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Abstract:

The functional anatomy of fascicles evident in human and large mammal cervical vagus nerve is
unknown. Organ-specific organization in the pig cervical nerve has been observed for cardiac,
recurrent laryngeal and pulmonary function using anatomical tracing with X-ray microCT, and
functional connectivity with selective stimulation or fast neural Electrical Impedance Tomography
(EIT) with a custom nerve cuff. Electrical stimulation of the vagus nerve (VNS) is currently used
to treat drug-resistant epilepsy and depression but current practice of stimulation of the entire nerve
causes undesired side effects. These findings pave the way for improved outcomes in VNS as
unwanted side effects could be reduced by targeted selective stimulation of identified organ-
specific fascicles.

One-Sentence Summary:

Parasympathetic innervation to the heart, lungs and larynx is organized in an organ-specific way
in the cervical vagus nerve.
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Main Text:

The functional anatomy of somatic peripheral nerves has been well-studied with serial histological
tracing. It has been shown that fascicles observed on a nerve cross-section map reasonably
logically to supplied dermatomes and muscle groups (/—3). The human vagus nerve is the main
peripheral nerve of the autonomic nervous system (ANS) and provides innervation to about eight
visceral organs in the thorax and abdomen as well as the larynx. It may contain up to 21 fascicles
at the cervical level (4, 5), but, in contrast to the somatic case, their anatomical relation to supplied
organs and function is almost entirely unknown (6-8). By homology to the somatic nervous
system, it seems reasonable to postulate that fascicles are arranged according to their supply to
individual organs and possibly specific functions.

Elucidation of this could be of value in treatment of medical conditions in the field of
“Electroceuticals” - electrical modulation of the ANS (9), such as vagus nerve stimulation (VNS).
This is currently accomplished with stimulation of the entire cervical vagus nerve; this
indiscriminately modulates all organs supplied and consequent unwanted side-effects, such as
hoarseness during VNS for epilepsy, limit therapeutic efficacy (/0—12). In principle, this could be
avoided by spatially-selective stimulation of individual fascicles. Determination of their functional
anatomy might provide the key to improvement of VNS with selective stimulation and so
avoidance of unwanted side-effects.

The purpose of this study was to determine the functional anatomy of fascicles in the left cervical
vagus of the pig in relation to cardiac, pulmonary, and laryngeal function. Fast neural Electrical
Impedance Tomography (EIT) is a novel imaging method which enables tomographic imaging of
localized compound action potential activity in fascicles within peripheral nerve. It employs a
flexible silicone rubber cuff with 14 electrodes and averaging to a repeated trigger, such as the
ECG, respiration, or electrically stimulated compound action potentials (8). The functional
anatomy was determined with fast neural EIT as well as trial-and-error selective electrical
stimulation using flexible nerve cuffs in vivo. These functional measures were validated by ex vivo
anatomical tracing of fascicles identified in the cervical vagus nerve from their peripheral organ
branches, using microCT with iodine staining.

[V}


https://doi.org/10.1101/2022.02.24.481810
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.24.481810; this version posted February 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1J0.DIN

Suoeu) pue
uolleuswdas

— T uexs

000Z 21IS AX
<= <= <= : ]
T 32UIS AX - PN
WINVYD ll:lllu
a
OO0 000000000 a
L RR P L LT S e L LB e WY
N AV ) - A
00~ S z 023 \
vT €1 ¢ IT O 6 8 L 9 S v € T T saposd|3 /
synopeau [eai8o|oisAud uonejnwns /
EIFRETETS \

00
zo

sw vo

a 90

400 113 yum
0 s8uipJodal
s9oed) oo souepadw|

Buissasoud fsw] owny
v sz v o0 v @
a8ew| - T 7

Suiuieys 1
wsenuoy

I OAJA X3

S3Yduelq S}l pue aAIBU snSep /4
/
/
/
/
/

1
!
\
1
1
\
\
1
1
\
\
\
1
\
\
! 1
1
I
I
I
1
1
7 1
1
I
I
I
I
I
1
1
1
1
1

-

onA uf



https://doi.org/10.1101/2022.02.24.481810
http://creativecommons.org/licenses/by/4.0/

10

15

20

25

30

35

40

45

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.24.481810; this version posted February 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Fig. 1: Experimental design for pig cervical vagus nerve imaging with Electrical Impedance
Tomography (EIT), selective stimulation (SS), and micro-computed tomography (microCT).
(A) in vivo experiment in pigs with EIT and SS cuffs placed around the left vagus nerve (N=4)
followed by dissection of the nerve from cervical level to below the pulmonary branches, including
the cardiac and laryngeal branches, for ex vivo microCT. (B) Identification of the areas responsible
for cardiac (C), pulmonary (P) and laryngeal (L) functions in the cervical vagus nerve with EIT.
The color scale is arbitrary units (Z score of relative change in the modulus of the impedance). (C)
Selective stimulation through individual electrode pairs applied sequentially around the
circumference of the cuff (pairs 1-14) with resulting physiological changes, such as heart rate (HR,
red, cardiac), electromyography (EMG, green, recurrent laryngeal) and end-tidal carbon dioxide
(EtCO2, blue, pulmonary), to determine cross-sectional location of the fascicular groups
responsible for the respective functions. (D) MicroCT scanning of the full dissected vagus nerve
followed by segmentation and tracing from the point of organ-specific branching up to the cervical
level of cuff placement to identify the location of organ-specific fascicles (cardiac, red; laryngeal,
green; and pulmonary, blue).

