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Abstract
Neural interfaces have great potential to treat disease and disability by modulating the electrical signals within the nervous

system. However, whilst neural stimulation is a well-established technique, current neural interfaces are limited by poor

recording ability. Low signal amplitudes necessitate the use of highly invasive techniques that divide or penetrate the

nerve, and as such are unsuitable for chronic implantation. In this paper, we present the first application of the velocity

selective recording technique to the detection of respiration activity in the vagus nerve, which is involved with treatments

for epilepsy, depression, and rheumatoid arthritis. Further, we show this using a chronically implantable interface that does

not divide the nerve. We also validate our recording setup using electrical stimulation and we present an analysis of the

recorded signal amplitudes. The recording interface was formed from a cuff containing ten electrodes implanted around the

intact right vagus nerve of a Danish Landrace pig. Nine differential amplifiers were connected to adjacent electrodes, and

the resulting signals were processed to discriminate neural activity based on conduction velocity. Despite the average

single channel signal-to-noise ratio of - 5.8 dB, it was possible to observe distinct action potentials travelling in both

directions along the nerve. Further, contrary to expectation given the low signal-to-noise ratio, we have shown that it was

possible to identify afferent neural activity that encoded respiration. The significance of this is the demonstration of a

chronically implantable method for neural recording, a result that will transform the capabilities of future neuroprostheses.
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1 Introduction

Despite the many potential applications of velocity selec-

tive recording (VSR), it has, until recently, only been

demonstrated using the electrically evoked electroneuro-

gram (ENG), i.e. compound action potentials (CAPs) in

frog and pig [1, 2]. The first application of VSR to naturally

occurring (physiological) ENG was made in rat using hook

electrodes, where afferent activity was detected in the

velocity spectrum [3]. These recordings demonstrated two

important concepts; firstly, that it is possible to discern

naturally occurring spikes using a very simple recording

array and basic signal processing and, secondly, that by

using a modified VSR process it is possible to extract firing

rates for neurons in narrow bands of velocity from the

composite recordings in real time. However, a key limita-

tion of this earlier work is the use of hook electrodes,

which are not implantable. Hooks were chosen for the

experiments in rat because they are convenient in acute

experiments. They often provide a substantially higher

signal-to-noise ratio (SNR) than chronically

implantable electrode cuffs [3].

In this paper, we present new results from a study that

represents the next logical step for VSR development:

the first experimental demonstration of VSR using a

chronically implantable electrode structure in vivo.

Experiments were performed to obtain both electrically
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evoked and physiological ENG from the entire right

vagus nerve of an adult female pig. The cervical vagus

nerves (consisting of the left and right) are the tenth pair

of cranial nerves and innervate the heart, lungs, upper

digestive tract, and other organs of the chest and abdo-

men. The vagus nerve has become a target of interest for

potential neuroprostheses, and vagus nerve stimulation

has become an established therapy for patients with

disorders such as epilepsy [4], depression [5] and

rheumatoid arthritis [6]. The efficacy of vagus nerve

stimulation used as a treatment does, however, remain

modest as limitations on recording ability have so far

precluded the possibility of a closed-loop stimulator that

operates on demand. Importantly, it has been demon-

strated that the ensemble activity recorded from the

vagus nerve using a simple nerve cuff can provide a

method of early detection of epileptic seizures [7], as

well as a respiratory marker [8].

Two sets of experiments were performed in the present

study, both using a multiple electrode cuff (MEC) for

recording. The first experiment used a small tripolar cuff

for stimulation and a ten-electrode MEC for recording the

resulting electrically evoked ENG. The second experiment

recorded physiological ENG from the pig at rest, and

modulation of the physiological neural signals resulted

only from the natural variations in cardiac function, res-

piration, and blood pressure. Results are presented from

both experiments and illustrate the successful stimulation

of and recording from the entire vagus nerve using the

two cuffs. The experimental setup was the same in both

cases.

2 Materials and methods

2.1 Animal preparation

All animal procedures were performed in accordance with

the Danish Animal Experiments Inspectorate (approval no.

