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Postnatal Development of the Mouse
Larynx: Negative Allometry,
Age-Dependent Shape Changes,
Morphological Integration, and a
Size-Dependent Spectral Feature

Tobias Riede,®

Purpose: The larynx plays a role in swallowing, respiration,
and voice production. All three functions change during
ontogeny. We investigated ontogenetic shape changes
using a mouse model to inform our understanding of how
laryngeal form and function are integrated. We understand
the characterization of developmental changes to larynx
anatomy as a critical step toward using rodent models to
study human vocal communication disorders.

Method: Contrast-enhanced micro-computed tomography
image stacks were used to generate three-dimensional
reconstructions of the CD-1 mouse (Mus musculus) laryngeal
cartilaginous framework. Then, we quantified size and shape
in four age groups: pups, weanlings, young, and old adults
using a combination of landmark and linear morphometrics.
We analyzed postnatal patterns of growth and shape in
the laryngeal skeleton, as well as morphological integration
among four laryngeal cartilages using geometric morphometric
methods. Acoustic analysis of vocal patterns was employed to
investigate morphological and functional integration.

Megan Coyne,” Blake Tafoya,” and Karen L. Baab®

Results: Four cartilages scaled with negative allometry on
body mass. Additionally, thyroid, arytenoid, and epiglottic
cartilages, but not the cricoid cartilage, showed shape
change associated with developmental age. A test for
modularity between the four cartilages suggests greater
independence of thyroid cartilage shape, hinting at the
importance of embryological origin during postnatal
development. Finally, mean fundamental frequency, but
not fundamental frequency range, varied predictably with
size.

Conclusion: In 2 mouse model, the four main laryngeal
cartilages do not develop uniformly throughout the first
12 months of life. High-dimensional shape analysis
effectively quantified variation in shape across development
and in relation to size, as well as clarifying patterns of
covariation in shape among cartilages and possibly the
ventral pouch.
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in laryngeal structure are well-established (e.g., Dalal

et al., 2009; Eckenhoff, 1951; Holzki et al., 2018;
Litman et al., 2003; Tobias, 2015), but the timing on which
those changes occur, how changes are manifested in different

S hape differences between newborn and adult humans
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laryngeal cartilages, and the impact of genetic and environ-
mental effects are unclear. The goal of this study was to in-
vestigate how larynx shape, size, and function are related
throughout ontogeny. Focusing on the cartilaginous frame-
work, we quantified postnatal size and shape changes of
the laboratory mouse (Mus musculus) larynx through a
cross-sectional study design.

Developmental biology of the larynx in the mouse
and rat is highly relevant to both healthy and disordered
human activity, as the rodent larynx is a model for study-
ing laryngeal neuromuscular (e.g., Haney et al., 2020;
Montalbano et al., 2019) and connective tissue (e.g., Lungova
et al., 2015; Peterson et al., 2013; Welham et al., 2015)
maturation and injury. Additional applications of rodent
models relevant for human health include chronic electronic
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stimulation of the rat thyroarytenoid muscle for voice dis-
order therapy (McMullen et al., 2011) and characterizing
dysphagia in a rat model for Parkinson disease (Russell

et al., 2013). Laryngeal and tracheal pathologies also affect
children (e.g., laryngomalacia, vocal fold paralysis; Sittel,
2014), and there is potential for the extension of rodent
models to laryngeal developmental research. This study
appreciates human laryngeal behavior in the comparative
context of mammalian behavior. Our research efforts spe-
cifically contribute to recent efforts to characterize rodent
laryngeal anatomy for biomedical research (e.g., Lungova
et al., 2015; Thomas et al., 2009; Watts et al., 2011) by char-
acterizing development of the laryngeal cartilaginous skele-
ton in several rodent species employing novel methodology
to address questions of growth and function.

In mice, like in other mammals, the larynx is part of
the upper respiratory system and involved in swallowing,
respiration, and voice production. All three functions are
associated with developmental milestones (see Figure 1A)
such as feeding transitions from suckling to solid food
uptake (e.g., Turman, 2007). In addition, the brain stem
circuitry controlling breathing behavior shows important
maturation during the first 14 days of life (Dutschmann
et al., 2009) and pup vocal behavior during the early post-
natal phase (Branchi et al., 2001) is replaced by adult vocal
patterns starting after weaning (Brudzynski, 2018; Campbell
et al., 2014; Dent et al., 2018).

Movements of the larynx cartilaginous framework
control the size of the glottal valve and vocal fold tension.
In rodents, intrinsic laryngeal muscle activity is precisely
coordinated with the breathing cycle (Riede, 2011), swal-
lowing (Sang & Goyal, 2001), and vocalizations (Riede,
2013, 2018). We therefore hypothesized that there would
be noticeable shape changes of the laryngeal framework as-
sociated with functional changes of the upper respiratory
tract through ontogeny.

While our understanding of laryngeal cartilage func-
tion has much advanced (Titze, 2000), our understanding
of genetic effects on postnatal development of size and shape
is limited. Investigation of ontogenetic development of the
larynx is an important step toward deciphering the etiology
of laryngeal pathologies with age-specific onsets. Neither the
postnatal development of individual laryngeal cartilages nor
their integrated development is well understood. Further-
more, genetic and/or environmental factors determining
morphological shape variation are poorly understood; how-
ever, both embryological origin and functional constraints
are hypothesized to influence correlated development of
morphological structures (Olson & Miller, 1958). In general,
the developmental interaction among cells, tissues, and
their environment determines ontogenetic trajectories (e.g.,
Hallgrimsson et al., 2007). Phenotypic interdependence
of two or more structures (here cartilages) could reflect
common function or development (Olson & Miller, 1958).
Recent work illustrated that laryngeal cartilages and mus-
cles are of mixed embryonic origins (Heude et al., 2018;
Tabler et al., 2017; see Figure 1B). The current study will
also address whether postnatal developmental interactions

between laryngeal cartilages is more closely linked to em-
bryonic origin or function.

