was a significant reduction in 
breathing rate (p- value < 0.05) due to conditioning at dif-
ferent levels of LFAC amplitudes. However, there was no 
significant difference due to different LFAC frequencies (F 
[2, 43] = 0.6444, p- value = 0.5300). Additionally, the inter-
action between LFAC amplitude and frequency was not 
significant (F [6, 43] = 0.2196, p- value = 0.9684).

Figure 6A displays that all animals showed the same 
activation threshold decreasing trend, which shows the 
inverse relationship between LFAC activation threshold 
and waveform frequency. These experimental threshold 
curves were constructed based on the minimum LFAC 
amplitudes that were capable to induce a significant HB- 
reflex (p- value < 0.05). In Figure  6B, we normalized the 
activation threshold curves to better illustrate the effect 
of frequency on the activation threshold. Statistically, 
one- way ANOVA with Dunnett's multi- comparison test 
revealed that increasing LFAC frequency from 5 Hz to 10 
and 20 Hz resulted in a significant reduction in threshold 
to achieve activation (p- value < 0.05). In one experiment, 

we applied 100 and 500 Hz LFAC stimulation to further 
assess the threshold- frequency dependency and the re-
sults revealed even lower activation thresholds

4  |  DISCUSSION

The first part of these experiments demonstrates the use 
of VStim to induce vagal afferent activity. Using breath-
ing rate as a biomarker, the results point to the activation 
of HB reflex. The results were consistent with previous 
studies which showed that HB reflex is mediated through 
the activation of the vagal afferent fibers11 and that is not 
only during normal respiration mechanism but also dur-
ing Vstim.12,13 Although complete apnea was avoided 
during Vstim, reaching a 10% reduction in breathing rate 
required different stimuli strength in different animals, as 
shown in Figure 2, which could be substantially suprath-
reshold; therefore, the real threshold range is likely much 
lower than what we report here. This variation in current 
thresholds to reach significant HB reflex was most likely 
due to using different electrodes with different imped-
ance. The elimination of the cardiac effect by crushing 
the nerve resulted in a rostral elicited afferent activity14 
as there were no observed changes in heart rate during 
the experiments. Furthermore, the Vstim evoked CNAP 
peaks, in Figure 3A, in conjunction with the physiological 
response of respiration, Figure 2, suggests that HB reflex 
was meditated by the slower nerve fibers.26,36

F I G U R E  4  (A) The effect on the breathing rate and amplitude during 5 Hz LFAC stimulation at different amplitudes shown in the 
shaded regions: 1.2, 1.3, 1.4, and 1.5 mAp. The panels show a continuous experimental sequence where LFAC was applied at different 
amplitudes while simultaneously measuring respiration, plotting respiration rate, and heart rate. The respiration panel shows the respiration 
peaks used in calculating the instantaneous breathing rate. The breathing rate panel shows the instantaneous breathing rate (breaths/min) 
changes as the LFAC waveform is applied at different amplitudes. The heart rate panel shows the 5- second averaged heart rate in beats 
per min. (B) Summary of the two- way ANOVA analysis showing the effect of LFAC amplitude and frequency on breathing rate. There was 
no significant difference between frequencies (F [2, 43] = 0.6444, p- value = 0.5300); however, significant differences were found between 
amplitudes (*p- value < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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One of our key findings in this study is the capability of 
the LFAC waveform to induce peripheral nerve activation 
that results in an end- organ functional change. The activa-
tion of the vagal nerve fibers was assessed via direct quanti-
fication of the breathing rate as a biomarker indicating the 
activation of HB reflex. The substantial changes in respira-
tion during LFAC stimulation, slow respiration followed by 
a slow recovery, as shown in Figure 4A, are consistent with 
the characteristics of HB reflex activation as reported by.11– 13

Additionally, applying the LFAC waveform at 5, 10, and 
20 Hz revealed that the activation threshold is frequency- 
dependent. The higher the LFAC frequency, the lower 
the stimulation current needed to reach the threshold, 
as shown in Figures  5 and 6. Moreover, the activation 
thresholds were within the defined water window of the 
activation electrode, which resulted in no apparent dam-
age to the nerve or the electrodes themselves. It should be 
noted that this work was conducted in a large nerve trunk 
3– 4 mm in diameter. Our prior work in rat vagus23 demon-
strated LFAC block in a small 0.5 mm diameter nerve for 
an efferent pathway biomarker, bradycardia. This was re-
peated in the large swine nerve against an afferent path-
way biomarker, HB reflex.26 The activation work was not 
conducted contemporaneously with the prior small nerve 
model. But both activation and block are showing effect in 
current work in the somatic rat sciatic nerve.37

Both LFAC- based nerve conduction block and nerve 
activation were obtained using the same electrode and 
the same preparation method. LFAC block thresholds 
are lower than LFAC activation thresholds and are not 
observed to have a frequency dependence. Current work 
includes exploring the mechanism behind the frequency 
dependency. The preliminary results from in silico model 
suggest that the cable properties of nerve fibers, such as 
length and time constants along with the activation func-
tion (which involves the geometry of the electrodes) com-
bine to play a role in this dependency.38 The influence of 
such parameters directly influences the axon's transmem-
brane potential, which is determined by potential distribu-
tions in both time and space.33,39 In the case of myelinated 
fibers, spacing of electrode contacts may be tuned to target 
specific sites around the node of Ranvier, which have dif-
ferent fiber geometry dependency, and therefore influence 
the ionic channels dynamic for excitation. Understanding 
the mechanism behind the observed frequency depen-
dency will be useful to enable the tuning of LFAC- based 
stimulation while limiting the off- target effects.

This feature of LFAC waveform frequency depen-
dency combined with the observation of the indepen-
dence of LFAC block thresholds to frequency leads to 
the concept of a Block- Activation window. The win-
dow closes with increasing LFAC frequency such that 
at frequencies above 10 Hz, activation is the dominant 
effect. These further suggest that the underlying mech-
anism for LFAC block and LFAC activation are differ-
ent, a notion that is showing itself in current in- silico 
work exploring LFAC in our lab.37 The nature of the 
order of LFAC fiber activation is unclear. Unfortunately, 
in this work, the analog current source's in- band noise 
obscured the spontaneous nerve activity. Unlike VStim, 
LFAC did not produce a detectable CNAP. This sug-
gests that LFAC activation may be asynchronous to the 

F I G U R E  5  Normalized breathing rate percentages with 
respect to the averaged breathing rate during baseline. Each result 
is plotted as a function of the applied LFAC amplitudes with 5 Hz 
(top), 10 Hz (middle), and 20 Hz (bottom). Only 4 experiments 
were tested with 20 Hz stimulation. [Color figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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sinusoidal waveform and would be a property that dis-
tinguishes itself from activation via standard pulse stim-
ulation. Although there is still work to do to understand 
its mechanism and characterize its block/activation 
properties, LFAC is a stimulation modality built on a 
simple waveform that presents itself and tunes between 
activation and block simply based on the frequency and 
amplitude of the sinusoidal waveform.23,24,26,40

Furthermore, the prior blocking results23,26 suggested the 
possibility of the selective block, and this feature might be 
applied to activate nerve fibers preferentially. Based on the 
Vstim results, LFAC stimulation might be activating nerve fi-
bers in a size- wise fashion. Therefore, determining the order 
of fibers recruitment using LFAC is still to be determined as 
opposed to pulse stimulation. These results are important for 
LFAC to be a promising new technique to activate peripheral 
nerve fibers and it is our aim to further investigate the phe-
nomenon with different nerve fibers and biomarkers.
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