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ABSTRACT OF DISSERTATION

CENTRAL NEURAL AND BEHAVIORAL CORRELATES OF VOICE SECONDARY
TO INDUCED UNILATERAL VOCAL FOLD PARALYSIS

Understanding the involvement of the central nervous system (CNS) in voice
production is essential to incorporating principles of neuroplasticity into therapeutic
practice for voice disorders. Early steps to attaining this goal require the identification of
specific neural biomarkers of the changes occurring in the CNS from a voice disorder
and its subsequent treatment. In the absence of an adequate animal vocalization model,
the larynx has not been acutely and reversibly perturbed to concurrently examine the
effect on both peripheral and central processing of the altered input/output.

Using a unique, reversible perturbation approach, it was the purpose of this study
to perturb the larynx to mimic a voice disorder and study short-term neuroplastic
response. Functional magnetic resonance imaging (fMRI) was the neuroimaging tool of
choice for this study due to its superior spatial and temporal resolution. The voice was
perturbed by anesthetizing the right recurrent laryngeal nerve, with a solution of lidocaine
hydrochloride and epinephrine to induce a temporary right vocal fold paralysis. The
paralysis lasted for approximately 90 minutes and had an overt presentation similar to
that of a true vocal fold paralysis. Behavioral and fMRI data were obtained at three time
points- baseline, during the vocal fold paralysis and one hour after recovery.

Patterns of activity on fMRI during the three time points were found to be distinct
on both subjective examination and statistical analysis. The regions of interest examined
had distinct trends in activity as a function of the paralysis. Interestingly, males and
females responded differently to the paralysis and its subsequent recovery. Strong
correlation was not observed between the behavioral measures and fMRI activity
reflecting a disparity between the overt presentation and recovery of vocal fold paralysis
and cortical activity as seen on fMRI.

The fictive paralysis model employed in this study provided a perturbation model
for phonation that allowed us to examine behavioral and central neural correlates for
disordered phonation in a controlled environment. Although this data is representative of
acute changes from a transient paralysis, it provides an insight into the response of the
cortex to sudden perturbation at the peripheral phonatory mechanism.

www.manaraa.com



Key words: Voice production, Vocal fold paralysis, FMRI, Perturbation model,
Neuroplasticity

Ashwini Joshi

4-22-2011

www.manharaa.com




CENTRAL NEURAL AND BEHAVIORAL CORRELATES OF VOICE SECONDARY
TO INDUCED UNILATERAL VOCAL FOLD PARALYSIS

By

Ashwini Joshi

Joseph C. Stemple
Director of Dissertation

Patrick H. Kitzman
Director of Graduate Studies

4-22-2011

www.manharaa.com




RULES FOR THE USE OF DISSERTATIONS

Unpublished dissertations submitted for the Doctor's degree and deposited in the
University of Kentucky Library are as a rule open for inspection, but are to be used only
with due regard to the rights of the authors. Bibliographical references may be noted, but
quotations or summaries of parts may be published only with the permission of the
author, and with the usual scholarly acknowledgments.

Extensive copying or publication of the dissertation in whole or in part also requires the
consent of the Dean of the Graduate School of the University of Kentucky.

A library that borrows this dissertation for use by its patrons is expected to secure the
signature of each user.

Name Date

www.manaraa.com



DISSERTATION

ASHWINI JOSHI

THE GRADUATE SCHOOL
UNIVERSITY OF KENTUCKY
2011

www.manharaa.com



CENTRAL NEURAL AND BEHAVIORAL CORRELATES OF VOICE SECONDARY
TO INDUCED UNILATERAL VOCAL FOLD PARALYSIS

DISSERTATION

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Health Sciences
at the University of Kentucky

By
Ashwini Joshi

Lexington, Kentucky
Co-Directors: Dr. Joseph C. Stemple, Professor of Communication Sciences and
Disorders
and Dr. Patrick Kitzman, Associate Professor of Physical Therapy
Lexington, Kentucky
2011

Copyright © Ashwini Joshi 2011

www.manharaa.com




ACKNOWLEDGEMENTS

This doctoral dissertation and the process leading up to it were made possible
only by the strong support of a large number of individuals. | would like to acknowledge
their professional and personal contributions:

My doctoral committee- Joseph C. Stemple, Patrick H. Kitzman, Richard D.
Andreatta, Yang Jiang and Jodelle F. Deem, were invaluable in their feedback and
support through these years. | could not have asked for a better committee and have
learned more than | could have ever imagined in my time at the University of Kentucky.

David K. Powell, for the many hours of selfless work on preparing the scanning
protocol, consultation and technical expertise; Heather Bush and Catherine P. Starnes for
their statistical expertise and; Sanford M. Archer for performing the injections.