The rodent larynx is one of the smallest vocal organs.
Previous investigations suggested that overall postnatal
development remained limited to a simple increase in larynx
size (Alli et al., 2013; Thomas et al., 2009), but those studies
failed to capture nuances in shape variation. Modern imag-
ing approaches allow the generation of three-dimensional
(3D) reconstructions of the rodent larynx (Riede et al.,
2017), and geometric morphometric analysis provides the
means for a thorough ontogenetic shape analysis (Adams,
2016; Klingenberg, 2016), including the larynx (Borgard
et al., 2019). This study has combined a quantitative anal-
ysis of postnatal growth patterns in four laryngeal cartilages
in CD-1 mice using 3D geometric morphometrics in order
to test two hypotheses. Firstly, we investigated whether la-
ryngeal growth was associated with characteristic changes in
shape of individual cartilages. Secondly, we tested whether
cartilage shapes vary (semi-) independently of other carti-
lages or whether shape change across cartilages is strongly
integrated. We also investigated the relationship of acoustic
properties to changes in cartilage size and shape.

Method
Animals

A total of 24 animals (CD-1 mouse, Mus muscu-
lus) were investigated, which included 2-day-old (N = 3 males,
3 females; hereafter “pups”), 21-day-old (N = 3 males, 3 fe-
males; hereafter “weanlings”), 90-day-old (N = 3 males,
3 females; hereafter “young adults”), and 365-day-old (N =
3 males, 3 females; hereafter “old adults”) animals. The
age phase between 10 and 15 months correlates to humans
from 38-47 years old (Flurkey et al. 2007). The known-age
individuals were bred from colonies maintained at Midwest-
ern University. The old adult animals were retired breeders.
The samples were genetically heterogeneous by selecting only
one male and one female from a certain litter. All procedures
were in accordance with the National Institutes of Health
guidelines for experiments involving vertebrate animals and
were approved by the Institutional Animal Care and Use
Committee at Midwestern University, Glendale, Arizona.

Tissue Preparation, Imaging,
and 3D Reconstruction

Animals were euthanized with Ketamine/Xylacine
and exsanguinated by transcardial perfusion with 0.9%
saline, chased with 10% buffered formalin phosphate
(SF100-4; Fisher Scientific). Larynges were then dissected
and kept in 10% buffered formalin phosphate for 12 hr
and then in 99% ethanol for another 24 hr. Each specimen
was then stained in 1% phosphotungstic acid (Sigma-Aldrich,
79690) in 70% ethanol. After 5 days, the staining solution
was renewed and the tissue was stained for another 5 days.
Stained specimens were placed in a custom-made acrylic
tube, stabilized with polystyrene craft foam and scanned in
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Figure 1. (A) The postnatal development of the mouse features several important steps that directly or indirectly involve
the larynx. For example, pups eventually transition from suckling to solid food or young mice eventually develop a complex
adult vocal behavior that includes songs and various call types (Holy & Guo, 2005). (B) The larynx cartilage framework
originates from neural crest and mesoderm (Tabler et al., 2017). Line art on the left indicates the in vivo positioning of
four laryngeal cartilages. The “blown-up” illustration on the right indicates the two tissue sources that contribute to the
larynx development. (C) Position of fixed curve (open circles) landmarks used in this study. See Table 1 for explanation of
curve landmarks and surface (small black dots) landmarks.
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C. Placement of landmarks on curves and surfaces of laryngeal cartilages
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air with 59-kV source voltage and 167-pA intensity using

a Skyscan 1172 (Bruker-microCT). Projection images were
recorded with an angular increment of 0.4° over a 180° rota-
tion. Voxel size in the reconstructed volumes ranged between
4.8 and 5.1 pm per pixel. Reconstructed image stacks were
then imported into AVIZO software (Version Lite 9.0.1).

Laryngeal cartilages and the border between the airway and
soft tissues of the larynx in the computed tomography scans
were segmented manually to provide an outline of the carti-
laginous framework. Derived 3D surfaces (stereolithography
format) of all specimens are available on Morphobank
(O’Leary & Kaufman, 2012), Project 3635.
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Table 1. Definition of fixed curve landmarks on laryngeal cartilages.

Thyroid cartilage

Posterior most point on rostral margin of left cranial process
Midline point on cranial margin

Posterior most point on cranial margin of right cranial process
Posterior most point on caudal margin of right caudal process
Midline point on caudal margin

Posterior most point on caudal margin of left caudal process

OO~ WN =

Cricoid cartilage

Posterior most point on cranial margin
Most left point on cranial margin
Anterior most point on cranial margin
Most right point on cranial margin
Posterior most point on caudal margin
Most left point on caudal margin
Anterior most point on caudal margin
Most right point on caudal margin

O~NO O~ WN =

Arytenoid cartilage

-

Most distal point on cranial process
2 Most distal point on vocal process
3 Most distal point on muscular process

Epiglottis

Most cranial point along midsagittal line
Most left point on lateral margin

Most caudal point along midsagittal line
Most right point on lateral margin

AN =

Note. Gliding landmarks were added between those landmarks.

Landmark Selection

We used fixed and sliding curve landmarks as well as
surface landmarks to define the shape of four laryngeal
cartilages (see Table 1 and Figure 1C). One hundred surface
landmarks were acquired from the thyroid and cricoid
cartilages, and 50 from the arytenoid cartilage and the
epiglottis to achieve comprehensive coverage. We established
the optimal number of landmarks for each cartilage previ-
ously (Borgard et al., 2019).

Landmark placement was performed in R 3.4.4 (R
Core Team, 2015) using the geomorph package (Adams et al.,
2017). The procedure of placing landmarks is interactive.
First, a point is selected on the surface rendering of the carti-
lage using the cursor, and then the user confirms to keep or
discard the selected point before the next point can be selected.

