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“Se vi mais longe, foi por estar colocado nos ombros de gigantes”

Sir Isaac Newton, Matematico Inglés,
1643-1727
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dos nervos trigémeo, glossofaringeo e vago os impulsos sensoriais a partir da pele,
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Figura 2 — Organizagdo do nervo laringeo recorrente direito (A) e esquerdo (B). (C) Nervo
vago direito (C) e esquerdo (D). (E) Artéria subclavia e (F) Arco da aorta. Modificada de De
humani corporis fabrica epitome: tabulae sex. Quarto livro, gravura 52, figura 2 (VESALIUS,

Figura 3 — Vista superior da laringe. (A) Musculo tireoaritenéideo; (B) Ligamento vocal; (C)
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RESUMO

Uma das questes mais intrigantes acerca da mobilidade vocal é o paradigma
morfolégico/funcional que existe sobre a organizacdo do musculo tireoaritendideo (TA) em
relacdo a prega vocal. Funcionalmente, o musculo TA é responsavel por ajustes seletivos em
diferentes partes da prega vocal; contudo, esse padrdo funcional somente seria possivel se
suas fibras ndo se situassem paralelamente em toda a extensdo da prega vocal. Dessa forma,
as fibras do musculo TA ndo teriam uma Unica orientacdo. Esse padrdao morfolégico se
assemelharia a organizacdo histolégica da musculatura da lingua. Portanto, a primeira
hipotese desta tese € de que assim como a lingua apresenta inUmeras possibilidades de
movimento em funcdo de sua organizacdo muscular, o musculo TA também poderia
apresentar uma organizagdo muscular similar & musculatura da lingua, assim como sua
inervacdo; e dessa forma, propiciaria inimeras possibilidades de movimento & prega vocal.
Portanto, o objetivo do primeiro trabalho desta tese foi investigar em humanos as similaridades
na organizagdo histoldgica entre as fibras do misculo TA e da musculatura da lingua, assim
como diferentes parametros histomorfométricos em seus respectivos nervos, laringeo
recorrente (NLR) e hipoglosso (XII); com relevancia clinica para uma técnica de reinervacéo da
prega vocal, baseada na anastomose XII-NLR. Com o auxilio de técnicas estereoldgicas
especificas, nos verificamos em doze cadaveres adultos que a organizacédo histolégica do
musculo TA é similar & organizagdo histologica da musculatura da lingua. No entanto, ndo
existem semelhancas nos parametros histomorfométricos quantificados entre o NLR e o XII.
Dessa forma, no primeiro trabalho desta tese, conclui-se que a organizacdo histolégica das
fiboras do musculo TA, assemelha-se a musculatura da lingua em termos de orientagéo.
Presumivelmente, essa caracteristica morfoldgica propicia uma maior diversidade/possibilidade
de movimentos (ajustes seletivos em diferentes partes) a prega vocal. Baseado na diversidade
do padréo vocal de um recém nascido, a segunda hipotese desta tese é de que j& no periodo
fetal todas as estruturas associadas a prega vocal (prega vocal falsa, ventriculo da laringe,
epitélio, glandulas mucosas, vasos sanguineos e ligamento vocal) ja estdo completamente
estabelecidas, e assim como no adulto, as fibras do muasculo TA ndo estdo situadas
paralelamente e lateralmente em toda a extensdo da prega vocal. Desse modo, seguindo os
mesmos protocolos morfométricos, nés também demonstramos que em um feto humano de 25
semanas de idade, além das estruturas associadas a prega vocal ja estarem completamente
estabelecidas, as fibras do mudsculo TA fetal, assim como no adulto, apresentam diferentes
orientacdes: transversal, indefinida e longitudinal, ao longo de toda a extenséo da prega vocal.
Adicionalmente, o aspecto clinico/fisiol6gico nas diferencas de timbres sonoros entre homens
e mulheres e suas especificidades, € um tema que ainda permanece pouco esclarecido.
Embora alguns autores tenham reportado a existéncia do dimorfismo sexual em estruturas
nervosas envolvidas com o controle vocal no sistema nervoso central; na atual literatura néo
existe nenhum estudo que evidencie a presenca ou auséncia do dimorfismo sexual no sistema
nervoso periférico, especialmente no NLR e no muasculo TA. Da mesma forma, existem varios
estudos em animais descrevendo o dimorfismo sexual em regides do sistema nervoso
envolvidas com o controle da vocalizagdo; no entanto, pouco se conhece sobre esse tema em
humanos. Desse modo, a terceira hipétese desta tese é de que os tecidos (NLR e TA) que
controlam as pregas vocais também poderiam apresentar dimorfismo sexual. Portanto, o
objetivo do terceiro trabalho foi investigar, em humanos, através de anélises morfométricas a
presenca do dimorfismo sexual no NLR e musculo TA. Andlises com 14 cadaveres adultos
revelaram que existe dimorfismo sexual em relagdo aos aspectos histomorfométricos do NLR;
contudo, néo foi verificado dimorfismo sexual em relagdo a organizacdo histoldgica das fibras
do musculo TA. Frente a esses resultados, conclui-se que os humanos, assim como outras
espécies, também apresentam dimorfismo sexual em estruturas nervosas envolvidas com o
controle vocal, tanto no sistema nervoso central, ja relatada por outros autores, quanto no
sistema nervoso periférico (NLR), mostrada em nosso estudo. Finalmente, nés podemos supor
que as diferencas entre os timbres sonoros de homens e mulheres e suas especificidades,
talvez ndo possam ser explicadas somente por diferengcas na massa das pregas vocais ou no
tamanho do trato vocal; mas também por diferencas que abrangem a organizacédo de todo o
sistema nervoso.



ABSTRACT

One of the most intriguing questions concerning vocal mobility is the morphological/functional
paradigm regarding the organization of the thyroarytenoid muscle (TA) in relation to the vocal
fold. Functionally, the TA is responsible for selective adjustments in different parts of the vocal
fold. Yet, such a functional pattern would be only possible if its fibers were situated throughout
the entire length of the vocal fold. Thus, TA muscle fibers would need to have more than one
orientation. This morphological pattern would resemble the histological organization of the
tongue musculature. Thus, the first hypothesis of this thesis is that as the tongue presents
numerous opportunities for movement due to its muscular organization, muscle organization as
well as innervation in the TA could be similar to that of the tongue, which would thus provide
numerous opportunities for vocal fold motion. Therefore, the aim of the first study of this thesis
was to investigate in humans the similarities between the histological organization of the TA
muscle fibers and the tongue muscle, as well as different histomorphometric parameters in their
respective nerves, the recurrent laryngeal nerve (RLN) and the hypoglossal nerve (XIl);
clinically relevant for a vocal fold reinnervation technique based on XII-RLN anastomosis. With
the help of specific stereological techniques, we found the histological organization of the TA
muscle to be similar to the histological organization of the tongue musculature in twelve
cadavers. However, there are no similarities between the histomorphometric parameters
guantified in the RLN and XII. Thus, in the first study of this thesis, it was concluded that the
histological organization of the TA muscle fibers is similar to that of the tongue muscles in terms
of orientation. Presumably, this morphological characteristic provides the vocal fold with a
greater diversity/possibility of movement (selective adjustments in different parts). Based on the
diversity of vocal patterns of a newborn, the second hypothesis of this thesis is that during the
fetal period all the structures associated with the vocal folds (false vocal fold, ventricle of the
larynx epithelium, mucous glands, blood vessels and vocal ligament) are already fully
established and, as in adults, the TA muscle fibers are not situated in parallel and laterally
throughout the length of the vocal fold. Hence, using the same stereological protocols, we also
show that in a human fetus aged 25 weeks, besides the structures already associated with
vocal fold being fully established, the TA fetal muscle fibers, as in adults, have different
orientations: transverse, undefined and longitudinal, throughout the length of the vocal fold.
Additionally, the role of clinical/physiological aspects in relation to differences in the tonal
qualities of men and women voices and their specificities remains to be clarified. Although
some authors have reported the existence of sexual dimorphism in the neural structures
involved in vocal control at the level of the central nervous system, in the current literature there
is no study that shows the presence or absence of sexual dimorphism at the level of the
peripheral nervous system, especially the RLN and the TA muscle. Likewise, while there are
numerous animal studies describing sexual dimorphism in the nervous system of regions
involved with vocalization control, little is known about this aspect in humans. Thus, the third
hypothesis of this thesis is that the tissues (RLN and TA) that control the vocal folds could also
present sexual dimorphism. Therefore, the aim of the third study was to use morphometric
analysis to investigate the presence of sexual dimorphism in the NLR and TA muscle in
humans. Analyses of fourteen cadavers show that there is sexual dimorphism in relation to
histomorphometric aspects of the RLN, although no such sexual dimorphism was observed in
relation to the histological organization of the TA muscle fibers. Given these results, we
conclude that humans, like other species, also exhibit sexual dimorphism in the neural
structures involved in vocal control, both at the central level, as reported by other authors, and
at the peripheral level (RLN), as shown in our study. Finally, we can assume that the
differences between tonal qualities men and women voices and their specificities, may be not
only explained by differences in the vocal fold mass or vocal tract size, but also by differences
that include the organization of full the nervous system.



1 INTRODUCAO

1.1 Aspectos neurobiolégicos do controle vocal

A vida, ao que parece, comec¢ou nos mares. Os animais primitivos, a
semelhanca do que fazem os peixes, retiravam da agua o oxigénio de que
necessitavam para viver. Para isso, utilizavam guelras ou branquias. Quando,
por especiacdo ou por defesa, alguns desses animais passaram a viver em
aguas rasas e, posteriormente, em solos pantanosos, houve a necessidade de
que fosse desenvolvido um 6&rgdo para extrair oxigénio diretamente da
atmosfera. O novo 6rgao (pulmdo) passou a necessitar de valvulas para
impedir a entrada da lama. Os evolucionistas acreditam que foi nessa fase que

surgiu a laringe (HENEINE, 1996).

Embora a funcéo respiratéria da laringe seja basica, suas adaptacdes a
fala e derivados da fala sdo imprescindiveis no surgimento da sociedade e
cultura humanas. A linguagem, em todas as suas permutacdes, primeiramente
na fala para as integracfes dos esforcos tribais imediatos, depois no registro
das idéias e a experiéncia com toda a acumulacao e transmissdo consequente
de conhecimento através do tempo e espaco, é a base da pré-eminéncia
humana. Nesse contexto, a aquisi¢cdo da linguagem é talvez a mais complexa
realizagdo sensorio-motora na vida do individuo. Além do sistema auditivo e do
intrincado aparelho que produz a fala, esta Ultima envolve ndo apenas a laringe
e outros Orgdos da respiracdo, mas também extensas vias nervosas sob
influéncia de regides encefélicas especificas (Figura 1) (WILLIAMS et al.,

1995).
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Portanto, a producao vocal depende da interacdo dos diversos niveis do
sistema nervoso central e periférico, além da acdo coordenada e programada
dos receptores sensoriais. Embora nas ultimas décadas a neurolaringologia,
tenha contribuido com importantes informacdes relativas a fala, ainda pouco se

conhece sobre os aspectos neurobiolégicos da laringe (BEHLAU et al., 2001).

