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20 SUMMARY:
21  Presented here is a protocol for the manufacturing of an implantable system for in vivo
22 chronological recording of evoked and spontaneous electromyographic potentials. The system
23 is applied to the investigation of reinnervation of laryngeal muscles following nerve injury.
24
25  ABSTRACT:
26  Electromyography (EMG) measures the muscle response to electrical stimulation or
27  spontaneous activity of motor units and plays an important role in assessing neuromuscular
28  function. Chronic recording of EMG activity reflecting a muscle’s reinnervation status after
29  nerve injury has been limited, due to the invasive nature of traditional EMG recording
30 techniques. In this regard, an implantable system is designed for long-term, in vivo EMG
31 recording and nerve stimulation. It has been applied and tested in a study on reinnervation of
32  laryngeal muscles. This system consists of 1) two bipolar electrode nerve cuffs and leads for
33  stimulating each of two nerves: the recurrent laryngeal nerve (RLN) and internal branch of the
34  superior laryngeal nerve (SLN); 2) two EMG recording electrodes and leads for each of the two
35 laryngeal muscles: posterior cricoarytenoid (PCA) muscle and thyroarytenoid-lateral
36 cricoarytenoid (TA-LCA) muscle complex; and 3) a skin receptacle interfacing all implanted lead
37 terminals to an external recording preamplifier and stimulator using a connection cable. The
38 wire leads are Teflon-coated, multi-filament, type 316 stainless steel. They are coiled and can
39  stretch during body movement of the awake animal to prevent lead breakage and electrode
40  migration. This system is implanted during an aseptic surgery. Afterwards, baseline EMG
41  recordings are performed before the RLN is transected in the second surgery to study muscle
42  reinnervation. Throughout the study, multiple physiological sessions are conducted in the
43  anesthetized animal to obtain evoked and spontaneous EMG activity that reflects the
44  reinnervation status of laryngeal muscles. The system is compact, free of infection over the
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course of the study, and highly durable. This implantable system can provide a reliable platform
for research in which long-term recording or nerve stimulation is required in an anesthetized or
freely moving animal.

INTRODUCTION:

EMG recording is a useful technique for measuring electrical activity produced by a skeletal
muscle when activated by electrical stimulation of its nerve or spontaneous firing of its motor
units. Monitoring EMG signals can be used for assessment of neuromuscular transmission and
muscle biomechanics!. EMG recording also plays an important role in characterizing the quality
and magnitude of muscle reinnervation following nerve injury?=. However, multiple EMG
recordings over the entire period of reinnervation cannot be achieved by an invasive approach.
Therefore, implantable devices have been designed and developed for repeated, chronic
stimulation and recording in neuromuscular systems®3, The aim of this paper is to describe a
protocol for the manufacturing and implantation of a stable system for obtaining reliable
chronological EMG data from the larynx.

This system is applied here to the study of laryngeal muscle reinnervation. A brief overview of
the larynx is provided for orientation (Figure 1). A precise coordination between sensory and
motor components is essential for proper muscular movement during respiration, voicing, and
airway protection. The PCA muscle, located in the posterior larynx, is the sole abductor of the
vocal fold. This muscle is spontaneously activated during inspiration to increase glottal area for
inhalation. The TA-LCA complex is the major adductor of the vocal fold. Activation of this
muscle complex along with another adductor (i.e., the interarytenoid muscle) medialize the fold
for vibration and sound production and close the fold for airway protection during swallowing.

Additionally, motor neuron fibers innervate both abductor and adductor muscles in the RLN.
The abductor and adductor muscles can be distinguished based on motor unit composition41>,
The PCA muscle exhibits increased firing during hypercapnic and/or hypoxic conditions® due to
the presence of inspiratory motor units. In contrast, reflex glottic closure (RGC) motor units,
which close the glottis reflexively through activation of sensory receptors within the laryngeal
mucosa, is present in the TA-LCA muscle complex. The internal branch of the superior laryngeal
nerve (SLN) carries the afferent fibers of sensory receptors in the larynx’. Although voicing is
primarily an adductor function, both abductor and adductor motor units are involved in this
highly evolved laryngeal behavior.

[Place Figure 1 here]

Injury to the RLN can result in vocal fold paralysis (VFP), which compromises both abducting
and adducting functions due to laryngeal muscle denervation481°, Subsequently, regeneration
of RLN nerve fibers and reinnervation of muscles commonly occurs. However, reinnervation is a
random process and results in misdirected, inappropriate muscle reconnection in most cases.
This is referred to as synkinesis, in which spontaneous activation of abductor and adductor
antagonists is faulty and produces ineffective or even paradoxical movement of the vocal
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folds*1°-21, With synkinesis, the critical function that is lost is vocal fold abduction, resulting in
inadequate ventilation. Although there are ongoing attempts to treat laryngeal synkinesis by
either 1) blocking glottic closure with Botox?>23 or 2) electrically stimulating the glottic opening
with an implantable pacemaker?*2>, there is no clinical intervention that reliably prevents
synkinesis?®. However, there is evidence that electrical conditioning of the PCA muscle during
reinnervation at a low frequency promotes appropriate neuromuscular reconnection and
minimizes synkinesis from happening. Studies are currently being conducted to elucidate the
underlying mechanisms?.

The focus of this paper is to describe a simple and inexpensive implantable system for chronic
nerve stimulation and EMG recording. This system can be used to investigate the effects of low
frequency electrical conditioning of the PCA muscle on the specificity of its subsequent
reinnervation. EMG signals obtained by this system can reflect the quality and quantity of
laryngeal muscle reinnervation over time.

PROTOCOL:

This study has been approved by the institutional animal care and use committee (IACUC) of
Vanderbilt University and was conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health, Bethesda, Maryland). This system includes
five implantable components and one external cable.

1. Two bipolar RLN stimulus electrode cuffs, each with pair of coiled lead wires and terminal
pins

1.1. Use Teflon-coated, multi-filament, type 316 stainless steel wire (with insulated diameter of
0.0078” or 0.198 mm) for each cuff lead wire. Cut a 70 cm length of wire and coil it into a 12 cm
long spring using a coiling device or procure prefabricated coiled leads. If necessary, stretch the
spring to increase its length for each implant site. Leave the ends of the coiled leads straight at
3 mm and 10 mm lengths and deinsulate them.

