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C H A P T E R 3
Morphology of Vocal Fold Mucosa:
Histology to Genomics
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Voice is created as a consequence of vocal fold vibration. The quality of voice production is dependent
upon the uniquely layered ultrastructure of the vocal folds, which is defined by its cellular and extracellular
matrices (ECMs). Pathological changes of the vocal fold ECM alter vocal quality secondary to loss of
normal vibratory function and alteration of tissue viscosity and thereby create mild to debilitating
levels of dysphonia. Select characteristics of the layered structure have been documented for normal
and pathological states, but methodologies have been limited to histological and immunohistological
analyses. Little has been completed using cellular, molecular, or genetic techniques such as gene expression
analysis (i.e., polymerase chain reaction or northern analysis) and protein synthesis analysis (i.e., Western
blot or enzyme-linked immunosorbent assay [ELISA]). Significant unanswered questions concerning the
ECM and its effect on vocal fold vibration remain. However, recent advances in protein and genetic
engineering have allowed for expansion of our knowledge of the ECM, particularly regarding its role in
providing homeostasis between the cellular elements and the surrounding stromal matrix.

This chapter begins with an introduction to ECM biology, followed by a section on characteristics
of the ECM specific to the vocal fold lamina propria. The final section contains descriptions of benign
vocal fold lesions detailed by characteristics of their ECM.

The Extracellular Matrix
The ECM is formed of connective tissue, which is composed of cells and an organized meshwork of
macromolecules. There are various kinds of connective tissue, which differ in the types and amounts
of cells and macromolecules present in their ECM. Variations in the relative amounts of the different
types of matrix macromolecules and the way they are organized in the ECM give rise to a variety of
structures. At one time, the ECM was thought to solely provide structure and support for tissue. Today’s
conventional wisdom suggests that the ECM not only provides support but also provides homeostasis
between the cell and its surroundings.

The ECM is a molecular complex composed mainly of fibrillar proteins (fibrous and interstitial),
proteoglycans, and glycosaminoglycans (GAGs). The fibrous matrix macromolecules are secreted largely
by fibroblasts (Martins-Green, 1997). Molecules and amount present vary with tissue type and at different
stages of development in a single tissue type. Hanson et al. (2010) found that vocal fold fibroblasts are
mesenchymal stem cells as defined by cell surface markers and differentiation potential. Mesenchymal
stem cells possess the ability to differentiate along multiple tissue lineages, participate in the tissue
repair and regeneration process through a variety of paracrine mechanisms, and suppress activation and
proliferation of immune and inflammatory cells.

63



P1: OSO/OVY P2: OSO/OVY QC: OSO/OVY T1: OSO

LWBK726-03 LWBK726-Colton-v1 November 15, 2010 17:1

64 Understanding Voice Problems

Fibrillar proteins are frequently broken down into two functional types: structural (collagen
and elastin) and mainly adhesive (fibronectin and laminin). Collagens account for 25% of total
mammalian protein mass; there are currently 19 known subtypes of collagen (Ehrlich, 2000).
After being secreted into the ECM, the collagen molecules assemble collagen fibrils, which
can aggregate into large bundles referred to as collagen fibers. Collagen provides strength to
tissue. Elastin is made of a highly hydrophobic (water fearing) protein which, when secreted
into the ECM, becomes highly linked with other elastin proteins. Elastin is responsible for the
tissue’s ability to recoil after stretch. Fibronectin, a glycoprotein (sugar molecular with a protein
attached), has multiple forms. It is secreted into the blood by the liver. Fibronectin contains
multiple binding sites for collagen, heparin, fibrillin, integrins, and cell surface receptors.
It participates in such varied biologic activities as inflammation, malignant metastasis, and
thrombosis. Laminin is known to bind to collagen type IV, heparin, and cell surface receptors
(Alberts, 1999). Laminin and fibronectin are responsible for organization of the ECM and cell
binding in the ECM in differing tissue types.

GAGs are unbranched chains composed of repeating sugar units (Alberts, 1999). GAGs are
negatively charged and strongly hydrophilic or “water loving.” They tend to adopt an expansive
conformation and attract large amounts of sodium, which causes large amounts of water to be
absorbed by the tissue. This allows the tissue to be able to withstand large compressive forces.
Hyaluronan is the simplest of GAGs; it consists of a regular repeating sequence of sugar units.
It has been suggested that hyaluronan functions in resisting compressive forces, wound repair,
and lubrication (Alberts, 1999; Balazs & Larsen, 2000; Chan & Titze, 1999).