2013-15-2934-00753), as well as the care and use of lab-

oratory animals as described by the US National Institutes

of Health. In the experiment, an adult female Danish

Landrace pig (weight: approximately 50 kg) was sedated

with zoletil administered by the intramuscular route,

transported to the hospital, and then intubated and anaes-

thetized with sevoflurane and zoletil, also administered

intramuscularly. The animal was mechanically ventilated

at 15 cycles per minute. An incision of approximately

20 cm was made on the right side of the trachea to expose

the right cervical vagus nerve (the tenth cranial nerve), and

a section of approximately 15 cm of the nerve was freed

from surrounding tissues. The MEC was placed around the

nerve at the caudal end of the freed nerve section, while a

stimulation cuff was placed on the nerve at the cranial end.

The animal was grounded electrically via a subcuta-

neous stainless-steel probe, approximately 20 cm in length

and 1 cm in diameter, inserted at the abdomen. This ground

was also connected to the recording amplifiers. The elec-

trocardiogram (ECG) and the vascular blood pressure were

recorded independently of the ENG to monitor vital signs.

After all surgical procedures had been completed, the

anaesthesia was switched to a mixture of ketamine, mida-

zolam, and fentanyl (administered intravenously) and the

animal was left to stabilise for at least 20 min before per-

forming the experiments. The animal was euthanized after

completion of the experiments by an overdose of

pentobarbitone.

2.2 Electrode and amplifier configuration

Both the electrode cuffs were produced according to the

technique described by Haugland [9]. The stimulation

cuff was approximately 12 mm long, with an inner

diameter of 2.4 mm, and contained three 1 mm wide

platinum-iridium ring electrodes with 5 mm centre-to-

centre electrode pitch. The recording cuff was approxi-

mately 42 mm long, with an inner diameter of 2.4 mm,

and contained ten 1 mm wide ring electrodes with

3.5 mm pitch. The cuffs were placed around the nerve by

placing the cuff under the nerve, opening a slit on one

side of the cuff, pushing the nerve through, and closing

the cuff again. In order to minimize current leakage

through the slit, a silicone sheet was placed around the

cuff with the opening in the reverse position, and the cuff

was closed with ligatures at each end and at the centre.

The recording cuff was connected to a custom-made

amplifier bank in a bipolar configuration and bandpass

filtered from 100 Hz to 10 kHz. The overall amplifier

voltage gain was 94 dB. In contrast to hook electrodes,

the expected amplitudes of the extracellular potentials

(Vex) recorded with an MEC are substantially lower

(typically, using cuffs, 1–10 lV for physiological ENG

and 10–100 lV for CAPs). The amplified and filtered

signal was passed to a set of high-speed successive-ap-

proximation analogue to digital converters (ADCs)

(NI9222 mounted in cDAQ-9178 by National Instruments,

Austin, TX, USA) providing simultaneous sampling of all

ten bipolar recordings at a sample rate of 100 kS/s with

16-bit resolution. The high sampling rate (approximately

10 times the Nyquist frequency for the accepted signal

bandwidth of 10 kHz) was necessitated due to the small

propagation delays of the faster action potentials, as low

as 175 ls. The digitisation range was ± 12 V.
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2.3 Velocity selective recording

The essence of VSR is a fundamental process called delay-

and-add analogous to the delay-and-sum beam-forming

algorithms used in many types of synthetic aperture arrays

in radar and sonar systems [10]. Each bipolar recording VBi

is delayed relative to the end recording by an interval that

depends on both the electrode spacing and the propagation

velocity of the signal. So, if the delay inserted between the

first two channels ðVB1;VB2Þ is dt then the delay inserted

between the first and third channels ðVB1;VB3Þ is 2 dt and

so on. The general index of this process is i and 1� i�C

where C�dt is the maximum delay of interest. The delay-

and-add process essentially operates by cancelling out the

naturally occurring delays, after which the channels’ out-

puts are summed, resulting in:

VD n; dt½ � ¼
XC

i¼1

VBi½n� i� 1ð Þ � dt� ð1Þ

where C is the number of recording channels and n is the

current sample index [2]. There are two key advantages of

the VSR process. Firstly, by using both positive and neg-

ative values for dt it is possible to isolate afferent and

efferent neural activity. Secondly, when delay-and-add is

used, and the noise sources are uncorrelated (a reasonable

assumption), then there is an increase in effective SNR of

approximately
ffiffiffiffi
C

p
[11]. This property can be exploited to

identify neural activity that may not be directly observable

in the time records of the individual bipolar channels, and

thus could not be detected or classified by traditional spike

sorting methods. It is this property for increasing the

effective SNR that is exploited in this paper to demonstrate

the recording of physiological activity with a chronically

implantable (i.e. an MEC) electrode array. For the nine

channels of bipolar data, the delay-and-add process should

provide an SNR improvement of around three times the

original. All data processing was performed offline using

standard MATLAB toolboxes, however, the signal pro-

cessing described in Eq. (1) could easily be performed in

real time using an embedded microcontroller.

