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Abstract

Introduction: Recurrent laryngeal nerve (RLN) transection injuries may occur during 

thyroidectomy and other surgical procedures. Laser nerve welding has been shown to cause 

less technique-related axonal damage than the traditional suture method. We compared functional 

adductor results using these two methods of RLN repair.

Method: Canine hemilarynges underwent pretreatment testing of laryngeal adductor function, 

followed by RLN transection and repair using KTP laser welding (n=8) or microneural suture 

(n=16) techniques. Six months later, adductor function was measured again and expressed as a 

proportion of the pretreatment value.

Results: The mean laryngeal adductor pressure ratios were 82.4% (95% CI: 72.8 – 92.0%) for 

the laser repair group and 55.5% (95% CI: 49.4 – 61.6%) for the suture control group, with a 

difference of 26.9% (95% CI: 15.3 – 38.5%). Both spontaneous and stimulated glottic closure was 

observed in the laser welding and microsuture repair groups.

Conclusion: Laser nerve welding resulted in greater strength of adduction than suture repair 

of an acutely transected RLN. Suture anastomosis may traumatize more axons than the laser. 

Stronger vocal fold adduction is associated clinically with better protection from aspiration and 

improved voice outcomes. KTP laser welding should be considered for anastomosis of the RLN 

and other nerves.

Level of Evidence: N/A

Introduction

During head and neck surgery, cranial nerve transection is sometimes anticipated1,2 or can 

occur unintentionally.3,4 Cranial nerve injuries can lead to significant morbidity including 

facial paralysis,5 dysphagia,6 shoulder disability,7 and aspiration.8 Following complete nerve 
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transection, primary neurorrhaphy with microsuture is the most commonly used repair 

technique, provided the nerve endings have enough length for primary anastomosis.9,10

While mircosuture neurorrhaphy has better functional recovery compared to no nerve 

repair,10 primary microsuture repair may impede some axon regeneration.11 This technique 

requires significant instrumentation of the nerve endings, and the needle and suture material 

may inadvertently damage axons.11,12 In order to enhance axon regeneration, sutureless 

repair methods, including laser nerve welding (LNW), have been proposed as alternative 

methods of nerve coaptation.13–16

LNW uses light energy to “weld” the epineurium of two transected nerve stumps – sealing 

important growth factors within the repair.11 This technique avoids suture material and 

is significantly quicker than traditional microsuture repair.13,16 CO2 LNW is the most 

widely studied laser type in animal studies.17–19 This technique demonstrates minimal 

scar production histologically, with experiments demonstrating similar effectiveness in 

nerve regeneration compared to microsuture repair.17 Recently, we completed a pilot study 

comparing microsuture, CO2, and potassium titanyl phosphate (KTP) LNW in rats and 

found improved functional recovery using KTP laser, compared to the microsuture repair.13 

Given the rats’ small nerve caliber and inherently strong regenerative capacity, however, it is 

not known how well KTP LNW would translate to human nerve repair.20

This study set out to compare traditional microsuture repair to KTP LNW of the recurrent 

laryngeal nerve (RLN) using a larger, canine model. Based on the LNW technique, we 

hypothesized that KTP laser would yield a better functional recovery than microsuture 

repair. The canine RLN likely experiences similar physiologic stresses as the human RLN, 

and we were secondarily interested in assessing whether the LNW repair would show any 

evidence of repair dehiscence.

Methods

Twenty-four canine hemi-laryngeal preparations were used in this pilot study. The effect 

size and variability were not known, preventing sample size calculation a priori. All canines 

were purpose-bred, adult, female, socialized mongrel canines between 20 and 25 kg in 

weight. The animals were housed in a facility approved by the American Association for 

Accreditation of Laboratory Animal Care. The National Institutes of Health guidelines for 

animal care were strictly followed. This study was performed in accordance with the PHS 

Policy on Humane Care and Use of Laboratory Animals, the NIH Guide for the Care and 

Use of Laboratory Animals, and the Animal Welfare Act (7 U.S.C. et seq.). The animal use 

protocol was approved by the Institutional Animal Care and Use Committee of Washington 

University School of Medicine.