Proteoglycans are composed of GAGs that are also attached to a protein. They are a diverse
group. Proteoglycans are believed to play a major role in signaling between cells and serve to
regulate the activity of other proteins. Versican is a large aggregating proteoglycan that binds to
hyaluronic acid (HA). There is a family of small proteoglycans that include decorin, biglycan,
fibromodulin, and lumican. Decorin has been found to inhibit collagen formation and modify
the structure of collagen. Fibromodulin has also been shown to regulate the formation of
collagen. Lumican has a structure that is homologous to fibromodulin and has been shown to
compete with fibromodulin for collagen binding in vitro. Biglycan’s specific role is unknown.

ECM regulation is the process by which old proteins are broken down and new proteins
are made. Under normal physiological conditions, the maintenance of the proteins is tightly
controlled through a balance between synthesis and degradation. Any changes in this balance can
alter normal tissue architecture, impair tissue function, and change the mechanical support for
tissues. Net degradation or net synthesis of the ECM is most often associated with pathologic
conditions. For example, benign vocal fold lesions are thought to be a result of either net
degradation or net synthesis of the ECM.

Matrix metalloproteinases (MMPs) are a family of molecules that breakdown specific
ECM components. MMPs are made and secreted by the connective tissue and are known to
be important in both normal remodeling and in the early destruction on the ECM occurring
in many diseases (Murphy & Docherty, 1992). Twenty-four MMPs have been identified to
date, each acting against a specific protein. The major natural inhibitors of MMPs are the tissue
inhibitors of MMPs (TIMPs) (Alberts, 1999). TIMPs are complex glycoproteins that work
to prevent matrix degradation by the MMPs. There are four types of TIMPs in vertebrates,
TIMP-1, TIMP-2, TIMP-3, and TIMP-4. We know that ECM regulation is a tightly controlled
process. It is dependent not only upon total amount of secreted proteins but also upon activation
and inhibition of MMPs by TIMPs.

Vocal Fold Extracellular Matrix Biology
The lamina propria of the vocal folds is connective tissue made up of ECM. All of the com-
ponents and characteristics of the ECM described in the previous section are pertinent to the
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TABLE 3.1 Vocal fold lamina propria extracellular matrix fibrous and
interstitial proteins function and location in the lamina propria

ECM Constituent Function Localization in Normal Lamina Propria

Collagen Provide strength to lamina

propria (Gray, Titze, Alipour,

& Hammond, 2000)

Density increases across superficial layer of

lamina propria to deep layer of lamina propria

(Gray et al., 2000)

Elastin Provide stretch and recoil of

the lamina propria (Gray

et al., 2000)

Highest density in middle layer of lamina

propria (Gray et al., 2000)

Hyaluronic acid Effects tissue viscosity,

tissue flow, tissue osmosis,

tissue dampening (Laurent,

Laurent, & Fraser, 1995)

Attracts water

Found throughout the vocal fold with the

highest density in the ILLP (Butler et al., 2001)

Decorin Promote lateral association

of collagen fibrils to form

fibers and fiber bundles in

the ECM. Binds to fibronectin

(Iozzo, 1997)

Found throughout lamina propria. Highest

density is in the superficial layer of the

lamina propria (Gray et al., 1999)

Fibronectin Induces cell migration and

ECM synthesis. May be

involved in the development

of fibrosis (Ehrlich, 2000)

Found throughout the lamina propria

including the BMZ (Gray et al., 1999)

Fibromodulin Plays role in collagen

fibrillogenesis (Ignotz, 1986)

Found in the intermediate and deep layers of

the lamina propria (Gray et al., 1999)

vocal fold lamina propria. Table 3.1 summarizes ECM components known to be in the vocal
folds. The dynamic interactions between proteins, proteoglycans, and glycoproteins provide a
balanced environment for normal vocal fold development. In general, fibrous proteins provide
structural maintenance, whereas the interstitial proteins may affect the mechanical properties
of the vocal fold through changes in tissue viscosity, fluid content thickness of lamina propria
layers, and even collagen fiber population density and size. If disequilibrium occurs in the levels
of components of the lamina propria, pathological vocal fold conditions arise.

