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ABSTRACT 20 

Selective activation of smaller diameter over large diameter nerve fibers represents a broad challenge 21 

in the electrical modulation of neural activity for clinical applications. For example, off-target activation of motor 22 

nerve fibers has been implicated in several failed vagus nerve stimulation (VNS) clinical trials by precluding 23 

achieving current amplitudes sufficient to activate the therapeutically targeted small diameter fibers. In this 24 

study, we evaluated the use of high-frequency (HF) stimulation to block unwanted activation of large diameter 25 

fibers evoked by traditional low-frequency (LF) VNS in a large animal (swine) model. We demonstrate that HF 26 

can eliminate specific unwanted LF-evoked components from neural recordings with high selectivity – along 27 

with their associated off-target physiological responses - while preserving the activation of smaller diameter 28 

fibers driving intended physiological responses. Conversely, block of the smaller diameter fibers was only 29 

observed at HF amplitudes much higher than amplitudes commonly used for HF block clinically. We found that 30 

in addition to blocking the LF-evoked compound action potential, lower HF amplitudes also drive asynchronous 31 

activity which can easily be overlooked. Only at high amplitudes did HF block LF-evoked activation without 32 

concomitant asynchronous activation. These data have numerous implications for existing and future LF and 33 

HF block neuromodulation therapies.        34 



INTRODUCTION 35 

Electrical modulation of neural activity, also known as bioelectronic medicine or electroceuticals, is a 36 

rapidly growing medical device sector with applications across a broad spectrum of conditions1–3. For example, 37 

vagus nerve stimulation (VNS), which is FDA-approved for the treatment of depression, epilepsy, obesity, and 38 

stroke after-effects, is also being investigated to treat heart failure, diabetes, and chronic inflammatory 39 

diseases4–10. The range of clinical applications of VNS reflects the breadth and complexity of the anatomy of 40 

the vagus nerve (VN) with afferent pathways conveying sensory information from the viscera and efferent 41 

pathways exerting autonomic influence on many end organs11–13. However, the VN is a mixed nerve which also 42 

contains somatic motor efferents11,14–16; these large-diameter myelinated motor A-alpha (m-Aα) nerve fibers 43 

innervate muscles of the neck, and are activated at lower stimulation amplitudes than the smaller diameter A-44 

delta (Aδ) sensory afferents and parasympathetic B-fibers targeted for most VNS indications15–19. This 45 

relationship between fiber diameter, function, and activation threshold highlights a broader challenge in 46 

neuromodulation: activation of off-target large-diameter m-Aα fibers frequently limits the stimulation amplitude 47 

that can be applied in bioelectronic medicine due to unwanted, sometimes painful, side effects15,20–22.  48 

Experimental and computational modeling studies—spanning rodents, dogs, pigs, and humans—show 49 

that thresholds for activation of vagal m-Aα fibers are ~1/5th of the amplitudes needed to activate small-diameter 50 

therapeutic fibers15,16,18,19,23. Thus, current VNS clinical practice for epilepsy requires a months-long process to 51 

habituate patients to the m-Aα activation by incrementally increasing the applied VNS current, which typically 52 

plateaus at a ‘therapeutic dose’ of 1.5 – 2.25 mA20. Unfortunately, these amplitudes are still insufficient to 53 

activate all but the most superficial Aδ/B fibers, and may not activate any therapeutic target fibers in some 54 

patients depending on subject-to-subject variations in vagal anatomy15,16,18,19,24.  As a result, therapy-limiting 55 

side effects were implicated in a host of recent failed VNS clinical trials, despite promising results in animal 56 

models25. For example, in the NECTAR pivotal trial of VNS to treat heart failure, it was reported that only 12% 57 

of patients exhibited the stimulation-induced changes in heart rate (HR) mediated by activation of 58 

parasympathetic B-fibers22. Off-target neck muscle activation was the most commonly cited reason for limiting 59 

the VNS current, resulting in amplitudes at or beneath the threshold for activating B-fibers in large animal 60 

models15,19–22. 61 

Several strategies have been proposed to reverse the conventional order of stimulation recruitment and 62 

achieve activation of therapeutically-targeted small diameter fibers without activation of side-effect generating 63 

large diameter fibers16,21,22,26–42. Spatially selective cuff electrode designs aim to exploit somatotopy of the VN 64 

by positioning small electrode contacts close to the therapeutic target fibers and far from fibers that cause side-65 

effects. However, individual anatomical variability may limit the effectiveness of this strategy14,24,29,40,41. Novel 66 

stimulation waveforms can achieve selective activation of small diameter fibers, such as anodal block, 67 

depolarizing pre-pulses, slowly rising ramp pulses, and very low-frequency (LF) sinusoids 26,31,34,35,43–46. While 68 

some approaches narrowed the difference in activation thresholds between m-Aα and smaller diameter 69 

therapeutic fibers, none has shown a sufficiently large effect to overcome the ~5X threshold difference needed 70 

to activate smaller fibers before m-Aα’s. 71 

High-frequency (HF) waveforms (>5 kHz) have recently received increased attention for therapeutic 72 

applications. With appropriate waveform parameters, HF signals can block propagating action potentials 73 

(APs)47–57, and larger diameter fibers are blocked at lower amplitudes than smaller diameter fibers51,52,55,58. The 74 

feasibility of using solely HF signals to selectively activate small diameter fibers while blocking large diameter 75 

fibers was recently demonstrated in a rodent model42. However, it is unclear whether similar results are possible 76 

in a more clinically relevant large animal model, with a thicker epineurium, multi-fascicular nerve morphology, 77 

a greater range of electrode-fiber distances, more numerous nerve fibers, and larger electrodes. Moreover, the 78 

asynchronous activation of nerve fibers by HF signals, and its clinical applicability, is less understood as 79 

compared to traditional LF stimulation48,52–55,58.This creates a large unknown variable in appropriate tuning of 80 

HF to achieve desired clinical effects when compared to LF stimulation where a large body of pre-clinical and 81 

clinical data establishing stimulation parameters, safety, and efficacy already exists25. 82 



We evaluated whether HF signals layered onto standard low-frequency VNS (LF-VNS) could selectively 83 

block m-Aα fibers to achieve net selective activation of small diameter fibers. We measured the evoked neural, 84 

muscular, and cardiac responses to traditional LF-VNS while applying a 10 kHz HF signal at varying amplitudes. 85 

We demonstrate that increasing HF amplitudes can selectively block components of the LF-VNS evoked 86 

compound action potential (eCAP), following the order of recruitment from larger to smaller diameter fibers. 87 

After establishing selectivity, we then evaluate the HF dosing that blocks LF-VNS-evoked small fiber activity 88 

and associated HR responses. Importantly, we establish that the HF amplitude can be titrated to eliminate LF-89 

VNS-evoked motor side-effects while preserving activation of smaller diameter fibers and their consequent 90 

effects on HR in a mixed nerve with a size and fascicular organization comparable to humans14,24. 91 

RESULTS 92 

10 kHz HF blocks VNS-evoked motor side effects 93 

We applied cervical LF-VNS while measuring the evoked electromyogram from the cricoarytenoid neck 94 

muscles (EMGCA) to assess the effects of a 10 kHz sinusoidal HF signal on LF-VNS motor side effects (Figure 95 

1A). The HF signal was applied through a separate cuff located distally to the LF-VNS cuff. Each trial was sub-96 

divided into three periods: pre-HF to assess the physiologic effects of LF-VNS alone, LF-VNS + 10 kHz HF to 97 

assess the effects of HF on the LF-VNS-evoked responses, and post-HF to assess how the LF-VNS-evoked 98 

responses recovered following cessation of HF (Figure 1B). Figure 1C shows example EMGCA responses to 99 

LF-VNS with increasing HF current amplitude.  100 

HF blocked the LF-VNS-evoked muscle activity in an amplitude-dependent manner, and increasing HF 101 

caused partial and then complete block of the evoked EMGCA (Figure 1C-F). To generate HF dose-response 102 

curves (DRCs), we calculated the root-mean-squared of the EMGCA (Vrms) for the pre-HF and during-HF periods; 103 

to account for surgical and subject differences, EMGCA values were normalized (Ṽrms) within trial by the pre-HF 104 

EMGCA Vrms. Low HF amplitudes (0.5 mA) generated little to no block of the LF-VNS-evoked muscle activity 105 

(HF = 0.5 mA, Ṽrms = 101.1 ± 1.4%, mean ± 1 standard error of mean (s.e.m.)). Intermediate HF amplitudes 106 

(HF = 1-3 mA) elicited partial block of EMGCA (Ṽrms = 65.4 ± 13.9%, 39.1 ± 17.1%, 10.7 ± 6.4 @ 1, 2, 3 mA 107 

respectively), which tended to recover in amplitude over time, but did not return to the full amplitude EMGCA 108 

within the 30-second HF period (Figure 1D, Supplemental Figure 6). As the HF amplitude was increased >4 109 

mA, we observed near total block of the evoked EMGCA (HF = 4 mA, Ṽrms = 3.6 ± 1.7%). The dramatic reduction 110 

in EMG and small variance across subjects (n=5) at 4 mA HF and beyond suggest that this amplitude was 111 

sufficient to block nearly all m-Aα’s within the cervical VN regardless of anatomical differences. We also 112 

confirmed that the HF signal generated local conduction block of fibers within the HF cuff as the HF signal did 113 

not block EMGCA when LF-VNS was applied caudally to the HF cuff nor did the HF signal block the EMG evoked 114 

by current escape from the LF-VNS cuff to the superior laryngeal (SL) nerve (Supplemental Figures 1 & 2). 115 