All the members of the Laryngeal and Speech Dynamics Laboratory for their
assistance, support, feedback and the camaraderie over the past four years.

My parents and brother, Rupin- my husband, his parents and all my friends in the

United States and India for their unwavering support through these years.

www.manaraa.com



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..ottt sttt sttt s st st s s e ens st nen ii
LIST OF TABLES ...ttt sttt st ettt s et e st s st et s v
LIST OF FIGURES ...ttt ettt ettt sae e e vi
CHAPTER 1 : INTRODUCTION ...ttt 1
CHAPTER 2 : REVIEW OF LITERATURE ...ttt 6
INTRODUCGTION . ...ttt e e srneene e 6
UNILATERAL VOCAL FOLD PARALYSIS ..ot 6
NEUROIMAGING TOOLS ...ttt 15
NEURAL CONTROL OF PHONATION .....coiiiiiiiiiieie et 21

NEURAL REORGANIZATION WITH PERIPHERAL DENERVATION: NON-
HUMAN AND HUMAN STUDIES........c.ooi e 30
PURPOSE ...ttt bbbttt b et e et e et sae e nbe e e 34
HYPOTHESES ...t 34
CHAPTER 3 - METHODOLOGY .....ooiiiiiiiiiieiie ettt 36
STUDY POPULATION ...ttt st 36
STUDY DESIGN ..ottt 37
DATA ANALYSES ...ttt sttt st e e sbeeantee s 41
CHAPTER 4 1 RESULTS ...ttt 47
PARTICIPANT DEMOGRAPHICS ..o 47
BEHAVIORAL DATA ettt sttt sbe e e 47
FUNCTIONAL MAGNETIC RESONANCE IMAGING DATA ..o 49
CORRELATION BETWEEN BEHAVIORAL AND FMRI DATA ..o 53
CHAPTER 5 : DISCUSSION ...ttt sttt nnne e 91
BEHAVIORAL DATA ettt ettt sttt e e b e e 91
FIMIRE DAT A ettt ettt e et e e st e e st e e e s nb e e e snbe e s snbe e e nneeean 92
CONCLUSIONS AND FUTURE DIRECTIONS. ........ooiiiiiiiiecieecec e 103
APPENDIX et 107
REFERENGCES ...ttt nneas 108

iv

www.manaraa.com



LIST OF TABLES

Table 4. 1. Participant demographiCs...........ccouiiiiiieiee e 54
Table 4. 2. Mean and standard error for behavioral data.............c.ccoovviiniinniniins 55
Table 4. 3. Degrees of freedom, F-values and significance levels for behavioral data .... 56
Table 4. 4. Mean, standard error, t-values and significance levels for CAPE-V .............. 57
Table 4. 5. Mean, standard error, t-values and significance levels for NHR.................... 58
Table 4. 6. Mean, standard error, t-values and significance levels for Ps.........c.ccccccvveni. 59
Table 4. 7. Mean, standard error, t-values and significance levels for LAR. ................... 60
Table 4. 8. Co-ordinates of brain regions and volume of BOLD-responses..................... 61
Table 4. 9. Degrees of freedom, F-values and significance levels for ACC, precentral and

QLTS (or=T 0 (=1 I )Y/ o ST 62
Table 4. 10. Degrees of freedom, F-values and significance levels for DLPFC and

(002 £ oL | U] USSP PP PRRTRON 63
Table 4. 11. Mean, standard error, t-values and significance levels for ACC.................. 64

Table 4. 12. Mean, standard error, t-values and significance levels for precentral gyrus 65
Table 4. 13. Mean, standard error, t-values and significance levels for postcentral gyrus

........................................................................................................................................... 66

Table 4. 14. Mean, standard error, t-values and significance levels for DLPFC.............. 67

Table 4. 15 Mean, standard error, t-values and significance levels for cerebellum. ........ 68

Table 4. 16. Differences between means of percent BOLD activity for ROLI................... 69

Table 4. 17. Pearson’s correlation coefficient (r%) and p values for behavioral variables

Y0 I8 1Y/ PR 70
Vv

www.manaraa.com


file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036709
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036710
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036711
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036712
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036713
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036714
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036715
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036716
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036717
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036717
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036718
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036718
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036719
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036720
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036721
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036721
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036722
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036723
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036724
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036725
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036725