1.2. Solder a gold-plated copper female pin onto the 3 mm end of the coiled lead.

1.3. To prepare the nerve cuff, cut a 5 mm segment of silicone tube (OD = 0.156", ID = 0.094”;
or OD =3.96 mm, ID = 2.39 mm) from a roll of the tubing.

1.4. To insert a lead into the tube, use a 25 G hypodermic needle to pierce through the tubing
wall 1.5 mm from the end and off-center close to the inner wall. Backfill the 10 mm end of the
lead into the tip of the needle. Withdraw the needle to deposit the deinsulated portion into the
tube. Bend back the bare wire end outside the tube and twist onto the lead at its point of entry
into the tube.

NOTE: Use an operating microscope to perform these steps. A probe can be placed into the
tube to curve the wire against the inner wall. The goal is to position the bare portion of the wire
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so that stimuli can be delivered to the nerve without risking mechanical damage to the nerve.

1.5. Insert the second lead 1.5 mm from the opposite end of the tube using the same
procedure. Align the point of entry to that of the first lead. Pierce the wall with the needle so
that the bare portion of the wire is deposited near the inner wall opposite to the first lead.

NOTE: Looking down the tube, the two stimulus electrodes should form a 45° “V” shape, which
will straddle the nerve once in place and assure current delivery through the nerve from anode
to cathode.

1.6. Make an S-shaped slit in the tube wall opposite the electrode points of entry using a pair of
curved scissors.

NOTE: The spiral lips of the cuff can then be opened to situate the nerve inside between the
electrodes during surgery.

1.7. Insert a length of 6-0 monofilament, nonabsorbable suture into the cuff wall at each end
using a curved microsurgical needle for eventual securement of the cuff around the nerve.

1.8. Apply medical grade type-A silicone gel to reinsulate all exposed bare wire outside the cuff.

2. Two bipolar SLN stimulus electrode cuffs, each with pair of coiled lead wires and terminal
pins

2.1. Assemble the SLN stimulus electrode cuff in the same way as the RLN stimulus electrode
cuff. However, use the smaller diameter (OD = 0.125”, ID = 0.062”; or OD = 3.18 mm, ID = 1.57
mm) tube, because the nerve is smaller in diameter.

3. Two PCA muscle EMG recording electrodes, each with coiled lead wire and terminal pin
3.1. Assemble a coiled lead for the PCA muscle electrode as done in step 1.1.
3.2. Solder a female pin onto the lead as done in step 1.2.

3.3. Insert the 10 mm end of the PCA muscle lead into the tip of a deep brain stimulation (DBS)
electrode using the same strategy for needle-lead insertion into a cuff (step 1.4). Bend the end
of the lead to form a hook and clip it to provide a total of 5 mm recording length.

NOTE: In this application, the PCA muscle and its reinnervating nerve terminals are exposed to
electrical conditioning. Stimuli are generated by an implantable pulse generator (IPG) and
delivered to the laryngeal muscle through a DBS electrode (Figure 1, inset). This system is
adapted from therapeutic brain stimulation (e.g., Parkinson’s disease). The DBS electrode will
be inserted into a submuscular pocket and anchored in place. If technology for electrical
conditioning of the muscle is not required, the PCA EMG electrode can be directly inserted into
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the muscle and anchored by its hook.

4. Two TA-LCA muscle complex EMG recording electrodes, each with coiled lead wire and
terminal pin

4.1. Assemble a coiled lead for the TA-LCA muscle electrode as done in step 1.1.
4.2. Solder a female pin onto the lead as done in step 1.2.

4.3. Excise a 5 mm x 10 mm rectangular piece of knitted polyester graft. Make a hole in the
center of the mesh with a 20 G hypodermic needle. Introduce the 10 mm end of the lead into
the hole with an additional 3 mm of coil protruding beyond the hole. Affix the lead to the mesh
using 6-0 monofilament, nonabsorbable suture.

NOTE: This piece of mesh will be used to anchor the electrode lead to the thyroid cartilage
overlying the muscle complex.

4.4. Bend the end of the lead to form a hook and clip it to provide a total of 5 mm recording
length.

5. Skin receptacle for interfacing connections between electrodes and external equipment

5.1. Utilize a single row female pin stripe connector to make the receptacle. Cut two pieces
(each 17.5 mm in length) from the strip, each containing eight pin holes. First, roughen the
external surfaces of each piece with sandpaper, then glue them together with phenol in a fume
hood to make a double-row connector. Place the connector in 60-80 °C water in a fume hood
for 30 min to allow for glue hardening.

NOTE: This double-row assembly format will provide convenience in the assignment of pinholes
for left- vs. right-side electrodes.

5.2. Cut a 25.6 mm length piece from the strip to make the connector’s faceplate (the portion
that will protrude outside the implant site for skin anchoring). Cut a 5.4 mm x 17.4 mm
rectangular hole in the middle of the faceplate with a scalpel.

5.3. Place the double-row connector inside the rectangular hole of the faceplate until it is
flushed with the faceplate surface without protrusion. If the connector does not fit into the
rectangular hole of the faceplate, the hole can be slightly enlarged with a file. Since the
connector holes are not symmetrical, insert the connector edge with the larger diameter holes
into the faceplate.

NOTE: As a result, a female pin inserted into the opposite edge of the connector with the
smaller diameter hole will snap and lock into place.
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5.4. Use phenol to glue the connector and the faceplate together. Place the assembly in 60—80
°C water in a fume hood for 30 min to allow for glue hardening.

5.5. Drill a 1.3 mm hole at each corner of the faceplate and on each side of the faceplate
halfway from the ends for a total of six holes.

NOTE: These holes will be used to suture the final skin receptacle at the implant site.

5.6. Cut a 15 mm length tube of knitted polyester graft to surround the assembly below the
faceplate, making the assembly biocompatible. To fix the tube to the assembly, use a
hypodermic needle to thread stainless steel wires through the wall at three equally spaced
positions (each 3.8 mm apart) along its length.

5.7. Place equally spaced notches in each corner of the connector to anchor the wires against
the assembly surface. Twist the ends of each wire with a pair of pliers to cinch the tube to the
assembly to form a skirt.