A visualizacédo intra-operatoria dos nervos da laringe tem permitido uma
significante reducdo da paralisia laringea pos-operatoria (THOMUSCH et al.,
2003). No entanto, o sucesso para o0 uso adequado desses métodos ainda
depende do conhecimento minucioso da inervacdo da laringe (KRUSE et al.,

2006).

A complexa inervacao da laringe, aliada as dificuldades na comprovacgéo
funcional dos ramos nervosos para a laringe, tem motivado um vasto namero
de pesquisas, especialmente aquelas que correlacionam a histoquimica,
microscopia e histologia com a clinica. Nesse contexto, essas pesquisas
indubitavelmente sdo imprescindiveis para a confirmacdo ou reformulacdo de
novas teorias que possam demonstrar com mais detalhes as bases
anatbmicas e fisiolégicas do comportamento vocal humano (NAVARRO et al.,

2003; MARANILLO et al., 2005).



Thalamocortical
peojections

Figura 1 — Representacdo esquemaética do controle neural da voz. Observa-se que o cértex motor por
meio das vias corticopontina e corticobulbar faz projecdes bilaterais para os nicleos motores dos
nervos cranianos no tronco encefélico. O nervo trigémeo controla os misculos que abrem e fecham a
mandibula. O nervo facial controla a musculatura da expressao facial e a articulagéo labial. O nervo
hipoglosso controla a musculatura que da mobilidade a lingua. O nervo glossofaringeo controla a
mobilidade do palato mole e da faringe. O nervo vago, através do nervo laringeo recorrente controla
0s musculos intrinsecos da laringe. As conexdes com o0s nlcleos basais e o cerebelo sdo importantes
para a adequada coordenacdo da fala. Através dos nervos trigémeo, glossofaringeo e vago os
impulsos sensoriais a partir da pele, membranas mucosas e musculos retornam para o encéfalo.
Estes impulsos séo processados por uma rede neural (formagéo reticular, tAlamo e cortex pré-central)

Motor cortex
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que modulam o controle de feedback da fala (ROHKAMM, 2004).



1.2 Inervacao da laringe e pregas vocais

Os nervos da laringe sédo fornecidos por dois ramos do Nervo Vago:
Nervo Laringeo Superior (NLS) e Nervo Laringeo Recorrente (NLR)
(WILLIAMS et al.,, 1995); este dultimo, o NLR €& motor, sensorial e
parassimpatico (ARDITO et al., 2004). Os nervos laringeos recorrentes dos
dois lados tém essencialmente a mesma distribuicdo; contudo, recorrem
(curvam-se em torno) estruturas diferentes e em niveis diferentes nos dois
lados. O NLR direito forma uma alca por baixo da artéria subclavia direita;
aproximadamente no nivel vertebral de T1/T2 e, o NLR esquerdo forma uma
alca por baixo do arco da aorta, aproximadamente no nivel vertebral T4/T5.
Apods formarem alcas, ambos 0s nervos recorrentes ascendem superiormente
até a face postero-medial da glandula tireoide, onde sobem no sulco
tragueoesofagico (Figura 2) (MOORE et al., 2011).

ApoOs percorrerem 0 sulco traqueoesofagico ambos 0s nervos
recorrentes penetram na laringe para inervarem todos os musculos intrinsecos
da laringe exceto o musculo cricotireéideo. Os musculos intrinsecos da laringe
movem as partes laringeas, fazendo alteracdes no comprimento e tensédo das
pregas vocais e no tamanho e formato da rima da glote (MOORE et al., 2011),
motivo pelo qual, ambos os nervos desempenham uma grande importancia na

patogenia dos distirbios da mobilidade vocal (FIGUN & GARINO, 1994).

1.3 Anatomia das pregas vocais

As duas pregas vocais sdo anteparos musculomembranaceos moveis

de cor branco-pérola, localizados abaixo das pregas ventriculares e
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medialmente a elas. Estendem-se do angulo da cartilagem tiredidea,
anteriormente, até o0 processo vocal das cartilagens aritenoideas,
posteriormente. Cada uma contém o ligamento vocal, que consiste de tecido
elastico derivado de cone elastico (GARDNER et al., 1988).

As pregas vocais sdo estruturas dotadas de elasticidade e mantém-se
tensas principalmente pela acdo dos mauasculos intrinsecos da laringe,
especialmente o musculo tireoaritendideo (TA), também chamado de musculo
vocal. O musculo TA situa-se paralelamente e lateralmente a prega vocal; além
disso, diz-se que ele é mais espesso ha regido posterior do que na anterior,
porque muitas fibras mais profundas comecam a partir do ligamento vocal e,
assim, ndo alcancam a cartilagem tiredidea. Por outro lado, outros autores
consideram gue todas as suas fibras curvam-se e se entrelacam a partir da
cartilagem tiredidea para a cartilagem aritendidea (Figura 3) (WILLIAMS et al.,

1995).

O musculo TA produz pequenos ajustes dos ligamentos vocais,
tensionando e relaxando seletivamente as partes anteriores e posteriores das

pregas vocais, durante a fala (MOORE et al., 2011).



Figura 2 — Organizagdo do nervo laringeo recorrente direito (A) e esquerdo (B). (C) Nervo
vago direito (C) e esquerdo (D). (E) Artéria subclavia e (F) Arco da aorta. Modificada de De
humani corporis fabrica epitome: tabulae sex. Quarto livro, gravura 52, figura 2 (VESALIUS,

2002).

Figura 3 — Vista superior da laringe. (A) Masculo tireoaritenéideo; (B) Ligamento vocal; (C)
Cartilagem aritendidea; (D) Cartilagem cricéidea e (E) Cartilagem tiredidea (NETTER, 2000).



2 HIPOTESES

2.1 Primeira hipotese

Uma das questdes mais intrigantes acerca da mobilidade vocal é o
paradigma morfolégico/funcional que existe sobre a organizacdo do musculo
TA em relacdo a prega vocal (WILLIAMS et al.,, 1995). Funcionalmente, o
musculo TA é responsavel por ajustes seletivos em diferentes partes da prega
vocal (MOORE et al., 2011). Contudo, esse padrdo funcional somente seria
possivel se suas fibras ndo se situassem paralelamente e lateralmente em
toda a extensdo da prega vocal. Dessa forma, as fibras do masculo TA néo
teriam uma Unica orientacdo. Esse padrdao morfoldégico se assemelharia a

organizacdo muscular da lingua.

Desse modo, nossa primeira hipétese € de que assim como a lingua
apresenta inumeras possibilidades de movimento em funcdo de sua
organizacdo muscular (NAPADOW et al.,, 1999), o muasculo TA também
poderia apresentar uma organizacdo muscular similar a musculatura da lingua,
assim como sua inervacéao; e dessa forma, propiciaria inameras possibilidades
de movimento a prega vocal. Isso explicaria como o musculo TA fornece
ajustes seletivos em diferentes partes da prega vocal. Os resultados da
investigacao relativa a essa primeira hipétese estdo apresentados na forma de
artigo cientifico publicado no periodico internacional indexado Journal of Voice

- Fator de Impacto (JCR 2011): 1.39.

2.2 Segunda hipétese
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Adicionalmente, nossa segunda hipotese € de que essa caracteristica
anatbmica também seja evidenciada no periodo gestacional. De acordo com
alguns estudos recentes (BRANCO et al., 2005; NICOLLAS et al., 2006;
ZESKIND et al, 2011) o choro do recém nascido é rico em sons e
propriedades acusticas que apresentam grande importancia clinica no
momento do nascimento, como por exemplo, caracteristicas para determinar
as condicdes de saude do recém nascido como também a possivel deteccao
precoce de doencas congénitas que levam a intervencdo médica imediata. Em
funcao disso, nés acreditamos que essa diversidade no padrdo vocal pode ser
explicada pelo fato de que as estruturas associadas a prega vocal ja estédo
completamente estabelecidas antes do nascimento e as fibras do musculo TA,
também poderiam néo estar situadas paralelamente e lateralmente em toda a

extensdo da prega vocal.

Desse modo, este estudo também investiga as estruturas associadas a
prega vocal (prega vocal falsa, ventriculo da laringe, epitélio, glandulas
mucosas, vasos sanguineos e ligamento vocal) e a organizacao histolégica do
musculo TA em um feto feminino de 25 semanas. Os resultados da
investigacao relativa a essa segunda hipotese estdo apresentados na forma de
artigo cientifico, aceito para publicagao (“in press”) no perioédico internacional

indexado Journal of Voice - Fator de Impacto (JCR 2011): 1.39.

2.3 Terceira hipo6tese

A falta de conhecimento cientifico especifico sobre os aspectos
neurobiolégicos do controle vocal humano deve-se muito a dificuldade da

realizacdo de estudos padronizados em seres humanos. O aspecto


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Branco%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zeskind%20PS%22%5BAuthor%5D
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clinico/fisiologico nas diferencas de timbres sonoros entre homens e mulheres

e suas especificidades, € um tema que ainda permanece pouco esclarecido.

Embora alguns autores (HARASTY et al.,, 1997) tenham reportado a
existéncia do dimorfismo sexual em estruturas nervosas envolvidas com o
controle vocal a nivel do sistema nervoso central; na atual literatura néo existe
nenhum estudo que evidencie a presenca ou auséncia do dimorfismo sexual
no sistema nervoso periférico, especialmente o NLR e o musculo TA.
Entretanto, existem varios estudos (DEVICHE & GULLEDGE, 2000; GAHR,
2007; RHODES et al., 2007) em animais descrevendo o dimorfismo sexual em
regides do sistema nervoso envolvidas com o controle vocal/vocalizacdo; no

entanto, pouco se conhece sobre este tema em humanos.

Desse modo, nossa terceira hipétese é de que os tecidos (NLR e TA)
gue controlam as pregas vocais também poderiam apresentar dimorfismo
sexual. Os resultados da investigacdo relativa a essa terceira hipotese estao
apresentados na forma de artigo cientifico aceito para publicacdo no periédico

internacional indexado Journal of Voice - Fator de Impacto (JCR 2011): 1.39.
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3 OBJETIVOS

3.1 Primeiro artigo

- Investigar em humanos as possiveis semelhancas na organizacéo
histolégica do musculo tireoaritendideo com a musculatura da lingua e seus

respectivos nervos, laringeo recorrente e hipoglosso.