2.4 Method for extracting respiration

The VSR process can be further extended to extract the

firing rates (or spike trains), using a signal analysis tech-

nique [velocity spectral density (VSD)] that has been

described previously [3]. This technique produces spike

trains with a marker that indicates an action potential with

a specific conduction velocity has been detected. In this

study we apply the VSD technique in order to extract

action potentials that encode afferent respiration

information. In order to apply the VSD technique, we

extract three different respiration waveforms.

Firstly, a baseline respiration waveform is constructed

from the recording of the arterial blood pressure. There is a

well-known relationship between blood pressure and res-

piration, which is proportional to changes in intrathoracic

pressure during inspiration and expiration, a summary of

which is available in [12].

Secondly, the raw time domain ENG data is segmented

and a 20 second window of data is taken from all nine

channels, each channel is then bandpass filtered using a 6th

order Butterworth IIR filter with cut-off frequencies of

250 Hz and 10 kHz respectively. Further, each channel

also has DC offsets and common mode artefacts removed.

The common mode artefacts are replaced by null samples

over a range of ± 160 ls from the centre of the artefact.

After filtering, each channel of ENG is smoothed using a

sliding RMS window of length 500 ms. The result of this

process is an RMS waveform that illustrates the level of

neural activity within the entire nerve.

The final stage of the analysis process is to distinguish

between afferent and efferent activity, as well as to identify

the individual action potentials and classify them based on

conduction velocity. The raw ENG is filtered in the manner

described previously, but without the RMS smoothing

being applied. The VSD method can then be applied to

extract the individual action potentials [3].

3 Results

3.1 Electrically evoked data

Electrical stimulation was applied to the nerve using the

tripolar stimulation cuff, the purpose of this was to both

validate the recording setup and determine the range of

velocities that might be supported by the nerve. The

stimulation profile consisted of charge-balanced square

pulses, with a primary cathodic phase of 100 ls duration

and amplitude ranging from 0 to 5 mA in steps of 100 lA,
followed, after a delay of 100 ls, by an anodic phase of

2 ms duration and 5% of the cathodic amplitude, which

was repeated ten times. Figure 1 illustrates the composite

time domain recording made by averaging ten stimulation

events that were at the maximum stimulus of 5 mA, and

clearly indicates two electrically evoked compound action

potentials (eCAPs). The leftmost marker represents the

stimulation artefact and the two successive markers rep-

resent the two dominant eCAPs with conduction velocities

of approximately 58 and 15 m/s and peak amplitudes of

200 and 10 lV respectively. The recording cuff was

located approximately 5 cm caudally from the stimulation
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Fig. 1 a Composite time

domain recording for a maximal

stimulation event. Each trace is

the average of ten stimulation

events, the first marker indicates

the stimulation artefact, with

successive markers indicating

the two dominant eCAPs at 58

and 15 m/s respectively.

b Zoomed section from a that

illustrates the slower eCAP

occurring approximately 6 ms

after the stimulation event. Note

the reduced amplitude

corresponding to the

approximate square law

relationship between velocity

and amplitude for myelinated

axons
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Fig. 2 Time domain recording

of physiological ENG from the

right cervical vagus nerve, there

are few visually discernible

features that could be

attributable to ENG activity.

The ordinate is input-referred

signal (voltage), the offsets have

been added artificially for

presentation purposes. The raw

data have been bandpass filtered

with an 8th order Butterworth

digital filter between 250 Hz

and 10 kHz. The RMS

amplitude for the data, averaged

over all nine channels, is

19.5 lV

130 Biomedical Engineering Letters (2018) 8:127–136

123



cuff. The offset in the data has been added artificially for

the purposes of presentation.