Results

Functional imaging of the fascicular organization of the vagus nerve in vivo

Techniques allowing imaging of the anatomy of peripheral nerve in vivo include photoacoustic
tomography, magnetic resonance imaging (/3), optical coherence tomography (OCT) (/4—18) and
ultrahigh-frequency and high-resolution ultrasound (/9-217). Unfortunately, none have sufficient
tissue contrast, resolution, clarity and penetration depth to trace fascicles confidently along the
entire length of the vagus nerve which is >60cm in large animals such as the pig or humans.

EIT allows imaging of organ-specific activity within the vagus nerve

Electrical Impedance Tomography (EIT) is a method that can be used to image and identify organ-
specific fascicles within the vagus nerve by correlation of electrical compound action potentials
(CAPs) within the nerve with spontaneous rhythmical physiological activity, such as the heartbeat,
lung inflation/deflation, or bowel movement (8). EIT enables the production of images of the
internal electrical impedance of a subject using external electrodes. Fast Neural EIT (FN-EIT)
enables imaging of neuronal activity within brain or nerve by the detection of small variations in
electrical impedance produced by the opening of ion channels during firing and the consequent
decrease in membrane resistivity. In peripheral nerves, FN-EIT is performed with a circumferential
electrode array set on a nerve cuff, and thus is non-penetrating. It has been demonstrated in rat
sciatic nerve with a resolution of 1 msec and <200pum (22—25). The cuff contained 14 electrodes,
each 1.50 x 0.35 mm, arranged radially around the long axis of the nerve. EIT images were
produced from 196 transfer impedances. Each was made by injection of a constant current of 200
RLA at 6 kHz to a pair of electrodes spaced 5 electrodes apart and demodulated voltages recorded
at all 14 electrodes with respect to a reference ring electrode around the nerve. The current was
moved sequentially to all available 14 radial positions. EIT images were then produced using a
2.5M element finite element cylindrical model and represent the impedance decrease related to ion
channel opening during the compound action potential in activated fascicles. FN-EIT imaging was
performed to image evoked neural activity from the recurrent laryngeal nerve and spontaneous
neural traffic from vagal pulmonary and cardiac branches. FN-EIT of spontaneous activity in the
nerve was undertaken by coherent averaging of recorded signals in relation to rhythmic
physiological activity such as respiration, ECG, or electrical stimulation of the recurrent laryngeal
nerve at 20 Hz with a stimulating electrode in the laryngeal muscle at the same level as cuff
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placement. A SNR of 4.1+1.5, 3.1+£0.16, and 3.1+£0.65 with 120+32, 126+22, 126+22 3V traces
(=83, 87 and 87% of available) were used for image reconstruction for EIT of recurrent laryngeal,
pulmonary, and cardiac activity respectively. These revealed distinct regions corresponding to the
three functions (Fig. 2C). Locations of peak functional activity identified by FN-EIT matched post-
mortem microCT tracing with an accuracy of <25% of nerve diameter, equally split between the
radial and angular component.

Selective stimulation allows for localization of organ-specific activity

Spatially-selective stimulation was undertaken with consecutive stimulation of a pair of electrodes
in the same radial positions in two rings of 14 electrodes spaced 4 mm apart around the nerve (8,
26, 27) and recording of changes in physiological parameters such as heart rate, breathing
frequency, or laryngeal EMQG) as an index of evoked end organ activity. Supramaximal stimulation
was achieved with 0.4-0.8/1-2/0.1-0.2 mA, 50 ps/1 ms/50 ps pulse width, at 20 Hz for pulmonary,
cardiac and laryngeal stimulation, respectively. This caused significant changes of —38.6+13.7%,
-10.1+4.4%, and an increase of >10x baseline in the ECG, respiratory frequency, and EMG RMS
value, respectively. In each case, 2-4/14 of the serial radial electrode pair sites elicited significantly
greater changes in peripheral activity (Fig. 2A).

MicroCT as a gold standard for imaging structural fascicular organization

Micro-computed tomography (microCT) of peripheral nerve after iodine staining allows ex vivo
3D tomographic imaging of the vagus nerve with a spatial resolution of =4 um. This method has
been developed and validated for the task of the tracing of fascicles over tens of cm from the
innervated organ neural stimulation site to the cervical level in large animals such as the pig or
man. This provides independent anatomical validation of any functional connections identified
with FN-EIT and selective electrical stimulation (28).

MicroCT was used to image the vagus nerve from the cervical level to distal cardiac, recurrent
laryngeal, and pulmonary branches. Lengths of up to 28cm could be imaged with an isotropic
voxel size of 7 um, digitally aligned between overlapping regions between scans, and segmented
and traced with Neurolucida 360 (Version 2021.1.3, MBF Bioscience LLC, Williston, VT USA)
(N=4,24.25 cm £ 1.66 in length) (Fig. 2B, D, F). There was clear distinguishability of the fascicles
from the rest of the nerve soft tissue (28). FN-EIT and selective stimulation were undertaken with
different cuffs at one level each, 3 and 5.5 cm inferior to the nodose ganglion, respectively (termed
“cranial” and “caudal” cuff level); microCT analysis was undertaken at both levels. All contoured
and segmented regions identified as fascicles in a cross-section of the nerve from the middle of
both cranial and caudal cuff placements were validated against the histology with H&E and semi-
thin sections (Fig. S1).

