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Abstract

Pigs are models in human phoniatry. However, features of maturation and ageing have not
been considered with regard to the so-called body-cover model in this species. Therefore,
the glottis of “young” (2—-3 months; n = 6) and “old” (4—7 years; n = 6) minipigs was investi-
gated. Their cranial (CraF) and caudal (CauF) vocal folds were histomorphometrically and
stratigraphically analysed with emphasis on their amounts of collagen structures and elastic
fibres. A dense subepithelial layer (SEL) was a distinct feature of CraF and CauF of both
age groups; it was spread upon the underlying loose, flexible “cover” like a fibro-elastic
membrane. The “cover” was characterised by the so-called superficial layer (SL), which
was distinctly loose in the “young” minipigs, but had a much denser texture in the “old” mini-
pigs. Here, the SL was dominated by elastic fibres in the CraF, but was of mixed qualities
(collagenous and elastic) in the CauF. The structural requirements for the SL’s function as a
loose “cover” were thus met only in the “young” animals. A clearly demarcated intermediate
layer (IL)—characterised by high amounts of elastic fibres (as in humans)—was only found
in the CraF of the “young” animals. In the “old” animals, it had lost its demarcation. In the
depth of the CraF of the “old” animals, many thick collagen fibre bundles were detected in a
location equivalent to that of the vocal muscle in the CauF. The development of their large
diameters was interpreted as part of the maturation process, thereby supporting the hypoth-
esis of their functional importance as a component of the “body.” In the CauF, the amounts
of collagen structures increased throughout the entire lamina propria, resulting in a loss of
demarcated stratigraphical subdivisions in the “old” minipigs. This situation resembled that
described in the vocal fold of geriatric humans.

Introduction

The mature human vocal fold possesses a specific stratigraphical organisation, which is chiefly
characterised by connective tissue fibres [1]. The specific types, contents, and arrangements of
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these fibres, along with the Ground Substance, determine the biomechanical properties of the
tissue [2-3]. These properties are implemented in the so-called body-cover model of vocal fold
vibration [4]. According to this model, there is a ‘cover’ consisting of the epithelium and the su-
perficial part of the vocal fold’s lamina propria. This ‘cover’ is soft and pliant as Ground Sub-
stance is its main component; fibres are relatively sparse. The ‘cover’ moves as a surface wave
upon the fairly rigid ‘body’ [4-5]. The ‘body’ is made up of two components: Firstly, of the
deeper part of the lamina propria containing large amounts of elastic fibres and collagen fibres,
and secondly, of the vocal muscle. There is no unanimous agreement amongst authors as to the
precise assignment of histological layers to either ‘body’ or ‘cover’, and it appears controversial
in which layer the ‘cover’ ends and the ‘body’ begins (see e.g. [1-2, 4, 6-7]).

Pigs are established models in human phoniatry [8-14]. Nonetheless, care has to be taken to
respect the specific anatomy of the porcine glottis [15-16]. There are two very different vocal
folds on either side of the larynx, i.e. a caudal fold (CauF) and a cranial fold (CraF). The CauF
seems to resemble the human vocal fold in terms of topography, and the above-mentioned
human body-cover model has also been proposed for the CauF of the pig [8]. Yet, the CauF is
not the main oscillator; Alipour and Jaiswal [12-13] assigned this function to the CraF.

The CraF, despite its different localisation, and despite its lack of a proper vocal muscle, appears
histologically very similar to the human vocal fold [15]. This is true, in particular, as far as elastic
fibres are concerned [15]. Considering the histological/stratigraphical elements of a body-cover
model, Lang et al. [15] have suggested that this model may also apply for the CraF. Consequently,
the lack of a vocal muscle—a part of the ‘body’ of the CauF—may be substituted by the large
amounts of thick collagen fibre bundles present in the respective proportional depth of the CraF.

During maturation and ageing, the lamina propria of the human vocal fold is subject to ex-
tensive changes affecting its biomechanics and oscillatory behaviour [2]. In newborns, the lam-
ina propria shows a homogeneous composition of few fibres and abundant Ground Substance
[17-18]. At this age, the entire lamina propria acts as a soft, loose ‘cover’ during oscillation,
while the vocal muscle alone forms the ‘body’ [19].

Ageing (senescence) of the vocal fold’s lamina propria affects the microstructure of fibres,
as well as their amounts and distribution [7, 20-24]. These alterations also have an impact on
the biomechanical properties of ‘cover’ and ‘body’, and on their dimensions; e.g. in humans,
there is an increase in the thickness of the ‘cover’ with age [19], contributing to the ageing of
the voice [20, 25].

Despite a considerable amount of information on the stratigraphical composition of the
vocal folds of pigs [8-9, 15, 26-28], there are no data available to demonstrate if relevant struc-
tural changes occur with maturation and ageing also in the glottis of pigs. Blakeslee et al. [8] de-
scribed the stratigraphy of the CauF as resembling that of a child. However, no precise
information was given on the age of the examined animals—a problem frequently encountered
in the literature. Moreover, the life-span and the speed of maturation and ageing differ signifi-
cantly between pigs and humans [29-30]. With regard to the great impact of the histological
structure on the phoniatrical function in humans, any attempt to evaluate the pig’s true poten-
tial as an animal model will remain insufficient as long as age-related changes have not been
evaluated. The present study attempts to provide such data by using a recently established his-
tomorphometrical procedure [15-16].

Materials and Methods
(1) Ethics Statement and Specimens

Minipigs of the age groups ‘young’ (2-3 months; n = 6) and ‘old’ (4-7 years; n = 6) were includ-
ed in this study. The status ‘young’ was assigned to the 2-3 month-old animals as they had not
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yet reached sexual maturity, which occurs at 4-6 months in minipigs [31]. The 54-85 month-
old (4-7 year-old) animals were classified as ‘old’ because, firstly, minipigs reach adulthood in
terms of weight development at approx. 2 years [29], secondly, epiphyseal closure in the long
bones in completed at approximately 1.5-3 years [30], and finally, their life span is approx. 10-
15 years [29]. All minipigs were female, and their breed was either Gottinger Minipig, Géttin-
ger Minipig x Minnesota Minipig, or Mini Lewe Minipig. Minipigs were chosen for this study
as they have become a common type of pig in animal experimentation [31-32] due to their
closer similarity to humans in size and easier handling compared to much larger domestic pigs.

The minipigs were obtained from local farmers or animal trade companies. When the ani-
mals arrived at the institute’s facilities, they were not housed, but euthanised immediately after
arrival. The German Federal Law, i.e. Protection of Animals Act (Tierschutzgesetz §4,§ 7, §
7a) and the Guidelines of the European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (86/609/EEC) were observed. Accordingly,
notice of the minipigs’ euthanasia for the purpose of organ removal from the dead animals (for
subsequent anatomical and histological studies) was given to The Animal Welfare Officer of
the University of Veterinary Medicine Hannover ahead of the study. In a second step, this re-
port was reconfirmed in the annual reports on all animals used within the period of the respec-
tive year. According to the German Federal Law, i.e. Protection of Animals Act
(Tierschutzgesetz § 7), an explicit permission to perform this study was not necessary because
no medical procedures or experiments were performed while the animals were alive, except in-
travenous injection for euthanasia. Euthanasia was performed by qualified and authorised staff
by means of intravenous injection of 1.5 ml/10 kg Euthadorm (Pentobarbital Sodium;
CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany) or by captive bolt stunning and
consecutive bleeding.