The slower eCAP has a markedly lower amplitude

compared to the faster one. The well-known reason for this

is that, for myelinated axons, there is an approximately

square law relationship between conduction velocity and

amplitude, both being a function of the axon diameter [13].

Indeed, the velocity ratio of the two populations is

approximately 4:1, which—using a square law relation-

ship—would result in an amplitude ratio of 16:1; the

measured ratio is approximately 20:1. However, this cal-

culation would only be exactly true if the two populations

of fibres each had the same velocity, the same number of

fibres, and all fired simultaneously, which will not be true.

The electrically evoked data validate the recording

configuration and provide a measure of the types of axons

that were present within the nerve, namely those in the

range of conduction velocities from 15 to 58 m/s corre-

sponding predominantly to the Ad and Ab fibre types

respectively. These axons are most likely responsible for

baroreceptors in the lungs and heart, as well as parasym-

pathetic efferent fibres innervating the heart, and possibly

laryngeal motor fibres. The vagus nerve also contains many

C fibres, which are unmyelinated and with conduction

velocities below 5 m/s. These are not seen in the eCAP

recording probably due to the very low action potential

amplitude associated with the square law.

3.2 Naturally occurring neural activity

After the electrically evoked data was recorded, the animal

was left to stabilise for a period of 2 min before bipolar

recordings of naturally occurring (or physiological) ENG

were made using the same recording setup. These record-

ings were made with the animal at rest; no artificial stim-

ulation was applied either electrically or mechanically. As

with the electrical stimulation, a continuous recording was

made that lasted 2 min, the data was sampled concurrently

over all nine bipolar channels at a sample rate of 100 kS/s

with 16-bit resolution. The raw data contained several

interference artefacts that appeared as common mode sig-

nals in all channels and appeared periodically at a rate of

approximately two per second, each artefact was a short

burst of oscillations with a frequency of approximately

15 kHz. A 7 ms segment of the time domain data without

interference artefacts is shown in Fig. 2. Within the time

domain recordings of the physiologically ENG, there are

few (if any) visually discernible features that could be

attributable to neural activity. As with the electrically

evoked recordings, the ordinate scale in each case repre-

sents the signal voltage after application of 94 dB voltage

gain and the offsets have been added artificially for pre-

sentation purposes. Channel one (top trace) is cranial and

channel nine (bottom trace) is caudal. The raw data have

been bandpass filtered with an 8th order Butterworth digital

filter between 250 Hz and 10 kHz in post-processing.

The delay-and-add approach was applied to the short

time segment of Fig. 2 over the range of conduction

velocities from 31 to 45 m/s in steps of 2 m/s. These limits

were chosen after first exploring wider limits (5–80 m/s)

and identifying the range of values that produced the lar-

gest responses. The step size of 2 m/s in this instance was

chosen for presentation reasons. The result of the delay-

and-add process of Eq. (1) is shown in Fig. 3, where each

waveform is the result of adding together all the nine

bipolar time domain recordings with a delay factor s ¼ d=v

corresponding to each velocity. Clearly visible within the

data are correlated peaks that reveal action potentials with

conduction velocities in the chosen range.

3.3 Statistical analysis

To quantify the significance of the peaks in Fig. 3, a sta-

tistical analysis was performed that relies on the assump-

tion that the noise sources in the raw data consist of

uncorrelated additive white Gaussian noise (AWGN).

Firstly, the standard deviations for each of the nine raw

data channels were calculated using conventional methods.

These standard deviations were then summed to produce

the expected standard deviation rsum after the delay-and-

add process assuming only noise in the original recordings:

rsum ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1 þ r2 þ � � � þ r9

p
ð2Þ

Thus, if each of the nine raw data channels contained

purely uncorrelated AWGN then the expected standard

deviation after summing all channels together is rsum,
which was found to have a value of 19.4 lV. This value

was used to construct a confidence threshold of 3r varia-

tion from the mean of 58.4 lV. This threshold is indicated

in Fig. 3 as the two dashed lines located at± 58.4 lV. Any
values for Eq. (1) that lie outside this range are hypothe-

sised to be the result of correlated events between the raw

data channels, i.e. naturally occurring action potentials. In

Fig. 3, there are seven such events with positive amplitude

and two with negative amplitude. The approximate peak

delay (and thus velocity) for the events are given in

Table 1.