Titrating HF amplitude blocks individual eCAP components  116 

The goal of HF signals in clinical applications is to block activation of m-Aα’s without blocking smaller 117 

therapeutic target fibers. After establishing that HF could block EMGCA responses, we next sought to determine 118 

whether the progressive increase in thresholds to block smaller diameter nerve fibers in rodents51,52,55,56,58  could 119 

also be achieved in a mixed nerve of comparable size to the human vagus.  120 

Longer latency components of LF-VNS eCAPS (i.e., from smaller diameter fibers) were blocked at 121 

higher HF amplitudes than shorter latency components. We consistently observed at least three eCAP 122 

components, depending on the amplitude of LF-VNS (Figure 2), and confirmed their neural origin using a 123 

muscle paralytic (Supplemental Figure 3). At 1 mA LF-VNS, two eCAP components were present accompanied 124 

by an EMG artifact that occurred ~8 ms after the LF-VNS pulse (Figure 2A) whereas the 3rd eCAP component 125 

was only present at higher LF-VNS amplitudes (Figure 2B). These components can be categorized into m-126 

Aα/Aβ (Component 1, CV ≈ 43 m/s, red-shaded region), Aγ/Aδ (Component 2, CV ≈ 25 m/s, blue-shaded 127 

region), and slower Aδ-delta/B-fibers (Component 3, CV ≈ 10 m/s, green-shaded region) based on the Erlanger-128 

Gasser scale15,59–63. 129 



The presence of EMG contamination in eCAP recordings can make interpretation of longer-latency 130 

eCAP components difficult as the EMG contamination may be mistaken for (e.g. Figure 2A dashed box) or 131 

distort the long-latency, slower (small fiber), neural eCAP, (e.g. Figure 2B, Component 3 at HF = 0 mA)15,16. 132 

When the LF-VNS amplitude was increased to activate smaller diameter fibers and HF amplitude was above 133 

the complete EMGCA block threshold, elimination of the EMG artifact provided clear identification of eCAP 134 

Component 3 (Figure 2A, B dashed boxes). Component 3 had a conduction velocity consistent with activation 135 

of Aδ/B fibers, i.e., the intended target for most VNS therapies. In addition, we took two approaches to confirm 136 

that the analyzed eCAP signals were neural in origin rather than being confounded by EMG artifacts. First, we 137 

repeated a subset of eCAP recordings with a paralytic to confirm the neural origin of Component 3 and its 138 

attenuation by high amplitude HF (n = 3/5 subjects, Supplemental Figure 3). Second, as expected, the distally 139 

applied HF signal did not block EMG activated by current escape from the LF-VNS cuff caudally to the SL-140 

nerve (Supplemental Figure 2). Thus, we excluded subjects (P01,P04) and LF-VNS amplitudes that evoked a 141 

secondary short-latency EMG in the analysis of eCAP Component 3. 142 

Each of the eCAP components was affected by the HF signal at different amplitudes in a latency-143 

dependent—and therefore fiber size-dependent—manner from larger to smaller diameter fibers (Figure 2, 144 

Supplemental Figures 4 for individual responses). Component 1 (Figure 2A, red-shaded region) was 145 

significantly attenuated at HF amplitudes ≥2 mA (Ṽrms = 45 ± 6.4%, p=0.007), Component 2 (Figure 2A, blue-146 

shaded region) was significantly attenuated at HF amplitudes ≥4 mA (Ṽrms = 45.3 ± 10.6%, p=0.007), and 147 

Component 3 (Figure 2B, green-shaded region) was significantly attenuated at HF amplitudes ≥15 mA (Ṽrms = 148 

26.7 ± 5.4%, p=0.003). Thus, HF can be titrated to block specific fiber diameters while leaving the next largest 149 

fibers largely unaffected until increased amplitudes of HF amplitude are applied.  150 

The coincident changes in the EMGCA response and Component 1 of the eCAP as HF amplitude was 151 

increased suggested that this component of the eCAP reflected activation (and block) of m-Aα nerve fibers 152 

responsible for therapy-limiting side-effects in clinical VNS (Figure 3A red-shaded region and 3B gray-shaded 153 

region). This was supported by the strong correlation between the 1st eCAP component and the LF-VNS evoked 154 

EMGCA response (Spearman’s R=0.95, Figure 3C). Conversely, the 2nd eCAP component correlated poorly with 155 

the EMGCA response (Spearman’s R=0.46, Figure 3D) and may represent intermediate diameter vagal 156 

afferents. 157 

Onset EMG effects scale with HF amplitude 158 

The effect of HF on an individual nerve fiber is dependent on the strength of the HF electric field; at 159 

lower amplitudes, HF induces a transient onset response and can evoke sustained (albeit asynchronous) 160 

activation at amplitudes less than required to produce block49,51,54,55,64. Therefore, within a given nerve with 161 

different fiber diameters and electrode-fiber distances, some fibers may be blocked, while others may be in an 162 

activated (sub-block) state. Because HF evokes asynchronous activity, we examined these activation 163 

responses by generating color-coded pulse-by-pulse raster plots of the EMGCA during HF that depict the 164 

combined LF-VNS-evoked and HF-evoked EMGCA responses during a trial (Figure 4A, B; see Supplemental 165 

Figure 5 for explanation of raster plot generation).  166 

In all applications of HF, the EMGCA showed an immediate onset response (Figure 4A green 167 

arrowheads, Figure 4B onset spikes) at the initiation of HF. Depending on the HF amplitude, this onset response 168 

was accompanied by asynchronous muscle activity (e.g. sporadic muscle twitches not synchronized with LF-169 

VNS), indicative of sustained, asynchronous, m-Aα activation. We quantified the degree of HF-induced activity 170 

by the number of twitch responses evoked during the HF period (minus the LF-VNS-evoked EMGCA; Figure 171 

4C) and their relative magnitude in comparison to the LF-VNS-evoked EMGCA (Figure 4D). This asynchronous 172 

activity generally diminished over the duration of HF at sub-block amplitudes (Figure 4A, 1 and 2 mA HF, 173 

Supplemental Figure 6) and was less present at HF amplitudes that blocked the LF-VNS-evoked EMGCA (Figure 174 

4A, 4 and 20 mA HF). The number of muscle twitches decreased as the HF amplitude was increased (Figure 175 

4C) whereas their relative magnitude was consistently ~20% of the LF-VNS (1 mA) evoked EMGCA response 176 

regardless of the HF amplitude (Figure 4D, Kruskal-Wallis H=2.59, p = 0.62). The consistent magnitude of the 177 

asynchronous twitches may be explained by asynchronous activation of motor units by HF, in contrast with the 178 



LF-VNS-evoked synchronous activation that results in temporal summation. Consistent with rodent studies, in 179 

a subset of subjects, we observed carryover effects of HF where the LF-VNS-evoked EMGCA remained blocked 180 

or partially blocked beyond the HF period, albeit only at the highest HF amplitudes tested (Figure 4A, 20 181 

mA)49,65.  182 

10 kHz HF effects on the LF-VNS cardiac response 183 

Recent failed pivotal trials for VNS to treat heart failure demonstrate the necessity of developing 184 

methods to activate small diameter fibers selectively while blocking large diameter fibers responsible for limiting 185 

patients to sub-therapeutic doses22,25,65–68. We sought to determine whether m-Aαs can be blocked while 186 

preserving LF-VNS cardiac effects by assessing paired EMGCA and cardiac responses to varying levels of LF-187 

VNS and HF (Figure 5A, Supplemental Figure 7). 188 

Low amplitudes of LF-VNS evoked tachycardia that transitioned to bradycardia at higher LF-VNS 189 

amplitudes (Figure 5A, top row)69. When lower amplitude HF (but still above EMGCA block threshold, Figure 1) 190 

was also applied, no changes in cardiac effects were observed at any LF-VNS dose (Figure 5A, green) 191 

indicating that HF levels that blocked EMGCA (i.e., m-Aαs) were insufficient to cause activation or block of the 192 

smaller diameter vagal cardiac B-fibers responsible for LF-VNS bradycardic effects. At 10 mA HF, a small onset 193 

bradycardia was observed at the initiation of HF in some trials as evidenced by the sharp change in HR during 194 

the first several seconds of HF (Figure 5A, yellow) which was stronger at 15 mA HF. This transient response is 195 

likely due to brief HF-induced onset activation of B-fibers in a manner similar to the onset EMGCA activity (Figure 196 

4A, B). When the LF-VNS current amplitude was high enough to evoke strong bradycardia (Figure 5A, right 197 

column), block of LF-VNS-evoked bradycardia only occurred at high levels of HF (Figure 5A, gray) with even 198 

higher levels of HF evoking more complete block of LF-VNS bradycardic effects (Figure 5B).  199 

In contrast, the effects of HF on LF-VNS-evoked tachycardia (Figure 5A, left and middle columns) were 200 

more complex with some trials exhibiting apparent block whereas others only exhibited a transient bradycardic 201 

HF onset response. LF-VNS tachycardic effects are believed to be centrally mediated responses to vagal 202 

afferents with multiple effector pathways besides the VN16,69.  Thus, application of HF caudal to the LF-VNS 203 

cuff, as in our experiment, would not be expected to block these effects. Instead, trials in which HF induced a 204 

sustained bradycardic effect during a LF-VNS tachycardic response (Figure 5A, 3 mA LF-VNS + 15 mA HF) 205 

may have been the result of HF-induced activation of parasympathetic cardiac B-fibers overriding the centrally 206 

mediated tachycardic effects. 207 

We compared the 3rd component of the eCAP, whose conduction velocity was consistent with small 208 