LIST OF FIGURES

Figure 3. 1. Timeline for testing and protocol at each SeSSION ..........ccccevevercrenerininnne. 45
Figure 3. 2. Schematic of the sparse sampling testing paradigm used for fMRI............... 46
Figure 4. 1. StroboSCOPIC SHHIS. .......oviiiiiiiiii s 71
Figure 4. 2. FMRI BOLD-SIgNalS (N=9) ....c.voiieiice e 72
Figure 4. 3. FMRI BOLD-SIgNalS (N=1). c.ecvviiiiiiiiiesie e 73
Figure 4.4. Participant profile plots for CAPE-V ........ccccov i 74
Figure 4. 5. Participant profile plots for NHR ... 75
Figure 4. 6. Participant profile plots fOr PS ... 76
Figure 4. 7. Participant profile plots for LAR ..o 77
Figure 4. 8. Graph for means for ROI for overall activity...........ccccccevvvevviieiiecice e, 78
Figure 4. 9. Graphs for means for ROI for overall activity for males and females. ......... 79
Figure 4. 10 Participant profile graphs for left ACC ... 80
Figure 4. 11 Participant profile plot for right ACC acCtivity .........c.ccooviiienenciiiiriie 81
Figure 4. 12. Participant profile plot for left precentral gyrus.........c.ccceoveveiienecieieenne. 82
Figure 4. 13. Participant profile plot for right precentral gyrus..........cccooeveiiniciiennnnne. 83
Figure 4. 14. Participant profile plot for left postcentral gyrus .........ccccecveveivieivcieseenne. 84
Figure 4. 15. Participant profile plot for right postcentral gyrus ..........cccocooeieieiininnne. 85
Figure 4. 16. Participant profile plot for left DLPFC ..........ccooeiiiiiieeee e 86
Figure 4. 17. Participant profile plot for right DLPFC aCtivity ..........ccccooevviniienininnnne. 87
Figure 4. 18. Participant profile plot for left cerebellum ............ccooeveiiiiiicc 88
Figure 4. 19. Participant profile plot for right cerebellum activity ..........cccccooniniiinnnn. 89
Figure 4. 20. Participant profile plot for spinocerebellum activity.............ccccoevviviernenne. 90
Vi

www.manaraa.com


file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036143
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290036144
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035593
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035594
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035595
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035596
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035597
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035598
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035599
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035600
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035601
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035602
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035603
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035604
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035605
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035606
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035607
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035608
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035609
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035610
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035611
file:///C:/Documents%20and%20Settings/ajosh7/My%20Documents/Dropbox/Dissertation/Manuscript/Draft%20%204-7-11.docx%23_Toc290035612

CHAPTER 1 : INTRODUCTION

Voice production and voice disorders were described as early as 700 BC in
ancient Hindu writings. The earliest descriptions of laryngeal anatomy followed much
later during the Renaissance through exquisite carvings and drawings of laryngeal
structures by the great anatomists/artists of the period.! Over the past many centuries
significant advancement has been made in the understanding of the vocal tract
mechanism as well as in evaluation methods and treatments of disorders pertaining to this
mechanism. The working of the peripheral systems involved in voice production,
respiratory, phonatory, and resonance systems, have been well studied providing us with
an in-depth knowledge about their interactions in the production of normal voice

quality.?®

The unique nature of human voice production used for communication and artistic
endeavors has drawn interest and attention from diverse specialties. Laryngologists,
speech language pathologists, singing teachers, voice coaches, and communication
specialists have all studied voice from their various perspectives. Study by those in the
health sciences has lead to an understanding of the pathophysiology of various voice
disorders at the peripheral level. This understanding has led to a variety of well-
established treatment options for voice disorders including, medical,” *° surgical,***** and

behavioral treatment® > *°

approaches. These approaches have yielded a large body of
data related to the peripheral presentation of voice disorders as indicated on various
measures including auditory and visual perceptual measures, acoustic and aerodynamic

assessments, and patient self-assessment tools.
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Lacking in the knowledge of voice production is an understanding of the role of
the central nervous system (CNS) in voice production. The absence of an appropriate
animal model that is truly representative of human vocalization is largely responsible for
the latency in research of this central laryngeal representation. With the advent of
neuroimaging techniques and improved methodology, studies that provide insight into the
functioning of the brain’s cortical and subcortical systems during voice production have

started to emerge.