3.4 Extraction of respiration

The analysis methods described previously were applied to

the naturally occurring data in order to extract action

potentials that encode respiration. Firstly, the baseline

respiration signal was extracted from the blood pressure

waveform. Figure 4a illustrates the time domain recording

of the arterial blood pressure (non-calibrated, relative
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values only) recorded from a catheter within the Carotid

artery. There is a clear modulation of the blood pressure by

the action of respiration, as shown by the variation in the

envelope of the blood pressure, this respiration signal has

been extracted and is shown in the dashed line. The

extracted respiration rate is approximately 0.25 Hz, which

agrees with prescribed ventilator rate of 15 cycles per

minute.

Secondly, the RMS smoothing technique was applied to

the raw ENG, and the results are shown in Fig. 4b. There is

a clear correlation between the increase in overall signal

amplitude of the ENG with the respiration signal extracted

from the arterial blood pressure. This result indicates that

there is a large number of axons within the right vagus

nerve related to respiration.

Finally, the VSD analysis technique was applied to the

data in order to extract individual action potentials.

Throughout this process an overall VSD detector threshold

was set at 10 dB (relative to the median signal value after

the delay-and-add process), this is equal to an absolute

voltage threshold of approximately 45 lV. The results of

the VSD analysis are shown in Fig. 4c for afferent activity

and Fig. 4d for efferent activity. The afferent spike patterns

extracted for conduction velocities between 20 and 70 m/s

demonstrate clear correlation between activity centred

about 30–40 m/s and the respiration waveform. The total

number of spikes above threshold (10 dB to the median)

was 2254. The efferent spike patterns extracted for con-

duction velocities between - 20 and - 70 m/s demon-

strate no obvious visual correlation between activity and

the respiration or blood pressure waveform. The total

number of spikes above threshold (10 dB to the median)

was 1440.

In order to examine the correlation, the extracted spikes

were segmented based on conduction velocity into

Ab (33–75 m/s) and Ad (3–30 m/s), for the both efferent

and afferent cases. The segmented spikes were then con-

verted into a time domain waveform by the following

process: Firstly, the single sample spike events were con-

volved with a 500 ms sliding Gaussian window. Secondly,

the resulting activity waveform was low-pass filtered at

0.5 Hz with a 4th order Butterworth IIR filter. Finally, both

the respiration waveform and the segmented spike wave-

forms were normalised to their own standard deviations for

comparison. The resulting waveforms are shown in Fig. 5

for the case of the afferent Ab fibres, Table 2 shows the

correlation coefficients and the lag in seconds at which that

correlation occurred for all of the extracted waveforms.

4 Discussion

The results for the electrical stimulation experiment

demonstrate that the interface could record eCAPs

throughout the duration of the experiment, with good levels
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Fig. 3 The post delay-and-add

(beam formed) waveforms for

the physiological recording of

Fig. 2 for conduction velocities

in the range 31–45 m/s with an

interval of 2 m/s, correlated

peaks are clearly visible

revealing efferent action

potentials that are not

discernible in Fig. 2. The

dashed thresholds

represent ± 3r deviation from

the mean assuming purely

uncorrelated AWGN sources

(absolute value = 58:4 lV)

Table 1 Approximate conduction velocities and peak amplitudes for

the correlated events that exceed the positive 3r threshold in Fig. 3

Event Approximate velocity (m/s) Peak amplitude (lV)

1 37 80.51

2 41 66.04

3 44 66.15

4 41 107.70

5 44 - 83.62

6 35 66.08

7 42 112.40

8 43 95.45

9 37 - 65.63
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of SNR and a range of conduction velocities from 15 to

58 m/s, corresponding predominantly to the Ad and Ab
fibre types respectively. There were only two main eCAP

events identified within the time domain recordings, how-

ever, it was expected that the cervical vagus would also

contain C fibres that, if they were being stimulated, would

have had a response that was too small to be detectable.

Indeed, the recording of C fibre activity from a large nerve

represents one of the key remaining challenges of current

neural recording systems.