The coordinate data of all selected points were then
superimposed using generalized Procrustes analysis for
each set of landmarks analyzed (Gower, 1975; Rohlf &
Slice, 1990). For each cartilage, the generalized Procrustes
analysis procedure first translates all landmark configura-
tions to the origin (0, 0, 0), then scales all landmark con-
figurations to unit centroid size (i.e., it removes raw scale
differences), and finally rigidly rotates landmark configura-
tions to minimize squared distances across corresponding
landmarks (Baab et al., 2012). This produces a set of trans-
formed coordinates that reflect shape differences among
cartilages independent of scaling.

Acoustic Recording and Analysis

In order to test whether morphological shape changes
of the vocal organ are associated with vocal behavior, we
made sound recordings of vocal behavior. Three age groups
were audio-recorded before they were sacrificed. Pups were
isolated from their litter for 5 min and placed into a large
petri dish that was heated to a temperature of 28°C. The
microphone (Type CM16/CMPA-5V; 15-180 kHz, with a
flat frequency response [+ 6 dB] between 25 and 140 kHz;
Avisoft Bioacoustics) was placed 5 cm above the dish.

Unfortunately, recording attempts of weanlings were
unsuccessful. Young and old adult mice were recorded
while being socially housed and acoustically monitored for
48 hr. Spontaneous vocalizations were recorded. Vocali-
zations in adult mice were also triggered by providing soiled
bedding from the opposite sex. The microphone was placed
5 cm above the cage (20 X 31 x 13 cm). The microphone
distance relative to the animal changed because the animals
moved around inside the cage. The microphone signal
was digitized by an ultrasound recording interface (Ultra-
SoundGate 416H, Avisoft Bioacoustics) and using Avisoft
recording software (Avisoft Recorder USGH) with a 300-kHz
sampling rate. Sound recordings were processed (1,024-point
Fast Fourier Transform, 75% frame size, Hann window,
frequency resolution 100 Hz, temporal resolution 0.625 ms;
2-120 kHz bandpass filtered). The analysis focused on
fundamental frequency (F0), which was quantified every
5 ms using the pitch tracking module of the Praat software
(v. 5.2.12). Pitch tracking results were visually confirmed by
overlaying the tracking contour to the spectrogram. Mis-
matches, for example, caused by acoustic distortions to the
recording caused by sound reflections or animal movement
noises, were discarded. Approximately 15,000 tracking points
for each age group (which corresponds to 75 s of calls) were
collected. FO data were represented as histograms (30-90 kHz,
500-Hz bin resolution). Mean FO was calculated by averaging
all 500-Hz frequency bins in the histogram. This weighs dif-
ferent frequency bins according to the rate of their occur-
rence. FO range represents the FO range containing 50% of
tracking points equally distributed around the mean FO.

Statistical Analysis
Size

Body size was estimated through body mass and left
femur length. We used centroid size as a univariate measure
of overall size for each cartilage. Centroid size is the most com-
mon measure of size in geometric morphometrics (Rohlf &
Slice, 1990). Centroid size is computed as the square root of
the sum of squared distances of each landmark from the cen-
troid, which is calculated by averaging the x, y, and z coordi-
nates of all landmarks (Zelditch et al., 2004). As an analogy,
one could think of it as the average distance of landmarks
to the centroid or the center of mass of each cartilage.

Four additional linear measures were taken from
each specimen: (a) diameter of the airway measured at the
caudal end of the cricoid cartilage, (b) membranous vocal
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fold length measured between the vocal process of the aryte-
noid cartilage and the ipsilateral protuberance on the me-
dial surface of the thyroid cartilage, (c) largest latero-lateral
distance of the ventral pouch, and (d) largest rostro-caudal
dimension of the ventral pouch entrance (also known as
“A1” distance; Riede et al., 2017). All four measures were
taken using the linear measure tool in AVIZO. Airway
diameter and vocal fold length are standard size metrics
used in the literature on larynx morphology and provide a
point of comparison with previous studies. Ventral pouch
geometry has been suggested to be a critical determinant of
FO of ultrasonic vocalizations (Riede et al., 2017). Two-
way analysis of variance (sex and age) was used to analyze
sexual dimorphism in size.

The investigation of ontogenetic scaling studies the
relationship between stages of development of an organism
and the size of its parts; in other words, as the mouse grows,
do all cartilages of the larynx grow proportionately? For
example, some cartilages may grow very little while others
grow steadily over the same time period while still others
show a punctuated pattern of growth. Ontogenetic scaling
relationships of laryngeal cartilage size were analyzed using
ordinary least squares regression of log;,-transformed cen-
troid size on log;o (body mass [BM]). For cartilages to be
considered geometrically similar and an isometric scaling
pattern to be inferred, a linear trait (femur length, vocal fold
length, airway diameter, centroid size) should scale to BM®**
(i.e., the slope of the linear measure scales to BM%3?).

Shape

If individual laryngeal cartilages grow in size at dif-
ferent rates, this will cause age-specific shapes of the larynx,
potentially with biomechanical consequences. The growth rates
of individual cartilages can be isometric or allometric (i.e., the
laryngeal proportions can remain constant throughout life
or they can change, respectively). We employed a series of
principal components analyses (PCAs) to summarize the main
patterns of shape variation in the four age groups. PCA is a
data reduction technique that summarizes the major patterns
of variation in highly multivariate data sets. The PCA was
performed on the superimposed landmark data, and the
first two axes (Principal Components 1 and 2 [PC 1 and PC
2]) were used to illustrate relationships (similarity) among
age groups. Shape variation along PC axes were generated
by first identifying the specimen closest to the mean shape
and then warping it to the mean shape using the “warpRef-
Mesh” function in geomorph. The loadings for each PC axis
were added and subtracted from the mean shape to produce
the shapes at the positive and negative ends of each axis, re-
spectively, using the “PlotTangentSpace” function in geomorph.