3.2 Segundo artigo

- Investigar em um feto humano de 25 semanas as estruturas
associadas a prega vocal (prega vocal falsa, ventriculo da laringe, epitélio,
glandulas mucosas, vasos sanguineos e ligamento vocal) e a organizacéo

histolégica do masculo tireoaritenoideo.

3.3 Terceiro artigo

- Investigar em humanos a presenc¢a do dimorfismo sexual em nervos
(laringeo recorrente) e musculos (tireoaritendideo) envolvidos no controle

vocal.
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4 CONSIDERACOES ETICAS

Respeitando todos os preceitos da lei que regem sobre a utilizacdo de
tecidos humanos em pesquisas biomédicas; este estudo foi aprovado pelo
Comité de Etica em Pesquisa da Universidade Federal do Rio Grande do Sul
(PROPESQ/UFRGS - 17547) e pelo Departamento Médico Legal — Secédo de
Ensino e Pesquisa (DML — 2403/09). Todos os cuidados foram tomados no
intuito de respeitar os principios de autonomia, beneficéncia, justica, equidade

e sigilo de todos os individuos que compuseram este estudo.
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5 RESULTADOS

5.1 Primeiro artigo (Publicado no Journal of Voice — Fator de Impacto no

JCR 2011: 1.39)

Histological Organization is Similar in Human Vocal
Muscle and Tongue—A Study of Muscles and Nerves
* t,#Deivis de Campos, *Patricia Severo do Nascimento, TJoel Henrique Ellwanger, §Gunther Gehlen,

{Mariana Freitas Rodrigues, *,,|Geraldo Pereira Jotz, and JLéder Leal Xavier, *f||9Fore Alegre, {Santa Crug do Sul
Wove Hamburga, Bragd

Summary: One of the most exciting questions about the human voice is how the vocal fold produces and modulates
different sounds. One hypothesis to explain the wide range of movements fomnd in dwe vocal fold is based on the variety
of muscle fiber orientations in the tyroaryienoid (TA) moscle. The tongoe { TO) moscle & congdened dwe most complex:
strocture inofe body in terms of muscle fiber orfentation and movements. Thus, possible dmilarities between these tvo
muscles and their innervations, the recorrent laryngeal nerve (RLMN) and hypoglossal nerve (XIT), could explain the
complex movements exacuted by the focal fold. Moreowver, such smdies help us to understand some microanatomical
aspacis of vocal fold einnervation, based on X T-i- RLN anastomosis. Therefore, this smdy investigates the histological
organization of TA and TO muscles and their innervations (n = 12 subjects). The muscle fibers wene clasified into free
categories aconnding to their orientation | transverse, unde fined, and longitodinal ). To quantify the pencentage of fibers in
each category in the TA and TO, the shape coefficient {shape Z) was estimated. Qualitative analysis and estimation of
filser area and shape & show that the histological organization of TA and TO muscle is similar. Both muoseles present the
same percentage of transversal {(~T72% ), undefined (~-15%), and longitudinal fibers (~10% ). By contrast, the authors'
analysis of the morphometric parameters of the RLN and XIT shows that there is no cormelaton batween these nemves.
In conclusion, in humans, TA and TO muscles present similar histological organization and this finding could help to
explain interesting questions abowt human phonation.

Key Words: Thyroarytenoid musele-Tongue nuse le—Rocument laryngeal nerve—Hypoglossal nerve—H istology.

INTRODUCTION

Perfect harmony between the muscles of e tongwe (TO) and
the larynx i indispensable for twe good operation of diffenent
functions, such as voice for speech communication, ematonal
expresgon when bughing and crying and breathing, swallow-
ing, and coughing. *

The tomgue is known to be composed of extringic (genioglos-
s, styloglossus, hyoglossus, and palatoglossus) and intrinsic
(superior and inferior longitudinal, transverse, and ventical)
musclkes. It is generally described that the TO muscles in mam-
mals are innervated by the hypoglossal nerve (X1

The larynx, an organ of phonation, contains many small
intrinsic muscles, namely the cricothyroid, posterior criosanyte-
moid, lateral cricoaryienoid, transverse arnytenoid, obligue
arytennids, aryepiglotticus, thyroearytenoid (TA), and thyroepi-
dotticus. These muscles ane innervatad by two branches of the
vagus nerve () the extemal branch of the superior laryngeal
nerve innervates the crioothymdd and the recument laryngeal
nerve (RLN) innervaies the remaining intrinsic muscles.*
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Funthermaone, these muscles are clinically impontant, and
alterations in their normal function produce voice alterations,
dysarthria, dysphagy, and dyspnea*~

Histological studies have describod how the TO muscle is
ahble to produce a large number of different ongue sapes and
maovements. This capability is widely attributed o diversity
in the orienttion of the muscle fibers **® However, Hitle is
known about exactly how the vocal muscle—TA muscle—
also provides the large variety of movements found in the
vocal fold"™™ One hypotwsis to explain these wide range of
movements found in the TA and TO muscles conld be based
on possible hisological similarties beoweenthese two museles,

Audditionally, the most froquent cause of vocal fold paralysis
is injury to the RLM," which can slso be reinnervated using
XTio-RLN anastomosis.”” This technique provides positive
effects on vocal fold paralysis in terms of acoustic, penceoptual,
electromyographic, and visual outcomes,

Gathering data on the morphometric features of the RLN and
X is cortainly very impontant for unde rstanding and improving
the techniques used for vocal fold reinnervation (XIT-o-RLN
anastomaosis). There ame some data on this topic in the lters-
ture. *-'* However, there is litle detailed information on the
marphological parameters of RLN and XIL

Thus, the aim of the authors' study was i compare the hisbo-
logical organization of TA and TO muscles, and their respoctive
nerves (RLN and XIT), to establish the degree of similarity
between tese tisnes.

MATERIALS AND METHODS

Human tissue

This study was approved by the Ethics Committes of the
Universidade Federal do Rio Grande do Sul, Rio Grande do
Sul, Brazl. The higological material of muscles and nerves
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were obtained from the collection of the Laboratory of Histol-
ogy and Pathology of the Universidade de Santa Cruz do Sul,
Rio Grande do Sul, Brazil. These tssues wene oollectad from
nacropsies done in the Deparmment of Legal Medicine in e
same university. Twelve subjects wene usedin their study. Infior-
mation on e sex, age, weight, height, and body mass index of
the subjects is presented in Table 1.

Tisswe collection

The TA muscle was hilaterally remowved {~10 mm) from e
larynx, the middle region of the TA muscle was dosen for their
sindy. This choioe was based on a previous sidy,'” which
sheow o that this region prese nts more and betier de fined muoscle
filsers when companed with the other regions of the TA muoscle
(Figure 1).

The tongue samples wene collected and processed as de-
scribed in a previous mﬂ:.r.* Slices were obtained {~10 mm)
from the posterior, median, and the anierior pans of e tongue.
These slices presented a complete ransverse view of e
tongue, from the gossoepiglottic fold | dorsal) i dwe apex (ven-
tral) of the ongue (Figume 1).

The dissection of te RLMN extended deeply toward the
point where it entered the lanmx (cricothymoid joint). The
segments {~ 10 mm) of RLM used in the autwors' hisiological
analysis were obtained 1 cm below the cricothyroid joint, bilat
erally. The same procedure was used in a previons smdy's
{Figure 1).

The XTI nerve was dissecied from e point where it crosses
the intemal carotid arery to is ending &t te tongue. Based on
previous protocols, ' the segments (~10 mm) were taken from
the XIT nerve af the level of i passage over the crest of e
grester horn of fwe hyoid bone, hilaterally (Figuse 1)

Histology of muscles and nerves

The samples from each muscle (TA and TO) were fixed in 10%
formalin solution, delydrated in & graded series of etanal, and
embodded in paraffin. Sections of the TO and TA muscles

TABLE 1

{10 pm) were obtained using a microome (Leica, Mussloch,
Germany); these sections were mounied onin slides; dejpara ffi-
nized with xylene; rehydrated; and stained with hemamnxylin
ensin, washed in water, dehydraied in a graded series of efwanaol,
leared withxylene, and covered withentellan and coversips *©
Five sections with intervals of 100 um were collected and
analyzod.

Based on the previous studies,™ the specimens (RLM
and X1 were fixed by immersion for 24 hours in 8 modified
Karnovay solufion (Sigma Chemical Company, St Louis,
M), Then, they were bathed in 005 molL of sodium cacody-
late solution, postfiived in 1% osmiom tetroxide (Sigma Chem-
ical Company) for 2 hours, dehydraied in an increasing graded
series of acetone (Electron Micoscopy Sciences, Hatfield, FA),
and embedded in epoxy resinaraldie, dorcopan; Flula, Buchs,
Switrerland), which was then polymerized at 60°C. Thee
semithin cross-sections (1 pm) were obtained using an wirami-
crofome (MT G000-XL; BMC, Tocson, AF) with intervals of
100 g andl tained with 1% toluidine blwe (Merck, Darmstadt,
Germany) in 1% sodium tetraborate (Ecibra, Curitiba, Brazil).

Digitized images of the muscles and nerves were obtained
using an Olympus B %50 microscope (4%, 10, and 100
Olympus, Tokyo, Japan) coupled to a video camera (Leica
D INOF) interfaced by Leica lnoge 50 (IM30) softw are
(Leica, Weitzlar, Germany) (Figure 2A and B). The images
olbitained were measuned using Tmage Pro Plus Software (fnuage
Pro-Plus 6.0 [IPP 6.0), Media Cybernetics, Silver Spring, MDY,

Morpho metric parameters

In their smdy, the suthors clasified and estimated the perosnt-
ages of wansverse, undefined, and longimdinal fibers in e
TA and TO muscles and their mespective nerves using two
higological methods: hematoxylin-oosin and tohidine blue.
To estimate the percentage of muscle fiber orientated in each
of the three categories the mathe matical and geredogical teols,
the point-counting method'” and shape 7% were wsed to
calculate the anea and shape ooz fficient, respoctivel y.