0 2 4 6 8 10 12 14 16 18 20
Time (Seconds)

3.5

4

4.5

5

5.5

6

A
m

pl
itu

de

2 4 6 8 10 12 14 16 18 20
Time (Seconds)

10

20

30

40

50

60

70

R
M

S
 A

m
pl

itu
de

 (
µ

V
)

0 2 4 6 8 10 12 14 16 18 20
Time (Seconds)

20

30

40

50

60

70

V
el

oc
ity

 (
m

/s
)

0 2 4 6 8 10 12 14 16 18 20
Time (Seconds)

-70

-60

-50

-40

-30

-20

V
el

oc
ity

 (
m

/s
)

a

b

c

d

Fig. 4 a The time domain recording of the arterial blood pressure

(non-calibrated) recorded from a catheter within the Carotid artery is

shown in the solid trace. There is a clear modulation of the blood

pressure by the action of respiration, and a respiration signal has been

extracted by fitting an envelope to the blood pressure waveform

(dashed line). The respiration rate is 0.25 Hz. b The time domain

recording of the raw ENG over all nine channels. Each channel has

been filtered using a bandpass filter with cut-off frequencies of

250 Hz and 10 kHz respectively, DC offsets have been removed and

a common mode rejection algorithm has been applied. Further, each

channel has then been averaged using a rolling RMS window of

length 500 ms. Clearly visible in each channel is an increase in

overall signal amplitude that is correlated to the respiration waveform

of a. c The afferent spike pattern extracted for conduction velocities

between 20 and 70 m/s, each marker indicates a spike. The total

number of spikes above threshold (10 dB to the median) was 2254.

There is a clear correlation between afferent activity centred about

30–40 m/s and the respiration waveform. d The efferent spike pattern

extracted for conduction velocities between - 20 and - 70 m/s, each

marker indicates a spike. The total number of spikes above threshold

(10 dB to the median) was 1440. There is no obvious correlation

between efferent activity and the respiration or blood pressure

waveform
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The recording of physiological ENG was performed

with the same recording setup as the electrical stimulation

experiment, with no change at all in the configuration. It

was not possible to directly observe individual action

potentials within the dipole recordings, which is the

familiar situation with recording cuffs: their internal

resistance is too low for the action current to generate a

potential that is distinguishable from the noise.

The application of the standard delay-and-add process,

which should yield an improvement in SNR of about three

(
ffiffiffiffi
N

p
where N ¼ 9 in this case), produces a result with clear

and distinct peaks, as shown in Fig. 3. These peaks exhibit

a clear relationship that is a direct result of inter-channel

correlation, namely that the amplitude of the waveforms is

directly proportional to artificial delay that is applied.

Furthermore, when the statistical properties of the noise are

examined, and the total expected variance from the mean is

computed, it has been shown that multiple events exist

(post delay-and-add) that are beyond the 3r significance

threshold. These events correlate with a delay that is sug-

gestive of a conduction velocity well within the expected

range, and within the range demonstrated using electrical

stimulation.

However, as shown in Table 1, the peaks obtained after

delay-and-add are about 90 lV, or, on average, 10 lV per

dipole. This is a surprisingly large value that meant that we

treated these results with caution. In [14] we presented a

physical model of an axon in a cuff and derived the

recorded action potential from the trans-membrane action

potential (TMAP), the electrode pitch, the propagation

velocity, the cuff radius and the resistivities of axoplasm

and the volume conductor within the cuff. For a dipole, the

recorded potential function is

Vdp t; z1; z2ð Þ ¼ q�
qa

� �
ra

re

� �2

Vm t � z1

v

� �
� Vm t � z2

v

� �h i

ð3Þ

where z1 and z2 are the electrode positions, qe and qa are

the resistivities of the tissue inside the cuff and of the

axoplasm respectively, re and ra are the internal radii of the

cuff and the axon, Vm is the transmembrane action poten-

tial, and v is the conduction velocity. For the cuff in this

experiment, the 3.5 mm pitch was large enough that even

at 70 m/s the peak value of the expression in the square

brackets is close to the peak value of the TMAP

(* 60 mV). If the bore of the 70 m/s fibre is 7 lm and of

the cuff was 2.4 mm, the peak value of Vdp would be

0.5 lV multiplied by ðq�=qaÞ. So, to get 10 lV, this quo-
tient would need to be approximately 20. This is not per-

haps impossible for a snug-fitting cuff before the growth of

encapsulation tissue, where typical values might be

qe = 1.1 kX cm and qa = 70 X cm [15, 16]. Unfortu-

nately, no impedance measurements were made during the

experiment that could have shown this to be the case. At

20 m/s, the equivalent amplitude multiplier is 0.04 lV, so
the recorded action potentials would be more than ten times

smaller.