Aδ/B-fibers, with the HR response to determine whether the HF effect on LF-VNS cardiac responses was 209 

reflected in the eCAP. However, the long inter-trial duration for washout, the high LF-VNS amplitudes required 210 

to evoke B-fiber mediated bradycardia, and the complexity of the HR responses precluded generation of dose 211 

response curves with sufficient resolution to correlate bradycardia to the amplitude of the Aδ/B-fiber eCAP 212 

components. Nonetheless, the amplitude of the 3rd eCAP component tracked well the effects of HF on LF-VNS-213 

evoked bradycardia indicating that it may represent these small diameter vagal efferents (Supplemental Figure 214 

8).  215 

HF can selectively block LF-VNS-evoked EMG without influencing LF-VNS cardiac responses 216 

 Our results support the feasibility of titrating LF-VNS and HF amplitudes to eliminate EMGCA responses 217 

(i.e., side effects of clinical VNS) while preserving LF-VNS-mediated changes in HR, including tachycardia 218 

(Figure 6A) and bradycardia (Figure 6B). Paired EMGCA and HR responses demonstrate that 4 mA HF 219 

completely blocked EMGCA and produced no effects on the LF-VNS cardiac response (Figure 6). In practice, 220 

this would enable higher amplitudes of LF-VNS to be applied clinically, as required for greater therapeutic 221 

effects, than would be possible without HF, where neck muscle activation limits the LF-VNS current level15,19–222 
22. Only when HF amplitude was increased sufficiently (>10 mA) to interact with smaller diameter fibers were 223 

effects evident on LF-VNS evoked cardiac responses (Figure 6A, B).  224 

An ‘HF-window’ was identified in all subjects (Figure 6C, light blue shaded region) where the LF-VNS 225 

EMGCA was reduced to less than 20% of its pre-HF magnitude, while maintaining LF-VNS-evoked changes in 226 



HR. HF amplitudes of 2.4 ± 0.24 mA blocked EMGCA, whereas HF amplitudes of 10.2 ± 1.42 mA were required 227 

for HF-evoked changes in HR (see Supplemental Figure 7 for full cohort HF-windows). This approximately five-228 

fold difference in thresholds is due to the fiber diameter selectivity of HF and suggests there is a dynamic range 229 

over which HF can be titrated to block the LF-VNS evoked EMGCA without interfering with therapeutic cardiac 230 

effects. Note however that due to experimental time constraints, not all HF amplitudes within this range were 231 

tested (Figure 6C striped region), and it is possible that the HF window is smaller than reported here (i.e., on 232 

average, the highest HF amplitude tested that did not evoke any cardiac responses was 6.4 ± 2.19 mA).  233 

DISCUSSION 234 

This is the first comprehensive analysis of the potential utility of HF to selectively block nerve fibers 235 

within large-diameter mixed nerves like the human vagus. Prior studies of HF were predominantly conducted 236 

in rodents, where the combination of smaller electrodes, nerve bundles, and electrode-fiber distances result in 237 

larger transmembrane voltage changes at a given applied current in comparison to pig or human 238 

nerves18,24,42,49,70–73. The few HF studies in large animals largely focused on LF-evoked motor responses74–78, 239 

which result from activation and/or block of large diameter m-Aα fibers that have 5-10x lower thresholds than 240 

the smaller diameter therapeutic fibers targeted for VNS therapies15,16,18,42,60. In this study, we assessed whether 241 

HF could be used in conjunction with LF-VNS to prevent conduction of neural activity in the side effect-242 

producing m-Aα’s in the pig large animal model, while leaving intact propagation in therapeutic smaller diameter 243 

fibers which form the basis for some clinical applications of VNS. Our data demonstrates that this can be 244 

achieved by 10 kHz HF with a high degree of selectivity for the fiber type blocked based on HF amplitude.  245 

Moreover, our results indicate that HF creates conduction block local to the HF cuff (Supplemental Figure 1, 246 

2)—consistent with prior studies of HF block79–81—and would therefore not interfere with VNS therapies 247 

targeting afferent, centrally-mediated, effects (e.g., epilepsy, depression) while preventing motor associated 248 

side-effects. This opens the potential for greatly increasing current amplitude limits in clinical VNS by eliminating 249 

the primary constraint of neck muscle activation cited by multiple failed clinical trials10,22,66,67.  250 

HF signals putatively block conduction by generating rapid transmembrane voltage oscillations that are 251 

rectified by non-linear membrane properties to cause net depolarization and inactivation of sodium 252 

channels(i.e., comparable to the refractory period)48,51,52. The sustained average depolarization during the 253 

application of HF prevents repolarization and sodium channel de-inactivation, leaving them in the inactivated 254 

state48,51,52,82. Conduction block is created when a sufficient number of sodium channels within an axon segment 255 

are held in the inactivated state by the HF signal51. Thus, the effect of HF is dependent on the magnitude of 256 

transmembrane potential oscillations experienced by the axon which are, in turn, dependent on the fiber 257 

diameter, the distance from the HF electrode, the fascicular structure of the nerve (and associated tissue 258 

conductivities), and the HF signal frequency, waveform, and amplitude. When generating smaller 259 

transmembrane potential oscillations, HF evokes asynchronously occurring APs for the period it is applied as 260 

an insufficient number of sodium channels are inactivated to create block42,49,51–53,55,64. In contrast, when larger 261 

transmembrane potential oscillations are generated, HF will drive most sodium channels into the inactivated 262 

state thereby inhibiting or fully blocking the propagation of APs42,49,51–53,55,83,84. 263 

 The graded block of LF-VNS EMGCA as HF amplitude increased (Figure 1F) is consistent with lower HF 264 

block thresholds for m-Aα fibers closer to the HF electrode and higher block thresholds for m-Aα fibers further 265 

from the electrode (Figure 1F, >4 mA). The larger variance in the partial EMGCA block responses at intermediate 266 

HF amplitudes (Figure 1F, 1-3 mA) may be due to differences in individual fascicular anatomy or fiber 267 

organization across subjects. This would change the relative distance of the EMGCA evoking fibers from the HF 268 

cuff leading to differences in sensitivity to HF blocking effects until an HF amplitude is reached which blocks all 269 

m-Aα’s regardless of position within the nerve. 270 

In addition to its effects on LF-VNS-evoked EMGCA, HF also generated asynchronous EMGCA activity 271 

arising from the asynchronous APs generated by sub-block HF amplitudes85. While these asynchronous 272 

responses tended to diminish as the total EMGCA block threshold was approached, they were often not 273 

eliminated until HF current levels higher than needed to achieve total block of the LF-VNS-evoked EMGCA were 274 

reached. Further, there were trials in which the asynchronous activity was stronger at a higher HF amplitude 275 



(see subject P05, Supplemental Figure 6), even after total block of the LF-VNS EMGCA was achieved. This 276 

could be due to the higher than necessary HF amplitude activating fibers at the boundaries of the HF’s electric 277 

field55 and suggests that fine control should be maintained to minimize HF-evoked asynchronous activity while 278 

effectively blocking the LF-VNS evoked EMG. However, we also found that the magnitude of the asynchronous 279 

EMGCA responses during HF were only ~20% the amplitude of the LF-VNS evoked response regardless of the 280 

HF amplitude (at 1mA LF-VNS, Figure 4D), which may indicate an absence of temporal summation of 281 

responses to asynchronous m-Aα activity. These smaller asynchronous responses may be somewhat 282 

inconsequential if they are within tolerable limits for patients undergoing the habituation process. However, as 283 

our subjects (anesthetized pigs) were unable to report on the off-target sensation produced by this 284 

asynchronous activity, it remains unclear whether the HF-evoked asynchronous activation would be as 285 

intolerable as the LF-VNS-evoked synchronous neck-muscle activation that has limited therapeutic current 286 

levels in clinical VNS. Similarly, the partial block that we observed at lower amplitudes of HF may itself be 287 

sufficient to facilitate higher clinical LF-VNS current amplitudes if partial block can diminish neck muscle 288 

activation to tolerable levels. This approach could conserve battery life by reducing power consumption and 289 

limit potential risks by using a lower HF amplitude while still enabling a higher applied current for therapeutic 290 

LF-VNS. 291 

The mechanism of action noted above is most often associated with an onset response before entering 292 

a blocked state. Consistent with previous rodent studies49,86,87, there was brief HF onset activation of m-Aα 293 

fibers prior to blocking in all trials (Figure 4B onset spikes). This onset response was comparable in size to the 294 

LF-VNS-evoked EMGCA and may therefore limit the effective therapeutic range of HF, if the onset causes an 295 

intolerable (albeit brief) neck muscle activation. A number of strategies have been proposed for preventing this 296 

onset response including combined dc and kHz HF stimulation, ramping, or novel HF waveforms50,54,83,88,89.  297 

We analyzed HF onset from the EMGCA but not eCAPs due to the inherently lower signal-to-noise ratio 298 

of eCAPs vs. EMG in comparison to the HF artifact. Further, classifying eCAP components based on latency 299 

would not be possible for asynchronous HF-induced eCAP signals. Nonetheless, our cardiac data indicate that 300 

smaller diameter fibers likely also exhibited some HF-generated onset as evidenced by the transient 301 

bradycardia observed at the initiation of HF (Figure 5A black arrowheads, Supplemental Figure 7). While the 302 

HF-induced EMG activity may be undesirable but ultimately innocuous muscle twitches, long-term 303 

asynchronous activity in other vagal fibers, for which there is no clear and measurable effector output, remain 304 

unknown and should be better understood before clinical implementation of HF in VNS therapy. This may be 305 

especially true in VNS applications where the intended goal is to modulate central activity, entrainment, and/or 306 

plasticity as the asynchronous HF induced APs may interfere with this effect90–94.  307 