Consistent organization of cardiac, pulmonary, and recurrent laryngeal structural and
Sfunctional fascicular groups across animals

Functional activity and anatomy for the three end-organs correlated largely exclusively to different
regions of the cross-section of the left vagus nerve in the proximal neck. Overall, the cardiac,
pulmonary and laryngeal fascicles were located ventromedially, dorsomedially, and
ventrolaterally to laterally, respectively, for all three techniques and all four nerves (Fig. 2A-QG).
There were 30.5+4.4 fascicles present per nerve. Of these, there were 1.4+0.5, 17.8 = 5.7 and
15.0+£2.6 fascicles correlating to cardiac, pulmonary, and laryngeal activity, respectively. The
cardiac correlating fascicles were exclusive; 3.6+2.1 correlated to both pulmonary and recurrent
laryngeal function (mean+SD). Angular separation with respect to the laryngeal fascicles was
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118+£37° and 114+77° for EIT, 125+42° and 128+36° for selective stimulation (SS), 102+28° for
cranial cuff level microCT, and 146+22° and 92+27° for caudal cuff level microCT for pulmonary
and cardiac, respectively (p<0.05 except 0.06 for cardiac laryngeal FN-EIT). After clusterization
and centers of mass (CoM) analysis, dispersion of fascicles around their center was 408 um, 361
pm, 156 pum, and 182 um for EIT, SS, cranial and caudal level microCT, respectively (Fig. 2E).
The area of the cervical vagus nerve was 3.54+0.3 and 2.9+ 0.40 mm?, for cranial and caudal cuffs
respectively. The areas of the regions containing the correlating fascicular groups was equal and
greater for pulmonary and laryngeal and =10x smaller for cardiac correlation (32.4+5.8, 29.4+3.5
and 3.5+1.4% of total area, respectively). Overlap between pulmonary and laryngeal function
occurred in 6.5+3.8% of the nerve area containing fascicles (62.9+£10.1%).
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Fig. 2: EIT, SS and microCT results (N=4) (laryngeal in green, pulmonary in blue and
cardiac in red). (A) Selective stimulation (SS) CoM plots. (B) MicroCT cross-sections of the
center of SS cuff with segmented fascicles. (C) EIT images for each fascicular group in the nerves.
The color scale is arbitrary units (Z score of relative change in the modulus of the impedance). (D)
MicroCT cross-sections of the center of EIT cuff with segmented fascicles. A-D rotated with
respect to the cuff opening at 12 o’clock. (E) Clustered CoMs of the fascicular groups of each
nerve for each technique rotated with respect to the laryngeal fascicles. (E) 3D shelled
segmentation of fascicles in the nerve. (F) Schematic of anatomical location of fascicular regions
of the left vagus nerve within the pig with a caudal to cranial view. The opening of the cuff is
indicated with a double black line and the fascicular groups have a clockwise order of laryngeal,
pulmonary and cardiac. V = ventral, VM = ventromedial, M = medial, DM = dorsomedial, D =
dorsal, DL = dorsolateral, L = lateral, and VL = ventrolateral.

Discussion

The three methods have enabled the fascicular organization of the cervical vagus nerve at the level
of VNS cuff placement to be deciphered, for the first time. It was possible to identify three spatially
separated fascicular groups which correlated with cardiac, pulmonary and laryngeal activity with
FN-EIT and selective VNS, and this correlated closely with microCT tracing of the organ branches
from their entry into the vagus nerve up to the cervical level (N=4, ~28 cm). The cervical vagus
nerve does indeed appear to be arranged organotopically with respect to these three fascicular
groups. These findings were consistent between nerves and the functional and structural imaging
techniques. In a cross-section, if recurrent laryngeal is placed at the top (12 o’clock), pulmonary
and cardiac follow in clockwise order (c. 5 o’clock and 9 o’clock, respectively).

The vagus nerve innervates the heart, tracheobronchial tree and lungs and the muscles of the larynx
in addition to several other organs, including the stomach, esophagus, pancreas, liver and
gastrointestinal tract (/0). In this study, only cardiac, pulmonary, and recurrent laryngeal fascicular
groups were studied. This was because EIT can only be undertaken by imaging differences over
time. This requires averaging to a repeated trigger or electrical stimulation to an organ with fast
myelinated fibers; the ECG, respiration or laryngeal electrically evoked activity appeared to give
the most suitable opportunity. Correlation to subdiaphragmatic organs was not undertaken and is
currently in progress. It seems probable that some of the fascicles within the three identified
fascicular regions also contained subdiaphragmatic innervation as well. This is because in this
work the three identified organs appeared to contribute to ~95% of observed fascicles. As
subdiaphragmatic fibers are about one third of the cross-sectional area and number of fascicles of
the cervical vagus nerve in pigs as well as humans (6), it seems probable that subdiaphragmatic
fibers may share some of the fascicles supporting cardiac and pulmonary function identified in this
study.

On the microCT studies, it was possible to identify fascicles but not individual fibers. In this work,
it appeared that some peripheral fascicles merged into other fascicles and then these combined
fascicles diverged more proximally into two or more. If so, the more proximal divergent fascicles
were considered to subserve the function of its parent fascicle and included in subsequent tracing
of the fascicular group up the nerve. This was on the hypothesis that fibers pass between fascicles
during this cross over. This did not pose any uncertainty for cardiac fascicles which remained
distinct throughout. However, this may have led to some false positives or overreporting of
proximal fascicles for the other fascicular groups, as the diverging fascicle need not necessarily
have subserved the parent function. Without tracing of individual fiber function, this effect could
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not have been definitely characterized, and may have led to an overestimate of fascicles subserved
by pulmonary or laryngeal function. In principle, this could have been addressed by fascicle tracing
using neural tracers, but no reliable technique is described for the length of nerve characterized in
this work in the pig. Only the left vagus nerve was used in this study to correspond with the
predominant use of left vagi in clinical VNS applications: the left VNS is reported to cause fewer
off-target cardiac effects, when treating epilepsy, including bradycardia or asystole These are
hypothesized to be mediated primarily by the right vagus (/2). In keeping with somatotopic
organization of somatic nerves and organotopic organization of the left vagus nerve and that the
left and right vagus provide innervation to the same thoracic end targets, it seems reasonable to
suspect that there would be a similar organization of fascicles in the right vagus nerve.

