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Abstract 
The effect of electrical stimulation of the denervated 
posterior cricoarytenoid (PCA) muscle on its subsequent 
reinnervation was explored in the canine. Eight animals 
were implanted with  planar electrode arrays  for chronic 
stimulation and EMG recording across this fan-shaped 
muscle surface.  Four animals were continuously 
stimulated for the duration of the 12 month experiment; 
the remaining four served as nonstimulated controls. 
Quantitative techniques were developed to determine the 
extent of appropriate reinnervation by intrinsic 
motoneurons and inappropriate reinnervation by 
antagonist motoneurons.  All four experimental animals 
showed a greater level of correct and a lesser level of 
incorrect reinnervation than the controls, on both 
electromyographic and behavioral grounds.  Thus, 
electrical stimulation improved the quality of muscle 
reconnection by suppressing incorrect and enhancing 
correct reinnervation.  Stimulation also enhanced the 
overall magnitude of reinnervation but  this effect was 
less robust.    
 
Introduction/Background 

Laryngeal paralysis is a debilitating clinical 
problem.  When the nerves innervating the laryngeal 
muscles are injured on both sides, the patient can no 
longer open (abduct) the glottal vocal folds during 
breathing.  A tracheotomy can be performed emergently 
followed by a partial resection of the vocal fold in case 
of prolonged paralysis to restore ventilation through the 
mouth.  However, the procedure sacrifices the voice and 
compromises the ability to swallow without aspiration.  
A more physiological approach to treatment involves 
functional electrical stimulation of the vocal fold 
abductor (PCA) muscle in pace with inspiration.  
“Laryngeal pacing” as such has been studied in animal 
models with denovo devices and explored more recently 
in patients using an implantable Medtronic stimulator. 
(1)  Although results have been favorable,  there has 
been concern that early application of electrical 
stimulation might interrupt the natural course of 
reinnervation and the potential for spontaneous recovery 
would be lost.  

 The effect of muscle electrical stimulation on the 
reinnervation process is controversial.  In a previous 
study of the effects of electrical stimulation on canine 
PCA  muscle reinnervation, there was a suggestion that 

stimulation repressed the overall level of reinnervation. 
(2)  However, the repression preferentially inhibited 
reconnection by foreign nerve fibers, promoting 
selective reinnervation and avoiding synkinesis. This 
intriguing finding prompted the present large-scale, 
quantitative investigation of the modulatory effects of 
electrical stimulation on PCA reinnervation. 

 
Methods  

The study was designed to determine the effects of 
chronic stimulation on the magnitude of PCA 
reinnervation, and to characterize the amount of correct 
and incorrect reconnection using physiological and 
behavioral parameters.  Surgical procedures were 
performed under isofluorane gas anesthesia while all 
physiological sessions were conducted under telazol 
anesthesia to maintain laryngeal reflexes and respiratory 
responsivity to inhaled CO2.  Ten canines were 
implanted with a prefabricated PCA stimulation and 
recording system.  Following implantation, each animal 
was brought to the laboratory every 3-4 weeks to assess 
the stability of the implanted system and to obtain 
normative data before eventual unilateral recurrent 
laryngeal nerve (RLN) section and anastomosis.   The 
positional stability of the patch electrode array 
implanted on the PCA surface was assessed by 
stimulating sequentially at each of its 36 electrode sites 
while monitoring the magnitude of evoked abduction, 
producing  a “map” of the PCA.  Any change in the map 
observed in a session indicated displacement of the 
patch. Eight of the ten animals demonstrated implant 
stability over 4 months time.  They were match-paired 
and then randomized to the experimental or control 
group.  The same surgeon performed unilateral RLN 
nerve section and anastomosis on each animal without 
knowledge of its group assignment.  A pacemaker 
circuit was attached to the skull receptacle containing 
the electrode leads of the experimental animals (*2, *3, 
*6, *7).  A one second (charge-balanced) pulse train 
with a frequency of 30 Hz and amplitude of 2-6 mA was 
delivered at 4 selected PCA sites to produce a moderate 
level of abduction on the paralyzed side (2-4 mm).  This 
stimulus paradigm was repeated every 10 seconds and 
applied continuously for the entire 12 month study.  
Nonstimulated  animals (1, 4, 5, 8) served as controls.  
The number assigned each animal corresponded to its 
position in the implant sequence.  After RLN nerve 



section and repair, each animal rotated through the lab 
for a test session every 3-4 weeks. 