Understanding the involvement of the CNS in voice production is essential to
incorporating principles of neuroplasticity into therapeutic practice for the treatment of
voice disorders. This line of research in individuals with limb paralysis lead to the
development of constraint-induced therapy for patients with hemiparesis after a
cerebrovascular accident based on principles of neuroplasticity has brought about
significant benefits to this population. Motor cortex plasticity was observed first in the
non-human primate and then in the human by constraining the healthy limb and

performing intensive treatment for the paretic limb.*"2*

Transcranial magnetic stimulation and direct current stimulation have been used
therapeutically using neuroplastic principles in patients with stroke and traumatic brain
injury for optimal rehabilitation by physical therapists.** Similarly, a synthesis of the
knowledge of the peripheral laryngeal mechanism with principles of neuroplasticity will
solidify therapeutic benefits allowing for longer term maintenance of the newly learned
voice production skills secondary to an injury or disease. Early steps to attaining this goal
require the identification of specific neural indicators or biomarkers of the changes

occurring in the CNS from a voice disorder and its subsequent treatment. These

2
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biomarkers then have to be examined across various voice disorders pre and post
treatment. Neuroplastic changes will have to be compared longitudinally across different
treatment modalities and as a combination of different treatment modalities to develop a
cause-effect relationship between voice disorders, subsequent treatment and neuroplastic
changes. This will aid in developing new treatment strategies and modifying current

methods for long term maintenance of clinical gains.

25,26

Preliminary information available about Parkinson’s disease, spasmodic

2729 and unilateral vocal fold paralysis*® demonstrates the potential of the

dysphonia,
human brain to change its functional topography secondary to a peripheral perturbation
such as a voice disorder, and as a function of treatment for these disorders. These early
data, however are yet to provide us with an understanding of a broad spectrum of
commonly occurring voice disorders. One barrier to understanding the contribution of the
CNS to voice production is a lack of mechanistic details of the CNS for voice disorders
and consequent treatment. These details are critical to 1) the understanding of these
disorders, 2) the system-wide effects of medical, surgical and behavioral treatment on
these disorders and 3) to aid in further development of treatment methods. The lack of
homogeneity in population demographics, etiology, symptomatology, treatment options

and outcomes for voice disorders has been another barrier in the study of central

laryngeal representations in voice production.

The human anatomy makes it difficult to externally perturb the larynx in a
controlled manner without causing permanent damage to the mechanism. Perturbation
models have been used extensively in studies of speech production to investigate the

compensatory processes, feed-forward and feedback mechanisms that occur as a result of
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the unexpected disruption of function.®** In the absence of an adequate animal
vocalization model, the larynx has not been acutely and reversibly perturbed to examine
the effect on both peripheral and central processing of the altered input/output. Based on
previous animal and human studies on the effects of sensorimotor perturbation to the
limbs and the preliminary data on voice disorders, we know that the modulation in
sensorimotor input brings about significant central neuroplastic changes. Using a unique,
reversible perturbation approach, it was the purpose of this study to similarly perturb the
larynx to mimic a voice disorder and study short-term neuroplastic responses. Functional
magnetic resonance imaging (fMRI) was the neuroimaging tool of choice for this study
due to its superior spatial and temporal resolution in the absence of radiation exposure,

allowing repeated multiple measurements.

The voice was perturbed by anesthetizing the right recurrent laryngeal nerve
(RLN), with a solution of lidocaine hydrochloride and epinephrine to induce a temporary
right vocal fold paralysis. The paralysis lasted for approximately 90 minutes and had an
overt presentation similar to that of a true vocal fold paralysis. Behavioral and fMRI data
were obtained at three time points- prior to the paralysis (baseline), during the induced
unilateral vocal fold paralysis (iUVFP) and one hour after recovery from the paralysis,
indicated by visualization of the vocal folds, perceptually normal voice quality and

participant self-report.

The behavioral data collected included auditory-perceptual ratings using the
Consensus Auditory Perceptual Evaluation of Voice (CAPE-V):* acoustic measures for
noise to harmonic ratio; aerodynamic measures for subglottal pressure and laryngeal

airway resistance and; visualization using videostroboscopy to assess laryngeal structure

4
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and function as well as glottal gap size at the three time points. FMRI data was analyzed
using the Analysis of Functional Neuroimaging (AFN1)*" to examine task dependent
change in overall cortical activity and percentage change in blood oxygen level in

sensorimotor regions of interest.

The results of this study will direct understanding of the neuroplastic events that
occur surrounding the onset and resolution of dysphonia as a consequence of controlled
perturbation to the laryngeal sensorimotor environment on a compressed time scale. A
future comparison of this data to that from a population with true UVFP will provide
more detailed information about the time scale required for neuroplasticity as well as the

window of time available to maximize recovery with treatment.

This chapter was intended to provide the reader with an overview of the
significance and methods used in this study. The next chapter provides a more detailed
review of literature pertinent to this study in the areas of neuroimaging and voice
disorders as well as neuroplasticity as a consequence of peripheral sensorimotor

perturbation.