These findings support the hypothesis based on somatic fascicle organization that cervical vagus
nerves are organized organotopically. Fascicles are delimited by the perineurium. This is formed
by cellular layers and collagen fibers which form a sleeve-like tubular sheath surrounding the
fascicles (29, 30). Its function is to provide tensile strength and elasticity to the nerve. It acts as a
diffusion barrier to irritants and maintains homeostasis of the endoneurium and constant
intrafascicular pressure (29, 31). Its role in fiber organization is not entirely clear but rather seems
to be a convenient envelope that allows for the intermingling or movement of fibers from one
fascicle to another whilst inadvertently assisting in the maintenance of fiber organization. In
somatic nerves, fascicles appear to maintain a somatotopic organization and may have a simpler
parallel cable like or more intermingling plexiform arrangement (32, 33). In general, there appears
to be discrete somatotopic clustering of fibers distally toward the innervated muscles with
intermingling of fibers and fascicles proximally (2, 33—35). Tracing of fibers in somatic nerves
indicated that, despite some movement of fibers between fascicles, they tended to remain clustered
together within the proximal fascicle (33, 36, 37). Within the ANS, there has been development of
methods to enable imaging and subsequent tracing of the fascicular anatomy of the vagus nerve
(20, 38); however, until now, to our knowledge, no conclusive tracing of fascicles within the ANS
has been performed. The arrangement in this study in the pig appears to be both cable-like and
plexiform, but with the maintenance of discrete fascicular groupings of the three organs at the
cervical level, in a fashion similar to that in somatic nerve but with respect to organs.

These results lend hope to the possibility of use of selective VNS in the future. So far, VNS has
been primarily used, and FDA-approved, with unselective whole nerve stimulation, for the
treatment of drug-resistant epilepsy and depression (39—43). However, VNS as a therapeutic
intervention could be expanded to cardiovascular disorders and heart failure (44—47), lung injury
(48-50), asthma (51, 52), sepsis (53, 54), theumatoid arthritis (55, 56), diabetes (57-59), obesity
(60, 61), pain management (62, 63) and to reduce autoimmunity via anti-inflammatory pathway
(64-68). Side effects experienced at present include cough, dyspnea and hoarseness, which can be
attributed to activation of the recurrent laryngeal nerve fibers in the vagus nerve (69, 70), shortness
of breath and bradycardia (77), and even long-term side effects, such as the development of
hyperglycemia when stimulating to treat epilepsy (72). The presence of organotopically separated
fascicle groups could enable selective VNS and avoidance of off-target effects. The recurrent
laryngeal fascicles identified at the cervical level accounted for roughly a half of fascicles present,
correlating with previous studies (73). Avoidance of undesired stimulation of vagal outflow to the
larynx alone could improve tolerability and efficacy of VNS. Another possibility might lie in
activating the cholinergic anti-inflammatory pathway to improve the outcomes of acute respiratory
distress syndrome, observed frequently during the current Covid-19 pandemic, whilst avoiding
pulmonary cholinergic efferents which have conflicting pro-inflammatory effects (74).
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This work was in the pig; ex vivo microCT studies are in progress in humans in our group to
ascertain if human vagal mapping is similar in conjunction with human nerve cuff development.
With this, relative mapping and alignment could be performed in vivo using physiological readouts
(EMG, ECG, respiratory rate) to confirm the respective positions of the three regions upon
performing spatially-selective VNS. This could enable selective stimulation in humans for which
there is no current technique for in vivo fascicle or nerve activity visualization. It should be possible
to identify mapping of the other organs innervated by the vagus nerve using microCT and
anatomical tracing. Functional in vivo determination is more challenging for subdiaphragmatic
organs which are supplied only with unmyelinated nerve and lack the clear phasic activity present
for heart and lungs used in this study. It may nevertheless be possible to corroborate microCT
mapping using phasic adaptive electrical stimulation (75) and selective stimulation in the cervical
vagus nerve providing there is an end organ readout, such as venous noradrenaline in the splenic
vein.

Conclusions

The left cervical vagus nerves of pigs were reproducibly organized with respect to cardiac,
pulmonary, and recurrent laryngeal function. This supports the hypothesis that fascicles in the
autonomic nervous system are organized, at least to a substantial extent, in an organotopic fashion.
This supports the possibility of changing current practice in VNS with selective stimulation and
increasing therapeutic efficiency by avoidance of off-target effects. The novel techniques of FN-
EIT and trail-and-error selective stimulation show promise for in vivo imaging of functional
fascicular organization and localization clinically in humans with an accuracy sufficient for
targeted VNS.

Materials and Methods
Electrode arrays

Electrode arrays for selective stimulation and EIT imaging were designed to wrap around pig
vagus nerves 2.8-3.0 mm in diameter. Arrays were made from laser cut stainless steel foil (12.5
um thick) isolated on both sides with medical grade silicone rubber. There were two designs: 1)
EIT arrays comprised one ring of 14 1.50 x 0.35 mm pads and 2 9.00 x 0.47 mm reference ring
electrodes placed at extremities of the cuff, shunted to operate in tripolar mode. Two external
reference ring electrodes were present from a template for earlier designs but were unused in this
work. 2) Selective stimulation arrays comprised two rings of 14 3.00 x 0.35 mm pads. Exposed
electrode areas were roughened to increase surface area and coated with PEDOT:pTS to reduce
contact impedance and noise from the electrode—electrolyte interface (76). This yielded
impedances of <1 KQ and <5°. Cuffs were glued to inner sides of silicone tubing (2.7mm inner,
and 4.7mm outer diameter) to maintain tubular shape for wrapping around the nerve.