Likewise, it remains unclear if persistent block of large diameter fibers within the cervical vagus could 308 

create unwanted side effects, including block of natural physiological traffic. In the case of m-Aα’s, this may 309 

impair voluntary control of these muscles during the HF period and potentially cause chronic issues such as 310 

those observed in long-term denervation95. It could also lead to block of large diameter sensory afferents from 311 

the viscera if the HF amplitude is not appropriately titrated to leave their activity intact. Further, the long-term 312 

effects of HF on axonal homeostasis are poorly understood.  Changes in sodium channel kinetics may result 313 

in compensatory changes in other voltage-gated ion channels, potentially impacting intracellular ion 314 

concentrations, and affecting the functions of the endoplasmic reticulum, mitochondria, and other organelles96–315 
99. Thus, more in-depth and chronic studies should be performed profiling the genomic, transcriptomic, and 316 

proteomic effects of HF on individual nerve fibers that better capture its long-term effects44,46,52.  317 

Application of HF at the current levels needed to achieve block of large diameter fibers also has 318 

important instrumentation, electrochemical, and energy consumption issues to consider. In terms of 319 

instrumentation, inadequate control of direct current (dc) leakage can occur during HF signals, which may be 320 

responsible for inconsistent results between studies and could cause harmful electrochemical reactions52,100. 321 

In this study, a specialized dc blocking circuit was used to eliminate this problem100. Moreover, the existing 322 

paradigm to assess long-term electrochemical risks—the Shannon limit101—established guidelines derived 323 

from phenomenological studies that are only applicable to stimulation under specific conditions; the 324 

electrochemical risks specifically associated with  HF signals must be investigated and established102–106. 325 



Finally, the HF amplitudes and net charge delivered per second can very quickly deplete implantable pulse 326 

generator (IPG) batteries, potentially necessitating more frequent surgical replacements, which have risks, or 327 

require use of a frequently rechargeable system107. 328 

HF signals are FDA-approved for abdominal vagus stimulation (aVNS) and peripheral nerve stimulation 329 

to treat obesity and post-amputation pain, respectively47,108–113. These therapies were predicated on the concept 330 

of blocking smaller diameter fibers that are responsible for sensations of hunger or pain. Rodent studies using 331 

LF to activate smaller diameter fibers and then HF to block the LF-evoked responses were used as evidence 332 

that HF could block smaller diameter fibers to support subsequent clinical efficacy studies. However, recent 333 

modeling and functional data have called into question whether HF at the levels often used clinically47,110,111,114 334 

are sufficient to block these smaller diameter fibers48,49. Critical determinants of the efficacy of HF such as the 335 

range of electrode-fiber distances, electrode size, and nerve anatomy are much different in rodents compared 336 

to humans or large animals14,24. Although it is hard to compare current levels across different electrode designs 337 

in different anatomical systems (abdominal and cervical VNs, peripheral nerves, etc.), our data indicates that 338 

the HF threshold to begin activating smaller diameter fibers is >10 mA in the ~3mm pig VN, and in turn, even 339 

higher amplitudes (≥20 mA) are required to block those fibers. Together with recent modeling studies, our data 340 

suggests that currently used clinical HF amplitudes are insufficient to block small diameter fibers55. 341 

Consequently, other mechanisms of action should be explored to explain the clinical effects, such as the 342 

consequence of HF-evoked asynchronous activation or influence of HF on pre- to post-synaptic fidelity at the 343 

synapse. These mechanisms are being investigated in another clinical application of HF, spinal cord stimulation 344 

(SCS) for pain, where the current delivered is set at sub-perception levels115. 345 

There are several additional limitations in this study that must be noted with an eye toward chronic 346 

application in human patients. First, experiments in this study were conducted in acute animals, under 347 

anesthesia, with an open surgical pocket with notably more exposure of the cervical vagus than would be 348 

present in a chronic implant. In particular, the average distance between the LF-VNS cuff and HF cuff was ~3.5 349 

cm to prevent electric field interactions and enable disambiguation of their respective effects. In a human 350 

patient, this would require a large surgical pocket and placement of two separate cuffs; future work should be 351 

done to investigate how LF-VNS and HF effects interact when administered through a single cuff with relatively 352 

short distances between them. The anesthetized state also prevents the cuffs from moving relative to the 353 

anatomy as would normally occur from head and neck movements during daily activities. As previously 354 

mentioned, the distance between the HF electrode and fibers is critical in determining whether the effect of HF 355 

is blocking or asynchronously activating. Small movements between the cuff and underlying nerve could 356 

change the relationship between the HF electric field, the nerve, and any electrically excitable surrounding off-357 

target structures. This would potentially lead to the transient phasing in and out of block effects or HF-induced 358 

activation of off-target side-effects. The open surgical pocket can also alter the distribution of electric fields and 359 

thus the associated block thresholds, both by any edema that occurs due to dissection, as well as air acting as 360 

insulation on the ventral side of the preparation; in our experiments all efforts were made to remove any buildup 361 

of edema (fluids) between stimulation trials. Acute responses may also differ from sustained chronic stimulation 362 

due to fibrous scarring/encapsulation of the electrodes, ongoing physiological activity, and potential habituation 363 

to LF and HF stimulation at the axonal, muscle, and central/synaptic levels. 364 

Overall, the data presented in this study demonstrate that 10 kHz HF signals can block LF-VNS-evoked 365 

EMG and eCAP components—while conserving LF-VNS-evoked changes in HR—with previously unreported 366 

selectivity in a large animal model. These data demonstrate the feasibility of combining HF and LF signals to 367 

mitigate off-target activation of large diameter fibers during VNS that has adversely impacted several recent 368 

VNS clinical trials. Moreover, our results indicate that in the large animal model, HF activation and block exhibits 369 

the same order of stimulation recruitment as traditional LF stimulation, which has important implications for 370 

existing clinical HF therapies targeting small diameter fibers (e.g., SCS, aVNS). In summary, HF is a promising 371 

avenue for selective activation of small diameter fibers in neuromodulation, although much work remains to 372 

deploy HF as a reliable clinical solution, our data demonstrates HF’s potential for increasing therapeutic current 373 

limits in applications limited by off-target large diameter fiber activation.  374 
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FIGURES 621 

 622 

Figure 1: 10 kHz HF blocks LF-VNS-evoked muscle activity. A) Schematic of experimental preparation in 623 

anesthetized pigs. Low-frequency vagus nerve stimulation (LF-VNS) was delivered ~1 cm caudal to the nodose 624 

ganglion, high-frequency (HF) signals were applied ~3.5 cm caudal to the LF-VNS cuff, and evoked compound 625 

action potentials (eCAPs) were recorded ~6.25 cm caudal to __. Muscle activity was recorded from the 626 

cricoarytenoid (CA) muscle with bipolar EMG electrodes (EMGCA). B) Schematic of LF-VNS + HF trials 627 

subdivided into EMG- and cardiac-focused trials, due to the higher signal amplitudes and longer trial durations 628 

required to study cardiac effects. C) Example stimulus-triggered averages of the LF-VNS-evoked muscle 629 

activity (EMGCA) during the HF-period at increasing amplitudes of 10 kHz HF (subject P03). To quantify this 630 

effect, we calculated the area-under-the-curve (AUC (Vrms)) of the EMGCA response during the LF-VNS trial. D) 631 

LF-VNS-evoked EMGCA over four stimulation trials at different HF amplitudes (subject P03). Data were 632 

normalized within trial against the pre-HF (LF-VNS only) period. E) Dose-response curves of LF-VNS evoked 633 

EMGCA from all subjects. F) Cohort averaged dose-response curve of LF-VNS evoked muscle activity (EMGCA) 634 

at all HF amplitudes. Data are from combined EMG-focused (HF < 6 mA) and cardiac-focused (HF > 6 mA) 635 

trials with larger HF step-sizes (i.e. x-axis is non-linear). Dots represent individual subjects, solid line and error 636 

bars denote mean ± 1 standard error. Aggregated data were tested using the non-parametric Kruskal-Wallis 637 

test (Kruskal H = 49.22, p < 0.001) followed by Dunn’s test post-hoc comparison against 0.5 mA HF with Holm-638 

Sidak correction for multiple comparisons. * p < 0.05, *** p < 0.001. 639 



 640 

Figure 2: Components of the LF-VNS-evoked nerve response (eCAP) are selectively blocked by 641 

increasing amplitudes of 10 kHz HF. A, B) Example stimulus-triggered average of the evoked compound 642 

action potential (eCAP) elicited by 1 mA (A) or 10 mA (B) low-frequency vagus nerve stimulation (LF-VNS, 8.1 643 

Hz in 1 mA trial, 25 Hz in 10 mA trial) during the high-frequency (HF) period, with increasing HF amplitudes 644 

(subject P05, see Supplemental Figure 4 for all subjects). The 0 mA HF response is the averaged pre-HF eCAP 645 

from all trials. C, D) Normalized (Ṽrms) of the eCAP components across HF amplitudes. Data were normalized 646 

within trial against the pre-HF (LF-VNS only) period. Error bars = ± 1 standard error of the mean.  Aggregated 647 

data were analyzed via the same methods as EMGCA (Component 1 Kruskal H = 39.22 p < 0.001, Component 648 

2 Kruskal H = 28.55 p < 0.001, Component 3 Kruskal H = 19.49, p < 0.001; * p < 0.05, ** p < 0.01, ***p < 0.001 649 

Dunn’s post-hoc Holm-Sidak corrected p). Subjects (P01, P04) who exhibited short-latency, superior laryngeal-650 

mediated EMG responses were excluded from Component 3 analysis.  651 



 652 

Figure 3: Short-latency component of the LF-VNS-evoked eCAP correlated with the evoked EMGCA. A, 653 