Copyright © Ashwini Joshi 2011
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CHAPTER 2 : REVIEW OF LITERATURE

INTRODUCTION

This chapter will review pertinent literature in the domains of vocal fold paralysis
and neuroplasticity secondary to sensorimotor perturbation, followed by the purpose and
hypotheses for this study. First, a brief overview will be provided to inform the reader on
laryngeal anatomy as it relates to vocal fold paralysis; assessment and treatment of vocal
fold paralysis, and a review of studies that have induced vocal fold paralysis for research
purposes. The second section will review literature pertinent to sensorimotor
neuroplasticity and will include studies that have identified central representations of the
larynx and the disordered voice, as well as a review of neuroplastic events that occur as a
consequence of peripheral perturbation in animal models and humans. The chapter

concludes with a discussion on the implications of the current study.

UNILATERAL VOCAL FOLD PARALYSIS

Vocal fold paralysis is one of the most common pathologies associated with voice
disorders in treatment seeking populations.® It has been defined as the acquired
immobility in one or both vocal folds resulting from damage to the peripheral nervous

system.™ The focus of this review and study is on unilateral vocal fold paralysis (UVFP).

Voice quality resulting from UVFP can be severely disturbed causing various
degrees of hoarseness and a significant increase in effort to produce voice. Causes and
treatments for adductor UVFP vary among individuals based on multiple factors such as
degree of hoarseness, presence of dysphagia and the effect of the UVFP on the

individual’s quality of life.* This section provides a review of the laryngeal anatomy and
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physiology involved in UVFP, etiology, presentation, assessment, and treatment of this

common disorder.

Relevant anatomy and physiology of the larynx

A basic understanding of the laryngeal muscle anatomy and innervation is
necessary to appreciate the effect of vocal fold paralysis on the voice. The larynx is
encapsulated by nine cartilages, one bone and includes ligaments, membranes and,
extrinsic and intrinsic laryngeal muscles. The thirteen intrinsic muscles have their origin
and insertion on the cricoid, thyroid and arytenoid cartilages. They act in harmony during

phonation, respiration and airway protection.*’

Vocal folds are a pair of five layered folds with the bulk formed by the
thyroarytenoid muscle (TA) with attachments to the thyroid cartilage anteriorly and the
vocal processes of the arytenoid cartilages posteriorly. The posterior cricoarytenoid
(PCA), paired muscles situated on the posterior larynx, are the sole abductors of the vocal
folds. When the PCA contracts, the vocal processes of the arytenoid cartilages swing
laterally, abducting the vocal folds thus, opening the glottis.** The TA, lateral
cricoarytenoid (LCA) and interarytenoid (1A) muscles function as adductors of the vocal
folds and together work to close the glottis during phonation and airway protection. The
TA is the intrinsic relaxer of the vocal folds and is an antagonist, co-contracting with the
cricothyroid (CT) to change vocal pitch. The CT rocks the thyroid cartilage closer to the
cricoid ring causing the vocal folds to stretch and tense resulting in an increase in vocal

pitch. 4
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Sensory innervation to the larynx is supplied by the internal branch of the superior
laryngeal nerve (iSLN). The PCA, TA, LCA and IA all receive motor innervation by the
recurrent laryngeal nerve (RLN), while the CT is innervated by the external branch of the
SLN (eSLN).* A unilateral or bilateral lesion to one or both of these nerve branches may
lead to paralysis of one or more muscles innervated by them. This causes vocal fold

paralysis with varying severity based on the site and extent of the lesion.
Etiology

Vocal fold paralysis can be caused by factors ranging from concomitant disease
processes, vagus nerve, RLN, SLN lesions, trauma, neuritis and idiopathic causes.**
latrogenic injuries during thyroidectomy, cardiac surgery, tonsillectomy, carotid
endarterectomy, anterior approach to cervical fusion and difficult intubation during
surgeries can cause UVFP as well. Thyroidectomy is one of the most common surgeries
causing UVFP.*! In their study, Havas et al. found iatrogenic injury to be the leading
cause of UVFP followed by neoplasms with a large number of patients presenting with

idiopathic UVFP.*
Signs and symptoms of UVFP

With a UVFP secondary to RLN damage, the paralyzed vocal fold is often unable
to approximate to the midline causing a glottal gap upon phonation. The resultant change
in the vocal fold due to paralysis of the RLN leads to flaccidity and improper vertical
positioning of this vocal fold which in turn causes asymmetric vocal fold vibration. The
glottal gap during phonation is responsible for the paralytic voice characterized by

breathiness, hoarseness, roughness, diplophonia and reduced pitch and loudness
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dynamics.*® Symptoms may vary from mild to severe depending on the distance of the
paralyzed vocal fold from midline. The increased loss of air during phonation can cause
vocal fatigue and substantially increased effort during speech.™ The increased glottal gap
reduces the protection provided by the adduction of the vocal folds for swallowing

causing aspiration and dysphagia in some cases.