Acute anaesthetized experiments

The study was performed using Large White domestic female pigs, weighing 60-70 kg. All
experimental procedures were ethically reviewed and carried out in accordance with Animals
(Scientific Procedures) Act 1986. On the day of the experiment, animals were pre-medicated with
ketamine (20 mg/Kg) and midazolam (0.5 mg/Kg) administered by intramuscular injection. Fifteen
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minutes after premedication, a 20 G intravenous catheter was placed in the auricular vein. General
anesthesia was induced with propofol (2 mg/kg, i.v.). Animals were intubated with an endotracheal
tube, and anesthesia was maintained with sevoflurane vaporized in a 50:50 mixture of oxygen and
medical air. A continuous rate infusion of fentanyl (0.2 pg/kg/min) was started after induction and
continued during the whole experimental procedure. After induction of general anesthesia, the
animal was positioned in dorsal recumbency. Indwelling catheters were percutaneously placed in
both the external jugular veins and one in the femoral artery (for blood pressure and blood gas
monitoring) using ultrasonographic guidance. The animal was instrumented with ECG leads and
a pulse oximeter. A spirometer was connected to the tracheal tube. The animal was mechanically
ventilated using pressure control mode for the duration of the surgery and for most of the
experiment, except when selective VNS were applied for identification of pulmonary responses.
Between these periods, if required, animals were placed onto mechanical ventilation to restore
normal levels of CO» (between 35—45 mmHg). Body temperature was maintained using a hot air
warming system if necessary. Ringer lactate fluid therapy at a rate of 5 ml/kg/h was administered
intravenously throughout the procedure. Routine anesthesia monitoring included vital parameters
such as electrocardiogram and invasive arterial blood pressure, central venous pressure; end-tidal
CO2 (EtCO2), end-tidal sevoflurane (EtSev), pulse oximetry and core body temperature (via rectal
probe). Some of these parameters (arterial blood pressure, central venous pressure, ECG, EtCO2,
EtSev) were also digitally recorded using a 16 channel PowerLab acquisition system
(ADInstruments) with LabChart 8 software at 2 kHz sampling frequency. Levels of anesthetic
were adjusted accordingly by the anesthetist. In some cases, boluses of propofol or fentanyl were
used, if required, and noted on the records. After induction of anesthesia and placement in dorsal
recumbency, the ventral neck region was clipped and aseptically prepared using chlorhexidine-
based solutions, prior to the placement of sterile drapes, leaving only a small window open for
accessing the left cervical vagus nerve. Using aseptic technique, a 20 cm longitudinal skin incision
was made using monopolar electrocautery centered immediately to the left of the trachea. The
incision was continued through the subcutaneous tissue and the sternohyoideus musculature using
a sharp/blunt technique until encountering the carotid sheath and left vagus nerve. A 5-7 cm long
segment of the left vagus nerve was circumferentially isolated by blunt dissection to allow
placement of SS and EIT electrodes. The electrode cuffs were placed around the nerve by carefully
opening the cuffs and sliding the vagus inside it, with the cuff opening facing ventrally. Electrical
ground and earth electrodes were inserted into the surgical field. The impedances of the electrodes
were <1 kOhm at 1 kHz. The left recurrent laryngeal nerve was identified within the surgical field,
and bipolar stimulating electrode (CorTec GmbH, 1.D. 1.2-2 mm) was placed around it. EMG
needles were implanted into laryngeal muscle to record laryngeal effects of selective VNS. The
surgical field was then rinsed with sterile saline and the skin temporarily closed using towel
clamps. After the round of selective VNS for identification of pulmonary fascicles (section 2.4),
the animal was put back on mechanical ventilation and anesthesia was switched to a-chloralose
(50 mg/kg initial bolus, thereafter 2035 mg-kg !-h™! i.v.). During a stabilization period (30 min)
after anesthesia transition, the rounds of selective VNS to identify the recurrent laryngeal fascicles
were performed. Selective stimulation for identification of cardiac branches was performed
afterwards, and the remaining 2-3 hours of the experiment were dedicated to spontaneous EIT
recordings. At the end of the EIT recordings, an overdose of pentobarbital sodium (100 mg/kg i.v.)
followed by saturated KCI (1-2 mg/kg i.v.) was used for euthanasia.
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Fast neural Electrical Impedance Tomography

Fast Neural EIT imaging to identify laryngeal, cardiac or pulmonary activity was undertaken with
averaging triggered from electrical stimulation of the recurrent laryngeal nerve, the ECG or
respiration, respectively, with applied current of 6 kHz and 200 pA in a skip-5 configuration using
a 14-electrode cuff placed 5.5 cm distal to the nodose ganglion at cervical level. Recorded voltage
traces were band-pass filtered with a +1 (larynx) or 2 kHz (cardiac and pulmonary) bandwidth
around carrier frequency, demodulated with a Hilbert transform and averaged to improve the
Signal-to-Noise Ratio (SNR) before supply to the algorithm for image reconstruction.

Laryngeal EIT

Laryngeal EIT was performed using a method previously described for the rat sciatic nerve (22—
25). Stimulation was undertaken with a bipolar cuff (CorTec GmbH, Freiburg im Breisgau,
Germany) over the recurrent laryngeal branch of the left vagus nerve, approximately 40 cm from
the EIT cuff located on the cervical vagus main trunk with biphasic current pulses, 50 ps pulse
width and 1.2 mA amplitude at 20 Hz for 60 s for each of the 14 injection pairs (total 14 min).
Some 8V traces were excluded from reconstruction set due to technical shortcomings, such as poor
electrode contact to the nerve or damaged electrode tracks. Traces were excluded if >1-4 uV noise
level or 2-6/4-8 pV for mean/max amplitude, which varied slightly for each experiment
(Supplemental Table S2).