5.8. Make a permanent mark on the polyester patch at one end of the receptacle.

NOTE: Use this mark for orientation to identify the rostral end of the receptacle during implant
surgery. In the rostral to caudal direction, the following pin electrode assignment for each of
the two rows (left side and right side) should be as follows: PCA EMG, TA-LCA EMG, empty hole,
empty hole, RLN anode, RLN cathode, SLN anode, and SLN cathode.

6. External connection cable to recording pre-amplifier and stimulator

NOTE: A cable is used for making connections between the implanted skin receptacle and
external equipment during nerve stimulation-EMG recording sessions (sections 8 and 10). It is
composed of 12 insulated wires terminating with male pins to insert into female pins in the skin
receptacle. This cable consists of two parts: an EMG recording plug and nerve stimulation wires.
A recording plug is necessary to isolate low voltage EMG signals from higher voltage stimulus
artifacts radiating from stimulus pins. For the same reason, two holes in each row of the skin
receptacle are left unoccupied to separate recording pins from stimulation pins.

6.1. To make the EMG recording plug, use a male strip connector (same length and width, but
one-half the height of a female connector). Cut it into two pieces, each containing only two
holes. Affix the two pieces using phenol adhesive using the same approach to make the double-
row connector in the skin receptacle (step 5.1). Take the four EMG recording wires in the cable
and insert their terminal male pins into each of the four holes until they lock in place with the
tips protruding beyond the strip edge.

6.2. Use bone cement to seal the top of the plug to insulate wire-pin junctions.
6.3. Use the remaining eight wires in the cable terminating in male pins to make individual
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connections to the nerve stimulation cuffs via their female pins.
7. First implant surgery

7.1. Obtain a 1-2 year-old, 20-25 kg canine of either sex from a licensed farm. Acclimate the
animal before aseptic implant surgery. Autoclave all equipment before surgery. Withhold food
for 10-12 h before the surgery.

7.2. Prepare the animal for surgery.

7.2.1. Shave the animal’s head and neck and clean the skin with alcohol and betadine scrub
solution. Anesthetize the animal by intravenous injection of 2—4 mg/kg tiletamine and
zolazepam combination, followed by 3% isoflurane in oxygen through intubation.

7.2.2. Place the animal on an operating table with a heating pad in supine position and
surgically drape the animal. Monitor animal’s heart rate, respiratory rate, body temperature,
and oxygen saturation at least every 15 min throughout the surgery to ensure physiological
stability at a moderate plane of anesthesia.

7.3. Make a midline neck incision from the thyroid notch to manubrium. Dissect the trachea
free from the esophagus and expose the inferior border of the cricoid cartilage.

7.4. Position the stimulus cuff onto each of the bilateral SLNs and RLNs. Close the lips of each
cuff using the enclosed sutures.

7.5. Make a cartilage window with a biopsy punch (4 mm in diameter) at the anterior surface of
the thyroid cartilage on each side. Expose the lateral aspects of both TA-LCA muscle complexes.
Insert the EMG recording electrodes into the TA-LCA muscle complexes using a 23 G needle by
inserting the barb into the tip of the needle. Suture the electrode polyester patch onto
cartilage.

7.6. Place the DBS electrode along with its companion hook-wire EMG recording electrode
underneath the PCA muscle on each side. Use an endoscope to confirm that stimulation
produces vocal fold abduction for each channel. Anchor the DBS electrodes to the cricoid
cartilage by 4-0 nonabsorbable sutures.

7.7. Insert all the wire leads of the nerve stimulation-EMG recording electrodes into the
receptacle via their female pins. Press the pins into holes with an insertion tool fashioned from
a hemostat. Seal the inferior surface of the receptacle to insulate lead-pin junctions using bone
cement.

7.7.1. After the cement hardens, place the receptacle at the rostral end of the midline incision
through the skin and suture it to subcutaneous tissues via its polyester skirt. Attach the skin

edge to the receptacle by sutures passing through the holes in the faceplate.
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NOTE: One jaw of the hemostat has an end slit leading to a counter-sink hole. The lead wire can
be positioned through the slit into the hole and the countersink placed against the head of the
pin. The second jaw is placed on the opposite side of the receptacle. Squeezing the hemostat
presses the pin into its respective receptacle hole.

7.8. Make an incision on the left neck to expose the trapezius muscle. Perform dissection to
make a submuscular pocket for placement of the implantable pulse generator. Tunnel each DBS
lead subcutaneously to the neck incision for insertion into the IPG.

7.9. Close all surgical wounds with sutures. Monitor the animal closely until full recovery from
the surgery.

7.10. Provide postoperative analgesics (e.g., buprenorphine: 0.01-0.02 mg/kg) routinely for up
to 48 h. Administer antibiotics (e.g., cefpodoxime: 10 mg/kg) orally to the animal for at least 3
days. House the animal singly thereafter for throughout the study, and restrict exercise for a
period of 10 days to allow normal wound healing and stabilization of the implanted device.

NOTE: The skin receptacle should be cleaned daily with tissue-compatible antiseptic solution.
In addition, dummy male pins should be inserted into the female pins of the skin receptacle
routinely except during the EMG recording sessions. This maneuver will avoid the accumulation
of debris in the receptacle, allow effective connections to be made with the external cable, and
prevent infection.

8. Nerve stimulation-EMG recording sessions at baseline

NOTE: Perform these sessions 2x—3x after implant surgery (section 7) and before nerve
transection surgery (section 9) to obtain baseline EMG signals when the bilateral RLNs are
intact. Apply the following protocol during a standard nerve stimulation-EMG recording session
(sections 8 and 10).

8.1. Withhold food before the procedure for 10-12 h. Anesthetize the animal with tiletamine
and zolazepam combination (initial loading dose 2—4 mg/kg by intravenous injection, then
maintain with 0.4 mg/kg per hour via an i.v. line). Place the animal on a heating pad in supine
position and maintain the animal in a moderate plane of anesthesia. Monitor the animal’s vitals
during the procedure as described in step 7.2.

8.2. Insert a zero-degree rigid endoscope with an attached CCD video camera through a
laryngoscope to visualize vocal fold motion at the level of the glottis.

8.3. Interface the external cable that connects to the lab stimulator and EMG preamplifiers to

the skin receptacle via its plug and pins. Connect the outputs from the preamplifiers to a data
acquisition device and/or an oscilloscope to display, record, and measure EMG signals.
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8.4. Deliver stimuli (single square-wave pulses, 0.1-0.5 ms duration, 0.5-2.0 mA amplitude) to
the left and right RLNs, respectively, to record evoked EMG responses from bilateral TA-LCA
complexes and PCA muscles under each condition.