B) Example (subject P03) paired eCAP and EMGCA responses to 1 mA LF-VNS at successively increasing HF 654 

amplitudes. As the HF amplitude is increased, the block (reduced magnitude) of the first component of the 655 

eCAP (red-shaded region) tracks the reduced magnitude of the evoked EMGCA (gray-shaded region). C, D) 656 

Correlation between the evoked EMGCA against the first (C) and second (D) eCAP components. The eCAP 657 

component and EMGCA were normalized (Ṽrms) within trial against their respective pre-HF (LF-VNS only) 658 

signals. Dots represent individual subjects, solid lines denote the linear regression, and shaded regions denote 659 

95% confidence interval. Rs = Spearman’s correlation coefficient. 660 

661 



Ṽrms 662 

 663 

Figure 4: Onset features of the HF response scaled with HF amplitude. A) Rasterized plots of the EMGCA 664 

response to LF-VNS (1 mA, 8.1 Hz in 1-4 mA HF trials, 25 Hz in 20 mA HF trial) and increasing HF amplitude 665 

(subject P05). The x axes are time, with t=0 corresponding to the initiation of a single LF-VNS stimulation pulse. 666 

The y axes denote the LF-VNS pulse number for a given trial with pulses during HF shaded in red. Color 667 

represents the magnitude of the EMGCA signal. The LF-VNS-evoked EMGCA is seen in the darkly colored (high 668 

amplitude) vertical bars towards the left of each plot (black arrowheads), shortly after the LF-VNS stimulation 669 

pulse at t=0. Corresponding sub-panels show zooms of the periods before the initiation (5 LF-VNS pulses) and 670 

after the termination (25 LF-VNS pulses) of the 10 kHz HF signal. Initiation of HF (green arrowheads) was 671 

always accompanied by a single, rapid onset response. Complete block of the LF-VNS-evoked EMGCA is 672 

evidenced by the absence of darkly colored bars during HF at higher amplitudes (4 and 20 mA) whereas sub-673 

block HF amplitudes (1 and 2 mA) had no appreciable effect on LF-VNS responses. Offset of HF is denoted by 674 

the blue arrowheads/lines with arrowheads used in trials where an offset EMGCA response was observed and 675 

lines when no offset response was present. B) Three-dimensional representation of rasterized EMGCA plots. 676 

C) Quantification of the number of asynchronous muscle responses during the HF period as a function of HF 677 

amplitude. Peaks with an amplitude >10% of the LF-VNS-evoked EMGCA were counted as asynchronous 678 

responses. HF amplitudes for which no asynchronous responses were detected are not plotted (e.g., P02 >3 679 

mA HF). D) The magnitude of HF-evoked asynchronous responses were not dependent on the HF amplitude 680 

and consistently ~20% of the amplitude of the EMGCA evoked by 1 mA LF-VNS. Data were normalized against 681 

the pre-HF LF-VNS-evoked EMGCA; Kruskal-H = 2.59, p = 0.62. 682 



 683 

Figure 5: HF blocking signal effects on LF-VNS evoked cardiac response. A) Heart rate from a 684 

representative animal (subject P05) in response to increasing amplitudes of LF-VNS (25 Hz in all trials) and 685 

HF. Panels with a green background denote trials in which there were no HF-induced cardiac effects observed. 686 

Panels with a yellow background denote trials in which the onset of HF induced some cardiac effect. Panels 687 

with a gray background denote trials where the HF blocked the LF-VNS evoked bradycardia. B) Effect of HF 688 

on LF-VNS cardiac effects. HR from trials in which bradycardia was evoked were binned based on HF amplitude 689 

and the change in HR (dHR) during HF was normalized by the pre-HF dHR (see Methods Eq. 2). A value of 1 690 

indicates no difference between the maximum HR difference from baseline between the ‘pre-HF, LF-VNS only’ 691 

(1st blue-shaded region) and ‘+10 kHz HF’ (red-shaded region) periods whereas a value close to 0 indicates 692 

that the maximum HR difference during HF returned to near baseline. Negative values indicate that the HR 693 

during the HF period was above baseline (tachycardia) during the last 10 s of HF. Kruskal-Wallis H = 15.97, p 694 

= 0.001, Dunn’s post-hoc vs. 6 mA HF with Holm-Sidak correction *** p < 0.001 695 



 696 

Figure 6: HF can completely block LF-VNS-evoked EMGCA without influencing LF-VNS-evoked heart 697 

rate changes. A) Paired EMGCA and HR recordings from a representative subject (P02) with LF-VNS amplitude 698 

titrated to elicit a tachycardic response (LF-VNS 25 Hz, 1 mA during 4 mA HF trial and 3 mA during 15/20 mA 699 

HF trials).  At these LF-VNS/HF amplitudes, the EMGCA was completely blocked (left plot, red trace) with no 700 

HF-induced cardiac effects observed until 15 mA. B) The same observation when the LF-VNS amplitude was 701 

set to induce bradycardia (LF-VNS 25 Hz, 8 mA for all trials). C) Colored bars indicate the HF amplitudes for 702 

each response type. The bar was placed at the lowest HF amplitude for which each effect was seen across all 703 

trials from that subject.  Bottom row represents the cohort mean HF amplitude for each effect; across the cohort, 704 

there was an HF amplitude range wherein the 10 kHz HF blocked the LF-VNS evoked EMGCA without any HF-705 

induced cardiac effects (‘HF window’, light blue shaded region). Note that not all HF amplitudes across this 706 

range were tested in our trials; the HF amplitudes tested are denoted by numeric value on the x-axis. Therefore, 707 

the HF window may be smaller than shown here as lower HF amplitudes within the untested range (striped 708 

region) may evoke brief, asynchronous activation of small diameter cardiac efferents and subsequent HR 709 

effects.  710 

  711 



METHODS 712 

 All experiments were approved by the University of Wisconsin-Madison Institutional Animal Care and 713 

Use Committee (IACUC). The experimental cohort consisted of n = 5 domestic (Yorkshire/Landrace) swine (3 714 

female / 2 males, mean weight = 49.02 ± 4.52 kg) housed with ad libitum access to water, fed twice daily, and 715 

under a 12-hour light/dark cycle.  On the day of the experiment, subjects were induced with a combination of 716 

telazol (6 mg/kg) and xylazine (2 mg/kg) before being intubated, mechanically ventilated, and moved to 717 

isoflurane (1.5-2 %) and fentanyl (5-12 µg/kg/hr) anesthesia for the remainder of the experiment.  Heart rate 718 

(HR), blood oxygenation (SpO2), expiratory capnograph (CO2), blood pressure (BP), and temperature were 719 

continuously monitored using a veterinary surgical monitor (BioNet BM5Vet Elite, Seoul, South Korea) in all 720 

subjects to monitor depth of anesthesia. Separately, electrocardiogram (ECG) and strain-gauge pulse 721 

transducer time series were also collected using an ADInstruments PowerLab 8/35 system (sampling rate 1 722 

kHz, Sydney, Australia) and LabChart 8 software configured to provide real-time calculation of HR and 723 

synchronize with our electrophysiological stimulation and recording system. In a subset of subjects (n = 3/5), 724 

arterial blood pressure (aBP) was also collected using a Millar catheter (Millar Inc., Houston, TX, Model #SPR-725 

350S) introduced via the femoral artery and recorded by ADInstruments/LabChart. All experiments were 726 

performed on the right cervical vagus nerve (VN) which was surgically isolated from surrounding tissue from 727 

the nodose ganglion to the sternal notch. In the first subject (subject P01), the sympathetic trunk was traveling 728 

with the VN and was not separately isolated, leading to strong stimulation-evoked tachycardia. Thus, for all 729 

remaining subjects, extra care was taken to identify and isolate the vagus and sympathetic trunk from each 730 

other when they were found conjoined.     731 

In each experiment, nerve cuffs were placed along the length of the VN as follows (Methods Figure 1A).  732 

First, a custom multi-contact circumferential cuff (inner diameter (I.D.) 3mm, contact spacing 3mm center-to-733 

center, inner contacts = 2mm square, outer contacts = 1mm strip) was placed ~ 0.7–1 cm caudal to the nodose 734 

ganglion for application of low-frequency vagus nerve stimulation (LF-VNS). Next, a multi-channel longitudinal 735 

full-wrap cuff (5-channel, I.D. 3 mm, contact spacing 2 mm center-to-center, all contacts = 1 mm strip, Ardiem 736 

Medical, Indiana PA, USA) was placed on the vagus further along the VN at the most caudal end of the surgical 737 

window to collect evoked compound action potential (eCAP) recordings. Finally, a 3-channel longitudinal full-738 

wrap cuff (same dimensions as eCAP cuff minus two channels, Ardiem Medical, Indiana PA, USA) for 739 

application of the HF signal was placed approximately equidistant between the LF-VNS stimulation and eCAP 740 

recording cuffs. As the size of the surgical window varied across subjects, this approach of relative cuff 741 

positioning maximizing the distance between cuffs was taken to achieve the greatest separation between cuffs 742 

and minimize interactions between them (see Methods Figure 1C). To measure evoked muscle activity, bipolar 743 

electromyography (EMG) leads (RLSND121-2.5; RhythmLink, Columbia SC, USA) were placed into both the 744 

cricoarytenoid (CA) and cricothyroid (CT) muscles. 745 



 746 

Methods Figure 1: Experimental Preparation. A) Surgical/instrumentation diagram.  B) Schematic of LF-747 