Spontaneous EIT - Technical

EtCO2, ECG and BP were recorded. Voltage traces were recorded for a duration of 480 s for each
of the 14 injection pairs, for a total of 112 min. Demodulated voltage traces (6V) were high-pass
filtered with a cut-off frequency of Fc=250 Hz, converted to RMS signals (6 V-RMS) with moving
average windows of 0.1 s and 2 s for pulmonary and cardiac traces, respectively, and subject to
coherent averaging over cardiac- or pulmonary-gated cycles. As for laryngeal recordings,
exclusion criteria were applied to identify outlier and artefactual 5V-RMS traces and exclude them
from the reconstruction set. Exclusion criteria were:

e Trace amplitude larger than 0.2 uV.
e Traces with derivative larger than 50 pV/s.
e Traces deviating more than 3 standard deviations from group average at any given point.

e Traces deviating more than 3 standard deviations from average Principal Component
Analysis (PCA) of the trace group, computed assuming 3-unit vectors.

e Outlier traces characterized a trend over time visibly different from the group ensemble but
not falling into the criteria above. Only present in two animals and in negligible amount, 1
out of 144 (0.69%) and 8 out of 144 (5.6%) traces, respectively.

EIT Setup

All evoked and spontaneous EIT recordings were performed using a modified version of the
ScouseTom EIT system developed within our group (77). Voltage data from the EIT cuff
electrodes were sampled in a true parallel configuration at 50 kSamples/s and 24-bit resolution by

12


https://doi.org/10.1101/2022.02.24.481810
http://creativecommons.org/licenses/by/4.0/

10

15

20

25

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.24.481810; this version posted February 28, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

the EIT system. Modifications to the EIT system performed to improve performance in a surgery
room settings included the use of a battery-powered EIT current source (78) to reduce electrical
noise and electrical shielding of the recording system and system-to-cuff cabling.

Image Reconstruction

While spontaneous and evoked EIT recordings underwent different signal processing steps, all
post-processed dV traces underwent the same image reconstruction process (22, 24) (Fig. 3). A
Jacobian matrix J was obtained from the forward solution (79) to the electrical current distribution
problem, computed over a 2.5M-elements tetrahedral model; matrix J was converted into a coarse
hexahedral version of voxel size 150 um and inverted using Oth-order Tikhonov regularization
with noise-based voxel correction. For evoked laryngeal EIT, the amplitude of noise-based
correction was fixed at 1 pV based on commonly observed noise levels of inter-stimuli signal. For
RMS traces resulting from spontaneous pulmonary and cardiac EIT, a fixed noise amplitude level
of 10nV was chosen, based on commonly observed levels of V-RMS signal variability around
baseline.

A &t recordings (no stimulation) B Signal demodulation and C Averaging over
RMS conversion physiological epochs
™" PR - v . il l v 111
’ ) ‘ ) | | LR
[} B oo [ , v | ) “v ‘
. ’ . ] P L | | [
e’ “ew | | { ‘ “
: [N\ Y\
D Baseline subtraction E Image Reconstruction F Image

Baseline Peak

Fig. 3: EIT of spontaneous neural activity. (A) EIT recordings are performed for multiple
injection pairs on the cervical vagus nerve cuff. (B) Raw EIT data is demodulated, band-pass
filtered and converted to RMS signal (V-RMS). (C) Coherent averaging of RMS-converted EIT
data is performed over epochs of periodic physiological signals (e.g., heartbeat or breathing). (D)
Baseline subtraction is performed over 6V-RMS traces at a time point corresponding to low or
absent neural traffic. (E-F) Tikhonov-based reconstruction is performed to obtain a conductivity
map over the cross-section of the nerve. The color scale is arbitrary units (Z score of relative
change in the modulus of the impedance).

Selective vagus nerve stimulation

Selective neuromodulation was enabled on a cylindrical cuff with two electrode ring arrays by
electrical stimulation through a pair in the same radial position on the two rings and cycling
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through all 14 available electrode pairs in a consecutive order. A previous modelling study has
demonstrated that this can achieve focused stimulation down to two thirds of the nerve’s radius
with an angular spread of 26° (80). Stimulation was applied in pulse trains at 20 Hz followed by
periods of rest of equal duration which were 15 s or 30 s for pulmonary and cardiac or 5 s for
laryngeal. For the pulmonary, cardiac, and laryngeal activity, respectively, pulse width (PW) was
50 ps, 1 ms and 50 ps and starting amplitude 400, 1000, and 100 pA. Pulmonary branch location
was assessed by setting ventilation to spontaneous breathing and recording EtCO2 signal as a
proxy for breathing rate, while performing selective stimulation on all available electrode pairs.
Electrode pair inducing maximum drop-in breathing rate was identified as closest location to
pulmonary branch. Stimulation of cardiac branch was identified by pair-selective changes in heart
rate (HR) measured from systemic blood pressure (BP) or electrocardiogram (ECG). For this
purpose, HR drop was computed as the percentage variation between HR at baseline (no
stimulation) and during stimulation at each electrode pair. Electrode pair inducing largest HR
percentage drop was classified as location of cardiac branch. Activation of fibers from the recurrent
laryngeal branch was assessed by recording needle-based electromyograms (EMGs) from the
larynx during selective stimulation and computing the root-mean-square (RMS) signal (band-pass
filtering 5-2000 Hz, RMS window 1 s). Increase of RMS signal from baseline value indicates
larynx activation. Electrode pairs inducing largest RMS increase from baseline were classified as
location closest to recurrent laryngeal branches. Images were displayed as Z-scores.