(2) Histological procedures

The larynges of the minipigs were immersion-fixed in Bouin’s solution. After fixation, one side
of the glottis was transversally cut in its midportion, as illustrated in Fig 1. Then, the cut surface
of the two resulting tissue blocks was placed at the bottom of the paraffin embedding moulds.
This procedure ensured that the tissue blocks were always placed in identical positions, facili-
tating the processing of standardised coronal sections of the midportion of the folds, which is a
frequently used procedure [7-8, 11, 20, 22, 24]. Serial sections of these tissue blocks were alter-
nately stained with Masson’s trichrome or resorcin-fuchsin.

(3) Morphometry of fibre/structure amounts

For the histomorphometrical analysis, one section stained with Masson’s trichrome and one
section stained with resorcin-fuchsin were used of each minipig. The semi-automated morpho-
metrical analysis of the digital microscopic images of these sections was performed with the
graphics editing program Adobe Photoshop CS 3 Extended 10.0.1 (Adobe Systems, San Jose,
CA, USA). One key feature of this procedure was the placement of pairs of circular Regions of
Interest (ROIs) along a midline through each fold (CraF and CauF, see Fig 1); the diameter of
each ROI was 35 pm. The midline through the CraF was twice as long as the midline through
the corresponding CauF, as the connective tissue of the CraF was thicker (due to the lack of a
muscle). Object definition was based on the recognition of the specific colours of collagen
structures in Masson’s trichrome stain, and of elastic fibres stained with resorcin-fuchsin. The
results of the quantification (measurements) were expressed as amounts per area of collagen
structures (apa.coll) and of elastic fibres (apa.elast). The procedure has previously been de-
scribed in detail [15-16].
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Cranial Fold

Caudal Fold

Ventricle

Fig 1. Graphical illustration of a cross section (coronal section) of the porcine glottis demonstrating
the cranial and caudal fold, CraF and CauF, and pairs of ROIs placed along the midlines of the CraF
and CauF (from Lang [16], modified). The midline through the CraF was twice as long as the midline
through the neighbouring CauF; the diameter of each ROl was 35 pm. For the scoring procedure, however,
the diameter of the ROIs was 70 ym. Inset upper left: Cranial and caudal fold of the fixed glottis; the dashed
line indicates where the midportion was transversally cut (coronal sections) prior to placing the two resulting
tissue blocks in the embedding moulds.

doi:10.1371/journal.pone.0128085.g001

(4) Data analysis

The size, i.e. thickness, of the individual folds was very different. For this reason, the thickness
was standardised by subdividing it into proportional subunits of 10% depth each. Starting below
the epithelium, 10 subunits were assigned in each CauF (10 subunits—each of 10%—making
100%; see Fig 2). Due to its greater depth, the CraF was subdivided into 20 subunits, as shown in
Fig 2. Then, the subunits of the CauF were grouped to form 4 hypothetical zones—zone 1 (Z1)
to zone 4 (Z4)—according to Lang et al. [15]. Respecting the greater thickness of the CraF, 4 ad-
ditional zones were arranged (yielding a total of 8 zones, Z1-Z8, in the CraF; see Fig 2).

The amounts of collagen structures and elastic fibres (apa.coll, apa.elast) were then plotted
in diagrams according to the format described above (Fig 2). Statistical analyses of differences
in apa.coll and apa.elast were performed between different locations within the same age
group, and between the age groups. The analysis of differences within the same age group was
performed by pairwise comparison of single subunits with their neighbouring subunits, and by
comparing groups of subunits. The analysis of differences between the age groups was per-
formed by pairwise comparison of the equivalent zones of each age group, for example: Apa.

Zones 71 z2 Z3 Z4 z5 Z6 27 | Z8

CraF

epithelium

CauF

epithelium
muscle

Subunits 1°2 3 4'5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Fig 2. Graphical illustration of the proportional subunits and the zones of the cranial (CraF) and
caudal (CauF) fold. Each examined connective tissue section of the CraF was separated into 20 subunits of
equal thickness; the connective tissue component of the CauF was separated into 10 subunits due to its
smaller thickness. Within the total thickness of the CraF, eight zones (Z1-Z8) were hypothetically defined;
accordingly, the total thickness of the CauF was divided into four hypothetical zones (Z1-Z4).

doi:10.1371/journal.pone.0128085.9g002

PLOS ONE | DOI:10.1371/journal.pone.0128085 May 27,2015 4/20



@’PLOS ‘ ONE

Histology of the Porcine Glottis with Regard to the Body-Cover Model

coll in zone 1 (Z1) of the ‘young’ group was compared with apa.coll in zone 1 (Z1) of the ‘old’
group. Model residuals were tested for normal distribution using the Kolmogorov-Smirnov
test, and by visual assessment of q-q-plots. As the majority of tested data sets were not normally
distributed, distribution free non-parametric methods were used: Differences within the same
age group (paired samples) were calculated by the Wilcoxon signed-rank test for paired obser-
vations, considering the comparison-wise error rate. An o-adjustment for experiment-wise er-
rors was not applied, as the risk of increasing type 2 errors appeared higher than the potential
of minimising type 1 errors, particularly as each sample group was compared to a maximum of
two other groups. Differences between age groups (independent samples) were calculated
using the Kruskal-Wallis test. Resulting p-values of p < = 0.05 were regarded as statistically sig-
nificant. All analyses were performed with the statistical program package SAS (Version 9.3,
SAS Institute, Cary, NC, USA).

(5) Scoring of the diameters of collagen structures

The diameters of collagen structures—i.e. collagen fibres and collagen fibre bundles—were
evaluated in all minipigs included in this study. The analysis was performed according to the
semiquantitative scoring system described by Lang et al. [15], which had distinguished three
size categories and four scores (see Table 1). Scoring was performed on digital images, with
pairs of ROIs aligned along a midline as explained above (see Fig 1). The diameter of each ROI
was 70 pum. Scoring was performed twice by the same observer with histological expertise and
in random order, i.e. under blinded conditions; the scores were then plotted in diagrams.

Results
(1) General observations from microscopical inspection

Three findings related to age differences were particularly noticeable upon microscopical obser-
vation of the tissue sections. Firstly, the cell nuclei of fibroblasts were much more plentiful in the
‘young’ animals compared to the ‘old” group; this was found in all zones of the connective tissue
of both CraF and CauF. Secondly, there was an aberrant tissue reaction to the Masson’s tri-
chrome stain in the ‘old’ animals: The collagen structures in zones 1 to 3 (Z1-Z3) of the CraF of
this age group were stained reddish, rather than green. Due to this phenomenon, the Object Defi-
nition by selection of green structures and the related measurement of collagen structure
amounts yielded false negative values, i.e. close to 0% of apa.coll in Z1-Z3 of the CraF. Thirdly,

Table 1. Scoring system describing the number of collagen structures (fibres, and fibre bundles) of
different diameters.