 
Results 
Quality of Reinnervation 
       The quality of PCA reinnervation was determined in 
each animal by establishing the relative level of correct 
and incorrect muscle reconnection.   In general,  the 
extent of correct reinnervation was determined by 
measuring inspiratory-related activity of the PCA, while 
the level of incorrect reinnervation was determined by 
measuring PCA activity that was elicited by sensory 
stimulation.  This latter type of activity is normally 
mediated by antagonist adductor muscle motor units for 
reflex glottic closure (RGC). These motor units are not 
present in the normally innervated abductor PCA 
muscle.  In this study, the presence of RGC motor units 
in the antagonist, TA (thyroaytenoid),  muscle and 
absence of RGC motor units in the PCA on the normally 
innervated side was confirmed in each animal. 
Correct Reinnervation 
The level of correct (inspiratory) PCA activity was 
measured in two ways.  First, the magnitude of 
spontaneous vocal fold abduction produced with PCA 
contraction was measured during inspiration.  The 
percent change in hemiglottal area was measured 
independently by two investigators from video 
stillframes using computer morphometry.  These 
measurements were then averaged, and normalized to 
the largest value to obtain a percentile ranking for each 
animal.  Two series of sessions (?GA1 and ?GA2) were 
run on animals in light plane of anesthesia.  The ranked 
order of the animals’ performance, from 1 (best) to 8 
(worst), is shown in columns 1& 2 of table 1.  Although 
results from the two series were consistent, it was 
believed that animals may have differed in the 
respiratory drive of the PCA.  Therefore, a third and 
fourth series (?GA3 and ?GA4) were run in which 
animals were induced to maximally respirate through 
inhalation of CO2 mixed with room air.  Exposure to 
CO2 was limited to 1-2 minutes during which time 
maximum abduction was observed in each animal.  In 
the fourth series, a short-acting neuromuscular blocking 
agent (pancuronium bromide) was also injected into the 
antagonist TA muscle so that glottal opening would 
reflect inspiratory activity of the PCA in isolation.  Any 
competitive synkinetic inspiratory activity in the TA was 
eliminated.  As shown in columns 3 and 4, the ranked 
order of performance of animals was identical in the 
presence of TA blockade (?GA4) or the absence of TA 
blockade (?GA3).  It should be noted parenthetically 
that the spontaneous vocal fold abductions observed 
were strikingly different for experimental and control 
animals irrespective of test conditions.  Experimental 

animals *2, *6 showed near- normal recovery of vocal 
fold motion on the reinnervated side by comparison to 
the innervated side.  In contrast, control animals 4, 8, 
and 5 exhibited spontaneous adductory motion on the 
reinnervated side with net loss in glottal area during 
inspiration.  The remaining three animals *7, *3, and 1 
showed intermediate levels of abduction. 
 The second method of estimating inspiratory 
capacity of the PCA muscle was based on direct 
recordings of spontaneous EMG activity when 
respiratory drive was increased by CO2/air 
administration.  Exposure was limited to 1-2 minutes 
during which time maximum inspiratory unit recruitment 
occurred.  Recordings at an electrode site were rectified 
and integrated over a specified time interval.  The mean 
value obtained at sites, which spanned the entire PCA, 
were averaged to give an overall index of PCA 
inspiratory capacity.  As shown in column 5, the ranked 
order of animals was nearly identical to that observed 
for the ?GA3, ?GA4 series.  Possibly the best estimate 
of PCA inspiratory capacity would reflect both the 
electrical activity of the muscle (inspiratory EMG) and 
the mechanical activity produced by its contraction 
(?GA).  Using normalized values for each series, the 
overall mean of percentile ratings across the four GA 
series was calculated for each animal, and then averaged 
with the percentile rating obtained for inspiratory EMG 
performance.  The results are shown in column 6.  All of 
the experimental animals ranked higher than the control 
animals, and there was a significant gap between *3 and 
1, the worst experi-mental animal and best control 
animal.  Chronic electrical stimulation enhanced correct 
reinnervation of the PCA. 
Incorrect Reinnervation 
       The greater level of correct PCA reinnervation in 
the experimental animals may have simply reflected a 
greater magnitude of overall reinnervation of the PCA.  
That is, incorrect reinnervation by reflex glottic closure 
motoneurons may have also been enhanced by chronic 
pacing.  In order to quantify the level of aberrant 
reinnervation of the PCA by RGC units, two different 
approaches were taken two activate these units via 
sensory stimulation.  In the first approach, sensory 
receptors or nerve fibers within the vocal fold mucosa 
were electrically stimulated using a sponge electrode 
saturated with saline.  In the second approach, the 
internal branch of the superior laryngeal nerve (SLN) 
was stimulated with a percutaneous needle electrode.  
Sensory elicited motor unit activity was recorded across 
the PCA at the same electrode sites used previously for 
quantifying inspiratory activity.  RGC motor unit 
activity recorded at a site was quantified by rectification 
and integration over a 20 millisecond time window, 
positioned in time to capture the entire RGC waveform.  
The average across all PCA sites gave an estimate of the 



incorrect reinnervation of the PCA.  A series of 
experiments were run using each approach to sensory 
stimulation.  Similar results were obtained with either 
approach. The percentile ranking of each animal with 
respect to level of RGC activity with SLN stimulation is 
shown in column 7.  All experimental animals 