Nerve samples/post-mortem dissection

Following euthanasia, the left vagi of the animals were dissected from the cervical region (with
both the stimulating and EIT electrodes attached) down to the branching regions of cardiac,
recurrent laryngeal and pulmonary branches, with all the branches left attached to the main trunk
of the vagus nerve. Each sample was approximately 28 cm in length from the upper cervical level
(above electrode cuff placement) to beyond the pulmonary branches at the lower thoracic level.
Sutures were placed around the vagus nerve prior to any branching region (i.e., the region where
a branch leaves the main vagal trunk) as well as to demarcate the positions of the VNS cuffs.
Nerves were then placed in neutral buffered formalin (10%) for fixation.

MicroCT imaging and segmentation
Pre-processing and staining

After fixation, nerve samples were measured, sutures of 1 cm length were superglued to the vagal
trunk in 4 cm intervals, and nerves cut into 4 cm lengths at the level of suture placement leaving
half of the suture on the end of each section as a marker for subsequent co-registration (Fig. 4).
Two to three sections were placed into a tube of 50 ml Lugol’s solution (total iodine 1%; 0.74%
KI, 0.37% I) (Sigma Aldrich L6141) for five days (120 hours) prior to scanning to achieve
maximum contrast between fascicles and the rest of the nerve tissue. On the day of the microCT
scan, the nerve was removed from the tube and blotted dry on paper towel to remove any excess
Lugol’s solution. The nerve sections were placed next to each other onto a piece of cling film (10
cm x 5 cm) (Tesco, United Kingdom) in order from cranial to caudal along the length of the nerve,
with cranial ends at the top, and sealed with another piece of cling film to retain moisture during
the scan as to avoid shrinkage of the nerve tissue. The sealed nerve samples were rolled around a
cylinder of sponge (0.5 cm D x 4.5 cm) and wrapped in another two layers of cling film to form a
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tightly wound cylinder with a diameter of ~1.5 cm to fit within the field of view at the required
resolution. The wrapped cylinder was placed inside a 3D-printed mount filled with sponge around
the edges, ensuring a tight fit and the ends sealed with tape (Transpore™, 3M, United Kingdom).
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Fig. 4: Schematic of nerve preparation. (A) Photo of a nerve with sutures tied around the vagal
trunk proximal to the branching region and demarcating ends of the two electrode cuffs. Each
nerve was approximately 28 cm in length. (B) Sutures were superglued into place every 4 cm along
the length of the nerve with varying numbers to allow for identification of the sections and
alignment during segmentation. Sections were cut at the middle of the markers. (C) After contrast
staining, nerve sections were ordered from first to last (cervical (CV) to thoracic vagus (TV)), with
cranial sides aligned, into cling film and sealed. (D) The sealed nerve sections were rolled around
a cylindrical sponge in a clockwise order and wrapped in more cling film to maintain its shape.
(E) The cylinder of nerve samples was placed upside down (cranial side down) into a 3D printed
mount and placed in the scanner. (F) This setup allowed for the overlapping scans to follow on
from another consecutively in the correct order from cranial to caudal along the whole vagus nerve.

MicroCT scanning and reconstruction

A microCT scanner (Nikon XT H 225, Nikon Metrology, Tring, UK) was homed and then
conditioned at 200 kVp for 10 minutes before scanning and the target changed to molybdenum.
The scanning parameters were the following: 35 kVp energy, 120 pA current, 7 W power, an
exposure of 0.25 fps, optimized projections, and a resolution with isotropic voxel size of 7 pm.
Scans were reconstructed in CT Pro 3D (Nikon's software for reconstructing CT data generated by
Nikon Metrology, Tring, UK). Centre of rotation was calculated manually with dual slice selection.
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Beam hardening correction was performed with a preset of 2 and coefficient of 0.0. The
reconstructions were saved as 16-bit volumes and triple TIFF 16-bit image stack files allowing for
subsequent image analysis and segmentation in various software.

Image analysis, segmentation and tracing

Reconstructed microCT scan images were analyzed in ImageJ (87) in the XY plane to view the
cross-section of the nerve. The vertical alignment of the nerve was positioned so that the cross-
sectional plane was viewed in the XY stack and the longitudinal plane in the XZ and YZ stacks.
This allowed for validation of the scanning protocol, direction of the nerve, and visual analysis of
the quality of the image and the distinguishability of the soft tissues — specifically the identification
of the fascicles known to exist within the nerve. AVI files were created from ImagelJ to enable
stack slice evaluation, identification of suture positions and branching locations of the vagus nerve,
and as a reference during segmentation. Image stacks (XY plane along the Z-axis) were loaded
into Neurolucida 360 (Version 2021.1.3, MBF Bioscience LLC, Williston, VT USA) and image
histograms adjusted to optimize visualization of the fascicles when required. Fascicles of the three
target organs/functions (namely, cardiac, recurrent laryngeal and pulmonary fascicular groups)
were segmented from the rest of the nerve using the Contour mode from the Trace tools. Starting
from identification within branches of the vagus nerve, the fascicles were traced through every
slice of each scan up the length of the nerve to the cervical region at the level of cuff placement.
Contours demarcating the fascicles were placed at regular intervals of 50 to 100 sections and the
segmented fascicles labelled accordingly. If fascicles merged with or split into others at a higher
frequency, contours were placed at smaller intervals to ensure accurate tracing. While tracing
proceeded in the cranial direction, if identified fascicles merged with unlabeled fascicles, the entire
new merging fascicle was incorporated and labelled as that fascicular group being traced as it
would thereby continue to contain fibers innervating the target organ further up the nerve. If
fascicles merged with others already labelled as a fascicular group of interest, it was subsequently
labelled as a fascicle containing nerve fibers to both target organs. To continue tracing across cut
regions of the nerve, the superglued suture markers and distinct physiological regions or landmarks
were used to align the proximal and distal ends of the cut nerves and tracing continued. For
visualization of the fully traced nerve, the four overlapping scans were stitched together by
aligning the overlapping regions, excluding duplicate images, and forming one large stack of the
segmentation data files. Subsequently, this stack was viewed in the 3D Environment and the
contours shelled in 3D.