Number of objects Score

Fibres/Small fibre bundles; diameter: 2—4 pm 0
1-4
5-10
>10

Intermediate fibre bundles; diameter: >4—10 um 0
1-3
4-8
>8

Large fibre bundles; diameter: >10 um 0
1-2
34
>4

W N+ OWwWwWhNh = O whNh = o

doi:10.1371/journal.pone.0128085.t001
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structural changes in the elastic fibres in the ‘old” animals were noticed: Elastic fibres appeared as
clusters/clumps of 5-10 um diameter, forming focal aggregations in both CraF and CauF.

(2) Histomorphometry and scoring: CauF, collagen structures

Within both age groups, the distribution pattern of collagen structures in the CauF was similar
(Figs 3 and 4): In zone 1 (Z1), the amounts of collagen structures per area (apa.coll) were al-
ways high, but in zones 2 and 3 (Z2, Z3) they were low. In the deep parts of Z3, a continuous
re-increase in apa.coll began; finally, subunit 10 of zone 4 (Z4) contained another maximum.

With age, there was an increase in apa.coll in the CauF (Figs 3-5), which was statistically
significant in all zones of the fold (Fig 6). This increase in apa.coll led to a partial loss of the lay-
ered organisation: A demarcation between a subepithelial layer (SEL) and a superficial layer
(SL) was no longer statistically detectable in the ‘old’ animals (Fig 5).

The scores of the collagen fibres and fibre bundles in the CauF changed very little with age
(Fig 7). Age-related differences were found only in the parameter ‘intermediate size fibre bun-
dles’ (¢ > 4-10 um), coinciding with the above-mentioned age-related increases of apa.coll; in
other words: The intermediate fibre bundles caused the increase in apa.coll.

(3) Histomorphometry: CauF, elastic fibres

The distribution pattern of the elastic fibres was similar within the age groups insofar as in
both cases, zone 1 (Z1) was highest in apa.elast, while zones 2 to 4 (Z2-Z4) contained relatively
few elastic fibres (Figs 8 and 9).

There was a significant age-related increase in apa.elast throughout all zones of the CauF
(Figs 8-11). The strongest increase in apa.elast was found in zone 1 (Z1): 9.72% in the ‘young’
group (mean value; n = 6) versus 25.62% in the ‘old ‘group (mean value; n = 6), i.e. a value
more than twice as high (Figs 9 and 10). Age-related differences in apa.elast became slightly
less distinct in the depth of the fold.

(4) Histomorphometry and scoring: CraF, collagen structures

Irrespective of the age-group, the superficial zones of the CraF (Z1-Z3) contained less apa.coll
than the deeper zones (Figs 12 and 13): In Z1 of the ‘young’ group, there were slightly more col-
lagen structures than in the neighbouring Z2, indicating the presence of a subepithelial layer
(SEL) in this age group. However, this finding was not confirmed by statistical analysis (Fig
14). The ‘old’ group displayed very different values of apa.coll in Z1 and Z2 compared to the re-
maining CraF: Hardly any collagen was recorded due to a reddish instead of a green stain of
the collagen structures (Fig 12).

An age-related increase in apa.coll was shown by comparing the ‘young’ and the ‘old’ group
(Figs 13 and 15). Apa.coll was approx. doubled in all regularly stained zones (Z3-Z8) of the
CraF (Fig 13), which was statistically significant in zones 4 to 8 (Z4-Z8) (Fig 15).

Both the number and the diameters of the bundles of collagen structures increased with age
(Fig 16): In the ‘young’ group, large collagen fibre bundles (>10 pm) were very rare, but their
number increased in the ‘old” animals, particularly in the intermediate and deep zones (Z1-
Z8). The scores of the intermediate fibre bundles were also slightly higher in the ‘old’ animals
compared to the ‘young’ ones (Fig 16).

(5) Histomorphometry: CraF, elastic fibres

Two features concerning the elastic fibres in the CraF were particularly distinct: Firstly, there
was a strong age-related increase in apa.elast in zones 1 and 2 (Z1, Z2) (Figs 17-20). In Zone 1,
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Young

Old

Fig 3. Collagen structures (fibres and fibre bundles) in the CauF of ‘young’ and ‘old’ minipigs (all images in identical magnification). Four zones
were defined hypothetically for statistical analysis: Zone 1 (Z1) was a narrow band underneath the epithelium; zones 2 to 4 (Z2-24) divided the remaining fold
into equidistant thirds. The images serve as examples to illustrate the distinct characteristics of each zone. Note that, according to statistical analysis, not all
of them were clearly demarcated. Paraffin section, Masson’s trichrome stain. Bar =10 pm.

doi:10.1371/journal.pone.0128085.9003

100

Z1 z2 Z3 Z4

80

0 ‘ % % + l A
N % ik % % |
2 3 4 5 6
Subunits of the CauF
| AYoung ¢Old +— — Standard deviation |

apa.coll (%)
(2]
o
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'—l’l‘_,

7 8 9 10

Fig 4. Amounts of collagen structures per area, apa.coll (%), in ‘young’ and ‘old’ minipigs. Four
hypothetical zones were assigned in the CauF: Zone 1 (Z1) was a narrow band underneath the epithelium;
zones 2 to 4 (Z2-Z4) divided the remaining fold into equidistant thirds.

doi:10.1371/journal.pone.0128085.g004
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Young
subunits| 1 | 2 [ 3 [ 4 | 5 | 6| 7 [ 8] 9| 10]

Wilcoxon 1| 28.22 [ 17.04 17.54|1s.83 17‘45|1s‘05 21.26|23.85 31,37|4o.74

Wilcoxon 2 | 28:22 | 17.04 18.19 17.75 22.56 36.05

Wilcoxon 3| 28.22 18.11 18.92 | 31.99

Summary [ SEL | sL IL oL |
Old

subunits| 1 | 2 [ 3 [ 4[5 [ 6 [ 7] 8] 9] 10]

Wilcoxon 1| 52.45 | 49.47 | 48.01 | 46.77 | 40.60 | 38.53 | 43.86 | 48.16 | 56.30 | 5885

Wilcoxon 2 50.96 47.39 39.56 46.01 57.58
Wilcoxon 3| 52.45 | 48.08 41.00 I 54.44
Summary | sEL s IL pL |