Parmm;'lnl the Subjects, Namely Sex, Race, Age. Weightand Height, Body Mass Index (BMI). Period Between Death and

the Collection of the Fragment (Ar). and Cause of Death

Subjects’Sex  Race Age [y) Weight {ky] Height (m] BMI {igln’b At (nin} Causze of the Death
1Male White 73 66 1.74 18 120 Sudden death
IWoman White 85 [1] 1.56 HE3 180 Sudden death
IMale White T 60 1.64 e 180 Sudden death
4Male White 52 5 1.7 2668 120 Sudden death
BMaman White 85 (= 1.60 NET 136 Coronary thrombosis
&Male White 56 T2 1.63 2716 166 Sudden death
Tiale White &2 66 1.60 248 120 Sudden death
BMWoman White 45 70 1.60 2734 140 Sudden death
SMale Black 50 5 1.70 2696 160 Sudden death

1M ale White &0 65 1.76 224 176 Sudden death
11/Male Bk Al BO 1.80 24,60 145 Sudden death
12Male White A6 65 1.66 2389 160 Sudden death
Total - G208+ 1643 OG483I+067 1662007 23 V+7EY 1483342749 -
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AGURE 1. Schematic representation showing the regions whene the
tizmes (muscles and nerves) were colleced (indicated by a dofeed
Iine). Abbreviofione TA, thymantenoid muscle; TO, tongue muscle;
L larynx; T, tmchea; HB, hyoid bone; X, vagus nervwe; RLN, recument
laryngeal nerve; X1, hypoglossal nerve.

Maorphomeiric measurements in the RLN and XTI nerves in-
cluded the {1 myelinated fiber density {numbser of fibersfmm®),
{2) intraperineural area {m.m.z). {3) total number of fibers, (4)
average myelinaied fiber area {;ﬂl‘li:l. {5) average myelinated
fiber diameter (wm), (§) average sxon diameter {pwm) of the
myelinated fiber, (7) average myelin sheath thickness (am),
(#) g ratio (degree of myelination), (9) percentage areas of
myelinated fibers (%, and (100 percentage of endoneurial con-
nective tisue (%)

Morphometric measurements of muscles
The classification of the muscle fikers was based on a pilaot
study perfomed by two blinded researchers. Pearson's correls-
tion coefficients {F) were calculated to determine the relation-
ship between the resulis obtained by the two researchers The
rvales obmined for the traneverse, undefined, and longind inal
fibers of s TA muscle wene 09852, 0.7169, and 0.8553, re-
spectively. In relation to the TO muscle, the r values found
were (.9900 for transverse, 09112 for the undefined, and
QTETT for longitudinal fibers These values demmstrate the
high level of relishility of the ohservations made by the blinded
researchers

Equal-sized areasof ineses {ADTs) and & grid masks with an
arcalpoint value of 400 gm® were laid over the images i est-
mate both the number of fibess por area and the ares of muscle
fiber to enable the classification of de fibers as transversal,
mdefined, or longituding acconding to their orientation.””
The area of muscle fiber was obtained using the following

equation: A =¥ p-a/p, where 4 i the area, ¥ is the sum
of points counted, and o/ i the amea/point value.

After e pilot study, the criena for this clasification wene
ohtained after detailed ohservation and measurements taken
by three histology specialist who were also blinded to the
source of the images. The fibers wemne clasified using the fol-
lowing criteria: the TA muscle fibers were identified, according
o their areas, as transverse between 0 and 2000 pm?, undefined
between 2000 and 3200 pm”, and longitudingl mere than
m,mn* The TO muscle fibers were identified, according
to their areas, as transverse batwoen 0 and 400 ;ﬂ'l'li, ke fined
between 400 and 1200 um® and longimdinal more than
1200 pm® (Figure 2C and T,

Theshape coefficient, also knownasthe shape 2 was also
used to define the fiber types. This pier is obtained using
the following equation: Shape T = P/ A, where Shape Z is
the shape coefficient, P is te perimeer, and A & fe area value.

Based ona comparison of the Shape Z valwes obtained with
the classification made by e obsorvers, the TA fibas wene
classified as: transverse, between 0 and 4.61; undefined, be-
tween 462 and 530; and longitudinal, between 5.31 and
6.32. For TO, fhe fikers wene classified s ransverse, between
0 and 4. 48; unde fined, betweoen 4.49 and 5.28; and longitodinal,
betwoen 529 and 7.32.

These classifications wene wsed to estimate the percentages
of ransverse, undefined, and longitudinal fibers in all the ans-
lyzod soctions.

Morphometric measurements of nerves

The fiber density | number of fibers/mm®) was estimated using a
previously described  protecol'® of planar morphometry.
Briefly, five squares named AOQIs measuring ﬂz,ﬂmi wene
overlaid oo cach obtained image. These five ADL were ar-
ranged acconding to a pattern in which four AQE were placed
equidizandy from a central AQT (Figure 3A and B). The fibers
located inside this square of which intersected with the wpper
andfor left edge of the AT wene counted; the fikers which in-
tersectad with the lower andior right edge of the ADT were
ot counted (Figure 3C and D). The fiber density was obtained
using the following equation: Filer density = fibers counted per
AOLAOT area.

To estimate the intraperinewral area, the digitized images of
the sections were outlined and the paameters wene meazured
{three images were measured for each nerve) (Figure 3A and
B). To estimate the axonal area, the same delineation procedome
was carried out in the fikers previously counted within the ADTs
{Figure 3C and I0). The total number of fibers in each nerve was
estimated by multiplying the fiber density by the total intrapes-
ineural area. Myelin sheath duickness was caloulated using
a specific softwane tool (Figure 3E and F).

To estimate the axonal diameter, the axonal aea of each
individuwal fiber was measwed and the value obtained was
convented to the diameter of a circle with an equivalent anea
The aum of fwe axonal dismeter and myelin shesth represent
the noyelinated fiber diameter. A measurement of the degroe
of myelination {g ratio) was estimated by dividing the axon
diameter by the myelinated fiber diameier. The percentage of
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AGURE 2. Digitized images of; ofthe TA muscle and TO muscle. A and B.Images d ing the clearsimilarity hetween the TA and

TO in terms of muscle fiber organzation. C and D. Digitized images showing transverse (thick delineation), undefined (dotted delincation), and
longitudinal ($hin delincation) fibers. E. Comparison between the TA and TO of the percentage of transverse (P = 0678), undefined (P =0.627),
and longitudinal (P =0.438) fibers. Abbreviations: TA, thyroarytenaid de; TO, tongu: cle; MF, des fibers; VF, free margin of vocal
fold; L, vocal ligar M, MG, glands; CF, collagen fibrils; BV, bload vessel (hematox ylin-easin stxin).

the nervous tissue (areas of myelinaed fibers) and endoneurial
connective tissue also were estimated using /PP 6.0.

Statistical analysis
Comparisons were made of the TA and TO muscles and their
respective nerves (RLN and XII) from each subject using an

independent samples 1 test (P <0.05). Pearson’s comelation
coefficient (r) was used to estimate vaniations between the re-
sults obtained by two blinded researchers in the pilot study.
All statistical analyses were performed using the Swwristical
Package for the Social Sciences 150 software (IBM Co.,
Amonk, NY).
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AGURE 3. Digitized & aof sections of the

bryngeal nerve and hypoglossalnerve. A and B. Images of intraperineural area (black

delineation) showing the arran gement of AOTs (532 pm”) overlaying the image of the nerves. C and D. Representation of one of the fiekds (AOIs)
used inthe tudy % evaluate the fiber density, the total number of fibers, and axomal area (Wack defincation). The fibes located inside $his square or
meersected by the upper andfor keft edge of the AOI were counted (*); the fibers intersected by the lower and/ar right edge of gie AOT were not
coumnted (X ). E and F. Images demonstrating the myelin sheath fhickness of fibers were counted within the AOIs, calculated by means of a specific
saftware wol (Swr vertical and horizonsal lines in each fiber). Abbreviations: AOls, areas of mterest; AT, adipose tissue; CF, collagen fibrils galu-

idine blue stxin).

RESULTS
Hematoxylin-eosin staining showed that the measured muscle
fibers had well-defined boundaries. In all the histological sec-
tions, the qualitative analysis of the organization of the trans-
werse, undefined, and longitudinal fibers of the TA and TO
demonstrates that the TA and TO muscles present a signifi-
cantly similar histological organization (Figure 2A-D).
Quantitative comparison of the transverse, undefined, and
longitudinal fibers demonstrated no statistically significant dif-
ference between the TA and TO muscles (Figure 2E).
Analysis using toluidine blue staining showed that the mye-
linaked fibers were well preserved in all specimens and their
number was not alered by postmortem dimensional changes.
In the authors’ study, analysis of the all morphometric measure-
ments showed a statistically significant difference between the
RLN and XTI (Figure 4A-J).

DISCUSSION
Qualitative analysis of higological sections of the TA and TO
musclesshowed the exact organization of muscle fascicles inre-
lation to the free margin of the vocal ligament, collagen fibrils,
and mucous glainds Furthermore, some blood vessek were
seen ogether with the collagen fibrils and muscle fibers, which
may represent ramifications of the inferior thyroid artery and
lingual artery of the TA and TO muscles, respectively. Thus, in
allcollected nerves, large portions of the epineurium and adipose
tissue were visible. One hypothesis that the authors developed
is that this extra padding sumounding the RLN and XTI could
help to prevent damage resulting from, for example, blows to
the neck; compression; and elongation related to movements of
the head, such as flexion, extension, and rotational movements.
From the similarities between the TA and TO muscles, the
authors conclude that the distribution of the TA fibers along
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FAGURE 4. Companson of myelinated fibers density (A}, intraperineural area (B), ol mumber of myelinated fibers (O, myelinated fiker anea
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tismue (J hetween the RIN and the XIL Abbreviafions RIN, recument bryngeal nerve; X1 hypoglossal merve. *#P < (L and *** P < (001

the entire length of the wocal Hgament is not parallel. Ths,
these findings suggest the hypothesis that the fibers in the TA
are orientted differentally to perfom different movements,
similarly to the T, as a previous study” has shown that despie

the grest mobility of the tongue and the highly complex ar-
rangement of the TO muscles, its movements can be explained
in terms of the activation of a small number of indepe ndent
muscle groups, cach comesponding to an “elementary™ or
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“primitive” movement. This would help explain how a small
mmber of TO muoscles can cause a large number of different
ongue shapes and movemens. ™

This fact & very important, because some physiological
evidence suggests that during phonation, the TA muscle can
potentially affect the biomechanics of e vibrating vocal fold
in various ways. ™

The authors' resnlts are confirmed by ofwer studies in cats, in
which the suthors reponted that the anatomic individualization
of the divizions of the TA muscle may suggest that they play
distinct physiological mles and may imply that ey should
not be considered as a sngle fonctional unit ™ Similarly, other
authaors have reponted that for te TA muoscle, fiber attachment
i the thyroid canilage is corved, so that fiber length is not
miform (nearly a 12% variation). Thus, when the insention
and origin surfaces of a muscle ae not parallel to each other,
the fibers on one side of the sample are different in length
from those on the other side ™

Innervation & another very important aspect of the TA and
TO museles. Classical studies sepont that in addition to inne-
vating the TA nuscle, the X also innervates the palatoglosus,
an ingportant muscle of the tongue. ™

Given their resulis, it can be surmised dat the orientation of
musclke fibers in the TA musele allows the central nervous gys-
em o monitor the length changes along the most mobie part of
the vibrating vocal fold. This, $e TA muesele prodeces snall
adjusme nis in the vocal fold, tensioning, and relaxing selec tive
the parts of the vocal fold. Futire ressarch could test this hy-
pothesis using a combinaton of different metwods, such as
electromyographic and voice analysis

In their study, the quantitative analysis of the RLN and XII is
miote than a mofphological description of the fibers that contral
the TA and TO muscle. This stdy is unique in e lterature as it
fully deseribes e momphometric messurements of these nerves
wing mathematical and stereological iols in humans. This
Imowledge could be essential to understnding some npontant
aspects of laryngeal reinner vation.