8.5. Deliver stimuli (single square-wave pulses, 0.1-0.5 ms duration, 0.5-2.0 mA amplitude) to
the left and right SLNs, respectively, to record evoked EMG responses from bilateral TA-LCA
complexes and PCA muscles under each condition.

8.6. Deliver CO; mixed with room air through the mouth of the animal to induce hypercapnia
and increase the animal’s respiratory effort. Limit exposure to 1 min, during which the
maximum inspiratory motor unit recruitment will occur. Record spontaneous EMG activities of
TA-LCA complexes and PCA muscles under this hypercapnic condition.

8.7. Monitor the animal until full recovery from anesthesia and return the animal to the facility.
9. Second surgery for nerve transection and anastomosis

9.1. Perform the second surgery 10-14 days after the first surgery. Withhold food for 10-12 h
before surgery.

9.2. Anesthetize the animal, drape and monitor vitals intraoperatively using the technique
described in step 7.2.

9.3. Remove the sutures and reopen the midline incision by blunt dissection whenever possible.
Avoid damage to the previous implantation during the dissection. Expose the bilateral RLNs
through dissection. Isolate, transect and anastomose each nerve with 7-0 monofilament,
nonabsorbable sutures to induce bilateral laryngeal paralysis.

9.4. Irrigate the neck incision with sterile saline and gentamycin antibiotic. Close the muscular
and subcutaneous tissues using 3-0 absorbable sutures. Close skin with 3-0 nonabsorbable
monofilament sutures.

9.5. Closely monitor the animal until full recovery from surgery.

9.6. Provide analgesics (e.g., buprenorphine: 0.01-0.02 mg/kg) routinely for up to 48 h
postoperatively. Give antibiotics (e.g., cefpodoxime: 10 mg/kg) orally to the animal for at least 3
days. Restrict the animal from exercise for a period of 10 days to allow normal wound healing.

10. Nerve stimulation-EMG recording sessions following bilateral RLN injuries

10.1. Perform these sessions 1x per week during the first 3 months, then biweekly thereafter.
Follow the protocol described in section 8 for these sessions.

REPRESENTATIVE RESULTS:
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Examples of the components are shown in Figure 2. From left to right in Figure 2A are the nerve
stimulus cuff, TA-LCA recording electrode, PCA recording electrode, and skin interface
receptacle, respectively. The relative size of these components can be appreciated. The skin
receptacle (Figure 2B) has two rows of holes into which the female pins at the end of each
coiled wire (Figure 2D) are inserted. They are inserted opposite the faceplate (arrow) during the
implantation surgery. The receptacle has a polyester skirt (Figure 2C) attached to its connector
sidewalls. This skirt is designed to anchor the receptacle in position by connective tissue
infiltration. Each Teflon-coated stainless-steel EMG lead (Figure 2E) is deinsulated (5 mm) at the
tip to form a hook-shaped electrode for muscle recording. The stimulation cuff has two
electrodes threaded against the inner cuff wall. They are separated by a distance of 2 mm
(Figure 2F) and form a “V” shape (Figure 2G) to ensure current delivery across the nerve.

[Insert figure 2 here]

Figure 3 shows the implanted skin receptacle and how the cable from external equipment is
interfaced to the receptacles. It should be noted that dummy male pins (not shown) are
inserted into the female pins of the receptacle to keep them free of debris between recording
sessions.

[Insert figure 3 here]
Figure 4 shows an EMG recording from one of the baseline sessions with the RLNs intact.
[Insert figure 4 here]

In a recording from the PCA muscle (Figure 4A), RLN stimulation produces a stimulus artifact
(arrow) followed by a large evoked EMG potential. The maximum RLN-evoked responses
provide a good index of the overall magnitude of normal innervation as well as the level of
reinnervation following subsequent neurorrhaphy, irrespective of motor unit type. This is true
because the RLN contains nerve fibers of both inspiratory and reflex glottic closure (RGC) motor
units. RLN stimulation recruits both types of units. Evoked EMG motor unit activity is rectified
and integrated over a 20 ms time period to obtain a quantitative measure of muscle
innervation.

In a recording from the TA-LCA muscle complex (Figure 4B), SLN stimulation produces a
stimulus artifact (arrow). This artifact is followed by a short-latency monosynaptic muscle
response (a) and longer-latency polysynaptic RGC response (b). The potential (a) is a direct
response from the cricothyroid muscle, because this muscle is innervated by the nearby
external branch of the SLN. Stray activation of this branch commonly occurs during nerve cuff
stimulation of the internal branch to activate the RGC response. The cricothyroid potential is
recorded by the TA-LCA electrode, as this muscle is located near the complex. Previous studies
have shown that the cricothyroid potential evoked by internal branch stimulation can be
selectively abolished by sectioning the external branch of the SLN (Zealear, unpublished
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observations). The maximum SLN-evoked EMG responses reflect the magnitude of natural
innervation of the TA-LCA complex through its RGC sensory-motor pathway. Prior to RLN
neurorrhaphy, there is no RGC innervation of the PCA muscle, so no SLN potential should be
detected from this muscle. Following nerve transection and repair, SLN-evoked potentials
reflect the amount of correct RGC reinnervation of the TA-LCA complex and incorrect RGC
reinnervation of the PCA muscle. RGC activity is quantified by rectification and integration over
a 20 ms time period to capture the entire RGC waveform.

In (Figure 4C), bursts (arrows) of spontaneous EMG activity are recorded from the PCA muscle
during normal inspirations. This inspiratory EMG activity increases over the course of CO;
delivery, as shown in (Figure 4D) at a slower sweep speed. Spontaneous PCA EMG activity
provides a good estimate of the magnitude of normal innervation of this muscle by its original
inspiratory motoneurons. There is no inspiratory innervation of the TA-LCA complex, so no
inspiratory potentials should be detected from these muscles. This is because only inspiratory
motor units are involved in abducting the vocal fold at maximal inspiratory effort in the
anesthetized animal. Following nerve transection and repair, spontaneous inspiratory
potentials reflect the magnitude of correct reinnervation of the PCA muscle and magnitude of
incorrect reinnervation of the TA-LCA complex. Recordings of inspiratory EMG activity are
amplified, rectified, and integrated over an 8 s time period.