Fig 5. Graphical representation of the statistical analysis (Wilcoxon signed-rank test) of differences in
the amounts of collagen structures, i.e. apa.coll (%), in 10 proportional subunits of the CauF. The
analyses were performed separately for each age group (‘young’ and ‘old’) and are displayed in three
different diagrams. Note: Different designs (i.e. intensities of grey colour) indicate that the differences
between the subunits, or groups of subunits, were statistically significant. The amounts of collagen structures
(mean values) are recorded in the boxes arranged in each bar. In each age group, three procedures of
comparison were performed, each displayed in one ‘Wilcoxon Bar'. Wilcoxon Bar 1: Comparison of one
subunit with its preceding and succeeding neighbour. Wilcoxon Bar 2: Comparison of groups made up of 2
subunits each. Subunit 1 was not grouped with its neighbouring subunit 2 if its values were significantly
higher than those of subunit 2. Wilcoxon Bar 3: Comparison of groups representing the hypothetical zones 1
to 4 (see Figs 2 and 4). Bar 4 summarises bars 1-3; here, a shaded design indicates continuous transitions,
because the distinct demarcation lines (representing statistically significant differences) were located
differently in bars 1, 2, and 3, respectively.

doi:10.1371/journal.pone.0128085.g005

apa.elast increased from 5.55% (mean value; n = 6) in the ‘young’ animals to approx. six times
this amount (mean value: 31.51%; n = 6) in the ‘old’ minipigs (Fig 18). Secondly, there was a
distinct layer of relatively high apa.elast located in zones 3 and 4 (Z3-Z4) in the ‘young’ group.
Consequently, a clear distinction could be made between a superficial layer (SL, low in elastic
fibres), an intermediate layer (IL, containing significantly higher amounts of elastic fibres), and
a deep layer (DL; again low in apa.elast) in this group of ‘young’ minipigs (Figs 17 and 19).

The entire scope of our findings was very complex and heterogeneous; the most striking
findings are, therefore, compiled in Table 2.

Young | Old

|
NNW2s228 W/
L

[z . 554577
22 NN

»
[0]
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S8} Sl||ep-lexsniy

k\\\\%@ﬁé@\\\\\\N’/////zé@V/////%

Fig 6. Graphical representation of the statistical analysis (Kruskal-Wallis test) of differences in the
amounts of collagen structures in the hypothetical zones 1 to 4 (Z1-Z4) between the two age groups
(‘young’ versus ‘old’). These pairwise comparisons are displayed as two adjoining boxes. Note: Different
designs (orientation of lines) indicate that the differences between the age groups were statistically
significant.

|
[ 22 | :
[z | Lee a0
] =

doi:10.1371/journal.pone.0128085.g006
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Fig 7. Scores of collagen fibres and fibre bundles of different sizes (diameters) in the CauF of ‘young’
and ‘old’ minipigs. Four hypothetical zones were assigned in the CauF: Zone 1 (Z1) was a narrow band
underneath the epithelium; zones 2 to 4 (Z2—Z4) divided the remaining fold into equidistant thirds. Each dot
represents the median score of all animals of an age group. Missing values in the subunits 1 and 6 of the
‘young’ group are due to the small size of the CauF in these animals, which only allowed the placement of a
small number of ROI-pairs. Consequently, not every subunit contained a ROl-pair.

doi:10.1371/journal.pone.0128085.g007

Discussion
Structural considerations—Definition and distinction of layers

The findings of the visual (microscopical) inspections and of the morphometrical studies, ac-
quired with reference to the different topographical zones, will be discussed in order to confirm
or reject the presence of a characteristic stratigraphical organisation of the lamina propria of
the vocal folds of minipigs. Three criteria will be considered: (1) Amounts of fibres (Quantity);
(2) Types of fibres (Quality); (3) Demarcation (Distinct versus continuous transitions).

One of the most striking common features of CraF and CauF was the presence of the rela-
tively dense, collagenous-elastic subepithelial layer (SEL). The SEL had already been described
in 6-12 month old pigs (breed not mentioned) by Hahn et al. [27-28], and in ‘adult’ minipigs
(11-27 months) by Lang et al. [15], and has now also been detected in minipigs of other ages: It
was obvious already in the youngest (2-3 months) of our minipigs, and, in principle, also in
the ‘old’ animals (4-7 years). An exception to this rule was found only in the CraF of the ‘old’
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Fig 8. Elastic fibres in the CauF of ‘young’ and ‘old’ minipigs (all images in identical magnification). Four zones were defined as explained in Fig 3.
The images serve as examples to illustrate the distinct characteristics of each zone. Note that, according to statistical analysis, not all of them were clearly
demarcated. Paraffin section, resorcin-fuchsin stain. Bar =10 ym.

doi:10.1371/journal.pone.0128085.9008

minipigs: Here, the contribution of collagen fibres to this SEL seemed to be low. However, this
surprising finding may be related to a technological phenomenon: In Masson’s trichrome, the
fibres in this location were stained reddish (instead of green). Staining results remained the
same despite several modifications of the Masson’s trichrome staining protocol (as described
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Fig 9. Amounts of elastic fibres per area, apa.elast (%), in ‘young’ and ‘old’ minipigs. Subunits and
zones as explained in Fig 4.

doi:10.1371/journal.pone.0128085.g009
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Young
subunits| 1 | 2 [ 3| 4] 5[ 6] 7] 8] o] 10]

Wilcoxon 1] 972 | 318 | 272 [ 394 | 371 | 473 [ 410 | 334 | 380 | 3.2

Wilcoxon 2| 9.72 | 3.18 3.33 4.22 3.72 3.86

Wilcoxon 3| 9.72 3.28 4.18 | 3.69

Summary| SEL | SL IL DL ‘
(o] [s]

swunits| 1 [ 2 [ 3] 4] 5[ 6] 7] 8] 9] 10]

Wilcoxon 1[ 2562 | 16.55 | 11.44 [ 11.20 | 10.23 [ 14568 | 11.00 [ 1095 | 11.30 | 965

Wilcoxon 2|25.62 | 16.55 11.37 12.46 11.02 10.47
Wilcoxon 3 | 25.62 1310 12.00 | 1063
Summaryl SEL | SL IL DL }

Fig 10. Graphical representation of the statistical analysis (Wilcoxon signed-rank test) of differences
in elastic fibre amounts, i.e. apa.elast (%), in 10 proportional subunits of the CauF. The analyses were
performed separately for each age group (‘young’ and ‘old’) and are displayed in three different diagrams.
Note: Different designs (i.e. intensities of grey colour) of the boxes indicate that the differences between the
subunits, or groups of subunits were statistically significant. The amounts of elastic fibres (mean values) are
recorded in the boxes arranged in each bar. In each age group, three procedures of comparison were
performed (‘Wilcoxon Bars’ 1-3), and are summarised in bar 4 (Summary), as explained in Fig 5.

doi:10.1371/journal.pone.0128085.9010

by Lang et al. [15]). Obviously, their microstructural properties, i.e. fibre quality—in this loca-
tion, at this age—differed from those found in the other age groups, and the variation of data
was related to differences in quality rather than to differences in quantity of collagen fibres in
the SEL. Therefore, an attempt to adjust our procedure of Object Definition to recognise the
reddish fibres did not appear appropriate; the reddish fibres were thus discriminated in our
procedure of Object Definition. Further tests, i.e. immunohistochemical examinations, are in
progress to elucidate this problem. Until then, it remains unclear why this atypical phenome-
non occurred only in the CraF.