A multivariate analysis of variance was performed
on the PC 1 and PC 2 scores for each cartilage to deter-
mine whether age groups and sexes were statistically distin-
guishable on the basis of cartilage shape.

Integration and Modularity
Morphological integration refers to the interdependence
of structures that reflect common genetic, developmental,

or functional factors. Morphological integration can be
viewed as a network with connections among traits varying
in their intensity. Modularity refers to the case where this
network is organized into clusters of strongly integrated
traits (modules), which are less strongly integrated with
other modules (Wagner, 1996). A network with more-or-less
equal strength of integration among all traits is more inte-
grated and less modular. The advantage of a modular
organization in evolutionary terms is that it facilitates semi-
autonomous evolution of linked traits. We tested the hy-
pothesis that each of the four cartilages represents a distinct
module with stronger covariances among, for example, all
cricoid landmarks than between cricoid and thyroid land-
marks. We used the covariance ratio (CR; Adams, 2016),
which measures the strength of between-module covariation
relative to within-module covariation. The CR was esti-
mated using the “modularity.test” function in the package
geomorph. The CR ranges between 0 and positive values.
Values near 1 indicate that the level of covariation between
cartilages is, on average, the same as the covariation within
a cartilage and thus the two cartilages are not modular.
Values closer to 0 (< 1) indicate that the degree of covaria-
tion between modules is less than that found within modules
and is interpreted as evidence of a modular organization.
Statistical significance of the pairwise CR values calculated
for all cartilages is tested against a null hypothesis of ran-
domly assigning landmarks to each module. A resampling
procedure that randomly assigns landmarks to each module
produces an empirical distribution against which the ob-
served CR can determine statistical significance (Adams,
2016). The expected value for this distribution is 1, as the
levels of covariation should be the same within and between
modules in this scenario. We then calculated the effect size
(z score) for each CR value and compared these values for
each pair of cartilages to determine which pairs, if any, are
more modular than others using the “compare.CR” func-
tion in the package geomorph (Adams & Collyer 2019).
Additional methodological details can be found in the
Supplemental Material S1.

Results

Size

Body mass increased from one age group to the next
by 66.3%, 61.9%, and 37.7%, respectively. Femur length
increased by 43.6%, 31.2%, and 7.8% (as measured by femur
length), respectively (see Figure 2A). The lengths of the
left femur scaled with moderate positive allometry (f = 0.39,
r=.97, p < .001; expected slope [B] representing isometry
would be 0.33; see Figure 2B). Airway diameter and vocal
fold length scaled with negative allometry on body mass
(airway diameter: p = 0.22, r = .97, p < .001; vocal fold:
B =0.16,r=.79, p < .001; see Figures 2C and 2D). Latero-
lateral diameter of the ventral pouch did not scale with body
mass or thyroid cartilage centroid size (latero-lateral dis-
tance on body mass: p = 0.06, r = .37, p = .24; on thyroid
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Figure 2. Size and shape development of four laryngeal cartilages throughout the first year. Measurements were taken in four age groups (2 days, 21
days, 90 days, and 365 days) from six individuals (three males) in each group. (A and B) Body mass and femur length increase with age, and
both variables are tightly associated. (C and D) Airway diameter and vocal fold length (VFL) scale allometrically with body mass. (E-H) The size
of each of the four cartilage scales also allometrically with overall body size. (I-L) Principal components analysis ordinations summarizing major axes
of shape variation for the thyroid, cricoid, arytenoid, and epiglottic cartilages. Note the nonlinear developmental trajectories of the arytenoid
and epiglottic cartilages and the minimal shape differentiation among developmental stages for the cricoid cartilage. (M—P) Except for the
cricoid cartilage, a substantial portion of the shape variation is explained by the first and second principal components. (Q-T) Shape changes captured
by PC 1 are correlated with size for the thyroid, arytenoid, and epiglottic cartilages, but not for the cricoid cartilage. PC = principal component;
LL = largest latero-lateral distance of the ventral pouch; RC = largest rostro-caudal dimension of the ventral pouch entrance.
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cartilage centroid size: p = —0.19, r = .32, p = .38; see Fig-
ures 2E and 2QG). The rostro-caudal length of the ventral
pouch scaled with negative allometry on body mass and
thyroid cartilage centroid size (rostro-caudal distance on body
mass: p =0.15, r = .92, p < .001; on thyroid cartilage cen-
troid size: p = 0.61, r = .89, p < .001; see Figures 2F and 2H).

Centroid sizes of the four larynx cartilages also scaled
with negative allometry on body mass. The epiglottis had
the least marked negative allometric exponent (p = 0.31, r =
.97, p < .001), while the allometric scaling of thyroid, cri-
coid, and arytenoid cartilages was more prominent ( values
were 0.23, 0.21, and 0.24, respectively; all three Pearson cor-
relations, r = .98, p < .001; see Figures 21-2L).

Shape

A large proportion of shape variation is captured by
the first two PCs (PCs 1 and 2), typically > 50% (except for
cricoid, where they account for 34%; see Figures 2Q-2T). We
investigated whether the four cartilages assumed an age-
specific shape by exploring the position of each age group in
the subspace of the first two PCs (see Figure 2, Panels M—P).

There was a clear developmental progression captured
by PC 1 of thyroid cartilage shape (see Figure 2M). Pups
clustered on the positive end of PC 1 opposite from the
old adult mice (365 days). The old adult thyroid cartilage
showed a greater medio-lateral to dorso-ventral width ratio
(see Figures 3A and 3B). Furthermore, the ventral and caudal
aspect of the laminae (=ventral rim) was more bent (arrows
in lateral view of Figure 3A). The first PC for the thyroid
cartilage contributed most (and PC 2 contributed very little)
to the separation of age groups (see Figure 2Q). The contribu-
tion of the first PC is also illustrated by a strong correlation
between the scores of individuals on PC 1 and their centroid
sizes (Pearson correlation; r = —.93; p < .001; see Figure 2U).