VNS/HF trials. C) Table of relative cuff distances across subjects. 748 

Hardware and Instrumentation 749 

 The LF-VNS stimulation cuff, eCAP recording cuff, and EMG leads were connected to the respective 750 

stimulation and recording banks of a Tucker-Davis Technologies (TDT) 64-channel electrophysiology system 751 

(sampling rate, fs = 24414 Hz, RZ2, IZV10, SI8, WS8; TDT, Alachua FL, USA), which was controlled using 752 

TDT’s Synapse Software. The muti-channel circumferential LF-VNS stimulation cuff was set-up in a tripolar 753 

configuration (center channel cathode).  eCAP recording channels were single-channel recordings referenced 754 

against a needle placed into the fat layer at the superficial aspects of the pocket at approximately the same 755 

cranial-caudal plane as the eCAP cuff.  EMG was recorded in differential mode across the two leads of the 756 

bipolar EMG electrodes. Stainless steel pads were placed beneath the animal to serve as stimulation and 757 

recording grounds.  Synapse/TDT was configured to output a TTL-pulse to a dedicated channel on the 758 

ADInstruments PowerLab 8/35 to synchronize stimulation events with physiologic measures.  759 

The HF cuff was also configured for tripolar stimulation (center channel cathode) to limit the amount of 760 

HF artifact present. The instrumentation for delivering and quantifying the HF waveform varied slightly across 761 

subjects (Supplemental Figure 9) as we developed the experimental preparation. In summary, a Keithley 762 

current source (Keithley 6221; Tektronix, Beaverton OR, USA) controlled via network connection by a custom 763 

Python script was used to specify the parameters of the HF waveform. Based on previous studies, we were 764 

initially concerned that the output of the Keithley 6221 may be attenuated due to the combination of large load 765 

(electrode impedance), high frequency (10 kHz), and high current amplitudes.  As a result, in some experiments 766 

(n = 2/5), an AM-Systems 4100 linear stimulus isolator was used as a pass-through amplifier for the Keithley’s 767 

output as in Pelot and Grill 20201. However, upon further investigation, we found that our electrodes, which are 768 

larger in size than electrodes used in rodent studies, had sufficiently low impedance to avoid significant 769 

attenuation of the Keithley 6221 output at 10 kHz.  Further, we found that the AM-Systems 4100 could introduce 770 

significant noise in eCAP recordings; therefore, the rest of the experiments (n = 3/5) were performed without 771 

the AM-Systems 4100 in the circuit. Regardless of the current source, a DC-blocking circuit2,3 comprised of 1 772 

µF capacitors and 100 kΩ resistors was placed in series with the HF output to prevent build-up of DC offset 773 

during HF stimulation.  In addition, a 100 Ω resistor was placed into the HF circuit to assess the actual HF 774 

current delivered (measured via TDT’s built-in ADC (P01,P02) or a Keithley 6510 (P03-P05) in each subject 775 

accounting for differences in electrode impedance across subjects (Supplemental Figure 9).  776 

Experimental Protocol 777 

Experimental trials were broadly divided into ‘EMG’ and ‘Cardiac’ trial sets wherein the goal of each 778 

category was to characterize the effect of HF on the LF-VNS-evoked muscle and HR responses, respectively. 779 

In all cases, the frequency of HF was 10 kHz, and the LF-VNS consisted of 250 µs/phase symmetric biphasic 780 



pulses. An individual trial set consisted of multiple LF-VNS amplitudes (randomized order) with a specific HF 781 

amplitude. Within each individual trial the presentation of LF-VNS and HF were configured to begin with an 782 

initial LF-VNS only period to establish the effects of LF-VNS followed by a combined LF-VNS + HF period to 783 

assess the effect of HF on the LF-VNS response, and lastly a post-HF LF-VNS period to assess the recovery 784 

of the LF-VNS response after HF (Methods Figure 1B).  785 

EMG and Cardiac trials differed in the following ways; first, the frequency of LF-VNS in the Cardiac trials 786 

was set at 25 Hz consistent with current clinical investigations of LF-VNS for heart failure while the frequency 787 

in the EMG trials was set to 8.1 Hz.  The lower frequency of the EMG trials was to prevent diminishment of the 788 

EMG signal due to muscle fatigue being mistaken as block of motor fiber conduction.  Second, the duration of 789 

trial phases (i.e. pre-HF, during-HF, post-HF, and inter-stimulation periods) were longer in the Cardiac than 790 

EMG trials to account for the slower heart rate responses (both during stimulation and recovery after stimulation 791 

Methods Figure 1B). Lastly, the range of LF-VNS and HF amplitudes applied in the EMG and Cardiac trials 792 

differed with both LF-VNS and HF amplitudes being smaller in EMG trials (LF-VNS ≤1 mA, HF ≤6 mA) than 793 

those applied in Cardiac trials (LF-VNS up to 12 mA, HF up to 25 mA).  794 

The LF-VNS amplitude was limited during EMG trials to avoid causing longer duration cardiac effects 795 

which would have required a longer inter-stimulation period to washout. Based on our previous studies in pigs, 796 

a LF-VNS current amplitude of 1 mA is sufficient to reliably evoke large EMG responses while avoiding 797 

significant cardiac effects4. In contrast, due to intersubject variability, the LF-VNS amplitude range during 798 

Cardiac trials was empirically determined by incrementally increasing the LF-VNS amplitude until a sustained 799 

bradycardic response was evoked. Likewise, HF amplitudes were empirically determined ad hoc by 800 

incrementally increasing the HF amplitude in a separate thresholding process where the LF-VNS amplitude 801 

was maintained at a constant level which evoked either strong visual neck muscle contractions (EMG trials, 802 

LF-VNS = 1 mA) or sustained bradycardia (Cardiac trials, LF-VNS varied by subect). The HF range was then 803 

determined by incrementally increasing the HF amplitude applied until A) application of HF caused visual 804 

cessation of the LF-VNS evoked neck muscle activation (EMG trials) or B) application of HF caused a reversal 805 

of the LF-VNS evoked bradycardia (Cardiac trials). For experimental comparison, we maintained relatively 806 

constant HF amplitudes within the EMG trials; however, the number of HF amplitudes tested within the Cardiac 807 

trials varied across subjects due to the substantially longer Cardiac trial times and experimental time constraints 808 

of our protocol (12-hrs from induction). 809 

We previously showed that the electrical field generated by evoked muscle activity can contaminate 810 

neural eCAP recordings from the VN—i.e., EMG artifact—in such a way as to cause potential misinterpretation 811 

of the eCAP4,5. Within the context of cervical VNS, activation of the CA and CT muscles may appear as 812 

components in the eCAP signal with a latency of approximately 5 – 10 ms post-stimulus which, depending on 813 

the distance between cuffs, places their conduction velocity in the slow Aδ to B-fiber range6. In many of our 814 

trials, application of HF signal removed this contamination by preventing activation of the CA/CT muscles via 815 

conduction block (Figure 2). However, to confirm all eCAP components analyzed were neural in origin, we also 816 

performed a set of experimental trials with a muscle paralytic (vecuronium bromide, 1 mg/kg/hr) in a subset (n 817 

= 3/5) of subjects (Supplemental Figure 3). 818 

Data Analysis 819 

 To remove the 10 kHz HF artifact from the eCAP and EMG recordings, we used a custom software 820 

package developed by our lab for handling electrophysiological datasets (pyeCAP: https://github.com/ludwig-821 

lab/pyeCAP). We used a multi-step filtering process consisting of a 1D Gaussian low-pass filter (sigma = 1.29) 822 

to remove the majority of the HF artifact followed by a notch filter centered at 10 kHz to further attenuate any 823 

residual 10 kHz signal, and lastly a median high-pass filter (kernel = 201) to address any baseline drift 824 

(Supplemental Figures 10, 11).  825 

 Identification of HF Start and End: Although the HF output was controlled via the TDT system’s 826 

computer, there was no direct synchronization between the Synapse software controlling the LF-VNS 827 

stimulation train and the Python script controlling HF output. To identify the specific LF-VNS pulses 828 

corresponding to the HF start and end times, we developed a simple algorithm which was run on the raw, 829 



unfiltered eCAP recordings where the 10 kHz artifact was most readily apparent.  First, the rolling standard 830 

deviation (window size = 250 samples, ~100 ms) was calculated from the raw signal following each LF-VNS 831 

pulse. The window size of 250 samples was selected to flatten the standard deviation calculated around the 832 

relatively brief LF-VNS stimulation artifact whereas the constant 10 kHz artifact after HF started was unaffected. 833 

Next, we compared the maximum value of the rolling standard deviation array for each pulse to a threshold 834 

calculated as 3.5X the mean of the standard deviation during the starting portion of the pre-HF period of LF-835 

VNS stimulation which excluded pulses that could have possibly had an HF start(e.g. the first 15s of the pre-836 

HF period when the delay for HF starting was 20s). Pulses without the HF artifact had a low maximum value 837 

as both transient artifacts and slow drift were minimized by the rolling window, whereas pulses with HF had a 838 

high maximum value corresponding to a 250-sample window containing the 10 kHz HF artifact.  839 