Hirano (Hirano, 1974; Hirano & Kakita, 1985) was the first to provide a detailed descrip-
tion of the morphological structure of the human vocal folds. Histologically, the human vocal
fold has been divided into three distinct layers: epithelium, lamina propria, and muscle. The
more superficial tissue was termed the cover and the deeper tissue named the body. The cover-
body theory of phonation (Hirano & Kakita, 1985) suggests that superficial and medial tissues
slide and move over the more rigid body tissue. This theory necessitates that histologically the
superficial and medial tissues allow freedom of movement, while the deeper tissues are more
tightly bound. This is indeed what occurs ultrastructurally.

Epithelium
The epithelium of the vocal fold (medial edge) is composed of stratified squamous cells. This
is adjacent to ciliated pseudostratified epithelium of the posterior glottis, ventricular folds and
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trachea, and stratified columnar epithelium of the epiglottis. Work by Fisher, Telser, Phillips,
and Yeates (2001) has demonstrated the presence of sodium potassium adenosine triphos-
phatase channels in the vocal fold epithelium. Additional research has revealed an epithelial
sodium channel, a cystic fibrosis transmembrane regulator chloride channel, and two aquaporin
water channels (Lodewyck, Menco, & Fisher, 2007) localized to the cell membrane of the vocal
fold epithelium (see Leydon et al., 2009, for a review). These channels are important for ion
and water movement in and out of the vocal fold, providing an intrinsic mechanism for vocal
fold hydration. As an additional protective mechanism, a mucociliary blanket, that is, a layer of
mucous, which serves to prevent dehydration of the underlying epidermis, covers the epider-
mis. Mucoserous secretions covering the vocal fold must travel from glands located superior,
anterior, posterior, and inferior to the edge of the vocal fold, as there are no mucous glands
within the vocal fold epithelium itself.

Lamina Propria
The lamina propria has been categorized into three layers based upon histological composition.
The three middle vocal fold layers are superficial layer of the lamina propria (SLLP), interme-
diate layer of the lamina propria (ILLP), and deep layer of the lamina propria (DLLP). This
is illustrated in Figure 3.1. ECM is the major constituent of superficial, intermediate, and
deep layers of the lamina propria. The innermost vocal fold layer is the thyroarytenoid
muscle.

The basement membrane zone (BMZ), a specialized ECM, divides and secures the epithe-
lium to the SLLP. This zone can be broken down into the lamina lucida and the lamina densa.
Anchoring filaments (made of collagen type IV and fibronectin) secure the lamina lucida to
the lamina densa. Anchoring fibers (collagen VII) loop between the lamina densa and SLLP.
Figure 3.2 demonstrates the electron microscopic photo of the BMZ of normal vocal folds.
The number of anchoring fibers in the BMZ appears to vary depending upon the location
in the vocal fold with the density appearing greatest in the midmembranous fold area. Gray
et al. (Gray, Pignatari, & Harding, 1994) have speculated that these anchor fibers may pro-
vide increased structural integrity for this delicate tissue transition and interface particularly

FIGURE 3.1. A schematic of the five layers of

the vocal fold—the epithelium, the three layers of

the lamina propria (superficial, intermediate, and

deep), and the thyroarytenoid muscle.
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FIGURE 3.2. A normal vocal fold basement membrane zone (specialized ECM) taken with transmission

electron microscopy. The arrows demonstrate the thickened region separating the superficial lamina propria

from the epithelial cells.

in regions of high shear and stress. In addition, the population density of anchoring fibers
may be genetically determined. Briggaman and Wheeler (1975) determined that the average
person may have between 80 and 120 anchoring fibers per unit area of BMZ (in skin), whereas
someone who has the recessive gene which does not create as many anchoring fibers may
have only 40 to 60 anchoring fibers per unit area. Persons who are homozygous for the recessive
gene will have few or no anchoring fibers. Given Gray et al.’s (1994) speculation above, there
may be a specific genetic predisposition for vocal lesions in areas of high shear and stress. To
date, this speculation has not been tested.