Figure 4a–d shows the correlation between the afferent

action potentials and the independently-recorded respira-

tion. This is convincing evidence that action potential

velocities can be detected using the VSD method, not only

from microchannels [17] but sometimes, as in this exper-

iment, from cuffs on whole nerves, if the internal resistance

of the cuff is high. The conduction velocities that are most

strongly correlated to respiration are in the range expected

for both the Ad and Ab sensory axons, although the
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Fig. 5 The respiration signal extracted from Fig. 4a is plotted

alongside the Ab afferent activity extracted from the vagus nerve.

In order to transform the spike patterns from Fig. 4c a 500 ms

Gaussian window was convolved with the spikes in the Ab range, and

the resulting waveform was then low-pass filtered at 0.5 Hz with a 4th

order Butterworth digital filter. Both signals were normalised to their

own standard deviations for comparison

Table 2 Correlation coefficients and lags for the extracted signals

relative to the baseline respiration waveform

Signal Correlation coefficient Lag (s)

RMS smoothed ENG 0.69 - 0.443

Ab afferent 0.72 0.036

Ad afferent 0.69 0.023

Ab efferent 0.23 - 12.969

Ad efferent 0.50 - 2.328
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analysis was restricted to only the top end of the Ad con-

duction range. There is significantly less, if any, correlation

between respiration and efferent activity in either the Ad or

the Ab conduction ranges.

The lag values given in Table 2 should be treated with

some caution. Whilst the RMS process introduces a lag in

the smoothed ENG, it is also likely that any earlier rise in

activity is during the expansion of the lungs and before the

effect of modulation on the blood pressure. There are most

likely two factors that make a direct timing analysis

problematic: firstly, it is difficult to make conclusions about

what to expect in terms of efferent or afferent activity,

considering that the animal was artificially ventilated. It is

likely that the natural respiration drives were not entirely

surpressed, although may become reset or adjusted to the

artificial ventilation rate. Secondly, because the respiration

waveform has been extracted from the blood pressure,

there will be an unknown time delay between changes in

intrathoracic pressure and changes in the blood pressure.

One question that arises from these results is why the

eCAP appears to give two distinct populations of axons in

the nerve whereas the spike patterns show a broad spread

of velocities from ? 70 to - 70 m/s, excluding the slow

range from ? 20 to - 20 m/s. Part of the answer is

probably that many of the axons that were activated in the

eCAP were quiescent during the natural activity, so that the

distribution of active fibres is different in the two situa-

tions. Nevertheless, it is strange that such a sharp peak at

58 m/s in Fig. 1 should not have any significant corre-

sponding activity in Fig. 4, either in the afferent or efferent

direction. This question will need further examination, a

potential explanation could be that these are laryngeal

fibres which may be inactive due to the sedation of the

animal.

5 Conclusions

This study has, for the first time, demonstrated the appli-

cation of the velocity selective recording technique to the

recording of both electrically evoked and physiological

neural signals from the cervical vagus nerve. A simple

interface was formed from a multiple electrode cuff con-

taining ten recording electrodes, the cuff was implanted on

the intact right cervical vagus nerve of an anesthetised

Danish landrace pig. The ten channels were amplified and

filtered before post-processing was applied to discriminate

neural activity based on conduction velocity. As a direct

result of the measurements, a surprising discovery has been

made: although the single channel signal-to-noise ratio is

on the order of - 5.8 dB, it is possible—using the velocity

selective recording method—to observe distinct action

potentials travelling in both directions along the vagus

nerve, with a range of conduction velocities consistent with

Ad and Ab fibre types. Further, it is possible to automati-

cally extract firing rates, in real time, for each velocity.

These firing rates show a clear correlation between respi-

ration and activity within the sensory (afferent) pathways

of the vagus nerve.

The outcomes of this study have shown that it is possible

to record physiological neural activity, discriminated in

both direction and conduction velocity, from large nerves

using a chronically implantable, real time technique. Fur-

ther studies can use this result to drive the development of

future neuroprostheses that make use of real time neural

recordings.
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