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Abstract

The mammalian nasal cavity is an intricate anatomical structure with a wide variety of shapes,
sizes, and functional roles. The elaborate nasal passages assist in presenting a convoluted,
serpentine routtor airflow during inhalationAs inspired air tragls through the airway, a large
surface area serves multiple functions such as respiratory air conditioning, filtering o
contaminants, olfaction, and conservation of heat and waeit.recently, the anatomy and
functional morphology of the mammaliansahcavity were not well knowrHowever, recent
technologicahdvancesre leading to a better understanding of manmanatiasal form and
function.Of the previous anatomical and morphological studies of the mammalian nasal cavity,
none have includedguartitative comparatve study of different specieBespite general

parallels in nasal anatomy amongst most mammalian spsigiegicantstructural differences

do exist.Here, we present@ualitative and quantitativeomparative studgf nasal anatomy and
functional morphologycross three ordedd the class MammaligCarnivora, Rodentia,
Ungulata).Species in this study include the house moiaes(musculus eastern gray squirrel
(Sciurus carolinens)ssea otterEnhydra lutri9, bobcat Lynx rufug, coyote Canis latran$,
domestic dog@anis familiari9, and whitetailed deer ©Qdocoileus virginianus We present

airway crosssectionsthreedimensional anatomical reconstructions of the nasal passagks,
comparative morphmetric analysis that quatdtively describes airway size and shape in each
specimenFinally, the implications of these data regarding respiratory and olfdctoctionare

considered.
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Chapter 1

Introduction

The mammalian nasal cavity is an intricate anatomical structure with a wide variety of
shapes, sizes, and functional roles. The elaborate network of nasal turbinals provides a large
surface area and a convoluted, serpentine route for airflow. As inspiteal/als through the
nasal airway, the large surface area serves multiple functions that include chemical sensing
(olfaction), filtering of inspired contaminants, respiratory air conditioning, and conservation of
heat and water through countarrrent hat exchangéSchmidtNielsen et al., 1970Until
recently, the anatomy and functional morphology of the mammalian nasal cavity were not well
characterized. However, recent advances in medical imaging and anatomical reconstruction
techniqus have permitted the nenvasive examination of the mammalian nasal fossa in
unprecedented detail (e.§an Valkenburgh et al., 200€raven et al., 20Q¥an Valkenburgh
et al., 2011Coppola et al., 201Ranslow et al., 2014/an Valkenburgh et al20143.

The Afundament al c o nf i(Fgure lremiaiosmetativelyf t he nas
consistent in most mammglgloore, 1981) The nasal cavity includes two bilaterally symmetric
airways, separated by the nasal septwhich lead from the nares to the nasopharynx. Each
nasal airway comprises three primary anatomical regions: nasal vestibule, respiratory, and
olfactory. As the most rostral portion of the nasal cavity, the nasal vestibule is primarily
responsible for firation and conveying inspired air to the respiratory region. Due to a lack of

appreciable vasculature, very little respiratory air conditioning occurs in the nasal vestibule,



which is lined with squamous epitheli@raven et al., 2007; Harkema et al., 2006; Negus,

1958; Reznik, 1990)

NR ER

Figure 1: Sagittal representation of the mammalian nasal airway (coyote shown herdyV, nasal
vestibule; MR, maxilloturbinal region; NR, nasomaxillary region; ER, ethmoidal region; FS,
frontal sinus region; a, naris; b, dorsal meatus; ¢, maxilloturbinal; d, nasopharynx e,
ethmoturbinals; f, frontal sinus.

Continuing caudally, airflowaurses through the respiratory region of the nasal cavity,
where nasal conchae, or turbinals, extend from the lateral walls. Specifically, the maxilloturbinal
(ventral nasal concha) and nasoturbinal (dorsal nasal concha) ramify within the respiratory
region, creating a convoluted airflow path and increasing the surface area for heat and moisture
exchangdHarkema et al., 2006; Moore, 198The walls of the respiratory regiane primarily
lined with respiratory epitheliurfHarkema et al., 2006; Moore, 198Rdditionally, a swell
body is found on either side of the nasal septum, in the venpettasf the respiratory region of

many mammals, which is thought to regulate respiratory airflow via constriction or dilation of



the underlying vasculatu(€raven et al., 2007; Negus, 1958; Reznik, 1998at is, when the
swell body is engorged it extends into the lmna@d blocks much of the ventral meatus, thereby
forcing airflow over the convoluted maxilloturbinal. Conversely, contraction of the swell body
provides airflow with a less obstructed route through the respiratory region via the ventral
meatus.

Caudal tahe respiratory region is the olfactory region, where ethmoturbinals (ethmoidal
conchae) that are lined with olfactory epithelium extend from the cribriform plate. In most
species, the ethmoturbinals have a sdikdl morphology that provides a large aaoé area for
odorant deposition. The ethmoturbinals can be further subdivided intcaact@ndoturbinals,
depending upon the location along the mediolateral axis, where ectoturbinals comprise the lateral
row and endoturbinals comprise the medial (Moore, 1981; Negus, 1958; Van Valkenburgh
et al., 2014h)

Despite general parallels in nasal anatomy among most mammalian species, some
organizational and structural differences do exist. Turbinal complexity tends to vary depending
on the lifestye and functional needs of the species (e.g.VeeeValkenburgh et al., 20),.with
the most complex turbinals typically found in ungulates and carniyhiesgus, 1958; Van
Valkenburgh et al., 2014byuch dramaticariation in complexity is due to the morphological
differences associated with the four characteristic types of turbinals found in mammals, which, in
increasing order of complexity, include: singleroll, doublescroll, folded, and branching
(Negus, 1956, 195&raven et al., 20Q%an Valkenburgh et al., 2014Richter et al., in
preparation)In the respiratory region, convoluted turbinals provide a large surface area for heat
and moisture exchange, and in the olfactory region complex ethmoturbinals likewise present a

large surface area to the airflow for i@asing odorant deposition.