 EMGCA Analysis: After identifying the start and end of the HF signal in each trial, the filtered EMG data 840 

for a given LF-VNS/HF amplitude combination was sub-divided into pre-HF LF-VNS, during HF (LF-VNS + 10 841 

kHz HF), and post-HF LF-VNS periods (Methods Figure 1B). For quantifying the effect of HF on evoked muscle 842 

activity, the root-mean-square (Vrms) of the stimulus-triggered average EMGCA signal from each period was 843 

calculated with integration windows set to encompass the evoked muscle activity.  This window was determined 844 

for each pig separately by plotting the EMGCA for each muscle at the maximum LF-VNS amplitude (1 mA) 845 

tested in the EMG trials and selecting a window which excluded the LF-VNS stimulation artifact while fully 846 

encompassing the muscle response. We selected this approach rather than using the full EMGCA recording to 847 

isolate the evoked response from activity induced by the HF signal (see HF Onset Effects). The Vrms of the 848 

during-HF and post-HF periods were normalized (Ṽrms) within trial using the Vrms of the pre-HF period to account 849 

for subject-to-subject anatomical and experimental preparation differences using the equation (1):  850 끫뢒�௥௠௦ =
ௗ௨𝑑𝑑௜௡௚ ுி ௏ೝ೘ೞ௣𝑝𝑝௘ ுி ௏ೝ೘ೞ  . 851 

 eCAP Analysis: The eCAP analyses were performed in a similar manner to the EMG by separating data 852 

into pre-HF, during-HF, and post-HF periods. In some subjects (n = 3/5), a large capacitive stimulus artifact was 853 

present at high amplitudes that persisted into the eCAP signal. To remove this artifact, the eCAP recordings in 854 

these subjects were re-referenced against another channel on the recording array post-hoc. The Vrms of 855 

stimulus-triggered averages from each HF period were then used to quantify the effects of HF on neural 856 

conduction with integration windows selected based on individual eCAP components. Integration windows were 857 

manually selected based on the phases/lobes of the eCAP signal. The Vrms of the during-HF and post-HF 858 

periods were normalized within trial against the pre-HF period and used to generate dose-response curves as 859 

in the EMG analysis. 860 

 To address potential EMG contamination of eCAP component 3 (components 1 and 2 had shorter 861 

latency than any EMG artifacts) two approaches were taken.  First, the number and latencies of eCAP 862 

components were characterized using eCAP recordings taken under paralytic allowing us to confirm that eCAP 863 

component 3 was neural in origin by removal of EMG signal sources. This allowed clear identification of 864 

component 3 the ‘+10 kHz HF’ periods in trials without paralytic if the HF amplitude was above the EMG block 865 

threshold, as identified by the absence of evoked EMG during HF. Secondly, in some subjects, high LF-VNS 866 

amplitudes activated the superior laryngeal (SL) nerve which is located cranial to the location of the LF-VNS 867 

cuff and innervates both the CA and CT muscles. Activation of this pathway as opposed to the standard 868 

conduction path (via the recurrent laryngeal nerve) is distinguishable by the presence of a shorter latency EMG 869 

component5. As this pathway is due to current escape cranial to the LF-VNS cuff and not propagation down the 870 

VN through the HF cuff, the application of HF would not be expected to block muscle activation from the SL 871 

and EMG contamination of the eCAP signal could not be ruled out. Thus, component 3 eCAP data were 872 

excluded from analyses when this short-latency component was present in the eCAP (P01, P04). 873 

 HR (bpm) Analysis: A stimulus-triggered TTL-pulse provided synchronization of LF-VNS with the 874 

physiologic recordings from the ADI system. HR was calculated from the raw ECG, pulse, and blood pressure 875 

(in pigs where arterial BP was collected via femoral catheter) using the built-in ‘Rate’ functions of ADI’s LabChart 876 

software. The ECG-derived HR was used for analysis except in subject P02 where the HF signal introduced a 877 

significant artifact into the ECG which interfered with the ADI’s rate calculation. To account for differential HR 878 



responses across subjects to LF-VNS (i.e. subjects exhibiting larger bradycardic responses) we assessed the 879 

effect of HF on the LF-VNS response by normalizing the change in HR of the during-HF period by the pre-HF 880 

period using the equation (2):  881 ݀݁ݖ݈݅ܽ݉ݎ݋ܰ ܨܪ 𝑑𝑑𝑑𝑑ܴ =
𝐻𝐻஻௅ܪ) (𝐻𝐻ுிܪ−

𝐻𝐻஻௅ܪ) (𝐻𝐻௣𝑝𝑝௘−ுிܪ−
=  

𝑑𝑑𝑑𝑑ܴுி𝑑𝑑𝑑𝑑ܴ௣𝑝𝑝௘−ுி 882 

Where dHRpre-HF is the maximum deflection from baseline (HRBL) over the last 10 s of the pre-HF, LF-883 

VNS only period and dHRHF is the maximum deflection from baseline of the last 10 s during-HF.  Baseline was 884 

defined as the mean HR during the 10 s prior to initiation of the pre-HF, LF-VNS pulse-train.  The last 10 s of 885 

each period was used to allow the respective LF-VNS and HF cardiac effects to fully develop given the slower 886 

response time of HR to LF-VNS/HF signals. Using this method, a value close to 1 indicates that the HF had 887 

little to no effect on the LF-VNS-evoked cardiac effect whereas a value closer to 0 means that the HF signal 888 

returned the HR closer to baseline, and a negative value indicates the HR during HF was higher than baseline. 889 

HF Onset Effects: To quantify HF onset effects, we analyzed the entire EMGCA signal during HF. We 890 

only analyzed onset responses using EMG data, not eCAP data, because (1) the magnitude of the HF artifact 891 

relative to the EMG signal was much smaller and easier to filter, and (2) HF evokes asynchronous activity which 892 

is not amenable to stimulus-triggered averaging for improvement of signal-to-noise ratio nor determination of 893 

conduction velocities (fiber-types) based on latency. Filtered EMGCA data was plotted using a rasterized format 894 

where each row on the y-axis corresponds to a LF-VNS pulse, the x-axis represents time relative to the LF-895 

VNS pulse, and the amplitude of the EMG was denoted by mapping the peak-to-peak EMG signal onto a color 896 

axis (Results Figure 4; Supplemental Figures 5, 6).  This approach enabled visualization of the pulse-by-pulse 897 

effect of HF and evoked asynchronous activity. We applied a simple peak finding algorithm (SciPy, ‘find-peaks’) 898 

with parameters set to detect peaks whose amplitude was >10% of the LF-VNS evoked EMG signal. We then 899 

quantified the onset response as the total number of twitches during HF and their magnitude relative to the LF-900 

VNS-evoked twitch (peak-to-peak voltage, not Vrms). 901 

Statistical Tests: All statistical tests were performed in Python using the SciPy.stats library. For EMG 902 

and eCAP data, statistical tests were run on the normalized data from the HF period relative to the pre-HF LF-903 

VNS evoked signal. To assess the effects of HF on the LF-VNS evoked EMG and eCAP, the non-parametric 904 

Kruskal-Wallis test was run on the normalized data (during-HF vs. pre-HF) from all subjects organized by HF 905 

amplitude. This test was followed by the non-parametric pairwise Dunn’s test where the lowest HF amplitude 906 

applied (0.5 mA in all subjects) served as the control group against which every other HF amplitude was tested.  907 

To account for multiple comparisons, adjusted p-values were calculated using the Holm-Sidak correction.  908 

Correlation between the eCAP and EMG data was performed by calculating the non-parametric Spearman’s 909 

correlation coefficient function built into the SciPy.stats library. 910 
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SUPPLEMENTAL FIGURES 927 

 928 

Supplemental Figure 1: Application of 10 kHz high frequency (HF) block at a cranial location does not prevent 929 

downstream caudal activation of low-frequency vagus nerve stimulation (LF-VNS) evoked cricoarytenoid (CA) 930 

electromyogram (EMGCA).  When LF-VNS was applied through the standard (cranial) cuff the evoked EMGCA 931 

was completely blocked at this amplitude of HF (4 mA, upper plot).  When LF-VNS was applied through the 932 

caudal cuff (typically used for recording in these experiments), the evoked EMGCA was completely unaffected 933 

by the same amplitude of HF (lower plot). Subject P05.  934 



 935 

Supplemental Figure 2: High-frequency (HF) block of low-frequency vagus nerve stimulation (LF-VNS) evoked 936 

electromyogram (EMG) was limited to conduction through the recurrent laryngeal (RL) mediated pathway.  A) 937 

Anatomic schematic of neck muscles innervated by the vagus nerve (VN).  The cricoarytenoid (CA) muscle is 938 

innervated by the RL which branches from the VN caudal to the LF-VNS, HF, and evoked compound action 939 

potential (eCAP) cuffs.  Conversely, the superior laryngeal (SL) nerve branches off cranial to the cuffs at the 940 

nodose ganglion and innervates both the CA and cricothyroid (CT) muscles. The SL can be activated by LF-941 

VNS from a stimulation cuff placed ~1 cm caudal to the nodose ganglion due to current escape at high LF-VNS 942 

amplitudes or from a poorly insulated cuff. B) Activation of the SL and RL pathways can be distinguished by 943 

the latency of the evoked EMGCA where the SL (red arrows) evokes a shorter latency response than the RL 944 

pathway (blue arrows, subject P04). C) Evoked EMGCA responses to increasing doses of HF in an experimental 945 

trial where the SL pathway was activated. (Left) Full view of the LF-VNS-evoked EMGCA during 1 mA LF-VNS; 946 

as the HF amplitude was increased, the larger and slower latency RL-mediated response was blocked by 4 947 

and 20 mA HF whereas a smaller and shorter latency SL-mediated response was unaffected by the HF signal. 948 