The XI1 is aften used to restore function following facial
paralyses in the absence of spontanecus recuperation. A num-
her of different ways of trandfering te X1 and suturing it to
the distal segment of e facial nerve have been described.*
Similarly, previows imvestigaions™" have proposed several
possible advantages of ansr cenvicalisto-RLN laryngeal
reinnervation. In addition, recent sudies*™ have shown that
the XITHo-RLN anastomosis laryngeal reinnervation iechnique
offers numerous advantages for patients with vocal fold
paralysis.

The XIHo-RLN ansstomosis technigues should be within
the skills of any head and neck surgeon with experience in
newrorrhaphy. ™ Given that the success of these reinnervation
echniques ako depends greatly on understanding the micro-
sopic anatomy of the nerves,'*™ the data presented in the
authors” study may be essential for perfecting such procedures.

The significant difference between fese nerves shown in
their audy is not cearly discussed in the literature, but they
believe that this difference can be explained by the location
where @we analysis of nerves is made. Because of this, the

authors have been careful to examine the same locations previ-
ously studied by other authors inthe RLN' and XTT™ to min-
imize the influence of these anstomical differences in their
resulis,

The main morphological pammeter measuned in heir study
that could be useful in respect to XTHo-RLN reinnervation is
the nerve area. Some studies provide messurements of nerve
diameter but fail to messure nerve aea The sothors believe
that nerve anea is a more reliable parameter and present kess
bias when compared with nerve diameter. However, comnypari-
sons batween these stodies could be made, considering that,
in general, nerve sections present a circle-like shape. Thus,
the average merve diameters, in the awhors' case, RLN and
X0, could be easly extracted from their sudy using the circle
formula. ™

In addition, their study confirms that when compared with the
XM, te paameters of e RLN are significantly lower, as
shown by the intraperineural area (83.4%), to@a] number of
fibers (T19%), myelinated fiber area (BR%), myelinated fiber
diameter (53.8%), axon diameter of the myelinated fiber
{65.8%), g ratio (264%), and percentage areas of myelinated
filers  TH.1 %)

On dve other hand, their results alao show that the RLN has
a higher nwelinated fiber density (45.6%), average myelin
sheath thickness (43.1%), and percentage of endoneurial con-
nective tissue (59.5%). One of the interesting findings in the
present study was the smaller g ratio values in the RLN. This
fact is very impontant & it shows that although the RLN fibers
have asmaller area and axon dismeter, they exhibit a greater
degree of the niyelination and this can explain 4 larger quantity
of endoneurial connective tissue in e RLN when compared
with XTL

Finally, the simple comparizon of the histological organiza-
tion of the TA and TO muscles carriad out in their audy may
help explain one of the most impontant questions about human
apeach: bow the TA muscle slectively controk different pants
of te vocal fold. Furthermore, the present study also provides
morphometric dats on e RLN and XTI, which niay be essential
to te suocess of an important reimervaton technique. Addi-
tipnally, for future studies, it would be interesting to compane
the results from their swdy with tose in which the histology
of e same nerves is evaluated after palsy.

CONCLUSION

This study represents the first complete light microscopic com-
parizon of the human TA and TO nmscles and their respective
nerves (RLN and XIT), using a stereclogical method in
a well-defined region of thess muscles and nerves, and as
such, contributes wward enhancing ouwr understanding of
phonation in general. It is well known that the complexity of
the tongue movements depends on the ofganization of musele
fibers ™% The vocal fold presents a more complex
structural environment, where multiple agonistfntagonist
muscle groups are present, but it is important to note that the
TA muscle iz fw main mosce in this environment and
present a more prominent acton when compared with the
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oither muscles. Momeowver, the TA muoscle is the only moscle that
selectively controls different parts of the vocal fold. Thus, fhe
selective control of different regions of the vocal fold can be
explained, at least in part, by fact that the ceganization of
muscle fibers in the TA'™™** iz similar to thai seen in e
TO muscles. Fonthemore, their resuls can be considened as
general reference points for future studies aimed at funther
elucidating #he relationship beiween peripheral nerve
regeneration and any possible relation to the patogenesis of
diseases, such as idiopathic laryngeal hemiparalysis and
hemiatrophy of the TO muscles.
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Morphology of Fetal Vocal Fold and

Associated Structures

* 1,2Deivis de Campos, TJoel Henrigue Ellwanger, TJoao Paulo da Costa Rosa, T Pereira dos Santos,
TRagquel Oliveira Corbellini, TRafael Henrique Hoelscher, *Pamela Brambilla Ba gatini, * 1 5Geraldo Pereira Jotz,
and ||Lader Leal X avier, *1§||[Pars Alegre, {Sani Cruz do Sul Rio Grande do Sul, Bzl

Summary: This sudy is the first detailed qualitative monphologic description of the vocal fold and its sssociaed ste-
tures (false vocal fold, larynx ventricle, epithelium, mocous glands, blood vessels, and vocal ligament) of 2 human fetos
aged 25 weeks. Inaddition, a quantitative analysis of thyroarytenoid (TA) nuscle fiber orientation is presentad to in-
vestigaie similarities with adult TA. Hisologic cross sections from the vocal fold and the anterior, middle, and posterior
regions of the TA muscle wene examined hilaterally, and both qualitmtive and quantitative analyses show that e vocal
fold and most of the associated stroctunes are completely established in the studied sample.

Key Words: Thymarytenoid muscle—Retus—Microanatomy—Wcal fold.

INTRODUCTION
Although a great deal has been written regarding the amcitune
of the vocal fold in adults, few studies have investigated this
armcture in childen and neonates. One classic example of
this lack of information about newhorn and fetal wocal fold is
the presence or sheence of the vocal Igament at binh. For ex-
ample, one study has eported that tis structure s absent at
hirth,” wheneas another has shown the presence of adult-like
vocal ligament st 7-9 months of gestational age. "

Althoughlittle hasbeen writen aboot the fetal vocal ligament,
even less is known regarding the fetal thyroaryienoid (TA) mos-
cle, ako referned to as the vocal mosele®* TA is responsible
for selective adjuostments in different pans of the vocal fold
in adults 3 This shility is probably related to e fact tat the
TA nuscle fibers present the same microanatomic organzation
seen in the toegue, where ransverse (T) and longitudinal (L)
fiber oricntations ame seen. Thus, this arangement of muscle
fibers allows the wocal fold and ongue to present numemoos
mﬂhﬂiﬁuuﬁt’mmmuﬂ.ﬁ

Moreover, the TA muscle & the only muoscle that selectively
controls different parts of the vocal fold. Thus, te selective
control of different regions of the vocal fold can be explainad,
at leastin part, by the fact that the organization of muscle fibers
in TA. is similarto that seen in the tongue muoseles.® In this con-
iext, considering the complexity of mobility/frequency of the
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wocal patterns of a newbom, ™ it is plausible to deduce that
the TA muoscle fiber orentation is similar in newhorns and
adults. Mevertheless, there are no data in the literature about
TA muscle fiber orientation in newhsorns or fofuses,

Thus, using a very rare anstomic picoe, a fetns aged 25
woeks, the goals of our study weme (1) to perform a detailed
maorpholegichizstologic description of the vocal fiold and its as-
snciated stroctures (false vocal fold, larynx ventricle, epithe-
liuvm, mucous glands, blood vessels, and vocal ligament) and
compare the findings with previous morphologic descriptions
made in adults and (2) o analyze the TA fiber ofentation to
identify any similarities with pattems found in adults.

MATERIALS AND METHODS

Human fissue

The histolegic sample of TA muscle slong with its vocal fold
wias ohitained from fe collection of the Lahoratory of Histology
and Pathology of the Universidate de Sants Cruz do Sul, Rio
Girande do Sul, Brazil. The present study is based on one female
fetus aged 25 weeks after conception, with the canse of deaty
unknown (Figure 1A), and based on only one female fetus
because this material is extremely rane.

Tisswe collection

The TA muscle along with its wocal fold was completely and
hilaerally removed (3 mm) from the larynx, which had been
previously fixed in buffered formalin 10%. Thos, the sructures
asapciated with the vocal fiold and the TA muscle filksers have not
been distonted or companmentalized during processing. To
understand e organization of muoscle fibers throughout the
length of te TA muscle and vocal fold, the anterior, middle,
and posterior regions were extracted (1 mm in lengh each)
fior momphometric evalustion (Figure 18). Thus, these samples
{anterior, middle, and posterior) presented a complete cross-
sectional view of the vocal fold and TA, from e dyroid
cartilage, anteriorly, to te vocal process of the anytenoid cart-
lage, posteriory.

Histology

The sampks from each region were fined in 10% formalin
solution, dehydrated ina graded seriesof ethanol, and embadded
in paraffin. Theee sections {7 pm each) with intervals of 300 pm
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FAGURE 1. A.Midsection of the larynx showing the internal structures such s EC,E, V, VE OC, T, and E. B. Schematic representation showing
the following regions: A, M, and F, where the thymarytenoid muscle was collected (indicated by a dorsed [ine) bilterally. EC, epiglottis cartilage;
F, fake wocal fald; W, ventricle of lanmx; VF, vocal fold; OC, oricoid cartilsge; L, brymx; T, traches; E, esophsgus; A, anterior; M, middle;

P, pose .

were obtained from each of the three regions (anterior, middle,
and posieriorn) usinga microtome (Leica, Gemany) (Figure 1B).
These sections were mounted onto slides, deparaffinized with
xylene, rehydrated and stained with hematmylin-eosin, washed
in waier, dehydrated in a graded series of etanol, cleaned with
xylene, coverad with entellan, and coversippad.

Qualitative analysis

The different sections of te vocal fold wene analyzed by thres
expensin the histolegy of the adult larynx, and te morphol ogic
findings were discussed by dwese observers. Thos, all the hisio-
logic sections were checked for the presence or absence of
structunes asscisted with fwe vocal folds such as fake vocal
fold, larynx ventricle, epithelivm, mucous glands, hlood ves-
sels, and vocal ligament.