Histology for validation

Subsequent to scanning, stained nerves were placed back into neutral buffered formalin for a week
which allowed for the Lugol’s solution to be soaked out. The formalin was refreshed weekly prior
to histology. Nerves were cut into two 0.5 cm segments at the level of each cuff placement. One
segment was embedded in paraffin, sectioned at 4 um, stained with Hematoxylin and Eosin (H&E,
a routine stain used to demonstrate the general morphology of tissue) (82), and imaged with light
microscopy. The other segment was prepared for resin embedding for semi-thin sections and
electron microscopy. Identification of histopathological features was performed, and the images
of the H&E and semi-thin sections were then compared to the corresponding slice in the microCT
scan of the same nerve for comparison and validation. The presence and number of fascicles
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visualized in the golden standard of histology and electron microscopy was compared to those
identified during segmentation of microCT scans to confirm that what was segmented was correct.

Nerve analysis

In order to calculate the difference in organization and positioning at the cervical level, the
following was determined. The order and location of the three fascicular groups of interest within
the nerve were analyzed for each nerve and compared between samples; the cuff opening was used
as a reference point, being located ventrally. The number of fascicles present in each of the vagus
nerves at the level of both cranial and caudal cuff placements was counted for the vagus as a whole,
and within each of the fascicular groups namely cardiac, recurrent laryngeal and pulmonary, as
well as for the number of ‘overlapping’ fascicles between groups. The diameter and area of the
whole vagus nerve was calculated from the histology images using ImageJ Analyze-Measure
function after both the scale was set and the borders of the nerve were segmented. The area of each
of the fascicular group regions identified, the overlapping regions, and the total area containing
fascicles was calculated as a percentage of the area of the whole nerve from the microCT images.
The distance between the cervical level (cuff placement) to the level of branching was calculated
for each branch of the three groups/functions. All counts and measurements were compared
between nerves.

Image Co-registration, Quantitative Metrics and Statistical analysis

SNR was computed for EIT recordings as the ratio between average 6V (for laryngeal branch EIT)
or V-RMS (for pulmonary/cardiac branches) signal at peak variation and baseline/pre-stimulus
average noise. The neuromodulation effect for each branch was computed as variation from
baseline value evaluated on the most effective electrode pair. The angular distance of pulmonary
and cardiac activation peaks from laryngeal were computed for EIT, SS and microCT.
Discrimination power was assessed by T-test for each technique. Spatial precision of selective
stimulation and localization power of EIT imaging were assessed by comparing center of mass
(CoM) locations from the two techniques with CoMs identified from microCT imaging at each
cuff. For EIT images, coordinates of peak spontaneous or evoked neural traffic were identified by
computing the CoM of the highest-intensity 16 voxels (4x4 area) over the cross-section of the
nerve at the time of signal peak. For selective stimulation, focal points of activation for each branch
were identified by computing the average radial coordinates of all electrode pairs inducing clearly
observable neuromodulation. Selective stimulation currently offers only angular steering
capabilities and no depth resolution. Since a radial coordinate is needed to compute cross-sectional
coordinates and compare with reference microCT data, peak stimulation was taken to occur at 2/3
of the nerve radius (80). Thus, CoM coordinates were computed assuming peak stimulation at 1
mm from nerve center, 2/3 of an average 1.5mm radius. MicroCT images underwent rigid
deformation to generate circular images and were rotated in accordance to cuff opening location
to have the same orientation as EIT/SS data. CoM coordinates for each branch were computed by
manually labelling the center locations of all fascicles related to a branch and then averaging
individual center coordinates. The CoM error over all three branches was first compared in terms
of cartesian distance and then split into radial and angular mismatch for easier interpretation. While
EIT/SS techniques can be compared to their reference microCT data on individual nerves,
grouping of CoM results over multiple nerves to analyze relative distribution of branches poses a
challenge due to their different location in relation to the cuff angular orientation. A clusterization
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procedure (83) was adopted for EIT, SS and microCT to perform rigid rotation of all CoM data for
each nerve and minimize dispersion of CoM from each branch (Fig. 5). All quantities in this work
are reported as mean =+ standard deviation (SD) unless specified.

A EIT - Center of top 5% activation B Selective stimulation — Center of most active pairs
y ? Physiological response: — ~
200 oot ;
— 150 : | I
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050 . | ] - Ra.te
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Cardiac

Fig. 5: Image co-registration. (A) Voxels with top 5% magnitude from the reconstructed EIT
image are selected to compute CoM of functional activation. The color scale is arbitrary units (Z
score of relative change in the modulus of the impedance). (B) Electrode pair(s) inducing most
localized and highest-intensity physiological response during selective stimulation are chosen to
compute angular component of the center of mass for this technique; radial component is chosen
as 2/3rds of nerve radius. (C) Centre of mass for each branch is computed from segmented
MicroCT images which are then subject to rigid deformation and rotation for co-registration with
the other methods.
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