FIGURE AND TABLE LEGENDS:

Figure 1: Anatomy of the larynx. The components of this implantable system are also
displayed. SLN = superior laryngeal nerve; RLN = recurrent laryngeal nerve; PCA = posterior
cricoarytenoid muscle; TA-LCA = thyroarytenoid—lateral cricoarytenoid muscle complex; DBS =
deep brain stimulation. This figure has been reproduced with permission from Wiley 7.

Figure 2: Components of the implant system. (A) From left to right is the nerve stimulus cuff,
TA-LCA recording electrode, PCA recording electrode, and skin interface receptacle,
respectively. (B) The skin receptacle showing two rows of holes. (C) The receptacle showing a
polyester skirt attached to its connector sidewalls. (D) Coiled wire containing female pins to be
inserted into B. (E) Teflon-coated stainless-steel EMG lead is deinsulated (5 mm) at the tip to
form a hook-shaped electrode for muscle recording. (F) The stimulation cuff has two electrodes
threaded against the inner cuff wall, which are separated by 2 mm. (G) “V” shape formation of
electrodes to ensure current delivery across the nerve. This figure has been modified with
permission?’.

Figure 3: Skin receptacle and interface cable. (A) The implanted skin receptacle on the anterior
neck without dummy male pins is shown. (B) The image depicts how the stimulus pins and EMG
recording plug (arrow) of the cable from external equipment is interfaced to the receptacle
during a nerve stimulation-EMG recording session. This figure has been modified with
permission?’.

Figure 4: EMG recordings from laryngeal muscles with normal innervation. (A) Example
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recording from the PCA muscle where RLN stimulation produces a stimulus artifact (arrow)
followed by a large evoked EMG potential. (B) Example recording of the TA-LCA muscle
complex, in which SLN stimulation produces a stimulus artifact (arrow). Represented here is (a)
a short latency monosynaptic muscle response and (b) a longer latency polysynaptic RGC
response. (C) Bursts (arrows) of spontaneous EMG activity recorded from the PCA muscle
during normal inspirations. (D) Increase of inspiratory EMG activity over the course of CO;
delivery. This figure has been modified with permission?”.

Table 1: Troubleshooting guide.
DISCUSSION:

This paper describes the steps required in the manufacturing of a novel, economical, and
implantable system for stimulation of laryngeal nerves and recording of EMG responses from
laryngeal muscles over a long term. The protocol is uncomplicated and can produce an implant
that is compact enough to be utilized in an animal as small as a rat. There are several critical
steps that should be emphasized. First, lead wires should be coiled carefully and uniformly to
prevent lead de-insulation, kinking or breakage. If a coiling machine is not available,
prefabricated coiled leads can be obtained commercially. Second, the strategy of inserting lead
wires into a silicone tube to form a “V” that straddles the nerve is critical to promote current
delivery through the nerve inside the cuff. If both leads are placed on the same side of the tube,
shunting of current between electrodes can occur. It is also important that the leads are
positioned against the tube inner wall to avoid the possibility of slice injury to the nerve.

Third, during the implantation surgery, laryngeal nerves should be dissected carefully to
prevent damage. At the later stage of implantation, when inserting pins into the receptacle,
force should be applied to the pin in alignment to its hole to prevent sudden bending of the
head of the pin. Subsequently, bone cement should be distributed thoroughly on the receptacle
bottom for complete insulation and prevention of crosstalk between channels. Finally,
prevention of infection is critical to ensure integrity of the implant system over time. It can be
achieved by a combination of several maneuvers: addition of a skirt to the receptacle,
administration of antibiotics, daily cleaning of the wound and receptacle with tissue-compatible
antiseptic solution, and placement of dummy male pins into the female pins of the receptacle
to keep them clean of debris between sessions.

The protocol has been proven successful in this dog laryngeal model. However, some
modifications or alternative strategies may be considered for other applications. For example,
the deinsulated sensing tips of the PCA and TA-LCA EMG electrodes are anchored in the
muscles by an external means-either the polyester graft or the DBS electrode. In an application
in which external anchoring is not needed or performed, the barb of the electrode alone can
serve as the anchor. In such a case, Teflon-coated, stainless steel, monofilament wire may be
preferable to multifilament wire in view of its greater tensile strength, providing a barb that is
more stable in tissue. However, it should be noted that multifilament wires may be less prone
to breakage. An alternative strategy to fabrication and assembly of the skin receptacle is to 3D-
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print using biocompatible polymers (e.g., MED610 by Stratasys). This may simplify the
manufacturing process.

Following implantation surgery and recovery of the animal, physiological sessions are
conducted with the RLNs still intact to obtain baseline data. During a session, absence of EMG
signals from a laryngeal muscle may occur following RLN stimulation. In order to troubleshoot
the cause (Table 1), it should first be determined whether vocal fold movement is present. If it
is present, this means that the nerve is effectively activated by the cuff, but there is a problem
with the EMG lead. In this situation, users should further look at the EMG stimulus artifact. If
the EMG artifact is absent, there is likely a discontinuity in the EMG input to the preamplifier.
Sixty-cycle noise will also be present and large in amplitude. If the artifact is large, shunting
from a stimulus pin to the recording pin may be responsible for saturating the channel
preamplifier and obliterating the EMG response. If the artifact is normal, then the EMG lead has
likely dislocated from the muscle and cannot detect its activity. On the other hand, if the vocal
fold movement is absent, then the nerve is not being activated. If the artifact is absent, there
may be a discontinuity in the stimulation circuit, preventing nerve activation. If the artifact
appears normal, the nerve may have been injured during implant surgery or the cuff may have
migrated off the nerve. A similar strategy can be applied to troubleshoot the cause of absent
EMG signals during SLN stimulation.

[Insert Table 1 here]

It should be mentioned that there are two minor limitations in the current application of this
technology. First, sudden bending of the female pin during insertion into the receptacle has
occurred in several instances. Fortunately, the pins can be straightened and inserted into their
holes successfully. If pin damage is irreparable, the lead and its entire component need to be
replaced. Therefore, backup components should be readily available before surgery. Second,
the time required to complete the surgical implantation is long (~10 h). The long duration
partially reflects the large number of stimulation and recoding components required for this
study: four nerves, four muscles, a receptacle, and an IPG. If fewer components are required
using this technology, the implantation time should be significantly reduced (e.g., the rat
tongue model?®).