The SLLP is a pliable, flexible region also known as Reinke’s space. In general, the SLLP
is made up of loose fibrous elements and it is the loose nature of the fibrous elements that
gives this layer the ability to move liberally during voicing. Hammond et al. (1997) found
relatively small amounts of mature elastin and collagen (type I, II, and III) and HA in the SLLP.
They report that the elastin in the SLLP is present in nonfibrillar forms, elaunin and oxytalan,
which are not verified using the common EVG elastin stain. Hahn, Kobler, Starcher, Zeitels,
and Langer (2006) stained for fibrillin-1, a primary microfibril associated with all forms of
elastic fibers and interpreted their results in conjunction with elastin staining to indicate the
spatial arrangements of oxytalan, elaunin, and mature elastic fibers. They found more superficial
localization of fibrillin-1 relative to elastin, suggesting that the superficial portion of the SLLP
contains relatively high levels of oxytalan. Decorin, fibronectin, macrophages, and myofibrils
were described by Pawlak et al. (1996) and Catten et al. (1998) using immunocytochemical
techniques in the SLLP. Macrophages and myofibrils are cells that are present when there is
inflammation and cell repair occurring. Their presence suggests constant tissue injury and
repair in the SLLP. Interestingly, minimal macrophages and myofibrils are found elsewhere
in the lamina propria. Decorin’s role in reducing fibrosis and scarring after injury is well
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documented in the dermal literature (Sayani, Dodd, Nedelec, Shen, Ghahary, et al., 2000). Its
high concentration in the SLLP may be a reason surgical procedures limited to this area rarely
involve scar formation. Fibronectin has many roles including structural, adhesive, and reparative
indicating that it may be necessary for the assembly and maintenance of other proteins and
cells of the lamina propria ECM (Hirschi, Gray, & Thibeault, 2002).

The ECM constituents observed in the SLLP differ from those seen in the ILLP and DLLP.
Overall, there is a concomitant increase in the presence of fibrous and interstitial proteins in
the ILLP and DLLP. The ILLP and DLLP make up the vocal ligament. The increased presence
of fibrous and interstitial proteins in this area of the lamina propria is suggestive of the body’s
requirements to enhance tissue ligament performance for specific vocal needs. The ILLP is
marked with a distinct elevation in the relative amount of elastin (Hirano, 1981) and collagen
and this continues through the DLLP (Hammond, Gray, & Butler, 2000; Hahn, Kobler, Zeitels,
& Langer, 2006). Hahn et al. (2006) found strong elastin staining and relatively weak fibrillin-1
staining in the ILLP, suggesting that the ILLP is made up of mature elastic fibers. Fibromodulin
and fibronectin are present in both layers. The GAG HA is present at its highest concentration
in the ILLP (Gray, Titze, Chan, & Hammond, 1999; Hahn, Kobler, Starcher, Zeitels, & Langer,
2006), particularly in the infrafold area of the ILLP. Speculatively, the presence of HA in the
ILLP may provide bulk and thickness to the vocal folds, indirectly affecting vocal fold pliability
(Ward, Thibeault, & Gray, 2002). There is a direct relationship between pliability and thickness
in vocal fold vibration (Yumoto, Katata, & Kurokawa, 1993). It has also been hypothesized that
given its influence on growth factor activity, HA in the ILLP may contribute to the maintenance
of normal lamina propria cellular physiology (Hahn et al., 2006). A schematic representation
of the major ECM constituents is represented in Figure 3.3.

Age and Gender Differences in the Lamina Propria
Little has been published assessing age and gender differences in the ECM constituents of the
lamina propria. In newborns, the entire lamina propria is uniform in structure, resembling the
SLLP (Hirano, 1981). Fibroblast density is highest in newborns, with a decrease as one ages
(Hirano, 1981).

Gender-related differences and age differences have been reported for collagen (Hammond
et al., 2000). Infants have significantly less collagen than adults and males have greater amounts
of collagen than females. The difference in the amount of collagen across the layers of the lamina
propria was minimal across ages and gender with more collagen present in the DLLP.

No gender differences have been reported for elastin, but there are age-related differences.
Sato and Hirano (1997) and Hirano, Kurita, and Sakaguchi (1989) found less elastin with
age, whereas Hammond et al. (1998) found increases in elastin with age, with a subsequent
thinning of the SLLP secondary to infiltration from the middle layer protein or atrophy. The
disparate findings between these two research groups may be explained by the methodology
used. Hammond et al. (1998) utilized a quantitative image analysis system and fewer samples.
Sato and Hirano (1997) and Hirano, Kurita, and Sakaguchi (1989) utilized a qualitative visual
assessment on more vocal fold specimens. Gray et al. (2000) suggest that the dissimilar elastin
findings may be explained by possible racial variations in the specimens.