Scores on the first and second PCs of cricoid cartilage
shape did not differ statistically among four age groups (see
Figure 2N) and were not correlated with centroid size (see
Figure 2V). Contribution of the first few PCs is shown in
Figure 2R.

The four age groups exhibited separation of their ar-
ytenoid cartilage shape along the first PC (see Figure 20),
and shape change during development was nonlinear
(reflected in the curving trajectory traced from pups to old
adults). Pups and weanlings clustered on the positive end of
PC 1 opposite from the young and old adult mice. The first
PC for the arytenoid cartilage contributed strongly to the
separation of age groups (see Figure 2S). Likewise, scores
on PC 1 for the arytenoid cartilages were strongly correlated
with centroid size (see Figure 2W). Although the second PC
did not contribute strongly to separation of age groups, it
separates the pups and old adults from weanlings and young
adults (see Figure 20). Two shape features are captured by
the first axis of variation. The angle between the apex (dorsal
process) and main body (vocal and muscular process) is al-
most 90° in older mice but at an obtuse angle in younger
animals (medial view in Figure 3E). The cartilage also appears
to flatten toward body’s midline in older animals (arrows in
top view of Figure 3E).

With regard to epiglottis shape, pups clustered on the
positive end of PC 1 opposite from the old adult mice, while
weanlings and young adult mice cluster between them, near
the origin (see Figure 2P). Like the arytenoid, epiglottis de-
velopment is nonlinear. Not surprisingly, variation along PC
1 for the epiglottis was also related to size differences (see
Figure 2X). On the second PC axis, pups and old adult mice
cluster on the positive end, opposite from the weanlings and
young adults (see Figure 2P). The first two components of
epiglottis shape contribute to the separation of the age groups
(see Figure 2T). The two caudal processes became more
prominent in the adult cartilage (see Figures 3G and 3H).

Male and female mice were not statistically distinguish-
able in the shape of the four cartilages (thyroid cartilage:
F(4,24) = 1.28, p = .294; cricoid cartilage: F(4, 24) = 0.55,
p =.765; arytenoid cartilage: F(4, 24) = 1.47, p = .221; epiglot-
tis: F(4, 24) = 0.44, p = .849). Data were therefore grouped
together when we investigated whether any particular laryn-
geal cartilage represented a more sensitive indicator of age-
specific differences. The results of the multivariate analysis
of variance indicated that the four age groups were statisti-
cally distinguishable in the shape of the thyroid cartilage,
F(4,24) = 59.9, p < .001, Wilk’s A = 14.8, partial n* = .7; cri-
coid cartilage, F(4, 24) = 2.4, p = .043, Wilk’s A = 0.52,
partial n? = .279; arytenoid cartilage, F(4, 24) = 14.4, p <
001, Wilk’s A = 0.093, partial n* = .695; and epiglottis,
F(4,24) = 33.4, p < .001, Wilk’s A = 0.025, partial n* =
.841. However, the very low partial n> value for the cricoid
suggests that cricoid shape does not discriminate among
age groups as well as the other cartilages. This is consis-
tent with the minimal separation of age groups apparent in
the subspace of PCs 1 and 2 described above.

The magnitude of shape change that occurred between
adjacent age categories differed among the four cartilages.
For example, there was a larger gap between weanlings and
young adults with regard to the arytenoid and epiglottic
cartilages (see Figures 2W and 2X) than thyroid and cricoid
cartilages (see Figures 2U and 2V). We estimated Euclidean
distances between adjacent age-group centroids in the PC
1-PC 2 subspace (larger distances indicate a higher magni-
tude of shape differences). For the thyroid cartilage, distances
decreased with increasing age (see Figure 4A), suggesting that
most shape change is concentrated early in development.
The cricoid cartilage experienced overall low magnitudes
of shape change throughout the first year, suggesting that
cricoid shape does not change substantially throughout
development. The arytenoid cartilage showed the largest
change after weaning, which may reflect the many behav-
ioral changes that occur after weaning related to breathing,
feeding, vocalization, and locomotion/movement patterns.
The epiglottis shows relatively large shape changes through-
out the first year. On average, shape changes for thyroid
and cricoid cartilages were smaller than for arytenoid carti-
lage and epiglottis (see Figure 4B).

Integration and Modularity
We calculated covariances for landmarks from all
four cartilages to test for the presence of a modular signal
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Figure 3. Warped cartilage images showing shape changes. Images represent shape changes associated with the minimum and maximum
extents of PC 1 and PC 2 for the thyroid (A, B), cricoid (C, D), arytenoid (E, F) cartilage, and epiglottis (G, H). PC = principal component.
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in the data. Specifically, we assessed whether landmarks from
each cartilage (our a priori modules) covaried more strongly
with each other than with landmarks from another cartilage
through the CR. All CR values were significantly lower
than 1 (see Table 2), confirming greater modularity (indepen-
dence) among the four cartilages than expected by chance.

Next, we calculated the effect size (z score; Zcgr) for
each CR and tested for statistically significant differences
among the pairs of cartilages to determine which pairs, if
any, had a stronger modularity signal than others. Effect
sizes are useful for evaluating not just statistical significance,
but magnitude or size of the effect. In our case, the more neg-
ative the Zcg value, the stronger the modularity signal. The
thyroid and cricoid cartilages had the largest effect sizes,
and thus the strongest signal of modularity, followed by
the thyroid and arytenoid cartilages (see Table 3). Indeed,
the most consistent result is that the pairs of cartilages, which
include the thyroid, are generally more modular than other
pairs, suggesting that the thyroid had the most indepen-
dent shape development of the four cartilages.