Lang et al. [15] stressed, in a topographical sense, some similarities between the subepithelial
layer (SEL) in the minipig and the so-called basement membrane zone (BMZ) of the human
vocal fold, as described by Hammond et al. [22], Hahn et al. [27-28], and Tateya et al. [33].
However, the minipig’s SEL appears much more elastic in structure compared to the primarily

| old |
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Fig 11. Graphical representation of the statistical analysis (Kruskal-Wallis test) of differences in
elastic fibre amounts in the hypothetical zones 1 to 4 (Z1-Z4) between the two age groups (‘young’
versus ‘old’). These pairwise comparisons are displayed as two adjoining boxes. Note: Different designs
(orientation of lines) indicate that the differences between the age groups were statistically significant.

doi:10.1371/journal.pone.0128085.g011
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Fig 12. Collagen structures (fibres and fibre bundles) in the CraF of ‘young’ and ‘old’ minipigs (all images in identical magnification). Hypothetical
zones were defined for statistical analysis: Zone 1 (Z1) was a narrow band underneath the epithelium (representing subunit 1), zones 2 to 7 (Z2-Z7) each
comprised three subunits; zone 8 (Z8) represented the remaining subunit 20. The images serve as examples to illustrate the distinct characteristics of each
zone. Note that, according to statistical analysis, not all of them were clearly demarcated. Paraffin section, Masson’s trichrome stain. Bar = 10 pm.

doi:10.1371/journal.pone.0128085.9012
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Fig 13. Amounts of collagen structures per area, apa.coll (%), in ‘young’ and ‘old’ minipigs. Eight
hypothetical zones were assigned in the CraF: Zone 1 (Z1) was a narrow band underneath the epithelium
(representing subunit 1), zones 2 to 7 (Z2—-Z27) each comprised three subunits; zone 8 (Z8) represented the
remaining subunit 20.

doi:10.1371/journal.pone.0128085.g013

collagenous BMZ [33] of humans. The functional impact of this finding will be discussed
below (see Functional considerations—The phoniatrical body-cover model).

With increasing age, the loose superficial layer (SL) found in both folds of the ‘young’ ani-
mals changed with respect to fibre quality, but this change differed in CraF and CauF: This de-
velopment yielded a predominantly elastic composition of the SL of the CraF, and a mixed
(collagenous-elastic) composition of the SL in the CauF. However, in both folds the loose char-
acter of the SL and therefore also its demarcation from the SEL did no longer exist in the ‘old’
minipigs. The findings of Lang et al. [15] in ‘adult’ minipigs (11-27 months) revealed that the

Young
suunits| 1 | 2 [ 3 | 4 [ s | 6 | 7] 8] o 1o ]2]13]14][15]16]17]18]19]2]
Wilcoxon 1/ 11,07 | 6,98 | 662 | 851 [ 1070 12,20] 1526 17,31] 17,87 | 19,01 15,78 | 17,92 15,28] 15,04 | 17,45] 14,21 | 14,21 [ 17,20 | 18,87 14,79
Wilcoxon2[ 9,03 6,62 | 851 11,49 16,29 18,44 16,85 15,16 15,83 15,75 16,83
Wilcoxon 3[ 11,07 | 7,37 1275 | 18,06 16,33 | 15,57 16,79 [ 1479
Summary| SEL sL IL DL ‘
Old
swunits| 1 | 2 | 3 | 4| s | 6| 7 8] o |10 ] ]12]13]1a[15]16]|17]1.]19]2]
Wilooxon 1] 117 [ 0.82 [ 452 [10.29 [ 18.95]24.62] 31.91] 32.18 ] 32.98] 33.49] 39.60[37.43 [ 31.14 [ 35.83 [ 30.28 [ 36.28 [ 41.26 [ 41.16 [ 43.05 [ 41.12
Wilcoxon 2| 1.00 452 [1020] 2178 32,04 33.23 38.52 3349 | 39.28[3628| 41.21 42.08
Wilcoxon 3| 1.17 | 521 25.16 | 32.88 36.06 | 37.13 4182 [41.12
Summary | SEL sL I DL |

Fig 14. Graphical representation of the statistical analysis (Wilcoxon signed-rank test) of differences in the amounts of collagen structures, i.e.
apa.coll (%), in 20 proportional subunits of the CraF. The analyses were performed separately for each age group (‘young’ and ‘old’) and are displayed in
three different diagrams. Note: Different designs (i.e. intensities of grey colour) of the boxes indicate that the differences between the subunits, or groups of
subunits, were statistically significant. The amounts of collagen structures (mean values) are recorded in the boxes arranged in each bar. Three procedures
of comparison were performed (‘Wilcoxon Bars’ 1-3), and are summarised in bar 4 (Summary), as explained in Fig 5.

doi:10.1371/journal.pone.0128085.9014
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Fig 15. Graphical representation of the statistical analysis (Kruskal-Wallis test) of differences in the

amounts of collagen structures in the hypothetical zones 1 to 8 (Z1-Z8) between the two age groups
(‘young’ versus ‘old’). These pairwise comparisons are displayed as two adjoining boxes. Note: Different

designs (orientation of lines) indicate that the differences between the age groups were statistically

significant.

doi:10.1371/journal.pone.0128085.9015
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Fig 16. Scores of collagen fibres and fibre bundles of different sizes (diameters) in the CraF of ‘young’

and ‘old’ minipigs. Eight hypothetical

zones were assigned in the CraF: Zone 1 (Z1) was a narrow band

underneath the epithelium (representing subunit 1), zones 2 to 7 (Z2-Z7) each comprised three subunits;

zone 8 (Z8) represented the remaining

subunit 20. Each dot represents the median score of all animals of an

age group. Missing values in the subunits 1, 6, 11 and 16 of the ‘young’ group are due to the small size of the
CraF in these animals, which only allowed the placement of a small number of ROIl-pairs. Consequently, not

every subunit contained a ROI-pair.

doi:10.1371/journal.pone.0128085.9016
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Fig 17. Elastic fibres in the CraF of ‘young’ and ‘old’ minipigs (all images in identical magnification). Eight zones were defined as explained in Fig 12.
The images serve as examples to illustrate the distinct characteristics of each zone. Note that, according to statistical analysis, not all of them were clearly
demarcated. Paraffin section, resorcin-fuchsin stain. Bar =10 pm.

doi:10.1371/journal.pone.0128085.g017
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Fig 18. Amounts of elastic fibres per area, apa.elast (%), in ‘young’ and ‘old’ minipigs. Eight
hypothetical zones were assigned in the CraF: Zone 1 (Z1) was a narrow band underneath the epithelium
(representing subunit 1), zones 2 to 7 (Z2—-Z27) each comprised three subunits; zone 8 (Z8) represented the
remaining subunit 20.

doi:10.1371/journal.pone.0128085.g018

SL of both CraF and CauF was still loose during adulthood. Accordingly, the loss of the loose
character of the SL appears to be a result of the process of ageing (rather than of maturation,
i.e. changes from young to adult states [15]).