Gender differences have been found in regard to HA (Butler, Hammond, & Gray, 2001).
Men have significantly more HA than women (3:1 men:women). When controlling for age, a
gender difference was found in the concentration of HA across the depth of the lamina propria.
Females have less HA in the SLLP and more HA in the DLLP than males. Because HA is
known to influence the biomechanics of voice production and voice quality by affecting tissue
viscosity, thickness, and hydration, it has been theorized that less HA in the SLLP implies less
protection from vibratory trauma and overuse. This may explain in part why more females
than males suffer from phonotrauma (Butler et al., 2001).
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FIGURE 3.3. A schematic representation of the major ECM constituents and their

relative proportion distribution across the three layers of the lamina propria. Relative

amounts should not be compared across constituents, only across layers for each

individual constituent.

Lamina Propria in Animals
Hahn, Kobler, Starcher, Zeitels, and Langer (2006) found that mean HA levels in animal
model LPs were approximately three to four times higher than that in human lamina propria.
Histologic evaluation of elastin staining has revealed that the porcine LP elastin distribution is
most similar to that of the human (Hahn et al., 2006); however, HA staining in pig vocal folds
was most intense along the epithelial border and in the inferior ILLP. Hahn, Kobler, Zeitels,
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and Langer (2006) determined that porcine collagen distribution is also most similar to that of
humans.

Biology of Benign Vocal Fold Lesions
The increasing density of the layers of the vocal fold dissects it into two functional biomechanical
layers—the body and the cover. The body is composed primarily of muscle, whereas the cover
is the LP. The shape (determined by the ECM) and tension of the cover determine the vibratory
characteristics of the folds and subsequent vocal quality. The shape and tension may be modified
by benign lesions, which arise from the cover and change the biomechanics and thus the voice
source. The composition of the ECM of the LP is altered in benign lesions. This change
in ECM composition directly influences tissue viscosity that can lead to higher phonation
threshold pressure necessary for voice production (Titze, 1992). As technology progresses,
more details regarding the genetic and molecular cellular activity responsible for causing these
changes are revealed. As the molecular ultrastructure is defined for pathological states, a better
understanding of how these alterations subsequently affect the vibratory characteristics of the
vocal folds can be determined. To date, there is limited published information about the various
vocal fold benign lesions. Table 3.2 summarizes the molecular ultrastructure of common benign
laryngeal lesions.

Vocal Fold Nodules
It is generally agreed that vocal nodules result from trauma to the vocal folds. Changes in the
BMZ appear to reflect that trauma. Thickening of the BMZ (Gray et al., 1994) and increased
fibronectin (Courey, Shohet, Scott, & Ossoff, 1996), which may represent tearing forces and
subsequent wound repair in the subepithelium, have been reported. Figure 3.4 compares a
normal vocal fold BMZ with the BMZ of a vocal fold with nodules. It is easy to see the
increased thickening of the BMZ in the presence of vocal fold nodules.

Kotby et al. (1988) further report nodular lesions with gaps at the intercellular junctions,
disruption and duplication of the BMZ, and collagen fiber dispositions. It has been proposed by
Gray et al. (1995) that the disorganized BMZ (particularly injury to the anchoring fibers) may
leave the vocal fold in a predisposed state for repetitious injury, and the fibronectin deposition
may lead to increased stiffening of that part of the membranous fold.

Vocal Fold Polyps
Histological analyses of vocal fold polyps and comparison with normal vocal fold lamina propria
structure have found less fibronectin deposition, more vascular injury (thrombosis), fibrin and
iron deposition (Dikkers & Nikkels, 1995; Courey et al., 1996) in the presence of vocal fold
polyps. Karahan, Baspinar, Yariktas, and Kapucuoglu (2007) found that vocal fold polyps
showed high levels of MMPs (MMP-2 and MMP-9) and cyclooxygenase-2. Analysis of protein
levels with Western blot demonstrated decreased collagen levels and increased fibronectin levels
in five polyps (Thibeault, Gray, Li, Ford, Smith, et al., 2002). Increased fibronectin may be
responsible for the decreased mucosal wave observed with videostroboscopy preoperatively in
these five patients. Analysis of genomic messenger RNA levels in these same samples revealed
increased transcription levels for decorin and downregulation of transcription factors necessary
for HA and fibromodulin synthesis.