Experimental Design

This study compared two types of nerve repair following complete transection of the canine 

RLN. The nerve was repaired by either microsuture (n=16) or LNW (n=8). Laryngeal 

adductor pressure (LAP) was measured just prior to nerve transection and 6 months 

following repair.
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Initial Procedure – Baseline LAP and RLN transection/repair

General anesthesia was induced using intravenous thiopental sodium, and 2% isoflurane 

inhalant was used to maintain anesthesia. A permanent tracheotomy was established for 

the entirety of the study, as described by Dahm and Paniello.21 The pre-injury laryngeal 

adductor pressure (LAP) was measured using a previously described method.22,23 Briefly, 

a Harvard stimulating electrode was placed around the canine RLN, and an inflated 

endotracheal tube was advanced through the tracheostomy. A pressure transducer was 

attached. A variable frequency and constant current was applied through the stimulating 

electrode, causing vocal fold adduction. The stimulating current was adjusted to achieve 

the maximum pressure. The LAP was derived from the difference between the stimulated 

adduction and the unstimulated baseline measurement. Measurements were made at various 

frequencies from 20 Hz to 100 Hz at 10-Hz intervals in a random order. Each set of initial 

measurements served as a control, which was compared to the measurements 6-months 

following nerve transection and repair. The endotracheal tube was labeled with each canine’s 

identification and saved for later use. Next, the RLN was transected approximately 4 cm 

inferior to the cricothyroid joint. The RLN transection was repaired either by KTP LNW 

(Group A, n=8) or microsuture repair (Group B, n=16).

Group A: KTP LNW repair

The RLN was transected with straight microsurgical scissors approximately 4 cm inferior to 

the cricothyroid joint. After transection, the nerve endings separated by several millimeters, 

and one 9–0 nylon, epineural anchor stitch was placed to re-approximate the nerve stumps.

All KTP nerve welding procedures were performed by the same investigator (NKB). A 

laser safety-check was performed, and all individuals in the operating room were required 

to wear proper eye protection. KTP laser was set to 0.5 W and continuous mode. A 

micromanipulator was used to aim and focus the laser, and the beam diameter was adjusted 

to approximately half the width of the RLN diameter. LNW was performed the hemi-

circumference of the anastomosis most accessible to the surgeon. The micromanipulator 

joystick was controlled using the surgeon’s dominant hand, while mircoforceps were held 

with the other hand to precisely position the nerve stumps. The KTP laser was activated 

using a foot pedal, and 3–5 seconds of continuous laser energy was delivered to the 

anastomosis. The laser energy caused gradual denaturing of the epineurium. We observed 

blending of the two nerve endings such that the cleft between the two nerve endings 

disappeared. The laser beam was slowly advanced along the anastomosis to limit any 

charring to the epineurium. In some cases, the laser caused the anchor stitch to break. In 

these cases, the suture was not replaced. Finally, the entire nerve was rotated in order to weld 

the other half of the anastomosis. The total amount of energy required to weld one RLN was 

recorded by the laser machine and ranged between 6 and 10 joules.

Group B: Microsuture repair

The RLN was transected with microsurgical scissors approximately 4cm inferior to the 

cricothyroid joint and immediately repaired. Using an operating microscope, 3 to 4 

interrupted, 9–0 nylon epineural sutures were placed.
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Terminal procedure

After 6 months, an awake infraglottic exam was digitally recorded through the tracheostomy 

to document the degree of spontaneous vocal fold motion. The canine was given 1–2 ml of 

water by mouth to stimulate swallow and glottic closure reflex. The vocal fold motion with 

swallow was assessed using a numerical scale in all LNW and eight consecutive transection/

repair hemi-laryngeal preparations (Table 1). Anesthesia was induced. The RLN was 

exposed and stimulated laryngeal examination was digitally recorded. LAP measurements 

were repeated. The anastomosis was examined to ensure that the nerve was intact. The 

canine was sacrificed. The larynx and RLNs were harvested and preserved. Select RLNs 

were processed for histology.

Statistical Considerations

Each set of baseline (pre-injury) measurements was corrected by the non-stimulated offset 

constant, then normalized to the 80 Hz value. The 6-month measurements were corrected by 

the offset and expressed as a percentage of the 80 Hz pre-injury value. The LAP values from 

70 – 100 Hz were averaged to give a single adductor measure for each preparation. Mean 

and standard deviation were reported for normally distributed data. Median and range were 

reported for ordinal data. Mann-Whitney U-test was used to compare the vocal fold motion 

recovery between the two groups.

Histology

Nerve samples were immersion-fixed in 10% formalin until further processing. Several 

small (approximately 2 mm) lengths of nerve from the anastomotic site were rinsed in 0.1M 

phosphate buffered saline (PBS) and post-fixed in 1% osmium tetroxide for 45 min. The 

osmium was rinsed free in distilled water and samples were dehydrated through a graded 

series of acetones, infiltrated with epon-araldite resin, and embedded. Blocks were trimmed 

and semi-thin sections (2 and 4 um) were collected onto glass slides, counterstained with 1% 

toluidine blue, and cover-slipped with Permount mounting medium.

Results

All canines in this study completed the six-month experiment. All LNW and microsuture 

anastomoses were examined and all repairs (n=24, 100.0%) were intact grossly. There were 

no cases of nerve dehiscence at 6 months.