Acoustic Analysis

Mean FO (mean FO) and FO range (FO-range) for three
age groups (see Table 4) provided insufficient statistical
power; however, the results are suggestive and provide in-
sight for future hypothesis testing. Mean FO decreases with
size (see Figure 5), which follows the expected size-dependent
change in FO. While the relationship between mean FO and
all size measures are suggestive of a negative association, the
correlations between FO-range and size parameters do not
follow the same trend (see Figure 5D and Table 4). Relating
both FO measures to the second PC seems to support a
relationship between cartilage shape and frequency (see
Figure 5D and Table 5). While mean FO is more strongly
correlated with scores on the first axis, FO-range relates more
strongly to position along the second shape axis (see Table 5).
The first result is not surprising as both PC 1 scores and
mean FO are correlated with size. The latter result suggests a
relationship between F0-range and shape, perhaps reflecting
functional morphological adaptations.

Discussion

We captured ontogenetic size and shape changes of
the mouse larynx by combining contrast-enhanced micro-

computed-tomographic imaging, 3D reconstruction, and
geometric morphometric analysis. There are six main re-
sults of this cross sectional analysis: (a) All four cartilages
as well as airway diameter, vocal fold length, and one ven-
tral pouch dimension scaled with negative allometry on
body size. (b) All cartilages with the exception of the cricoid
also demonstrated age-dependent shape changes. (c) The
rate at which shape changed varied among the four carti-
lages. (d) All cartilages were confirmed as distinct modules
but with varying degrees of independence from one another.
The variation may reflect the mixed embryological origin
of the vocal organ since the thyroid cartilage was most
autonomous in its development and has a distinct embryo-
logical origin from neural crest cells (Tabler et al., 2017).
(e) Mean FO was associated with larynx size, while FO range
may relate somehow to cartilage and ventral pouch shape.
(f) Ventral pouch geometry suggests an unexpected shape
maturation. While its rostro-caudal dimension scaled with
overall size, its latero-lateral dimension did not.

Negative Allometric Growth of Larynx
and Laryngeal Airway

The laryngeal cartilages and airway are relatively
larger in pups than in adult mice. This finding complements
our understanding of negative allometric scaling of the tra-
cheal and bronchial airway diameter across species (Holzki
et al., 2018; Mortola & Fisher, 1980; Tenney & Bartlett,
1967; Valerius, 1996). Mammals rely on their lungs for
gas exchange, but air needs to be transported through the
conducting airways, which do not participate in gas ex-
change, before air reaches the respiratory airways. Moving
air into the lungs is associated with a cost for the work to
overcome airway resistance. Airway resistance is dictated by
airway diameter, including the size of the laryngeal lumen.
Flow resistance inside a tube-like structure is inversely pro-
portional to the fourth power of its radius (Poiseuille’s Law;
i.e., the smaller the airway diameter the greater the resis-
tance). Increased diameter of the conducting airway would
decrease airway resistance but also increase the anatomical
dead space. The tradeoff between the work load associated
with lung ventilation and the size of the conducting airways
appears to have favored relatively wider airways and a re-
duced airway resistance in smaller animals.

We did not observe sexual dimorphism in cartilage
shape. This contrasts with previously reported differences

Table 2. Covariance ratio coefficients (CR) and effect size (Zcgr) obtained from a permutation test of alternative partitions
of the pairs of two laryngeal cartilages under the hypothesis of no modularity

Cartilage Thyroid Cricoid Arytenoid
Cricoid Zcr = -27.5,
CR =0.717; p = .001
Arytenoid Zcor = -24.2, Zcr = -20.9,
CR = 0.804; p = .001 CR = 0.650; p = .001
EplglOttlS Zcr = -21.5, Zcr = -15.0, Zcr =-10.7,
CR =0.851; p = .001 CR = 0.854; p = .001 CR = 0.858; p = .001
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Table 3. The covariance ratio effect sizes (Zcr) were further compared for evaluation of modularity (Adams & Collyer, 2019).

TC TA TE CA CE
Variable (ZCR = —27.5) (ZCR = —24.2) (ZCR =-21 .5) (ZCR = —20.9) (ZCR =-1 5.0)
TA Z=-229
(Zcr = -24.2) p =.022 _
TE Z =-4.21 Z=-19
(Zcr = -21.5) p < .001 p =.054 _
CA Z =-4.63 Z =-2.34 Z =-0.41
(Zcr = -20.9) p < .001 p =.019 p = .67 _
CE Z =-8.81 Z =-6.51 Z =-4.59 Z =-4.17
(Zcr = -15.0) p < .001 p < .001 p < .001 p < .001 _
AE Z=-11.8 Z =-9.55 Z =-7.62 Z=-721 Z =-3.03
(Zcr = -10.7) p < .001 p < .001 p < .001 p < .001 p =.002

Note. The outcome is another effect size value (Z), which evaluates the strength of the covariance ratio (see Table 2) between two cartilages.
For statistically significant comparisons (in bold), the pair with the more negative Zcg has the stronger modularity signal. T = thyroid cartilage;

C = cricoid cartilage; A = arytenoid cartilage; E = epiglottis.

between male and female mice in vocal activity as well
as in acoustic parameters of their ultrasonic vocalization
(Fernandez-Vargas, 2018; Zala et al., 2017). This result is
unlikely to be an artifact as the high resolution of the
landmark/semilandmark sampling should accurately cap-
ture even subtle variations in shape. However, it supports
the hypothesis that vocal differences in Mus musculus are in
large part based on differences in neural control (Frohlich
et al., 2017). Future morphometric studies of male and
female mouse larynges should include intrinsic musculature
(e.g., Hoh, 2005) as well as connective tissue, such as
the vocal ligament (e.g., Tateya et al., 2005; Yamashita
et al., 2010).