This technological approach introduces several features that have advantage over existing
methods. The coiling of lead wires is the most novel and important feature of this system.
Coiled leads are not commonly available for non-commercial animal experimentation despite
the many benefits they provide. A coiled lead can be expanded to the desired length during
implantation. Further, it will stretch in the awake, moving animal to prevent dislocation of the
electrode tip or wire breakage after implantation. This feature ensures longevity of the implant
and stable nerve stimulation and muscle recording over the long term. Furthermore, adding a
tissue compatible skirt around the receptacle prevents exposure of the wound to this foreign
body and promotes normal fibrosis and wound healing in the absence of infection. Previous
studies without this skirt resulted in early infection and premature termination of the
experiment. Lastly, this implant system is compact and multi-channeled, allowing effective data
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acquisition from numerous neuromuscular structures in animal models of various size.

This technical approach has been adapted and successfully translated to a rat model. This study
was designed to investigate the effect of electrical conditioning in preventing tongue muscle
atrophy and dysfunction in the aging rat. The hypoglossal nerves were implanted with the cuff
electrodes for conditioning and the tongue implanted with the EMG recording electrodes?®,
This technology can also be utilized in other research applications. As an extension of the
current protocol in the canine larynx, the effects of electrical conditioning on promoting
selective reinnervation are currently being studied in rabbit facial muscles. This study may
provide a foundation for the prevention of facial synkinesis in patients with Bell’s palsy, a
common and debilitating medical condition. A final potential use of this technology is to
stimulate and record from awake, freely moving animals. At present, such data has been
obtained via external cable from awake, unrestrained rats?8. In the future, this economical
system may also be combined with remote recording-stimulation technology (e.g., telemetry)
to activate or probe neuromuscular systems wirelessly.
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Stimulus artifact

Causes

Absent (60-cycle noise present)

Discontinuity in the EMG input to preamplifier (e.g. lead, pin, cable);

Large Cross-talk between stim and recording pins at the receptacle

Normal Dislocation of EMG electrode

Absent Discontinuity in stimulation circuit

Normal 1. RLN injury; 2. Cuff dislocation

Absent (60-cycle noise present) Discontinuity in the EMG input to preamplifier (e.g. lead, pin, cable);

Large Cross-talk between stim and recording pins at the receptacle

Normal Dislocation of EMG electrode

Absent Discontinuity in stimulation circuit

Normal 1. SLN or RLN injury; 2. Cuff dislocation
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Strip connector
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Comments/Description
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20g powder 10ml liquid
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Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video - Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in ltem 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JOVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

b JOVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945,9051.




discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JOVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JOVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name: ]
\Vavid L. Zealear \©AD
Department: PR Y
Ctolaragw colocy
Institution: -

Vonderb - Unessity, Medicel Cendrer

Title: i)wv{%ie}ﬁy

Signature:

Vavid ’jw,

Date: §/ 7)0//07

Please submit a signed and dated cerv of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;Response letter
11-12-19.docx

Manuscript ID: JoVE60345
Title: An implantable system for chronic, in vivo electromyographic study
Dear Dr. Baja;j:

We have completed the revision of this manuscript and believe it has been improved significantly.
We appreciate the effort and contribution of the editor and each reviewer, and have incorporated
the suggested changes into the manuscript to the best of our abilities. The manuscript has certainly
benefited from these insightful suggestions. | look forward to working with you and the reviewers
to move this manuscript closer to publication in JOVE.

Point-by-point responses to reviewers’ comments are listed below. The original comments are
numbered and formatted in italic font to distinguish from our responses. Updated line numbers are
provided to make the changes easier to track in the manuscript.

Response to the editor:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any
errors in the submitted revision may be present in the published version.

The manuscript has been proofread.

2. Please define all abbreviations during the first-time use.
Done.

3. Please provide at least 6 keywords or phrases.

Done.

4. Please remove all commercial language from your manuscript and use generic terms
instead. All commercial products should be sufficiently referenced in the Table of Materials
and Reagents. For example: Teflon, Telazole, Prolene, Karl Storz, Germany, Sony Corp.,
Tokyo, 319 Japan, Powerlab 16/35 device (ADInstruments, Inc., Colorado Springs, Colorado),
etc.

Done.

5. Unfortunately, there are a few sections of the manuscript that show significant overlap with
previously published work. Though there may be a limited number of ways to describe a
technique, please use original language throughout the manuscript. Please see lines: 60-63,

65-72, 80-84, 265-266, 271-274, 276-279, 300-303, 318-320, 449-450, 452-457, 467-471,
473-475, 477-479, 482-485.

*
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10.

11.

12.

13.

These sections identified and the entire manuscript as well have been completely rewritten.
New information has been introduced throughout the manuscript and previously published
information omitted.

Please rephrase the Short Abstract/Summary to clearly describe the protocol and its
applications in complete sentences between 10-50 words: “Here, we present a protocol
to..”

Done.

Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions
should be described in the imperative tense in complete sentences wherever possible. Avoid
usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol.
Any text that cannot be written in the imperative tense may be added as a “Note.”

The protocol has been rewritten as required.

The Protocol should contain only action items that direct the reader to do something. Please
move the discussion about the protocol to the Discussion.

Done.

The Protocol should be made up almost entirely of discrete steps without large paragraphs
of text between sections. Please simplify the Protocol so that individual steps contain only 2-
3 actions per step and a maximum of 4 sentences per step.

We have limited the actions to 4 sentences per step as required.

Please ensure you answer the “how” question, i.e., how is the step performed?

Done.

1. Please use complete sentences in imperative tense.

Done.

2.1.4: Please make substeps if describing action. We cannot have paragraphs of text in the
protocol section.

Done. Refer to step 1.4 in the revised manuscript.
Lines 151-153, 234-237, 307-311: Please number all the steps or convert to a note.

Any non-actionable information has been either retained as a note or omitted throughout
the protocol.



14.

15.

16.

17.

18.

19.

20.

3: Will the live animal be available during the day of filming?
Yes, an animal will be available for filming but it will be a cadaver.

3: Any age or sex-specific bias? Do you check the depth of the anesthesia? Please include
throughout how do you perform each step.