Unilateral paralysis of the SLN leads to unequal rocking of the CT joints causing
an overlap of the folds or an oblique positioning.*® This positioning limits glottic closure
during vocal fold vibration and decreases the ability to build subglottic air pressure
necessary to drive the vocal folds when producing voice. Symptoms in unilateral SLN
paralysis involve mainly reduction in the control of pitch, vocal fatigue and the inability
to sing.*® For the purposes of this study, we will focus on UVFP caused by RLN paralysis

as the paralysis will be pharmacologically induced in the right RLN.
Assessment

Voice assessment methods have traditionally been classified into five domains:
auditory- perceptual measures, acoustic and aerodynamic analysis of the voice,
visualization of the vocal folds and patient self-assessment. A patient with vocal fold
paralysis typically undergoes assessment in each of these five areas. Auditory perceptual
assessment involves the clinician’s perception of the patient’s voice. The clinician may
use a rating scale in the form of an equal appearing interval (EAI), visual analog scale
(VAS) or direct magnitude estimation (DME).***° The pitch, loudness and quality of the
patient’s voice are rated using one of these scales. A patient with unilateral adductor

vocal fold paralysis may show signs of reduced phonational range, reduced intensity and
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intensity range, increased breathiness,”® hoarseness, roughness and intermittent
diplophonia.*® *°The Consensus Auditory Perceptual Evaluation of Voice (CAPE-V) will
be used in this study.® ! This visual analog scale validated by the American Speech-
Language-Hearing Association provides information on the overall severity, roughness,

breathiness, strain, pitch and loudness.>*

Acoustic analysis of voice is achieved by measuring the voice signal using a
microphone to electronically transduce voice into an acoustic signal, that is analyzed
using specialized instruments or computer software.** ** Multiple measures related to
frequency (fundamental frequency, frequency range, jitter), intensity (average speaking
intensity, shimmer) and signal- to- noise ratios (noise-to-harmonic ratios) are calculated.

The definitions of these measures are as follows:

Fundamental frequency (Fo): Acoustic correlate of pitch and represents the number of
vibrations of the vocal folds per second. It is measured in Hertz (Hz).** Adult males have
an average Fq of 106 Hz (range from 77 Hz to 482 Hz) and adult females have an average

Fo of 193 Hz (range of 137 Hz to 634 Hz).>

Frequency range: Difference between the highest and lowest frequency a person can
produce. It is measured in Hz or semitones.** Both adult males and females have been

found to have a range of 24 to 36 semitones.*

Jitter: Measure of pitch perturbation and is the cycle-to-cycle variation in frequency. It
may be measured in percentage (%) of mean cycle-to-cyle perturbation in frequency to
the mean overall frequency of the voice signal.** > A jitter of < 1% is considered

normal.>® %’
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Average speaking intensity: Acoustic correlate of loudness and is measured in dB SPL.!
Adult males have an average speaking intensity of 70 dB (range from <60 - 110 dB) and

females have an average intensity of 68 dB (range <60 - 106 dB).>*

Shimmer: Measure of amplitude perturbation and reflects the cycle-to-cycle variation in
amplitude. It is measured in dB.>® An average shimmer value of <0.7 dB was described in

a study by Heiberger and Horii*® for adult males and females.*®

Noise-to-harmonic ratio (NHR): Ratio of the acoustic noise in a person’s voice relative to
the signal in their voice and is measured in dB.» > An average NHR of 0.112 is

considered normal for adults.®

In general, patients with UVFP may have reduced fundamental frequency,
frequency range, average speaking intensity, elevated jitter and shimmer™ and elevated

noise-to-harmonic ratios as compared to persons with a normal voice quality.®*

Aerodynamic analysis informs vocal function by measuring airflow, air pressure
and lung volumes. Commonly used aerodynamic measures include mean air flow rate,
maximum phonation time, subglottal pressure and laryngeal airway resistance.® They are

defined as follows:

Mean airflow rate: Total volume of air used during phonation for the duration of the
phonation. It is defined in liters/second (L/s).? An average rate of 0.119 L/s in males and

0.115 L/s in females has been reported for a normal voice quality.>*

11
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Maximum phonation time (MPT): Maximum duration that a vowel maybe sustained
while using maximum airflow volume.! A range 15 - 30 seconds has been observed in

adult males and females with normal voice quality.** ®

Subglottal pressure (Ps): Measure of air pressure beneath the vocal folds necessary to
overcome the resistance of the approximated folds to initiate and maintain phonation.® Ps
is estimated by measuring intraoral pressure during production of a voiceless plosive.
Average intraoral pressure for males and females was found to be 5.91 cmH,0 and 6.09

cmH,0 respectively.®

Laryngeal airway resistance (LAR): LAR is a ratio of subglottal pressure to mean flow
rate and is a valuable measure of glottal efficiency.” Holmberg, Hillman and Perkel
obtained an average LAR of 32.6 cm H,O/L/sec in males and 30.8 cm H,O/L/sec in

females.®

Generally, UVFP results in significant deviations from normative measures due to
incomplete glottic closure. The affected measures may cause increased mean airflow rate,
reduced mean air flow volume, reduced maximum phonation time, reduced subglottal

pressure and reduced LAR.