In this sense, the SL of the ‘adult’ [15] and ‘old’ minipigs differed distinctly from that of
adult and old humans: In humans, the maturation process does not cause any very drastic in-
crease in fibre amounts in the respective proportional depth of the lamina propria; only in the
old (‘geriatric’) vocal folds does the ageing process cause a marked increase in fibre density [7,
22-23]. No reports are available concerning a loss of demarcation between BMZ and

Young
suunis| 1 | 2 | 3 | a ] s | 6| 7| 8| o [0 ][ |[12][13]1a][15]1e]17]18]19]2 ]|
Wilcoxon 1| 5.55 | 2.87 | 3.20 | 384 | 435 | 556 | 5.44 | 592 | 5.28 | 464 | 441 343 3.1 | 2.73 | 2.97 | 2.61 | 1.90 | 2.01 | 1.63 |1.97
Wilcoxon 2| 4.21 352 435 | 556 5.68 4.96 441 | 343 2.92 2.79 1.96 1.80
Wilcoxon 3| 5.5 | 3.30 5.12 | 5.28 365 | 277 1.85 [ 197
Summary | SEL sL IL DL |
Old

sunis| 1 | 2 [ 3 [ a s [ e[ 7 [ 8o [t [12][13]1a 5] ][17]1]19]2]
Wilcoxon 1] 31.51] 18.65| 14.45] 11.84 | 11.45] 7.72 | 852 [ 7.53 | 7.48 [ 6.71 [ 7.30 | 6.44 [ 7.36 | 5.80 | 552 | 5.54 | 4.98 | 4.06 | 534 | 5.3
Wilcoxon 2| 31.51[ 1865 |  13.14 9.58 8.03 7.10 6.87 6.58 553 452 5.35
Wilcoxon 3| 31.51 14.98 9.23 | 7.24 7.04 | 5.62 479 | 5.30
Summary‘ SEL | SL IL DL |

Fig 19. Graphical representation of the statistical analysis (Wilcoxon signed-rank test) of differences in elastic fibre amounts, i.e. apa.elast (%), in
20 proportional subunits of the CraF. The analyses were performed separately for each age group (‘young’ and ‘old’) and are displayed in three different
diagrams. Note: Different designs (i.e. intensities of grey colour) indicate that the differences between the subunits, or groups of subunits, were statistically
significant. The elastic fibre amounts (mean values) are recorded in the boxes arranged in each bar. Three procedures of comparison were performed
(‘Wilcoxon Bars’ 1-3), and are summarised in bar 4 (Summary), as explained in Fig 5.

doi:10.1371/journal.pone.0128085.9019
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Fig 20. Graphical representation of the statistical analysis (Kruskal-Wallis test) of differences in
elastic fibre amounts in the hypothetical zones 1 to 8 (Z1-Z8) between the two age groups (‘young’
versus ‘old’). These pairwise comparisons are displayed as two adjoining boxes. Note: Different designs
(orientation of lines) indicate that the differences between the age groups were statistically significant.

doi:10.1371/journal.pone.0128085.9020
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superficial layer in humans; on the contrary, there are reports of even an increase in width of
this loose tissue formation (beginning at approx. 50 years of age [19]). Again, the functional
significance of these obvious structural differences between minipigs and humans will be
discussed below.

With regard to the stratigraphical organisation of the lamina propria, the intermediate layer
(IL) deserves special attention: Only in the CraF of the ‘young’ minipigs was this layer distinctly
demarcated due to relatively high amounts of elastic fibres—a situation similar to that in hu-
mans [7, 27, 34]. In contrast, the CraF of the ‘old” minipigs included in this study, and also of
the ‘adult’ minipigs investigated by Lang et al. [15], was characterised by a topographical

Table 2. Survey on the most prominent findings concerning collagen structures and elastic fibres in
the cranial (CraF) and caudal (CauF) vocal fold of minipigs of different ages.

General observations

Age-related increase in amounts of apa.coll and apa.elast in both CraF and CauF (see details below)
Stratigraphical arrangement of collagen structures not identical with that of elastic fibres

CauF

Collagen structures Elastic fibres

In the ‘old’ minipigs loss of a clear, layered  Strong increase in the superficial zones of the ‘old’ group
structure

Diameters remained small

CraF

Collagen structures Elastic fibres

Similar layered structure present in both Strong increase in the superficial zones of the ‘old’ group
age groups

Increase in apa.coll in the intermediate and  In the ‘young’ group: Intermediate layer (IL) clearly distinct
deep layers (IL, DL) from superficial and deep layers

Increase of both diameter and number of
collagen structures

Comparison CauF versus CraF

Texture and density of tissue

Always more fibres (collagen, elastic) in the CauF than in the CraF

Collagen structures

Growth of fibre bundles topographically restricted to the deep zones of the CraF

Elastic fibres

Elastic components in the intermediate layer: Distinct characteristic of the CraF of the ‘young’ minipigs

doi:10.1371/journal.pone.0128085.t002

PLOS ONE | DOI:10.1371/journal.pone.0128085 May 27,2015 17/20



@’PLOS ‘ ONE

Histology of the Porcine Glottis with Regard to the Body-Cover Model

gradient of elastic fibre content: High in subepithelial locations, and continuously lower to-
wards deeper locations of the folds.

A further difference between CraF and CauF—with some relevance for a comparison with
humans—became obvious when looking at the lamina propria as a whole, i.e. along its entire
depth, and again including the findings of the ‘adult’ minipigs [15] into the consideration: In
the CraF, collagen fibre amounts and distribution in the ‘adult’ minipigs [15] were very similar
to those of the ‘old’ animals of the present study. Accordingly, the increase in collagen fibre
amounts had been completed by the time of adulthood; it was part of the processes of matura-
tion. The stratigraphical arrangement in the CraF of the ‘adult’ animals was then preserved in
the ‘old’ stage throughout the entire lamina propria. In the CauF, however, the increase of den-
sity from ‘young’ to ‘adult’ minipigs [15] continued even in the ‘old” group, as shown in the
present study. This development resulted in the loss of a stratigraphical arrangement, and can
be assigned to the processes of ageing. Such features of the CauF have been described as a status
of the ‘geriatric’ vocal fold in humans [23].

Considering the existence of layers of the lamina propria, our findings were very much in
accordance with Infusino et al. [35], who stressed the difficulty of distinguishing a layered
structure on the basis of only a subjective inspection of histological sections.