The state of the BMZ in vocal fold polyps is presently unknown. Thibeault et al.
(Thibeault, Hirschi, & Gray, 2003) using microarray genetic analysis to measure gene ex-
pression levels in one vocal fold polyp report abnormal levels for genes that are involved in
epithelial differentiation and BMZ formation. In a study of 11 Reinke’s edema specimens and
17 polyps using microarray analysis, 65 genes were found to differentiate polyps from Reinke’s
edema (Duflo, Thibeault, Li, Smith, Schade, et al., 2006). Polyps expressed genes related to
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TABLE 3.2 Extracellular matrix characterizations of benign vocal fold
lesions

Vocal Fold
Lesion Histopathology Genomic Pathology

Nodules Abnormal BMZ with altered anchoring

fibers

Increased fibronectin

Increased collagen

Not reported to date

Polyps Fibrin

Iron deposition

Decreased fibronectin

Thin BMZ

Altered gene levels for

epithelial genes involved in

BMZ organization

Increased fibronectin protein

Decreased collagen protein

Cysts Lined with columnar or squamous

epithelium

Thickened BMZ

Not reported to date

Reinke’s Edema Hemorrhage

Fibrin

Edematous lakes

Thickened BMZ

Decreased messenger RNA

levels for fibronectin

Increased messenger RNA

levels for decorin

Granuloma Focal ulceration

Desquamating epithelium

Edematous lamina propria

Inflammatory cells Neutrophils

Altered gene levels for genes

involved in wound healing and

inflammation

Scar Conflicting reports of collagen levels

depending on age of scar

Conflicting reports of procollagen levels

depending on age of scar

Increased fibronectin

Decreased elastin

Decreased HA

Decreased decorin

Decreased fibromodulin

Not reported to date

Sulcus Vocalis Epithelial thinning

Loss of layered lamina propria,

Inflammation

Not reported to date

inflammatory processes and fibroblast growth. Loire et al. (1988); Kotby, Nassar, Seif, Helal, and
Saleh (1988); and Courey, Shohet, Scott, and Ossoff (1996) report atrophy of the epithelium
of VP with a thin BMZ and an intact BMZ, respectively, in their histological samples.

Vocal Fold Cysts
Vocal fold cysts can be lined with columnar or squamous epithelium (Shvero, Koren, Hadar,
Yaniv, Sandbank, et al., 2000), with a BMZ thickness that is between that of polyps and nodules
indicating some degree of BMZ injury (Courey et al., 1996).
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A

B

FIGURE 3.4. A. A light microscope image of a normal vocal fold with a normal basement membrane

zone. B. A light microscope image of a vocal fold polyp with thickened basement membrane zone.

Reinke’s Edema
Reinke’s edema is manifested by edema of the SLLP and collagen fiber disruption (Sakae,
Imamura, Sennes, Mauad, Saldiva, et al., 2008). Dikker and Nikkels (1995) have described
hemorrhage, fibrin, edematous lakes, and thickening of the BMZ. Using transmission electron
microscopy to examine the morphology of 54 Reinke’s lesions, Garcia-Martins et al. (2009)
found abundant blood vessel proliferation with inflammatory cells and fibroblasts in the SLLP.
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FIGURE 3.5. Schematics of repeatedly observed microstructural subdivisions within vocal

fold lamina propria by species. A. Humans. B. Dogs. C. Pigs. D. Ferrets. Numbers correspond

to the following regions: (1) basement membrane zone (BMZ), (2) superficial layer of the

lamina propria (SLLP), (3) intermediate layer of the lamina propria (ILLP), (4) deep layer of the

lamina propria (DLLP). (From Hahn, M. S., Kobler, J. B. Zeitels, S. M., & Langer, R. (2005).

Midmembranous vocal fold lamina propria proteoglycans across selected species. Annals

of Otology, Rhinology, and Laryngology, 114, 451–462. Copyright 2005, Annals Publishing

Company.)

Genomic messenger RNA levels were measured in four Reinke’s edema samples; decreased gene
expression levels for fibronectin and increased decorin levels were reported (Thibeault et al.,
2002). Increased decorin levels in the SLLP may be present as an active reparative process.
Duflo et al. (2006) reported differential oxidative gene expression in tissue specimens collected
from patients with Reinke’s edema compared with benign vocal fold polyps; this suggests a
protective response against cigarette-smoke–mediated oxidative stress and cell death. Branski
et al. (2009) found elevated gene expression for a microsomal enzyme with anti-inflammatory,
antiproliferative, and antiapoptotic characteristics.