Visual perceptual assessment of the vocal folds may be accomplished in a variety
of ways including indirect assessment using a laryngeal mirror, flexible or rigid
endoscopy for identifying pathology, videostroboscopy and high speed video imaging for
assessing vocal fold vibration patterns. With the latter procedures, the symmetry of vocal
fold movement, periodicity of movement, closure pattern, amplitude, mucosal wave and

non- vibratory segments may be studied.®*®® Finally, measures of self-assessment ask
12
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patients to provide a description of their perception of the voice problem including social,
functional and physical domains. The Voice Handicap Index (VHI),®’ Voice- Related
Quality of Life (V-RQOL),?® Voice Activity and Participation Profile (VAPP)* and
Voice Symptom Scale (V0iSS)™ are examples of such self-assessment scales. We will
not be using self-assessment measures during this study as the changes in voice occur
over a short time span and would not allow the individuals to adequately experience the

effect of the UVFP in the domains measured by these scales.
Treatment

Treatment for unilateral adductor vocal fold paralysis may be categorized into
surgical, behavioral, or a combination of both treatments. The treatment of choice for a
particular patient is dependent upon the degree of dysphonia, presence of dysphagia,
patient motivation, general health status of the patient, probability of recurrent laryngeal

nerve recovery and glottal configuration post paralysis.*

Surgical treatment methods are aimed at restoring the tonicity, shape and position
of the affected vocal fold, to reduce the glottal gap during phonation and bring about an
immediate change in voice quality.”* Behavioral treatment or voice therapy is used to
reduce the glottic gap by helping the unaffected vocal fold to cross over the midline and
approximate the paralyzed vocal fold.*® The concept of behavioral treatment in UVFP is
controversial due to the limited literature on this aspect of treatment. No studies have
demonstrated that the normal fold actually crosses the midline of the glottis to improve
glottic closure. Researchers are unsure if the changes seen in the voice are due to

behavioral therapy or spontaneous recovery.’? However, conservative behavioral
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treatment may be of benefit before surgical treatment is undertaken. "® When successful,
voice therapy may preclude an unnecessary surgical procedure thus, limiting the patient’s
exposure to surgical complications. VVoice therapy may also be implemented to address
hyperfunctional compensatory behaviors leading to muscle tension and vocal fatigue”

secondary to the paralysis pre- or post-surgical treatment.

Although active intervention was not implemented in this study, the UVFP
inducement procedure and subsequent recovery may simulate effects seen as a function
of surgical treatment. The immediate improvement in voice quality seen with vocal fold
augmentation and medialization is similar to that seen when the effects of anesthesia
dissipates and the UVFP resolves to give normal vocal fold function. The following
section reviews studies that have used this inducement procedure to paralyze the vocal

fold and assess the effects of this paralysis.
Inducement of Unilateral Vocal Fold Paralysis

Injecting the RLN with a solution of lidocaine hydrochloride induces an acute
UVFP (iUVFP). Lidocaine inhibits the ionic fluxes required for the initiation and
conduction of impulses and thus stabilizes neuronal membranes thereby bringing about a
local anesthetic effect. A solution of lidocaine hydrochloride with epinephrine is often
used as epinephrine acts on the sympathetic nervous system and is an antihistamine.”
Epinephrine acts as a vasoconstrictor, prolonging the action of the anesthetic agent by

delaying the absorption of the anesthetic into the bloodstream.”

Temporary inducement of UVFP was routinely used clinically in patients with

adductor spasmodic dysphonia (ADSD), to evaluate candidacy for nerve sectioning as a
14
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7680 and was first described by Dedo in 1976.”°Dedo performed

treatment for this disorder
the block to examine the patient’s response to a UVFP, approximating the effect of the
surgical technique he would consider performing. More recently, this procedure was used
to experimentally induce vocal fold paralysis to study muscle tension dysphonia and the
results of SLN paralysis.”® ® Similar in design to the current study, ten vocally healthy
volunteers received a lidocaine injection to induce paralysis of the external branch of the
SLN. Behavioral measures were obtained at baseline and during paralysis for these
volunteers. No complications from the lidocaine nerve block were reported in any of
these studies. However, along with the RLN, the SLN and in effect, the CT muscle may
also be paralyzed due to the proximity of the two nerves resulting in a globus or “lump in

the throat” sensation.’®

The above section provided an overview of the anatomy and physiology relevant
to UVFP, signs and symptoms, assessment, treatment and the procedure for inducement
of temporary UVFP. The next section is a brief overview of neuroimaging techniques

with a focus on functional MRI, the tool of choice for this study.