Laryngeal Adductor Pressure

The mean 6-month LAP measurements are shown (Table 2). The KTP repair (n=8) showed 

a mean LAP recovery of 82.4% (95% CI: 72.8 – 92.0%). The range of LAP recovery was 

67.2% to 100.0%. The microsuture repair (n=16) had a mean LAP recovery of 55.5% (95% 

CI: 49.4 – 61.6%). The KTP LNW repair demonstrated a higher mean LAP recovery, and 

the difference was 26.9% (95% CI: 15.3 – 38.5%).
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Vocal Fold Motion Recovery

At 6 months, spontaneous vocal fold motion was assessed and rated. In the LNW group 

(n=8), the median rating was 3 (range 1–4). In the transection/repair group (n=8), the median 

rating was 2 (range 1–3). The difference between the two groups was not significant (median 

difference = 1, 95% CI: 0 – 2, U=22). A histogram tallying the frequency of each rating for 

both the LNW and transection/repair groups is shown (Figure 1). All rated hemilaryngeal 

preparations (n=16, 100.0%) experienced some degree of vocal fold motion recovery.

Stimulated Vocal Fold Adduction

During final measurements at 6 months, the RLN was electrically stimulated and vocal fold 

adduction was assessed while the canine was under general anesthesia. All canines in the 

LNW group (n=8, 100.0%) and microsuture group (n=16, 100.0%) demonstrated vocal fold 

adduction with stimulation.

Histologic Analysis

Select RLN LNW sections (n=3) and microsuture repair (n=3) were assessed by histology. 

At 6 months, the site of LNW was not grossly obvious. The distal RLN demonstrated 

a smooth and continuous epineurium, without evidence of a cleft, char, or scar. Thus, 

the cross-sections excised for histology were approximated based the distance from the 

cricothyroid joint. Using the described histology protocol, no structural differences between 

the two groups were identified. All nerve segments showed axonal regeneration. Sample 

axial nerve section from the LNW is shown (Figure 2).

Discussion

In this study, KTP laser promoted better LAP recovery at 6 months compared to microsuture 

repair. Among the 8 laser anastomoses, the lowest LAP recovery was 65.3% of baseline, 

which was higher than the mean microsuture repair recovery. When assessing vocal fold 

movement, KTP laser welding showed a higher median vocal fold motion recovery rating (3 

vs 2), although this difference was not significant in this pilot study. In all the assessments 

of vocal fold movement, the observed movement was only adduction, never abduction. In 

previous studies, however, a return of spontaneous abduction was observed following milder 

forms of RLN injury – such as a stretch injury.24,25

Histology was performed on select RLNs in both groups, and axonal regeneration was 

confirmed in each of these nerve specimens. Previous work in rats,13 comparing LNW 

and microsuture repair, demonstrated that the axon number did not correlate well with the 

functional recovery. In this previous study, LNW yielded twice the number of regenerated 

axons compared to microsuture repair, with only a slight increase in the functional recovery. 

Since an individual axon can innervate a variable number of motor fibers, the total number 

of axons may not provide an accurate assessment of functional recovery.

There has been a tremendous amount of research exploring methods to enhance 

nerve recovery following complete transection.26–30 Strategies include pharmacologic 

interventions,31 growth factors,30 selective reinnervation inhibitors,32,33 nerve scaffolds,27 
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stem cells,26,29 and electrical stimulation.28 Many of these regenerative strategies appear 

experimentally promising and could be mutually applied. With respect to the RLN, adductor 

and abductor axons are distributed within the nerve.34 With axonal regrowth, synkinetic 

reinnervation – misguided adductor and abductor regeneration – can occur.35–37 While the 

LNW technique in the study promoted higher adductor recovery compared to microsuture 

repair, LNW may have also increased the rate of synkinetic adductor axon reinnervation 

to abductor muscles. Despite a potentially higher synkinetic rate, LNW promoted greater 

adductor recovery to overcome additional and opposing abduction.38 This specific feature 

of the RLN may necessitate regeneration strategies that selectively inhibit synkinetic 

reinnervation to the abductor muscles.32,33

Within head and neck surgery, specific anatomical locations may make microsuture repair 

challenging.39 LNW may have a unique role, especially in the repair of nerve injuries in 

challenging sites like the skull base.40 Laser repair can be accomplished without needing 

to mobilize large nerve segments and could potentially be performed endoscopically. For 

small caliber nerves, a hybrid technique consisting of both microsuture and LNW could 

be employed. The surgeon could place one anchor stitch and spot-weld the remaining 

epineurium.

One of the main concerns with the LNW technique is comparatively low tensile strength 

compared to traditional microsuture repair.11,41 LNW has been studied in several smaller 

animal models, including rats13,42 and rabbits.16,19,43 A major motivation of this study was 

to assess the rate of dehiscence following laser repair of a larger caliber and lengthier nerve. 