Functional considerations—The phoniatrical body-cover model

Hirano [34] compared the biomechanical properties of the ‘cover’ to those of soft gelatine.
However, one should keep in mind that in the minipigs such a loose tissue layer was separated
from the surface epithelium by a fibro-elastic subepithelial layer (SEL), which was placed over
the loose, i.e. soft parts like a membrane. A similar structure in the same location also exists in
humans; here, it is called basement membrane zone (BMZ) [22, 27-28, 33]. Yet, there is no
data on its dimensions (in humans), and it has not yet been incorporated into the body-cover
model. Hirano [34] focused only on the function of the epithelium as a thin and stiff ‘capsule’
whose purpose was to maintain the shape of the vocal fold. Such a function may not be accom-
plished by the thin layer of epithelial cells alone (in our minipigs, the epithelium of CraF and
CauF was only sparsely keratinised; unpublished data), but may require a ‘fortification’ by
something like the human BMZ or the porcine SEL. Considering the substantial thickness of
the porcine SEL of approx. 20 pum, this membrane-like structure can be assumed to have an im-
pact on the shape of the vocal folds and thus influence its oscillatory characteristics.

The ageing processes of a connective tissue system are characterised, amongst other fea-
tures, by an increase of the number of cross-links between fibres (both collagen and elastic),
which accounts for an increase in tissue stiffness [36] and—with regard to the elastic fibres
[37]—a loss of tissue elasticity. Consequently, one may suppose that the formerly soft (and
pliable) ‘cover’ in the ‘young” minipigs (2-3 months) has become stiff and less elastic in the
‘old’ minipigs (aged 4-7 years). These changes appear much more pronounced in the mini-
pigs compared to humans, as in the latter, the cover’s structure remains relatively loose (as
mentioned previously).

To date, there is no unanimous agreement about the functional role of the intermediate layer
of the lamina propria, because it has been assigned by different authors (e.g. [1-2, 4, 6-7]) either
to ‘cover’, or ‘transition’, or ‘body’. Our study does not contribute any clarification to this mat-
ter. However, it emphasises that such a distinct formation was present only in the CraF of the
‘young’ minipigs. High elasticity and low stiffness [2]—characteristics like in soft rubber bands
[34]—are functional key features that might also be attributed to this formation in the CraF of
the minipigs. Accordingly, this distinct structural item may be related to the CraF’s role, which
has been proposed by Alipour and Jaiswal [12-13] as the main oscillator of the porcine glottis.
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In the CraF, the phoniatrical ‘body’ is completely fibrous, instead of being partly muscular
as in the CauF; the thick collagen fibre bundles making up this fibrous ‘body’ have previously
been described in ‘adult’ minipigs aged 11-27 months [15]. When correlating these findings
with the lack of thick fibre bundles in the ‘young’ minipigs (aged 2-3 months) of the present
study, one can assume that the development of these thick collagen fibre bundles—substituting
the muscle—is part of the maturation processes, rather than part of the processes of ageing.
This chronobiological feature emphasises the great functional importance of the thick fibre
bundles in the CraF, and of the special phoniatrical properties of the CraF as a whole.

Author Contributions

Conceived and designed the experiments: AL RK HG. Performed the experiments: AL RK. An-
alyzed the data: AL KR HG. Wrote the paper: AL HG.

References

1. Hirano M. Structure and vibratory behavior of the vocal folds. In: Sawashima M, Cooper FS, editors. Dy-
namic aspects of speech production: Current results, emerging problems and new instrumentation.
Tokyo: University of Tokyo Press; 1977. pp. 13-30.

2. Gray SD, Titze IR, Alipour F, Hammond TH. Biomechanical and histologic observations of vocal fold fi-
brous proteins. Ann Otol Rhinol Laryngol. 2000; 109: 77-85. PMID: 10651418

3. ChanRW, FuM, Young L, Tirunagari N. Relative contributions of collagen and elastin to elasticity of the
vocal fold under tension. Ann Biomed Eng. 2007; 35: 1471-1483. PMID: 17453348

4. Hirano M. Morphological structure of the vocal cord as a vibrator and its variations. Folia Phoniatr
(Basel). 1974; 26: 89-94. PMID: 4845615

5. Yumoto E, Kadota Y. Pliability of the vocal fold mucosa in relation to the mucosal upheaval during pho-
nation. Arch Otolaryngol Head Neck Surg. 1998; 124: 897—902. PMID: 9708716

6. Titze IR. Principles of voice production. Englewood Cliffs, NJ: Prentice Hall; 1994.

7. Hammond TH, Gray SD, Butler J, Zhou R, Hammond E. Age- and gender-related elastin distribution
changes in human vocal folds. Otolaryngol Head Neck Surg. 1998; 119: 314-322. PMID: 9781983

8. Blakeslee DB, Banks RE, Eusterman V, Brooks D. Analysis of vocal fold function in the miniswine
model. J Invest Surg. 1995; 8: 409—424. PMID: 8751152

9. Garrett CG, Coleman JR, Reinisch L. Comparative histology and vibration of the vocal folds: Implica-
tions for experimental studies in microlaryngeal surgery. Laryngoscope. 2000; 110: 814-824. PMID:
10807360

10. Jiang JJ, Raviv JR, Hanson DG. Comparison of the phonation-related structures among pig, dog,
white-tailed deer, and human larynges. Ann Otol Rhinol Laryngol. 2001; 110: 1120-1125. PMID:
11768701

11. Hahn MS, Kobler JB, Zeitels SM, Langer R. Midmembranous vocal fold lamina propria proteoglycans
across selected species. Ann Otol Rhinol Laryngol. 2005; 114: 451-462. PMID: 16042103

12. Alipour F, Jaiswal S. Phonatory characteristics of excised pig, sheep, and cow larynges. J Acoust Soc
Am. 2008; 123: 4572-4581. doi: 10.1121/1.2908289 PMID: 18537405

13. Alipour F, Jaiswal S. Glottal airflow resistance in excised pig, sheep, and cow larynges. J Voice. 2009;
23: 40-50. PMID: 18023324

14. Woodson G. Developing a porcine model for study of vocal fold scar. J Voice. 2012; 26: 706—710. doi:
10.1016/j.jvoice.2012.03.003 PMID: 22727125

15. LangA, Koch R, Rohn K, Gasse H. Histomorphometric analysis of collagen and elastic fibres in the cra-
nial and caudal fold of the porcine glottis. Anat Histol Embryol. in press. doi: 10.1111/ahe.12125

16. Lang A. Histomorphometrical analysis of the fibrous components of the porcine vocal folds—Strati-
graphical features and their relevance for models in phoniatry. Dr. med. vet. Thesis, University of Veteri-
nary Medicine Hannover. 2014. Available: http://opac.tib.uni-hannover.de/DB=5/SET=1/TTL=1/SHW?
FRST=1. Accessed 20 April 2015.

17. Hirano M, Kurita S, Nakashima T. Growth, development, and aging of human vocal cords. In: Bless
DM, Abbs JH, editors. Vocal fold physiology: Contemporary research and clinical issues. San Diego,
CA: College-Hill Press; 1983. pp. 22—43.