NEUROIMAGING TOOLS

Several methods have been developed which help observe brain activities in
healthy, awake subjects.®?® These methods, referred to as neuroimaging techniques,
have led to considerable advancement in cognitive and behavioral neuroscience and have
provided a reliable way of mapping human brain activities and in determining areas that
are activated during various tasks.?” Neuroimaging techniques are of two basic types-

structural and functional.®
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Structural Neuroimaging Techniques

Structural neuroimaging techniques are used to study the anatomy of the brain®’,
examine for any abnormalities and investigating connectivity patterns of the neural
circuitry but is not a direct indicator of brain function.® These techniques include
Computed Tomography (CT), Magnetic Resonance Imaging (MRI), and Diffusion

Tensor Imaging (DTI).

A CT scan is a more elaborate X-ray technique that obtains cross-sectional images
of the body.® CT scans reveal both bone and soft tissues, which include organs, muscles,
and tumors.* Structural MRI on the other hand shows differences between different
types of tissues- white and gray, based on the proportion of water in them® and is one of
the most common techniques used to examine brain structure.”® This technique uses
nuclear magnetic resonance technology, where magnetic fields are used to align the
atomic nuclei in the body, absorb energy from tuned radiofrequency pulses, and emit
radiofrequency signals as the excitation induced in the atomic nuclei decays.” DTl is a
form of diffusion MRI and is based on the principle of nuclear magnetic resonance and
the Brownian motion of water.*® Observations about the diffusion of water molecules in
the body provide information about the structure and geometric organization of the

tissues.®
Functional Neuroimaging Techniques

Functional neuroimaging techniques include those techniques that are used to
image the CNS during a particular task to identify the areas of the brain that are activated

during this task. These techniques include Magnetic Resonance Spectroscopy (MRS),

16
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Magnetoencephalography (MEG), Electroencephalography (EEG), Transcranial
Magnetic Stimulation (TMS), Positron Emission Tomography (PET), and functional

Magnetic Resonance Imaging (fMRI).

MRS is a non invasive technique for tissue characterization. The MRS uses the
signal from hydrogen protons to determine the concentration of metabolites such as N-
acetyl aspartate (NAA), choline (Cho), creatinine (Cr) and lactate in the tissue. MEG is a
noninvasive technique that investigates neuronal activity of the brain. Weak magnetic
fields created by current loops flowing in neurons are measured using multichannel
gradiometers. The detected magnetic field distribution can indicate the sites in the
cerebral cortex that are activated by an external stimulus.** In an EEG, surface electrodes
are placed on the scalp at multiple areas of the brain to detect and record patterns of
electrical activity and to check for abnormalities.* TMS is now a commonly used clinical
tool in neurophysiology, rehabilitation and intraoperative monitoring.*® * A high pulse
current in a magnetic coil produces a magnetic field that stimulates the brain to either
excite or inhibit specific regions of the brain.**The varying versions of the TMS allow the
motor output to be precisely mapped for a given region of the body. TMS is also a good
therapeutic tool as the effect of the stimulation can exceed the time the brain is

stimulated.®

PET was the first neuroimaging technique that measured local blood flow in the
brain when performing an experimental task.® A radioactive substance is administered to
the patient during the scan and tiny particles called positrons are emitted from this
radioactive substance. Physiologic images are acquired based on the radiations emitted

from these positrons with different colors or level of brightness in these images indicative
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of the different levels of tissue or organ function.®” Radioactive tracers aid in imaging
metabolic processes with different tracers highlighting different aspects of metabolic
functioning. The ability of the PET technique to measure regional cerebral blood flow
during functional tasks made it a commonly used technique for studies of speech and

language.*®

To overcome the disadvantages of the PET with regard to the use of a radioactive
tracer and improved spatial resolution, Ogawa et al. first described the paramagnetic
properties of venous blood that can be used as a contrast agent during MRI°® and the
procedure came to be known as functional MRI (fMRI). This agent, called the blood
oxygenation level dependent (BOLD) contrast, is thus dependent on the hemodynamic
response to the task at hand. FMRI can map brain activity in humans and hence makes it
possible