Morphometric measurements of the TA muscles
Digitized images of the muscles were obtained using an (-
pus BX 50 microscope (400x) (Olympus, Japan) coupled to
a video camera (Leica DC 300F) interfaced by Leica Image
SOINMGD) software. The images obtained wene measurad using
Image-Fro Plus Sofitw ane | brage- Pro Plus 6.0, Media Cyher-
netics, Silver Spring, MID).

The TA muscle fibers (wocalis portion) were clasified, as de-
seribed in a previous study,® into firee categories acconding to
their orientation: T, undefined (17), and L. Briefly, 10 aqual
sized ancas of interest and grid masks with an area’point vale
af #w,ﬁ.mz wene laid over the images {(distributed equidis-
tantly) to estimaie both the numbser of fibers per area and e

area of muscle fiber and enable the classification of the fibers
a T, U, or L acoording i their orientation (Figures 2 and 3).
The area of muscle fikser was obtained using the following equa-
tion: A= pea/p, where A i the area, Yp is hhe sum of
poins counted, and a/p is the areafpoint value.

The eriteria for the classification were established after de-
tailed observation and measurements @ken by three histology
spacialists who were blindad to the source of the images. The
fibers wene classified using the following criteria: the TA muos
cle fibers were identified, according to their areas, as T hetwesn
nmzznmz.umnzlmwm{mummm
60 .

fﬂ shape coefficient, also known as the Shape 259! wag
also used to define the fiber types. This parameter & obtained
using the following equation: EﬂuP-EZ=P.""u""I. whene
Shape 7 is te shape coefficient, P is the perimeier, and A iz
the anea value.

Based on 8 comparison of the Shape Z values obtained with
the clssification made by the observers, the right TA fibers
were classified s T, betwezn 0 and 4.19; T, between 4.20
and 4.28;, and L, between 4.29 and 4.64. The kfit TA fibers
were classified as: T, betwazn 0 and 4.0 T, between 4.10
and 4.29, and L, between 4.30 and 485, These classifications
were also used i estimate the percentages of T, U, and L fibers
inall the analyzed sections.

We emphasize that although ouwr momphologic investigation
provides innovative and relishle results ahout the stroctunes as-
sociated to vocal fold inthe fetus and the orentation of te TA
muscle fibers, it is based on the bilateral analysis of only one

FLAZLODTD m YMVII0T _prool @ 4 October 2002 @ 450 pm W ce
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TA (Right}

Anteriar

Midd e

Postenor

AGURE 2. Digitized images of hitalogic cross

of e right TA

le. A, C, and E. Images ofthe iddle, and pasteriar regions,

3o

mspectively, showing the armngement of AOls (400 gm”) averlxying the image of the fibers. B, D, and F. Representation of ane of the fields (AOIs)
wed i $he study © evaluate the fiber area. AOIs shown inimages A, C, and E are merely illustrative and di fferent from AOIs shown in images B, D,
and F. The muscle fibers were chassified into T, U, and L. Only the fibers with their entire area within AOl wez counted. TA, thyroarytenoid; AOIs,
amasof i Y U, undefined; L, longitudinal; CF, callagen fibrils; MG, mucous glands; VF, vocal fold; V, ventriclk; F, false vocal fald;
datted arow, pseudostratified cilisted columnar epithelium; thin ammow, non-keratinized strati fied squamous epithelium; head amrow, bload vessels

(hematoxy lin-eosin stain).

subject. Thus, to avoid an overestimation of our results, we sug-
gest that future smdies with larger numbers of subjects will be
needed o definitively confirm our findings

Furthermore, the proposals in this article should be consid-
ered a point of departure for future studies that may advance
the understanding of development and the contributions of
variations in the prenatal environment.

RESULTS

In the qualitative analysis of the structures associated with the
wocal fold on the right and left sides the histlogic sections
showed that at25 weelks of gestation, the laryngeal mucous mem-
brane already consists of two pairs of folds: fake vocal folds,
above, and the vocal folds, below. Between these two pairs of
folds, anarrow ventricke of the larynx can be observed. The fake
wocal folds and vocal fadds are covered by non-keratinized
stratified squamous epithelium, whereas the remaining structures

(larynx vestibule, larynx ventricle, and infraglottic cavity) are
cowered by pseudostratified cilisted columnar epitheliom, also
non-keratinized (Figures 2 and 3).

The hiswologic sections from both sides revealed the presence
of numerous mucous glands, except in the vocal folds. These
glands are mixed type with excretory ducts, which open into
the lumen of the larynx and which probably have the function
of ubricating the mucosa of the larynx.

Furthermore, in all the analyzed sections, the structure of the
vocal fold can be seen to be well formed along its ligament, on
the right and left sides. Blood vessels were found in all the his-
tologic sections on both sides organized in different directions
(Figures 2and 3).

In our study, the estimation of fiber area and Shape Zshowed
that both right and left TA present T, U, and L fibers in each
muscle region, the same pattem previously described in adult
TA® (Figure 4).
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Paosterijor

AGURE 3. Digitized images of hismlogic cross sections of the left TA muscle. A, C, and E. Images of the anterior, middle, and posteriar regions,
respectively, showing the AOIs (400 pm”) overhyying the imageof the fibers. B, D, and F. Representation of one of the fields (AOK) used in e study
0 evaluate fhe fiber area. AOls shown in images A, C, and E are merely illustrative and di fferent from AOIs shown in images B, D, and F. The muscle
fibers were classified into T, U, and L. Only the fibers with entire area within AOI were counted. TA, $hyroarytenoid; AOIs, areas of interest; T, trans-

verse; U, mdefined; L long
- | #hin arrow, non-keratnized

|

itudinal; CF, collagen fibrils; MG, mucous glnds; VF, vocal fold; V, ventricle; F, false vocal fold; dotted ammow, pseu-

fified ciliated epithel
stain).

In the right TA muscle, the distribution of muscle fiber types
was as follows: in the anterior region, 68% of T, 29% of U,and
3% of L fibers; in the middle region, 64% of T, 31% of U, and
5% of L fibers; and in the poseerior region, 57% of T, 39% of U,
and 4% of L fibers (Figure 4A).

In the left TA muscle, the distribution of muscle fiber types
was as follows: in the anterior region, 31% of T, 51% of U,
and 18% of L fibers; in the middle region, 48% of T, 38% of
U, and 14% of L fibers: and in the posterior region, 57% of T,
33% of U, and 10% of L fibers (Figure 4B). No statistical eval-
uation of lakeral or regional differences was possible because of
the reduced number of subjects, n= 1.

DISCUSSION
The qualitative analysis of the structures associated with the
vocal fold of a fetus aged 25 weeks conducted in this study dem-

epithelium; head amow, bload vessel lin

onstrates that all the structures that comprise the aduk vocal ep-
ithelium exist at this gestational age. An earlier study'*repored
that the structures of the lamina propria in femses aged between
13 and 23 weeks differ from those of the adults Thus, this pe-
riod between the 23rd and 25th gestational weeks may be cru-
cial for the development of the vocal fold. Moreower, our results
have been confirmed by a recent stdy in which it was reporeed
that certain structures associated with the vocal folds such as
the voice ligament, are present in fetuses aged 7-9 months.'
Therefore, it is reasonable © suggest that the vocal structures
are only established after the 25th gestational week.

Given these results, it can be assumed that the presence of
this histologic pattemn in the fetus by the 25th gestational
week could provide the newbom, at least morphologically,
with vocal feasibility. These data suggest a morphologic con-
gruence between the fetal and newbom vocal fold that makes
the acoustic proprieties possible.
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A Right TA B Left TA
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FAGURE 4. Percentage of tramverse, undefined, and kmngitudinal fihers in e different regions: anterior, middle, and posterior of the TA muscle

o the (A} right side and (B) kft side. TA, Shymantenoid.

The hypothesis developad hemsin is based on a previous
audy” in which the authors show ed that in the acoustic charac-
ieristics of newboms, not only hamuonic, expiratory, acute, and
Arong emissions ame obsorved but also other emissions invobe-
ing & wide variety of sounds and types of melody ane present

This fact is very important because the spund of infant crying
diring the carfly postnatal period can be likened toa hiological
siren, an acoustic signal that reflocts the comrent organic condi-
i of thee infant and then broadeasts thatcondition to the social
environment in a repetition of high- pitched sounds wavering in
hoth frequency and temporal organization®

Although much of the variability between the voices of adults
and infants is bocause of the differences in te length of the vo-
cal tract,"? cineradiographic data and magnetic resonance imag-
ing"*"™ have shown that the adult vocal apparatus i a complex
remodeling of dhat of infants. For e xample, at binth, the overall
wocal tract kength, determined from the larynx to the lips, is
about 8 cm, whereas the adult male vocal tract is about 17 cm
long."" Maoreover, fhe modifications that occur in the transition
from the infant vocal ractto that of the adult are the result of the
normal neurodeve lopment. Similary, other suthors wsed anoar-
ticulated model of the vocal tract based on such measurements
and demonstrated that anstomy does not prevent @ ven the youn-
gest speaker from producing all the possible vocalic sounds if
mtor control were mature.'® Therefore, the fundamentsl fre-
quencies of these voecalizations also have different neural and
mysiological bases and, thus, may reflect different aspects of
nenrobsehavioral function.®

In addition, numersus studies'™ ' have mponed the
imponance of using mathematical modek to obtain mone
melishle data for the assesment of the stucres associsted
with the vocal fold, especially the TA muscle.™ Thus, in our
audy, we wene careful to use the Shape 7 a5 a matematical
methad to classify the TA muoscle fibers This procedune was
chosen to eatimate the shape coefficient of the different fibers
and use the value obtained to clasify muscular fibers.”

Our estimations demonsirate that by fetal age (25 weeks), the
TA muscle fibsers, both on the right and left sides, are not located

parallely or laterally across the length of the vocal fald. These
results should be interpreied carefully because the muscles an-
alyzed ane still in a developmental stage and may not match
thase found in newhoms. However, the results seem to be con-
sistent with those obtained in previous smdies involving adult
TA muscles, in which the awtwors show ed that e pemoentage
of T {(~T2%), U {~15%]), and L fibers {~10%) iz abhle to
produce a large number of different vocal fold shapes and
movenents

In addition, our reaults regarding the orientation of the TA
musc ke fibers of anewhom can still be confirmed by other sud-
ies using animals, in which e rescarchers have neponed that
the anatomic individualization of the divisions of the TA muscle
may suggest that they play distinet physiological moles and may
imply fat ey should not be considerad a single functional
unit.” Similarly, previous investigations showed that many
laryngeal nuwdtscmﬁjndjﬁucﬂcwmm with a variety
of fiber orientations and insentions. These compartments
have anatomic differences, suggesting they are functionally
distinct entiies, which may be independently controlled by
the nervous syshem.