(Right) Re-scaled (zoomed in) view of the same data.  949 



 950 

Supplemental Figure 3: Confirmation of evoked compound action potential (eCAP) Component 3 with a muscle 951 

paralytic (vecuronium bromide). eCAP recordings in response to specified LF-VNS at increasing levels of HF 952 

from subjects in which this control was performed (n = 3/5). Due to the slower conduction velocity (longer 953 

latency) of small diameter fibers, their eCAPs are often contaminated by electromyogram (EMG) signals.  As 954 

the LF-VNS-evoked EMG was blocked by increasing amplitudes of HF, we suspected that the residual signal 955 

in the eCAP recordings at these amplitudes was a true neural eCAP component that reflected activation of 956 

small diameter fibers and their subsequent block at very high HF amplitudes.  To confirm that Component 3 957 

was neural in origin, we repeated a subset of trials with a muscle paralytic (vecuronium bromide) in the subjects 958 

shown here. Note, in P02 there was a substantial difference in the stim artifact of the eCAP (lower plot) 959 

indicating a change in the experimental preparation’s status (i.e. stim/recording cuff electrode conformance, 960 

edema within the pocket, movement of cuff over day, etc.,) between the non-vecuronium and vecuronium trials 961 

resulting in differences between them in the pre-HF period (HF = 0 mA).  962 



 963 

 964 

Supplemental Figure 4: Individual subject neural (eCAP) responses to LF-VNS and HF. A,B) Stimulus-triggered 965 

average of the evoked compound action potential (eCAP) elicited by specified levels of LF-VNS with increasing 966 

HF amplitudes.  C) Cohort dose-response curve of specified eCAP components with individual responses 967 

shown.  For components 1 & 2, data were normalized within trial against the pre-HF (LF-VNS only) period. For 968 

component 3, data were normalized against the HF period at HF = 6 mA as this was shown to block the LF-969 

VNS-evoked EMGCA and remove EMG contamination from the eCAP signal (see main text Figure 2). Subjects 970 

(P01, P04) which exhibited short-latency (superior laryngeal mediated) EMG responses contaminating the 971 

eCAP recordings were also excluded from eCAP 3 analysis. 972 



 973 

Supplemental Figure 5: Process to rasterize the electromyogram (EMG) responses to high-frequency (HF) 974 

signals. A) The standard format for displaying EMG responses to electrical stimulation is by plotting the EMG’s 975 

voltage trace in a 2D format where the x-axis is time post-stimulus and the y-axis is the measured EMG voltage. 976 

These example time series data depict the cricoarytenoid EMG (EMGCA) response to 1 mA low-frequency vagus 977 

nerve stimulation (LF-VNS) with 4 mA HF.  The first 50 EMGCA voltage traces from each of the different phases 978 

(pre-HF, with HF, and post-HF) of the trial are superimposed and plotted from the bottom to top rows. While 979 

this format provides visualization of the LF-VNS-evoked EMGCA twitch (the consistent spike in the pre- and 980 

post-HF plots at t = ~10 ms), the superposition of the EMGCA traces during HF makes visualization and 981 

interpretation difficult as the irregular HF-evoked activity causes the overlaid traces to become an 982 

indistinguishably noisy signal.  Further, if these traces underwent stimulus-triggered averaging, the 983 

asynchronicity of the HF-evoked activity may cause it to be averaged out completely and appear as though HF 984 

blocked the LF-VNS evoked EMGCA without any other effects.  B) To better visualize the effect of HF, we plotted 985 

the data using a rasterized format where the y-axis is LF-VNS pulse number and the EMGCA voltage is 986 

represented by a color-axis.  These example raster plots depict the same fifty traces as in (A). The black lines 987 

in the ‘HF’ and green line in the ‘post-HF’ plots denote the start and end of HF, respectively. The consistent LF-988 

VNS-evoked EMGCA twitch is seen in the dark blue/red bands with the same latency as the trace format, at t = 989 

~10 ms (B, bottom/top rows).  In this trial, the 4 mA HF immediately and completely blocked the LF-VNS evoked 990 

twitch; however, it simultaneously evoked asynchronous EMGCA responses as evidenced by the randomly 991 

distributed colored dots following the onset of HF (B, middle row). Interestingly, the magnitude of these twitches 992 

(the darkness of the dots) is considerably less than the LF-VNS evoked twitch and decreases over the duration 993 

of HF. C) Depicts the rasterized format of all pulses from the trial shown in panels A and B, rather than only the 994 

first 50 pulses of each period. The asynchronous EMGCA activity only occurs during the first half of HF while 995 

block of the LF-VNS-evoked EMGCA twitch is maintained during the HF period and immediately recovers 996 

following end of HF.  997 



 998 

Supplemental Figure 6: Rasterized cricoarytenoid electromyogram (EMGCA) responses to low-frequency vagus 999 

nerve stimulation (LF-VNS, 1 mA all plots) and increasing high-frequency (HF) amplitudes across study cohort. 1000 

Black lines denote start of HF and green lines denote end of HF.  Color represents peak-to-peak amplitude 1001 

(µVpp) of the EMGCA signal plotted as a function of time and LF-VNS pulse number.  1002 



 1003 

Supplemental Figure 7: Demonstration of the ‘HF-window’ across the cohort, wherein the EMGCA response is 1004 

blocked while the HR response is maintained. In all subjects, we found that the high-frequency (HF) amplitude 1005 

necessary to block low-frequency vagus nerve stimulation (LF-VNS) evoked cricoarytenoid electromyogram 1006 

(EMGCA) was below the threshold at which HF affected the LF-VNS cardiac response (to both (A) tachycardic 1007 

and (B) bradycardic responses). The top row of panels A and B shows the paired LF-VNS evoked EMGCA 1008 

response before (blue trace) and during (red trace) HF stimulation (HF amplitude of EMGCA plot = HF amplitude 1009 

of first HR plot).  The other three rows in panels A and B show the cardiac effects at the same level of LF-VNS 1010 

with increasing HF amplitude.  Note that HF-evoked cardiac effects are generally absent in the topmost cardiac 1011 

traces; as HF amplitude is increased, HF-evoked cardiac effects are apparent by the rapid change in heart rate 1012 

trajectory at the onset of HF (red shaded region).  1013 



 1014 

Supplemental Figure 8: Relationship between evoked compound action potential (eCAP) Component 3 and 1015 

high-frequency (HF) effects on the low-frequency vagus nerve stimulation (LF-VNS) cardiac response. Given 1016 

the limited datapoints, variability in the LF-VNS/HF responses at high LF-VNS and HF amplitudes across 1017 

subjects, and the presence of short-latency (superior laryngeal-mediated) EMG contamination in subjects P01 1018 

and P04, a direct correlation between eCAP component 3 and the effect of HF on the LF-VNS cardiac response 1019 

across the study cohort was not feasible.  However, visual assessment of eCAP Component 3 and paired 1020 

cardiac responses in subjects P02, P03, and P05 appear to show a linear relationship between HF block of 1021 

Component 3 and HF block of LF-VNS bradycardic effects, suggesting that eCAP Component 3 represents 1022 

small diameter vagal cardiac efferents. Subject 3: Trial with HF amplitude of 25 mA, LF-VNS amplitude was 7 1023 

mA.  1024 



 1025 

Supplemental Figure 9: Comparison of the specified high-frequency (HF) stimulation current versus the 1026 

measured output across experimental cohort. Due to concerns about attenuation of the 10 kHz HF signal, the 1027 

voltage across an in-series 100 Ω resistor was measured and used to compare the applied HF current against 1028 

the specified current amplitude. A) Table showing the HF current measured based on the input HF amplitude, 1029 

grayed out boxes are amplitudes which were not tested in that subject. ‡: In P01 and P02, the HF output was 1030 

measured using the TDT’s onboard ADC which attenuated the actual amplitude due to a hardware low-pass 1031 

filter. Thus, output current levels represent a post-hoc calculated output based on benchtop testing. B) Plot 1032 

shows the relationship of input to output up to 20 mA input HF amplitude. C) Table showing differences in the 1033 

HF stimulation/measurement hardware across subjects.   1034 



 1035 

Supplemental Figure 10: Filtering 10 kHz artifact.  Power spectral density (PSD, Welch’s method) plots of the 1036 

cricoarytenoid electromyogram (EMGCA) from trials with only high-frequency (HF) stimulation (no LF-VNS) at 1037 

0.5 to 20 mA. PSD of the raw data (top row) shows a significant HF artifact that scales with the HF amplitude. 1038 

To remove this artifact, we first applied a Gaussian low-pass filter (sigma = 1.29) followed by a 10 kHz notch 1039 

filter.  A subsequent median high-pass filter (kernel = 201) was then applied to address baseline drift.  The right 1040 

column shows the PSD at frequencies < 2 kHz which contains the range at which EMGCA is expected to be 1041 

present (0 – 500 Hz). The effect of the HF-evoked asynchronous activity can be seen in the larger low-frequency 1042 

power at 1 and 4 mA HF.  Notably, if the asynchronous activity in the EMGCA signal was a signal processing 1043 

artifact created by filtering of the HF signal, it would be expected to increase with HF amplitude. Instead, the 1044 

low-frequency power at 20 mA HF is closer to 0.5 mA HF in both the raw and filtered signals. Across the cohort, 1045 

0.5 mA HF did not evoke asynchronous EMGCA activity whereas at 20 mA, the effect of HF on the motor fibers 1046 

was almost immediate and minimal asynchronous activity was observed (see Raster plots, Supplemental 1047 

Figure 5).   1048 



 1049 

Supplemental Figure 11: Power spectral density (PSD) of the evoked compound action potential (eCAP) with 1050 

filtering approach.  Data are from the same HF-only trials as Supplementary Figure 10.  Spikes in PSD are 1051 

harmonics of 60 Hz powerline noise. Although we did not specifically filter out powerline noise (or its harmonics), 1052 

it was averaged out of our eCAP analyses by using stimulus-triggered averaging and a low-frequency vagus 1053 

nerve (LF-VNS) stimulation frequency that is not an even multiplier of 60 Hz (i.e. 8.1 and 25 Hz). 1054 