demonstrated lower levels of RGC activity and ranked 
higher than control animals.  Chronic electrical 
stimulation suppressed incorrect reinnervation of the 
PCA. 
Magnitude of Reinnervation 
        Two physiological techniques were employed to 
determine the quantity of PCA reinnervation.  In each 
session, evoked electromyography (EEMG) responses 
were recorded sequentially at each muscle site following 
stimulation of the RLN. The average EEMG response 
recorded from all sites across the surface of the PCA 
gave a good index of the overall magnitude of 
reinnervation of a muscle.  Changes in percent 
reinnervation of a muscle relative to its initial 
(innervated) state were chronicled by normalizing the 
average EEMG recording from each session to that 
obtained before nerve section.  The second approach 
used to estimate PCA reinnervation simply summed the 
levels of correct (column 6) and incorrect (column 7) 
reinnervation. Using these two methods, the rank and 
percentile rating of each animal was calculated and 
displayed in columns 9 and 10 of the table. There was 
general agreement in the ranking between the two 
methods with the exception of animals *7 and 1.  By 
averaging the normative data between the two methods, 
a more accurate estimate of the relative ranking of 
animals may be gained, as shown in column 11.  
Regardless of the method of assessment, the four 
experimental animals were in the top six of the rank list 
and experienced a greater level of reinnervation than the 

control animals.  Chronic pacing  increased the overall 
magnitude of PCA reinnervation. 
 
Discussion/Conclusions 

This experiment demonstrates that chronic electrical 
stimulation of the PCA enhances correct reinnervation 

and suppresses incorrect reinnervation of the muscle.  In 
comparing columns 6 and 7 of the table, an experimental 
animal that had a greater level of correct reinnervation 
also had a lower level of incorrect reinnervation; the 
order of ranking for correct and incorrect was identical 
except for the switch between 

TABLE 1
Correct Reinnervation Trials  Av. Correct 

Rein. (C) 
Av. Incorrect
Rein.  (I) 

C/I  Reinnervation Magnitude 

 
 1 2 3 4 5 6 7 8 9 10 11 
Animal 
Rank 

?GA1 
 

?GA 2 
 

?GA3 
 

?GA4
 

Insp 
EMG

GAs+Insp 
EMG Av. 

SLN stim 
EMG 

RQI 
 

C+I 
Activity 

Patch 
EEMG 

Av. C+I  
+EEMG 

Normal NA 86% 66% 91% 110%     96%±20    13%±5    7.5   87%    106%±3 102% 
1 *2 *6 *2  *2 *2 *2 (100±4) *2(26±2) *2(3.9)   1(100) *7(100±0) *2(100) 
2 *6 *2   *6 *6 (83±21) *7(36±6) *6(2.2) *2(96) *2(93±5) *6(94) 
3 *3   4 *7 *7 *7 *7 (54±0.4) *6(37±9) *7(1.5) *6(92) *6(85±2)   1(93) 
4   1 *3 *3 *3 *3 *3 (52±1) *3(45±4) *3(1.1)   4(75)   1(75±3) *7(90) 
5 *7   1   1   1    4   1 (31±14)   5(55±3)   1(0.3) *3(74) *3(70±2)   4(80) 
6   4 *7   8   8   1   4 (18±12)   8(69±8)   4(0.23) *7(69)  *3(77) 
7   8   8   4   4   8   8 (9±9)   4(79±11)   8(0.15)   8(60)   5(68±4)   8(63) 
8   5   5   5   5   5   5 (0±0)   1(100±5)   5(0.0)   5(42)   8(58±4)   5(59) 

animals *7 and *6.  Control animals did not show such a 
reciprocal relationship. In fact, just the opposite was 
observed.  The greater the level of correct reinnervation 
for a control animal, the greater the level of incorrect 
reinnervation (i.e. the rank order for correct “1, 4, 8, 5” 
was reversed for incorrect “5, 8, 4,1”).  Since the quality 
of reinnervation of a muscle is related to the level of 
correct and inversely related to the level of incorrect 
reinnervation, the overall quality can be estimated by the 
ratio of correct (C) to incorrect (I).  The ratio has been 
termed the reinnervation quality index (RQI) for the 
purpose of this study. The rank order of RQI values for 
the animals is shown in column 8.  The marked 
separation in values between the experimental and 
control animals characterized the strong effect of FES in 
promoting selective reinnervation.  Although FES also 
enhanced the overall level of reinnervation as shown in 
column 11, the effect was not as strong.  Two of the 
control animals (1, 4) experienced a greater overall level 
of reinnervation than one of the experimental animals 
(*3). 

 



References 
1. Zealear DL, Rainey CL, Netterville JL, Courey MS, 
Ossoff RH.  Electrical pacing of the bilaterally 
paralyzed larynx (abstract).  Otolaryngol Head Neck 
Surg  1997;117(2):P63. 
2. Zealear DL, Billante CR, Chongkolwatana C, Herzon 
GD   (2000) The effects of chronic electrical stimulation 
on laryngeal muscle reinnervation.  J. Oto-Rhino-
Laryngol. & Related Specialties.  62(2):87-95. 
 
 


	Abstract
	Introduction/Background
	Results

	Discussion/Conclusions
	
	References