Moroover, there is evidenoe to show that the aitachment of
the TA muscle to the tyroid cantilage is corved so that the filer
length is mot uniform. Thus, when the insertion and origin sur-
faces of 8 muscle are not paralle] i each other, te fibers on one
side of e sample are different in length from the ones on the
other side ™

Finally, we emphasize tat our morphologic investigation
provides innovative and reliable reslis about the aructures
associated with the vocal fold and orientation of the fet] TA
muscke fibers. These data conld be usad a5 a point of depanune
fior other studies iniy dwe prenatal de velopment of the vocal fold
and TA.

CONCLUSIONS
Owr smdy demonstraies duat the vocal fold and most of the as-
sociated smctures are compleiely established in fwe sample

FLAZ1LODTD m YMVIIGT proofl @ 4 October 2002 @ 450 pm W ce

B R R RE BB REERER

£

350

352
553
34

356
557
358
559

28

NIJEEAEERAE



8

Mo

AR AR R Y

610
611
612,
613

6

25

Journal of Volee, Vol. Il No. W, 2012

stdied. These results ane consistent with those of the previous
siudies ™% and provide important insights inte several
morphologic aspects of fetal vocal structures Foture studies
with larger numbers of subjects, in different gestational ages,
are neaded to show all the sages of human vocal fold
formation. Thus, our results undoubiedly will be uwseful to
increase the detailed knowledge about the features of e
voioe in adults and newboms and can be the sarting point to
understand fw complate embryologic development of the
wocal fold and TA.
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Abstract

This study investigated the sexual dimorphism in the recurrent laryngeal nerve (RLN)
and thyroarytenoid muscle (TA) which control the vocal fold. The RLN and TA were
bilaterally studied in human specimens obtained from necropsies (7 men and 7 women).
Analysis of the morphometric parameters showed that the RLN of the men were
significantly larger, as shown by the intraperineural area (42.5%) (p= 0.006), total
number of fibers (38.0%) (p= 0.0002), axonal area (34.3%) (p= 0.0001), axonal
diameter (19.0%) (p= 0.0001) and the area of the nerve occupied by myelinated fibers
(34.9%) (p=0.001). By contrast, in the women, our results showed that the area of the
RLN occupied by endoneurial connective tissue was larger (5.7%) (p= 0.001).
Estimation of the fiber area and shape coefficient showed that the histological
organization of TA is similar in men and women. These results may contribute toward

enhancing our understanding about the voice neurobiology.

Key Words: sexual dimorphism - recurrent laryngeal nerve - thyroarytenoid muscle -

voice.
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INTRODUCTION

Several studies have demonstrated the presence of sexual dimorphism in the
organization of the nervous system in different groups of vertebrates, such as
amphibians,® reptiles,>® birds,* and mammals.>® Similarly, numerous studies with
animals have shown sexual dimorphism in different regions of the nervous system
involved in vocalization/vocal control.**** However, little is known about this aspect
in humans.

Although some authors have reported the existence of sexual dimorphism in the
neural structures involved in vocal control at the level of the central nervous system in
humans,*? to our knowledge there is no study in the current literature that shows the
presence or absence of sexual dimorphism in structures related to the peripheral
nervous system and muscles related to vocalization, especially in the recurrent
laryngeal nerve (RLN) and thyroarytenoid muscle (TA).

In addition, classically, the variability between the voices of men and women
has been explained by the differences in the mass of the vocal folds.** This sexual
dimorphism is attributable to increased testosterone at puberty in males which
stimulates growth in the laryngeal cartilages.** In the twentieth century, the dominant
model of sexual differentiation stated that genetic sex (XX versus XY) causes
differentiation of the gonads, which then secrete gonadal hormones that act directly on
tissues to induce sex differences in function. This serial model of sexual differentiation
was simple, unifying and seductive. Recent evidence, however, indicates that the linear
model is incorrect and that sex differences arise in response to diverse sex-specific
signals originating from inherent differences in the genome and involves cellular
mechanisms that are specific to individual tissues or brain regions.*®

Likewise, studies of songbirds and rodents suggest that male and female brain
cells are also intrinsically different because of the sex differences in the expression of
sex chromosome genes within the cells.*® As those differences in gene expression and
alterations in brain structures are often responsible for important changes in different
body characteristics, such as innervation and morphology, our hypothesis is that sexual
dimorphism may be present in the RLN and TA of subjects of different genders. This

study aims to investigate this matter.

MATERIALS AND METHODS

Specimens
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All the nerves and muscles analyzed were obtained from necropsies of fourteen
caucasian subjects who had died suddenly (7 men [age=71.14+8.07] and 7 women
[age=75.71+7.83]) (Mean+SD), from the Department of Forensic Medicine. It should
be pointed out that that although our analysis was performed in older individuals, due to
the difficulty of obtaining younger specimens, this limitation was also found in a
previous study, in which subjects, average ages 70 years for men and 75 years for
women, were analyzed.!” Furthermore, in the present study, the men and women were
in the same age group. This study was approved by the Ethics Committee of the
Universidade Federal do Rio Grande do Sul, RS, Brazil.

Dissection

The dissection of the RLN was performed according to Jotz et al.'® The TA
muscle was bilaterally removed (~10 mm) from the larynx, the middle region of the TA
was chosen for our study. This choice was based on a previous study™ which showed
that this region presents more and better defined muscle fibers when compared to the

other regions of the TA (Figure 1).

Data acquisition

The digitized images of the RLN and TA were captured using an Olympus BX
50 microscope (4X, 10X and 100X) (Olympus, Japan) coupled to a video camera
(Leica DC 300F) interfaced by Leica Image 50 (IM50) software. Pearson’s correlation
coefficients (r) were calculated to determine the relationship between the results
obtained by the two researchers for all analyses. The values obtained for this correlation
demonstrate the high level of reliability of the observations made by the blinded

researchers.

Histological and morphometric measurements of the RLN

Based on previous studies,”® the specimens of the RLN were fixed by immersion
for 24 hours in a modified Karnovsky solution (Sigma Chemical Company, St. Louis,
MO, USA). Next, they were bathed in 0.05 mol/L of sodium cacodylate solution,
postfixed in 1% osmium tetroxide (Sigma Chemical Company) for 2 hours, dehydrated
in an increasing graded series of acetone (Electron Microscopy Sciences, Hatfield, PA,
USA), and embedded in epoxy resin (araldite, durcupan; Fluka, Buchs, Switzerland)

which was then polymerized at 60°C. Three semithin cross-sections (1 um) were
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obtained using an ultramicrotome (MT 6000- XL; RMC, Tucson, AZ, USA) with
intervals of 100 um and stained with 1% toluidine blue (Merck, Darmstadt, Germany)
in 1% sodium tetraborate (Ecibra, Curitiba, Brazil) (Figure 1).

According to previous protocols'®*??

of planar morphometry, the myelinated
fiber density (number of fibers/smm?), intraperineural area (mm?), total number of
fibers, axonal area (um?), axonal diameter (um), myelin sheath thickness (um), area of
the nerve occupied by myelinated fibers (%) and area of the nerve occupied by
endoneurial connective tissue (%) was estimated using the measurement tools in the
Image Pro-Plus Software [Image Pro-Plus 6.0; Media Cybernetics, Silver Spring, MD,

USA] (IPP 6.0) (Figure 2A-D).

Histological and morphometric measurements of the TA

Based on previous studies™® the samples from each muscle were fixed in 10%
formalin solution, dehydrated in a graded series of ethanol and embedded in paraffin.
Five sections (10 pum) with intervals of 100 um of the TA were obtained using a
microtome (Leica, Germany) (Figure 1). These sections were mounted onto slides,
deparaffinized with xylene, rehydrated, stained with hematoxylin-eosin, dehydrated in a
graded series of ethanol, diaphanized with xylene, and covered with Entellan (Merck,
Darmstadt, Germany) and coverslips.

The TA muscle fibers were classified, as described in a previous study,? into
three categories according to their orientation: transverse (T), undefined (U) and
longitudinal (L).

Using the measurement tools in the IPP 6.0, grid masks with an area/point value
of 400 pm? were laid over the images in order to estimate both the number of fibers per
area and the area of muscle fiber to enable the classification of the fibers as T, U or L
according to their orientation.”* The area of muscle fiber was obtained using the
following equation: A = Y'p.a/p. Where A is the area, Yp is the sum of points counted
and a/p is the area/point value.

The criteria for this classification were obtained after detailed observation and
measurements taken by two histology specialists who were also blinded to the source of
the images. The fibers were classified using the following criteria: the TA muscle fibers
of male and female were identified, according to their areas, as T between 0 and 2000
um?, U between 2000 — 3200 um? and L more than 3200 um? (Figure 2E and F).
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In addition, previous studies®?* have reported the importance of using
mathematical models to obtain more reliable data for the assessment of the structures
associated with the vocal fold, specially the TA muscle.?® Thus, in our study we were
careful to use the Shape Z as a mathematical method to classify the TA muscle fibers.
This procedure was chosen to estimate the shape coefficient of the different fibers and
use the value obtained to classify muscular fibers. This analysis may be important for
the fact that recent studies have indicated that the orientations of the fibers (T, U and L)
are able to produce a large number of different vocal fold shapes and movements.?

Thus, the shape coefficient, also known as the Shape Z,%?%?° was also used to
define the fiber types. This parameter is obtained using the following equation:

Shape Z = P. 1,7 Where Shape Z is the shape coefficient, P is the perimeter and A is
the area value.

Based on a comparison of the Shape Z values obtained with the classification
made by the observers, the TA fibers in males were classified as: T, between 0 and
4.53; U, between 4.53 and 4.78; and L, between 4.78 and 5.22. In females, the TA
fibers were classified as: T, between 0 and 4.83; U, between 4.83 and 5.94; and L,
between 5.94 and 6.25.

These classifications were used to estimate the percentages of T, U and L fibers

in all the analyzed sections in right and left TAs from men and women.

Statistical analysis

The statistical analyses were carried out using an independent samples t test
(P<0.05), to compare the different parameters in men and women. All statistical
analyses were performed using Graph Pad Prism 5.0 software (Graphpad Software
Inc., USA).

RESULTS
RLN findings

The main result of our study is the evident sexual dimorphism in the RLN. This
study shows that, when compared to the RLN of the women, the parameters of the RLN
of the men are significantly larger, as shown by the intraperineural area (42.5%), total
number of fibers (38.0%), axonal area (34.3%), axonal diameter (19.0%) and the area
of the nerve occupied by myelinated fibers (34.9%) (Table 1 and Figure 2A-D).
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On the other hand, our results show that, in the women, endoneurial connective
tissue occupied a larger area of the RLN (5.7%). No statistical differences between the
two nerves were observed in terms of the myelinated fiber density and average myelin
sheath thickness (Table 1 and Figure 2A-D).