The animal model is a 1 to 2-year old, 20-25 kg canine of either sex. We check the depth of
anesthesia. We have provided a detailed description for each step.

There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content.
Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that
identifies the essential steps of the protocol for the video, i.e., the steps that should be
visualized to tell the most cohesive story of the Protocol.

They have been highlighted in the manuscript.

Please expand the Representative Results in the context of the technique you have
described, e.g., how do these results show the technique, suggestions about how to analyze
the outcome, etc. The paragraph text should refer to all of the figures. Data from both

successful and sub-optimal experiments can be included.

Done.

Please include a one-liner title for each figure legend.

Done.

Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to
your Editorial Manager account. The Figure must be cited appropriately in Figure Legend, i.e.
“This figure has been modified from [citation].”

Done. Copyright permission has been obtained in a form of letter and will be uploaded at
the time of resubmission.
Figure 4: Please convert sec to s. Please include a single space between the number and unit

e.g. 1 mv.

Done.



21. As we are a methods journal, please revise the Discussion to explicitly cover the following in
detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol.
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique
d) The significance with respect to existing methods
e) Any future applications of the technique

We have completely rewritten this section as a 6-paragraph discussion and included the
type of information that is appropriate for this journal.

22. Please revise the table of the essential supplies, reagents, and equipment. The table should
include the name, company, and catalog number of all relevant materials in separate
columns in a .xIsx file. Please sort the table in the alphabetical order.

Done.

Reviewer #1:

1. Manuscript Summary:
Overall, the electrode assembly presented in this manuscript appears to be an excellent
approach for the manufacture of electrodes for chronic (long term) stimulation of nerves and
recording of EMG potentials from the awake animal. However, it is very difficult to
understand the procedures as written, and revised or additional figures would enhance the
quality of the manuscript.

Although | present detailed questions and comments below, the best solution for modifying
this proposal is to generate drawings of the steps made for the creation and assembly of the
stimulation and recording electrodes. The photographs of the finished products add very
little to the clarity of the procedures to be followed as described in the text.

We appreciate the difficulty this reviewer had in following our detailed description of
process in manufacturing and utilization of the implant with limited visual aid. However, this
is a journal focusing on the presentation of steps in the protocol using video format. All the
important steps will be videotaped for the final publication. The authors are unaware
whether additional review will take place after the video phase has been completed.

2. Major concerns:
Abstract
Here and elsewhere in the text you refer to the EMG recording only in the context of nerve
stimulation. However, these electrodes could also be used in the absence of nerve
stimulation, and it would add to the significance of these techniques to mention that these
electrodes could be used in a much wider context of recording EMGs in the awake, behaving
animal. You add this at the end of your discussion, but you could mention it here as well.



This information has been added to the abstract and embellished in the discussion. Refer to
lines 45-46, and 569-570

Line 32. Here you mention the SLN, but | think it should be made clear that you are referring
to the internal branch of the SLN and not the external branch. In the discussion you could
mention that the techniques could be used for stimulation of the cricothyroid muscle by
applying a nerve cuff to the ESLN.

Change has been made.

Introduction
Line 63. Here and elsewhere it would be good to mention that the RLN stimulation would
activate the interarytenoid muscles along with the "TA-LCA complex" for glottal closure.

Change has been made.

Lines 117-118. You mention the coiling device. It would be good to describe this device in
more detail or else provide a reference to a description of the device if it has been published
elsewhere. You should also mention in more detail that the coil allows for movement of the
stimulation wires in a way that reduces the chance that bending of the wires would
eventually lead to breakage. You do mention this somewhat later in the discussion, but
adding it here as well would be good.

This is a “how-to-do-it” journal and the protocol has to comprise only actionable steps with
minimal non-actionable notes. The video will show the coiling device and the actual coiling
process of a lead. There is no previous publication describing the device. The importance of
coiling leads for chronic study in awake animals is thoroughly detailed in the discussion
section (Lines 546-550).

Line 126. You say the "...needle is pierced through the tubing..." You should say 'wall of the
tubing' to make it clear that the needle is not pushed into the tubing from the end of the
tube.

Change has been made.

Line 127. You say "The 10mm end"; this was not previously specified. Also, it is not clear
what you mean by "backfilled into the tip". By adding drawings it would greatly ease the
description of these procedures.

Change has been made. These steps will be videotaped.

Line 136. The "V" shape straddling the nerve is unclear. A better description or drawing
would be much better.



10.

11.

12.

13.

14.

15.

16.

We have provided a new subfigure (Figure 2G) of the “V” shape for orientation. These steps
will also be videotaped.

Line 139. The S-shaped slit issue is unclear. Drawing?

It will be videotaped.

Line 162. What is the implantable pulse generator (IPG)? Please describe.
A brief description has been provided. See lines 171-174.

Line 163. Deep brain stimulation electrode. What is this and why is it implanted into a
submuscular pocket? Why is it not implanted into the brain? What is a submuscular pocket?

This section has been rewritten for clarification. A brief description of the DBS electrode in
the context of PCA muscle stimulation has been provided.

Line 178-179. | have trouble understanding the mesh and how it is used to anchor the
electrode lead to the thyroid cartilage. A drawing could clarify this.

It will be videotaped.

Lines 180-182. A drawing showing an illustratiom of this configuration would be a big help. |
don't think | could do this without a better description or else a drawing.

It will be videotaped.
Line 217. What is the "aorta patch"? More explanation is necessary.

It is described as “knitted polyester graft” now. The receptacle skirt made from this material
is shown in Figure 2. Refer to section 5.6.

Line 245. Please reword "...to distance recording pins from..."

It has been moved to a note to provide a better explanation. It has been reworded as “... to
separate recording pins from stimulation pins.” (lines 248-249).

Line 246. What does this mean: "pinched into a hole"

A detail description of the insertion and locking of a pin in its hole with a modified hemostat
has been provided, line 301-304: “One jaw of the hemostat has an end slit leading to a
counter-sink hole. The lead wire can be positioned through the slit into the hole and the
counter-sink placed against the head of the pin. The second jaw is placed on the
opposite side of the receptacle. Squeezing the hemostat presses the pin into its
respective receptacle hole.”



17. Line 276. Again, the DBS electrode is a mystery to me. Is this electrode used to stimulate the
PCA muscle or just record the EMG from the PCA?