Integrating Ontogenetic Changes in Size, Shape,
and Function

Three of four laryngeal cartilages demonstrated a
clear ontogenetic trend in shape change as summarized by
the first two shape axes. The adult mouse thyroid cartilage
shape was characterized by a medio-lateral widening as well
as a bending of the ventral rim. The angle between the
dorsal process and the main body of the arytenoid became
more acute consisting of muscular and vocal processes.
Furthermore, the adult arytenoid cartilage appeared flatter
than that of pups and weanlings. The adult epiglottis showed
a greater angulation toward the laryngeal surface, and
the two caudal processes were more prominent in the adult

Table 4. Acoustic parameters (mean fundamental frequency [FO],
FO, and FO range) for three age groups of CD-1 mice.

Age group Mean FO FO-range

P2 62.3 kHz 15.0 kHz (55.0-70.0 kHz)
P90 60.5 kHz 13.5 kHz (52.0-65.5 kHz)
P365 54.3 kHz 15.5 kHz (45.5-61.0 kHz)

Note. P2 = age 2 days; P90 = age 90 days; P365 = age 365 days.

form. Sexual dimorphism of laryngeal cartilage shape was
absent.

The rate of shape change differed among the three
cartilages. For example, the arytenoid cartilage showed its
most prominent shape change after weaning. The muscular
process was originally directed more laterally in pups but
is directed more dorsally in adults (see Figure 3E). The
arytenoid shape is critical for laryngeal biomechanics
(Tayama et al., 2001) since its movement contributes to
vocal fold ab- and adduction as well as vocal fold stiffening
(Titze, 2000). We hypothesize that the difference in rates
reflects specific functional demands in the arytenoid carti-
lage. In laboratory mice, changes in diet (Turman, 2007),
breathing pattern (Dutschmann et al., 2009), and vocal be-
havior (Brudzynski, 2018) all occur between 10 and 20 days
postnatally. Those changes are likely associated with
modified demands to glottal abduction and adduction. Our
data suggest that those behavioral changes are associated
with morphological adaptations. A causal mechanistic rela-
tionship remains to be tested experimentally.

Like the arytenoid cartilage, the epiglottic cartilage
exhibited marked variation in magnitude of shape change
between adjacent age groups, suggesting distinct phases of
shape development for these cartilages. This observation
explains the nonlinear pattern of shape change indicated
by the curvilinear paths of development from pups to old
adults seen in Figures 2K and 2L (see Neubauer et al., 2010,
for a similar interpretation). It is also worth noting that the
“jumps” in shape change do not correspond to comparable
“jumps” in cartilage size.

The cricoid cartilage generally shows less variation
within and between species, and there was minimal distinc-
tion in shape across developmental stages. For example,
we previously used the same geometric morphometric ap-
proach to demonstrate that the cricoid cartilage showed
the least shape differences between five rodent species of
all the laryngeal cartilages (Borgard et al., 2019). For the
human larynx, we know that there are important age-specific
shape characteristics in the pediatric, juvenile, and adult
organ (e.g., Eckel et al., 1994, 1999; Kahane, 1982), but
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Figure 5. Acoustic analysis of pup, young, and old adult vocal behavior. (A) Example of a bout of seven isolation calls produced by a 2-day-
old pup. Calls are shown as oscillograms (top panel) and spectrograms (bottom panel) and the tracked fundamental frequency (FO; B). FO data
points for these calls are displayed as histogram (B) showing the occurrence of each frequency between 0 and 90 kHz (500-Hz bins). (C) We
were able to record calls from each individual in three age groups. FO data points are displayed as histograms showing the occurrence of
each frequency between 0 and 90 kHz (500-Hz bins). (D) Mean fundamental frequency (mean F0) and fundamental frequency range (FO-range)
are plotted against mean logsg—transformed thyroid cartilage centroid size of three age groups (pups, young adults, and old adults) and against

the first and second shape axis, respectively (PC 1 and PC 2).
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investigators noted that variation for the cricoid cartilage
was smaller than for thyroid and arytenoid cartilages (Eckel
et al., 1994, 1999; Kahane, 1982). In particular, around
puberty, when the male larynx experiences a characteristic
increase in overall size, thyroid and arytenoid cartilage
experience a greater increase in linear dimensions than the
cricoid cartilage (Kahane, 1982).

The greater similarity of cricoid cartilage shape be-
tween species was interpreted as reflecting greater functional
constraints acting on the cricoid cartilage (Borgard et al.,
2019). The cricoid plays a prominent role in laryngeal bio-
mechanics. It forms a complete and robust ring structure
and thereby serves to maintain airway patency. It also pro-
vides attachment points for three important intrinsic muscles
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Table 5. Pearson correlation coefficients testing the relationship between two acoustic parameters (mean fundamental
frequency [FO], mean FO and FO range, FO range) and various size and shape parameters.

Size parameters Mean FO FO-range
Logo(Body mass) R=-.83,p=.38 R=-34,p=.78
Log+o(Femur length) R=-77,p=.45 R=-44,p=.71
Log+o(Centroid size thyroid) R=-.80,p = .41 R=-38,p=.75
Logo(Centroid size cricoid) R=-.80,p=.41 R=-38,p=.75
Log+o(Centroid size arytenoid) R=-77,p=.44 R=-47,p=.72
Log+o(Centroid size epiglottis) R=-83,p=.38 R=-34,p=.78
Log+o(Ventral pouch latero-lateral distance) R=.16,p = .88

Log+o(Ventral pouch rostro-caudal distance)

Shape parameters

PC 1 thyroid cartilage
PC 2 thyroid cartilage
PC 1 cricoid cartilage
PC 2 cricoid cartilage
PC 1 arytenoid cartilage
PC 2 arytenoid cartilage
PC 1 epiglottis

PC 2 epiglottis

R=.81,p=.40 R=237,p=.75
R =-.66,p = .54 R=.89,p=.30
R=-.95p = .21 R=54,p=.63
R=24,p=.85 R=.88,p = .31
R=.87,p=.33 R=.26,p = .83
R=-14,p = .91 R=-93,p=.25
R=.99p=.11 R=-.08,p=.95
R=.07,p=.95 R=.95p=.20

as well as ligaments, which function in ab- and adduction of
the vocal folds. Each half of the lateral lamina of the cricoid
cartilage shows a facet for articulation of the caudal horns of
the thyroid cartilage (i.e., the cricothyroid joint). The cranio-
dorsal surfaces contain facets for articulation with the base of
the arytenoid cartilages via true joints, which allow rotation
of the arytenoid cartilages facilitating ab- and adduction as
well as tensing of vocal folds. Those functions could con-
strain shape variation of the cricoid cartilage within and among
species, more than for the other three laryngeal cartilages.