TA findings

The percentages of transverse, undefined and longitudinal fibers in muscles
from the men were similar to those found in muscles from the women (Table 1 and
Figure 2E and F).

DISCUSSION

The importance of the fiber area for nerve impulse conduction has been
demonstrated in several studies because the conduction velocity is related to the fiber
area/axonal diameter, and increases in these parameters are responsible for increases in
the velocity of impulse conduction.**3?

This aspect is of great importance due to the fact that any sexual dimorphism
would presumably alter nerve conduction velocity and the electrical signal would cause
differences in the firing frequency of the TA muscle fibers and consequently in the rate
at which the vocal folds open and close, known as the glottal-pulse rate (GPR).
Statistical clustering studies have consistently highlighted GPR and vocal tract related
variables as explaining most of the variance between the speech sounds of adult males
and females.**3*

Some authors state that adult males have pitches about an octave lower than
adult females primarily because the vibrating segments of the male vocal folds are
about 60% longer than those of the female.*> However, studies indicate that the GPR of
the men tends to increase with advancing age, with an evident increase among men
between the fifth and eighth decades of life.*

These data, at least partially, appear to be consistent with our findings, since our
study has provided morphological evidence to show that the male RLN probably
confers a higher electrical conduction rate when compared with that of females, and
this can increase the GPR in men.

It would seem logical to presume that the greater the number for TA muscle
fibers, the greater the number of nerve fibers that would be required.*” In relation to

nerve conduction velocity, axonal diameter is considerably more important than the
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nerve fiber density.***? Our results also demonstrate that although the density was not
statistically different, the axonal diameter was larger in men, indicating that men can
present a higher conduction velocity in relation to women.

Given these results, it can be assumed that the variability between the voices of
men and women is probably not solely due to the differences in vocal fold mass,*®
biomechanical properties of the vocal fold tissue,® length of the vocal organ/vocal

1439 and in the brain regions involved in vocal control,** but also due to

tract
structural/cellular differences at the level of the peripheral nervous system. Thus, it
would seem to be the case that the peripheral nervous structures of men and women
may follow slightly different paths to achieve similar levels of function.

The last decade has seen an exponential increase in evidence for structural,
cellular, and molecular sex differences in the nervous system that can be described as
true dimorphisms, defined as the occurrence of two forms in the same species. These
include regions of human and animal brains that are important for cognition, memory
and language.'?44

Classically, the sexual dimorphism in the voices of men and women has been
main attributed to the increased testosterone levels at puberty in males which stimulate
growth in the laryngeal cartilages.'* One highly-salient cue is voice pitch; while in adult
men the pitch tends to be low in women it tends to be higher. Pitch is determined by the
rate of opening and closing of the vocal folds, also known as the glottal-pulse rate.
Another important cue is vocal-tract length, which tends to be longer in adult men than
in women.*

Currently, there are no human studies in the literature showing sexual
dimorphism in the human vocal fold innervation. Therefore, to explain our results, one
hypothesis that we developed is that this difference in terms of innervation between
men and women could also be explained by the fact that the laryngeal musculature is
larger in men than in women,*” which would thus require the RLN in men to have a
larger intraperineural area, more fibers, a larger axonal area and diameter and an
increased area of the nerve occupied by myelinated fibers when compared with women.

Therefore, we assume that our results may be supported by previous studie®’
involving vocal musculature. With regard to the nervous control, although some
studies™® demonstrate that language-associated cortical regions are proportionally larger
in the female brain, our results show that some peripheral nervous structures are larger

in men than in women. The data found in our study are acceptable because there is not
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necessarily a correlation between the size of the brain volume dedicated to speech and
the morphology of the nerves responsible for controlling vocal muscles.

One important point is that all of the specimens were obtained from an aged
population. Thus, the female larynges and nerves were from patients well past
menopause. Unfortunately, we have no information regarding hormonal levels and the
use of any type of hormone replacement by females who composed our study.
Therefore, the females in our study probably presented significant anabolic steroid
deprivation while, the males probably presented significant levels of testosterone. We

believe that such a difference in hormone levels, between aged men and women,***

S
likely to increase the sexual dimorphism of laryngeal muscles and nerves. However we
also believe that this sexual dimorphism is present immediately after sexual maturity
and is mainly generated by the high levels of testosterone found in men.*>* Thus,
future studies using young subjects would shed some light on this theory.

Finally, our morphological investigation provides innovative and reliable results
about the peripheral vocal mechanisms in humans. Similarly, critical aspects of the
other motor systems involved in sound generation and their interactions remain to be

investigated in greater detail.

CONCLUSIONS

In summary, this study represents the first complete light-microscopic
comparison to investigate the presence of sexual dimorphism in tissues (nerves and
muscles) that control the vocal fold, and as such, contributes toward enhancing our

understanding of voice neurobiology.
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TABLE AND FIGURES LEGENDS
TABLE 1. Comparison of all morphometric parameters estimated in the nerves and
muscles of the men (&) and women (Q). SD, standard deviation; P, level of

significance.

FIGURE 1. Schematic drawing showing the regions where the tissues (nerves and

muscles) were collected (indicated by a dotted line in different sections), bilaterally.
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TA, thyroarytenoid muscle; L, larynx; T, trachea; X, vagus nerve; RLN, recurrent

laryngeal nerve.

FIGURE 2. Digitized images of the sections showing the comparison of the
intraperineural area (black delineation) of the recurrent laryngeal nerve (RLN) between
men (A) and women (B) presenting evident differences. Images demonstrating the
differences between the nerves of the men (C) and women (D) in terms of myelinated
fiber diameter. By contrast, there is similarity in the orientation/organization of the
fibers of the thyroarytenoid muscle (TA) in men (E) and women (F). AT, adipose
tissue; CF, collagen fibrils; Mf, myelinated nerve fiber; * (asterisk), endoneurial
connective tissue; T, transverse fibers; U, undefined fibers; L, longitudinal fibers; BV,

blood vessel (RLN/toluidine blue stain; TA/hematoxylin-eosin stain).
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TABLE 1
F
MORFHOMETRIC PARAMETERS MEAN + 5D MEAN + 5D P

Myelinated fiber density (number of fibersimm®) 13530+951.4 13760+394.0 0.829
Intraperineural area (mm-) 0.3031:0.03 01743001 0.006
Total number of fibers 3736+263.2 2318+203.0 0.0002
Axonal area (pm’) 10.5+0.44 714036 0.0001
Axonal diameter (pm) 37+0.20 3.0+007 0.0001
Myelin sheath thickness (pm) 204014 2.3+0.09 0135
Area of the nerve occupied by myelinated fibers (%) 14.9+1.35 9.7+046 0.001
Area of the nerve occupied by endoneurial connective tissue (%) BS5.1+1.35 90 2+0.46 0.0071
Transverse fibers (%) 62.7+2.1 64.0+2.8 0721
Undefined fibers (%) 175412 17.7+1.8 0.349

203417 182416 0.399

Longitudinal fibers (%)
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FIGURE 2
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6 CONCLUSOES

Os dados referentes a nossa primeira hipdtese revelam que em
humanos existe uma evidente similaridade na organizagdo muscular entre as
fibras do musculo TA e a musculatura da lingua. Neste sentido, pode-se supor
que o controle seletivo de diferentes partes da prega vocal se justifica, ao
menos em parte, pelo fato de que as fibras do musculo TA ndo se situam
paralelamente em toda a extensao da prega vocal e, dessa forma, ndo tém
uma unica orientacdo. Desse modo, essa organizacdo muscular, assemelha-se
a organizacdo da musculatura da lingua e, presumivelmente pode fornecer
uma maior diversidade/possibilidade de movimentos (ajustes seletivos em
diferentes partes) a prega vocal.

Adicionalmente, ndo se evidenciou semelhancas em nenhum dos
parametros morfométricos quantificados entre o NLR e o XlI; no entanto, esses
dados morfométricos, serdo imprescindiveis para o sucesso de uma importante
técnica de reinervacédo da prega vocal.

Os resultados da nossa segunda hip6tese, embora obtidos a partir de
um dnico individuo, demonstram que todas as estruturas associadas a prega
vogal, direita e esquerda, ja estdo completamente estabelecidas no periodo de
25 semanas de gestacdo. Adicionalmente, as estimativas referentes a
organizacao histolégica do musculo TA direito e esquerdo demonstram que
assim como nos adultos, as fibras musculares nao se situam paralelamente e
lateralmente em toda a extensdo da prega vocal. Esses resultados podem
explicar, pelo menos em parte, a grande variedade de sons emitidos pelo

recém-nascido. Além disso, nds enfatizamos que essa investigacdo
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morfologica fornece resultados inovadores sobre as estruturas associadas a
prega vocal e a orientacdo das fibras do musculo TA fetal que
indubitavelmente serdo Uteis para aumentar o conhecimento acerca da
funcionalidade vocal em diferentes estagios do desenvolvimento embriologico.

Adicionalmente, ndés sugerimos que futuros estudos envolvendo um
namero maior de individuos serdo necessarios para comprovar definitivamente
esses achados.

Os dados referentes a nossa terceira hipétese evidenciam que em
humanos existe um notavel dimorfismo sexual nos nervos (NLR) que controlam
a mobilidade vocal; contudo, isso ndo se evidencia na organizacao histolégica
das fibras do musculo TA. Esses dados fornecem evidéncias de que o0s
humanos, assim como outras espécies (DEVICHE & GULLEDGE, 2000;
GAHR, 2007; RHODES et al., 2007), também apresentam dimorfismo sexual
em estruturas nervosas envolvidas com o controle vocal, tanto no sistema
nervoso central, como ja relatado previamente (HARASTY et al., 1997), quanto
no sistema nervoso periférico (NLR), como mostrado em nosso estudo.

Frente a esses resultados, podemos supor que as diferencas entre 0s
timbres sonoros de homens e mulheres e suas especificidades, talvez néo
possam ser explicadas somente por diferencas na massa das pregas vocais
(SMITH & PATTERSON, 2005) ou no tamanho do trato vocal (BECKFORD et
al., 1985; FITCH & GIEDD, 1999); mas também por diferencas que abrangem
a organizacéo de todo o sistema nervoso. Desse modo, estruturas nervosas de
homens e mulheres, tanto centrais quanto periféricas, possivelmente seguem
caminhos sutilmente diferentes para atingir niveis semelhantes de fungéo.

Em conjunto, os achados do presente trabalho revelam importantes

descobertas sobre alguns aspectos neurobiolégicos de nervos e musculos
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envolvidos no controle vocal humano, complementando e enriquecendo a
literatura atual, com resultados inovadores que ampliam e reforcam o

conhecimento mais detalhado acerca da inervacao e funcionalidade vocal.
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