The DBS electrode interfaces with the IPG and is used strictly to stimulate the PCA muscle. A
separate EMG electrode is attached to the DBS electrode to record EMG potentials.

18. Line 288. Again the "implantable pulse generator" is unclear.
It has been explained, see lines 171-174

19. Line 332. Something is missing here: "during give"
This section has been moved, rewritten and typo corrected.

20. Line 375-6. It would be good to mention that the cricothyroid muscle is not paralyzed; hence
some laryngeal function would remain intact.

In general, the terms of bilateral vocal fold paralysis (BVFP) or bilateral laryngeal paralysis,
indicate only injury to the RLNs. A combined injury of both RLNs and both SLNs is much less
common and is usually referred to as a combined injury. Under this assumption, it may be
unnecessary to specify that the CT muscle is not paralyzed.

Reviewer #2:

1. Manuscript Summary:
This effort has been previously published in the article titled "An Implantable system for in
vivo chronic electromyographic study in the larynx", Muscle & Nerve, 2017. The text and
figures are essentially the same. If this is allowed, then | think it would be useful to see these
techniques in video form, and the project should be presented in jove.

This manuscript has been completely rewritten. New information has been introduced
throughout the paper and a large portion of previously published information omitted. This
paper focuses on how to manufacture and implant this system in video format, in contrast
to our previous publication, which focused only on a description of the technology. A video
will provide a useful supplement in step-by-step fashion for readers who want to reproduce
this technology in their own research fields.

2. Major Concerns:
The authors claim that there are no EMG systems available that enable periodic EMG
recordings in a non-invasive manner, but there are published methods for implantable
connection ports and several commercial options for wireless EMG telemetry systems that
should be recognized.



5.

We have retracted the statement that there are no EMG systems available for periodic EMG
recordings in a non-invasive manner. In addition, previous studies using implantable
neuromuscular stimulation/recording technology are now cited. Some of these citations use
wireless transmission.

The manuscript heavily cites the authors' prior work. However in many locations there are
more appropriate sources that should be cited instead of, or at least in addition to, the
authors work.

We have identified pertinent literature of other authors and added these papers to our
reference list.

There is inadequate cross-referencing between the products listed in appendix and those
mentioned in the text. Are the items listed in the appendix in the order of appearance in the
text? There seems to be a lack of organization. Also, please provide details about the
implanted stimulator (IPG). Please spell-out manufacturer names, and do not list
amazon.com as a manufacturer unless they actually fabricated the medical tubing listed.

It is a requirement of this journal that all materials appear in generic terms in the text. The
materials are further delineated commercially in the table of materials. The table is
organized alphabetically according to the name of the material. The details of the IPG and
DBS leads have been provided. In most cases, the source of material is the manufacturer.
However, the distributer and catalog number are provided when the manufacturer is
unknown. The major concern is that the reader can acquire these materials without
difficulty.

A large portion of the Methods description is dedicated to the fabrication of the Skin
Interface Receptacle (section 2.5). However, the authors should acknowledge that this piece
could be easily and inexpensively printed in biocompatible polymer (like MED610 by
Stratasys). It would greatly simplify the entire process and provide a way of
shielding/encasing the parts that are toxic to tissue, obviating the need for the synthetic
aorta patch.

This is an excellent suggestion and is now presented in the discussion section as an
alternative strategy to the current approach (lines 512-514).

Please describe the pre-operative anesthetic regimen, or was the I.V. line placed in a non-
sedated animal? Were heating pads used? Was supplemental oxygen provided during nerve
stimulation and EMG recordings.

The paper has incorporated these suggestions. Specifically, the preoperative anesthesia is
administered by intravenous injection of Telazol (2-4 mg/kg) in both aseptic surgery and
nerve stimulation-EMG recording sessions. Anesthesia is maintained by isoflurane during
surgery and by IV administration of Telazol during the sessions. A heating pad is used in
both procedures. Supplemental oxygen is generally not required during sessions but is
available.



7.

10.

11.

12.

13.

14.

15.

For sections 3.10 and 5.6, what are the post-operative analgesics and antibiotics?
Information has been added to the text and the table of materials.

Please provide stimulation parameter details in section 4.4, 4.5. and 6. Include pulse train
frequency, pulse width, amplitude, shape, etc.

This information has been added to the protocol (steps 8.4, 8.5 and 10)

The Discussion dedicates much of the text to ways of avoiding infection, but the implant was
reported to have been infection-free. How were these multiple risks identified if infection
didn't occur?

The discussion has undergone a major revision and expansion with a reduction in the text
describing infection issues, since this information was presented in our previous paper. This
protocol represents a refinement in the implant technology that is evolved in our lab over
many years and animal models, including rat, cat, canine, and monkey.

Minor Concerns:

If the midline incision heals for 10-14 days or longer after the initial surgery before being re-
opened to perform the second surgery (Section 5.1), didn't it require more than simply
removing the sutures to open the neck? (Section 5.3). In my experience with dog neck
incisions of this nature, the necks are healed adequately for suture removal (without the
incision opening) in about 10 days.

We revised the text to indicate that a blunt dissection is required.

Are the dummy pins held within a single inserted piece? If so, please show example.

No, the pins are inserted individually into female pins and do remain in place. However, one
could use a plug to protect the receptacle if desired.

Correct instances where silicon should be silicone.

Done.

Correct instances where simulation should be stimulation
Done.

Correct the instance where operation should be operating
Done.

Correct the sentence that states "assembly format will allow facility in the pinhole"



16.

17.

18.

19.

It has been revised to “This double-row assembly format will provide convenience in the
assignment of pinholes for left side versus right side electrodes”.

Correct the sentence that states "complex during give a good index"

Done.

Some product sources/models are listed in the main text and in the appendix, whereas
others (like the synthetic aorta patch) are only described in the appendix. Please list all
material sources or state their appendix location at the start of the Methods.

Each material mentioned in the text is now listed in the table of materials.

What size biopsy punch was used?

It is 4mm in diameter. Information has been added in the text and the table of materials.

Based on the implanted hardware photo, the skin did not appear clipped of fur. Wouldn't
this help avoid infection (in addition to the daily cleaning mentioned)?

We only shaved around the receptacle when the hair interfered with making connections. It

presented no risk of infection.
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(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

¢ You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

e With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
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QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

e WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

¢ You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

e INNO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

e Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

e The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and

conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
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e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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