PLOS ONE | DOI:10.1371/journal.pone.0128085 May 27,2015 19/20


http://www.ncbi.nlm.nih.gov/pubmed/10651418
http://www.ncbi.nlm.nih.gov/pubmed/17453348
http://www.ncbi.nlm.nih.gov/pubmed/4845615
http://www.ncbi.nlm.nih.gov/pubmed/9708716
http://www.ncbi.nlm.nih.gov/pubmed/9781983
http://www.ncbi.nlm.nih.gov/pubmed/8751152
http://www.ncbi.nlm.nih.gov/pubmed/10807360
http://www.ncbi.nlm.nih.gov/pubmed/11768701
http://www.ncbi.nlm.nih.gov/pubmed/16042103
http://dx.doi.org/10.1121/1.2908289
http://www.ncbi.nlm.nih.gov/pubmed/18537405
http://www.ncbi.nlm.nih.gov/pubmed/18023324
http://dx.doi.org/10.1016/j.jvoice.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22727125
http://dx.doi.org/10.1111/ahe.12125
http://opac.tib.uni-hannover.de/DB=5/SET=1/TTL=1/SHW?FRST=1
http://opac.tib.uni-hannover.de/DB=5/SET=1/TTL=1/SHW?FRST=1

@’PLOS ‘ ONE

Histology of the Porcine Glottis with Regard to the Body-Cover Model

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sato K, Hirano M, Nakashima T. Fine structure of the human newborn and infant vocal fold mucosae.
Ann Otol Rhinol Laryngol. 2001; 110: 417—-424. PMID: 11372924

Hirano M, Kakita Y. Cover-body theory of vocal fold vibration. In: Daniloff RG, editor. Speech science.
San Diego, CA: College-Hill Press; 1985. pp. 1-47.

Hirano M, Kurita S, Sakaguchi S. Ageing of the vibratory tissue of human vocal folds. Acta Otolaryngol.
1989; 107: 428—433. PMID: 2756834

Ishii K, Zhai WG, Akita M, Hirose H. Ultrastructure of the lamina propria of the human vocal fold. Acta
Otolaryngol. 1996; 116: 778-782. PMID: 8908260

Hammond TH, Gray SD, Butler JE. Age- and gender-related collagen distribution in human vocal folds.
Ann Otol Rhinol Laryngol. 2000; 109: 913-920. PMID: 11051431

Sato K, Hirano M, Nakashima T. Age-related changes of collagenous fibers in the human vocal fold mu-
cosa. Ann Otol Rhinol Laryngol. 2002; 111: 15-20. PMID: 11800365

Roberts T, Morton R, Al-Ali S. Microstructure of the vocal fold in elderly humans. Clin Anat. 2011; 24:
544-551. doi: 10.1002/ca.21114 PMID: 21647958

Biever DM, Bless DM. Vibratory characteristics of the vocal folds in geriatric and young adult women. J
Voice. 1989; 3: 120-131.

Kurita S, Nagata K, Hirano M. A comparative study of the layer structure of the vocal fold. In: Bless DM,
Abbs JH, editors. Vocal fold physiology: Contemporary research and clinical issues. San Diego, CA:
College-Hill Press; 1983. pp. 3—21.

Hahn MS, Kobler JB, Starcher BC, Zeitels SM, Langer R. Quantitative and comparative studies of the
vocal fold extracellular matrix I: Elastic fibers and hyaluronic acid. Ann Otol Rhinol Laryngol. 2006; 115:
156-164. PMID: 16514800

Hahn MS, Kobler JB, Zeitels SM, Langer R. Quantitative and comparative studies of the vocal fold ex-
tracellular matrix II: Collagen. Ann Otol Rhinol Laryngol. 2006; 115: 225-232. PMID: 16572613

Swindle MM, Smith AC, Laber K, Goodrich JA, Bingel SA Biology and medicine of swine. In: Reuter JD,
Suckow MA, editors. Laboratory animal medicine and management. Ithaca, NY: International Veteri-
nary Information Service. 2006. Available: http://www.ivis.org/advances/Reuter/swindle/chapter.asp?
LA=1. Accessed 20 April 2015.

Swindle MM, Makin A, Herron AJ, Clubb FJ Jr, Frazier KS. Swine as models in biomedical research
and toxicology testing. Vet Pathol. 2012; 49: 344-356. doi: 10.1177/0300985811402846 PMID:
21441112

Swindle MM, Smith AC. Swine in biomedical research. In: Conn PM, editor. Sourcebook of models for
biomedical Research. Totowa, NJ: Humana Press Inc; 2008. pp. 233-239.

Ganderup NC, Harvey W, Mortensen JT, Harrouk W. The minipig as a nonrodent species in toxicology
—where are we now? Int J Toxicol. 2012; 31: 507-528. doi: 10.1177/1091581812462039 PMID:
23134714

Tateya T, Tateya |, Bless DM. Collagen subtypes in human vocal folds. Ann Otol Rhinol Laryngol.
2006; 115: 469-476. PMID: 16805380

Hirano M. Clinical examination of voice. Wien, New York: Springer; 1981.

Infusino SA, Ojha A, Maurer R, Sadow PM, Faquin WC, Hartnick CJ. The utility of histopathology in
identifying structural differences among layers of the lamina propria. Int J Pediatr Otorhinolaryngol.
2013; 77: 1651-1654. doi: 10.1016/}.ijporl.2013.07.018 PMID: 24001615

Bailey AJ. Molecular mechanisms of ageing in connective tissues. Mech Ageing Dev. 2001; 122: 735—
755. PMID: 11322995

Sherratt MJ. Tissue elasticity and the ageing elastic fibre. Age (Dordr). 2009; 31: 305-325. doi: 10.
1007/s11357-009-9103-6 PMID: 19588272

PLOS ONE | DOI:10.1371/journal.pone.0128085 May 27,2015 20/20


http://www.ncbi.nlm.nih.gov/pubmed/11372924
http://www.ncbi.nlm.nih.gov/pubmed/2756834
http://www.ncbi.nlm.nih.gov/pubmed/8908260
http://www.ncbi.nlm.nih.gov/pubmed/11051431
http://www.ncbi.nlm.nih.gov/pubmed/11800365
http://dx.doi.org/10.1002/ca.21114
http://www.ncbi.nlm.nih.gov/pubmed/21647958
http://www.ncbi.nlm.nih.gov/pubmed/16514800
http://www.ncbi.nlm.nih.gov/pubmed/16572613
http://www.ivis.org/advances/Reuter/swindle/chapter.asp?LA=1
http://www.ivis.org/advances/Reuter/swindle/chapter.asp?LA=1
http://dx.doi.org/10.1177/0300985811402846
http://www.ncbi.nlm.nih.gov/pubmed/21441112
http://dx.doi.org/10.1177/1091581812462039
http://www.ncbi.nlm.nih.gov/pubmed/23134714
http://www.ncbi.nlm.nih.gov/pubmed/16805380
http://dx.doi.org/10.1016/j.ijporl.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/24001615
http://www.ncbi.nlm.nih.gov/pubmed/11322995
http://dx.doi.org/10.1007/s11357-009-9103-6
http://dx.doi.org/10.1007/s11357-009-9103-6
http://www.ncbi.nlm.nih.gov/pubmed/19588272