An important feature of the mouse larynx is the pres-
ence of a supraglottal but intralaryngeal cavity, known as
the ventral pouch (Riede et al., 2017). The ventral pouch
branches off from the main airway and plays a critical role
in ultrasonic vocal production (Riede et al., 2017). During
ultrasonic vocalization, a glottal airflow is guided over the
opening of the ventral pouch and impinges on the cartilage
re-enforced alar edge situated opposite the glottal exit. This
generates a pressure fluctuation between the ventral pouch
cavity and the main airway, which, in turn, resonates with
the ventral pouch cavity. In an earlier study, we speculated
that sound frequency is determined by the airflow speed
exiting the glottis, dimensions of the ventral pouch, and the
distance between glottal exit and alar edge (Riede et al.,
2017). Results of the current investigation support this
hypothesis. As expected, ventral pouch size, at least the rostro-
caudal dimension, was tightly linked to body size and thy-
roid cartilage size. This was associated with a size-dependent
change of mean F0. A larger ventral pouch supports lower
mean FO. Interestingly, the latero-lateral dimension of the
ventral pouch did not follow body or thyroid cartilage size,
which suggests that parts of the ventral pouch shape are size
independent. FO range was also not clearly related to size but
did seem to track variation on PC 2 as well as the latero-
lateral dimension of the ventral pouch, perhaps suggesting
a form—function relationship between thyroid cartilage,

ventral pouch shape, and this acoustic parameter. Ultrasonic
vocalizations of mouse models of several neurodevelopmental
disorders are used as phenotypic markers (Scattoni et al.,
2009). An understanding of how variation in those sounds
are generated will determine how this behavior is evaluated.

In summary, it seems that none of the four cartilages
escaped the allometric constraints dictated by respiration.
However, three of the four cartilages show significant shape
changes over ontogeny and the arytenoid and epiglottic
cartilages undergo distinct developmental phases in which
shape changes disproportionately to growth. In other words,
there is some dissociation between growth and development
in these cartilages. Integration of those shape changes be-
tween cartilages and their functional relevance will be dis-
cussed next.

Modular Signals Between Laryngeal Elements
Point to Developmental Precursors

The mesoderm-derived cricoid cartilage demonstrated
negative allometry but minimal shape difference across
developmental stages. This contrasts with the greater phe-
notypic variation associated with development for the
mesoderm-derived arytenoid and epiglottic cartilages as
well as the thyroid cartilage, which is of mixed mesoderm
and neural crest origin.

The relatively low CR and a large effect size (Zcgr)
for the pairing of thyroid and cricoid cartilages together
suggest their shapes vary with the greatest degree of inde-
pendence within the larynx. Furthermore, cartilage pairs
that featured the thyroid cartilage had the strongest signal
of modularity. These observations were interpreted as
confirming a greater independence of the thyroid cartilage,
which supports the hypothesis that embryological origin
influences developmental integration of the larynx. The
Zcr value for arytenoid and epiglottic cartilages indicate
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the weakest modularity signal for this pair. This is likely
because of their greater shape integration over development
as reflected in their similar u-shaped (nonlinear) develop-
mental trajectories. There are changes that characterize
the weanling and young adult stages to the exclusion of the
pups and old adults in both cartilages.

An important question deserving further investiga-
tion is how functional integrity is maintained in the face of
developmental modularity. For example, one might hypoth-
esize that thyroid and arytenoid cartilages would demon-
strate strong integration of shape because both structures
represent attachment points for the vocal folds. Strong
shape integration would then act to maintain functional
congruence between these structures to ensure normal func-
tion of the laryngeal valve. Yet, the thyroid and arytenoid
cartilages demonstrate a modular architecture and distinct
patterns of shape development that do not support a hy-
pothesis of strong morphological integration. We suggest
that further analyses need to look at subregions of each car-
tilage to better assess local functional constraints, for example,
one of the joint regions (e.g., Storck & Unteregger, 2018).

Conclusions

Laryngeal growth is associated with characteristic
changes in shape of four individual cartilages. A test for
modular integration suggests that shape changes occur
semi-autonomously for all pairs of cartilages, with greater
modularity for pairs involving the thyroid cartilage and
less for the arytenoid and epiglottic cartilages. The latter
two cartilages demonstrate similar nonlinear patterns of
shape development that are dissociated to some extent with
growth. The study demonstrates how an approach of 3D
reconstruction and geometric morphometrics can help tease
apart subtle scaling trends, developmental shape trajectories,
and patterns of covariation in the larynx.

Our study provides an example of a direct investiga-
tion and application of morphometric techniques to under-
stand developmental changes of laryngeal structure and
the possible consequences of these changes to functionality.
A full understanding of human laryngeal behavior and
disorder is deeply rooted in developmental biology. There-
fore, our study not only represents a critical step in appreci-
ating human laryngeal behavior in the comparative context
of mammalian behavior but also illustrates a novel method-
ology to address questions of development, growth, and
functional consequences (i.e., for teasing out structural fac-
tors underlying human voice disorders).
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