Vocal Fold Granuloma
Histological structural analysis of granulomas reveal defined ulceration, with desquamating
epithelium and lamina propria that is swollen and marked with infiltration by chronic in-
flammatory cells and neutrophils (Shin, Watanabe, Oda, Umezaki, & Nahm, 1994). Genomic
microarray analysis for messenger RNA levels (Thibeault et al., 2003) report altered gene levels
for inflammatory and wound healing genes. This indicates that granulomas are an injury. This
would be consistent with the literature that suggests that granulomas are a result of vocal abuse
and/or gastroesophageal reflux. Both cause injury to the larynx.
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Vocal Fold Scarring
Vocal fold scarring causes significant changes in the physical properties of vocal fold tissue,
altering the body–cover relationship and inhibiting propagation of normal mucosal wave.
Histological characterization of fibrous and interstitial proteins of the lamina propria in vocal
fold scarring has been utilized in animal models at different points postinjury (see Hansen
& Thibeault, 2006, for review). Differing results have been reported depending upon animal
model and healing time. In the rabbit model, there is a maximum increase in HA 5 days
postinjury, which is similar to levels found in uninjured vocal folds and skin. Scar tissue at
2 months (Rousseau, Hirano, Welham, Thibeault, Bless, et al., 2002; Thibeault, Gray, Bless,
Chan, & Ford, 2002), ultrastructurally, has been defined by no change or decrease in collagen
levels, with markedly increased procollagen levels (precursor to collagen) and fibronectin with
decreased HA, elastin levels, decorin, and fibromodulin (Thibeault, Bless, & Gray, 2003). More
chronic scar formation (6 months) is characterized by increased collagen, decreased procollagen,
and decreased elastin (Rousseau et al., 2002). The canine model of wound healing shows similar
results to the rabbit model with elevated procollagen at 2 months, increased collagen deposition
at 6 months, and reduced elastin and elevated fibronectin in the SLLP at both 2 and 6 months,
respectively (Rousseau, Hirano, Scheidt, Welham, Thibeault, et al., 2003). In the pig, there
was reduced HA and increased collagen deposition by day 15 postinjury (Rousseau, Sohn,
Montequin, Tateya, & Bless, 2004). The rat model shows an increase in HA and collagen
by day 3 postinjury, peaking at day 5, and then decreasing again, as well as an increase in
fibronectin up to 4 weeks postinjury (Tateya, Tateya, Sohn, & Bless, 2006). It is theorized
that elevated fibronectin in young scar is gradually replaced by collagen sometime between 2
and 6 months postinjury. Similarly, procollagen synthesis is thought to be related to decreased
levels of fibromodulin. The relationship between the tissue stiffness observed in vocal fold scar
and fibrous and interstitial proteins does not seem to be straightforward and requires further
investigation. Advances in regenerative medicine for treatment of vocal fold scar have included
administration of HA into injured or scarred vocal folds, growth factor therapy, and cell therapy
using stem cells or mature fibroblasts.

Sulcus Vocalis
Sulcus vocalis has been described as an indentation, groove, or furrow along the medial edge of
the vocal fold with varying thickness involving differing layers of the lamina propria depending
on the severity of the sulcus. The lesion may only involve the epithelium, or it may involve
several or all of the layers of the lamina propria up to and including the thyroarytenoid muscle.
Histopathological findings include epithelial thinning and loss of the lamina propria cellular
layered structure with minimal inflammatory response (Ford, Inagi, Khidr, Bless, & Gilchrist,
1996).

Summary
Vocal fold biology is intricate. Normal vibratory function is dependent upon the complex
interactions within the ECM. An understanding of the normal layered structure of the vocal
folds is necessary for all clinicians. Knowledge of the pathological changes that occur with
the presence of a vocal fold lesion provides a better understanding of changes that are seen
concomitantly in vocal fold vibratory patterns and perceived in voice quality. At this time, we
have a basic understanding of the vocal fold structure. This is an exciting and rich area for
research. With the use of more advanced molecular and genetic techniques, our knowledge of
vocal fold biology and genetic implications for voice disorders is expected to expand rapidly
over the next decade.