In the canine, the RLN follows a long, indirect pathway from the brain to the larynx that is 

similar to the human RLN, and is likely under similar physiologic stresses.44 In this study, 

there were no cases of nerve dehiscence at 6 months. The LNW repair, however, utilized 

one anchor stitch, and it is not known whether LNW of the RLN without an epineural stitch 

would have yielded the same rate of nerve dehiscence.

Since the KTP LNW group anastomosis was not an entirely sutureless technique, this 

limited the ability to cleanly compare the two repair techniques (LNW vs microsuture). 

After the canine RLN was cut, the two nerve stumps separated away from each other. An 

anchor stitch was needed to re-approximate the two nerve stumps, minimizing the tension at 

the anastomosis during laser welding. Without the stitch, the tensile strength generated by 

epineural welding was not consistently strong enough to keep the two nerve stumps adherent 

to one another. Based on previous work in the rat model,13,41 significant tension at the 

anastomosis led to separation after LNW. It is possible that placement of the anchor stitch 

impeded some axonal regeneration; however, effective LNW could not reliably be achieved 

without the initial stitch.

Photochemical tissue bonding (PTB) is a modification to LNW and may be used as 

a possible method to anchor the anastomosis without the use of microsuture.45,46 This 

technique uses photosensitive dyes that are activated by light energy to promote protein 

crosslinking and tissue repair.41,47 PTB alone may have distinct advantages over LNW 

technique. First, the adhesive light-activated crosslinking promotes high tensile strength 

at the repair.48,49 O’Neill et al.49 compared PTB using 0.1 wt% rose bengal dye and 
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microsuture repair using harvested porcine brachial arteries. The PTB repaired vessels 

resisted a significantly higher intraluminal pressure compared to microsuture repair (1100 

± 150 mmHg vs 350 ± 40 mmHg). Second, PTB does not appear to induce thermal 

tissue injury.48 Lauto et al.48 used chitosan adhesive films with 0.1 wt% rose bengal dye 

and bonded the chitosan sheets to calf intestine ex vivo. The photochemical reaction was 

minimally exothermic, and thermocouples at the repair only measured a 6 °C temperature 

increase upon laser irradiation (26°C to 32°C). As a distinct repair method, PTB may 

provide the same advantages of LNW while minimizing the risk of post-repair nerve 

dehiscence and thermal damage to axons. Alternatively, PTB could initially anchor a small 

portion of the anastomosis. Laser welding could be subsequently performed to seal the 

remaining epineurium.

While lasers continue to have a greater role in otolaryngology,50,51 utilization of this 

technique necessitates that a KTP laser is readily available. During certain cases in which 

there is a possibility of nerve transection, a laser could be pretested and ready for stand-

by use. Once the laser is ready, LNW can be performed more quickly than microsuture 

repair.13,52 In many cases, however, nerve transection may be unanticipated, and the laser 

may not be available. Without significant benefit in functional nerve recovery, most surgeons 

would likely continue to use traditional microsuture repair – unless specific anatomic factors 

warrant its use.

Conclusion

Following complete transection of the canine RLN, KTP LNW with an anchor stitch yielded 

a better significantly laryngeal adductor recovery, compared to microsuture repair 6 months 

after injury and repair. Both methods showed spontaneous vocal fold motion recovery at 6 

months. There were no cases of nerve separation. In canines, KTP LNW appears to be a 

viable alternative to the traditional microsuture repair, provided there is an anchor stitch. 

With greater use of lasers during head and neck surgery, LNW may be a feasible and 

attractive repair option following complete nerve transection.
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Figure 1: 
Histogram displaying vocal fold motion recovery at 6 months comparing LNW and 

transection/repair. The vocal fold motion was scored between 0 and 5.
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Figure 2: 
Microscopic RLN cross-section 6 months after KTP LNW (20x objective magnification).

Bhatt et al. Page 12

Laryngoscope. Author manuscript; available in PMC 2022 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhatt et al. Page 13

Table 1

Vocal Fold Recovery Rating

Rating Vocal Fold Movement

0 No spontaneous movement

1 Brief twitch

2 Slight adduction

3 Adducts but does not reach midline

4 Adducts to midline

5 Adducts and abducts completely
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Table 2

Potassium Titanyl Phosphate Laser Nerve Welding (Group A) Versus Microsuture Repair (Group B) Percent 

Recovery at 6 Months.

KTP LNW (Group A) vs microsuture repair (Group B) % recovery at 6-months

Group N Percent recovery of baseline

A 8 82.4% (95% CI: 72.8 – 92.0%)

B 16 55.5% (95% CI: 49.4 – 61.6%)

KTP LNW vs microsuture repair % recovery at 6-months

Group N Percent recovery of baseline

KTP 8 82.4% (95% CI: 72.8 – 92.0%)

Microsuture 16 55.5% (95% CI: 49.4 – 61.6%)
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