The second characteristic of the nose that varies among mammals is the morphology of
the olfactory region. In keescented (macrosmatic) animals (e.g., rodents, carnivores,
ungulates), the olfactory region is relegated to aguosuperior cutle-sac known as the
Aol fact ory r e c-scented Specwh(eg., Buaans)fdenetipdssess an olfactory
recesqCraven et al., 2010; Eiting et al., 2014; Moore, 1981; Ranslalv,&014; Richter et al.,
in preparationVan Valkenburgh et al., 2014Bh macrosmats, the olfactory recess is separated
from the respiratory region by a bony plate known adahena transversgCraven et al., 2010;
Eiting et al., 2014; Evans, 1993; Moore, 198450, in keerscented species the dorsal meatus
directly connects the olfactory recess to the nasstibule, which provides a pathway for
airflow to bypass the complex respiratory region during inspirg@oaven et al., 2007; Craven
et al., 2010; Lawson et al., 2012; Ranslow et al., 2Rd¢ent computational simulations of
nasal airflow have shown the development of unique nasal airflow patterns in the macrosmatic
nasal cavity that are thought to partially explain olfactory acuity in these sp€ca®n et al.,
2010; Eiting et al., 20145pediically, the gross morphology of the macrosmatic nasal cavity
facilitates unidirectional airflow in the olfactory region at low flow speeds, which increases
odorant residence time and creates optimal conditions for chromatographic separation of
odorants ang the olfactory epitheliurgCraven et al., 2010; Eiting et al., 2014; Lawson et al.,
2012; Van Valkehurgh et al., 2014b)

To date, nasal anatomy and morphology have been investigated in a wide range of
species in different mammalian orders, including @ana, Rodentia, and Ungulata.

Specifically within the order Carnivorashere morphology tends fiwesent a more complex
structure pnasal form and function have been studigtensively. As/an Valkenburgh et al.

(2014b)notesi s ome of the first qualitative funct.i

on



compared countercurrent heat exchange and nasal mucosa of elephant seals and phocid seals
with terrestrial counterpar{&olkow et al., 188; Huntley et al., 1984 urther studies used MRI
and micreCT data to confirm a branching maxilloturbinal structure and two distinct airflow
pathways for respiration and olfaction in the domestic(@vgven et al., 2007; Craven et al.,
2010) MRI data was also used to develop a reference for normal nasal anatomy in the domestic
cat(Conchou et al., 2012Terrestrial, freshwater, and marine carnivorans (including pinnipeds,
mustelids, ursids, and procyonids) were investigated usingragghution CT data, revealing
more complex maxilloturbinals and less compléxwatturbinals for the aquatic species
(compared to terrestrial species) in order to better conserve heat and water in an aquatic
environmen{Van Valkenburgh et al., 2011Additional studies that includetie artic fox, kit
fox, red fox, grey fox, coyote, grey wolf, African wild dand bush doghowed that a
branching maxilloturbinal is found in all canids examined to (fateen et al., 2012; Van
Valkenburgh et al., 2014a; Van Valkenburgh et al., 2004ewise,somefelids possess a
scrolled maxilloturbinal, as displayed by studies that broadenddfesal investigation to
incorporate the lion, leopard, cheetah, puma, bobcat, African wild cat, and (Maalot
Valkenburgh et al., 2014a; Van Valkenburgh et al., 2084gen(2012)also considered the
sister group Arctoidea (ursids, mustelids, mephitidsgywoids, and pinnipeds) when examining
the impact of latitudinal location and diet on respiratory and olfactory surface area in the nasal
cavity.

Nasal anatomy and morphology of mammalian species of the order Rodentizebave
studied extensivelylo dat, the most detailed investigation on sciurid nasal anatomy and
morphologyshoweda branching maxilloturbinal in the eastern gray squittrat is much more

complex than thenaxilloturbinalin most other rodent®Richter et al., in preparatipr~urther



studies investigating rodent nasal anatomy and morphology include the (Adases, 1972;
Gross et al., 1982; Jacob & Chole, 2006; Mery et al., 198&)Adams et al., 1991; Bojsen
Moller, 2004; BojserMoller & Fahrenkrug, 1971; Kimbell et al., 1997; Mery et al., 1994,
Schreider & Raabe, 1981; Schroeter et al., 20di#pea pig Schreider &Hutchens, 1980Q)nd
hamstei(Adams et al., 1991; Adams & McFarland, 19@bher than the stydon the eastern
gray squirre(Richter et al., in preparatipnittle information can béoundregarding the nasal
anatomy and morphology of sciurid speciespie accounting for the third largest family in the
order RodentigCarleton & Musser, 2005However, the study by Richter et al. (in preparation)
has showrhatthe eastern gray squirdebass amore complex nasahvity compared to other
rodent species.

Of the three orders of Mammaltansideredn this studyi,it is evident from available
literature thathe least nasal morphological data is available for species of the order Ungulata.
Even though ungulates comprise the largest prey speassl, form and function in these
animalsremain relatively umvestigated compared to carnivores and rodgrasslow et al.,
2014) A study by Ranslow et a2014)showed that the whitmiled deer possesses simpler
maxilloturbinals, but very complex ethmoturbimahen compared to carnivorésurther, sixty

three species of bovids were examinedu¥rgay CT data i n the fAmost

c

guantitative anal ysi s o f(Faske, BA0LBMRidata weheaisedtgy e v e

advance veterinary diagnoses in relation to horse nasal angdoemgibia et al., 2000; Kumar
et al., 2000)Otherungulate species that have been examined include thégoaar et al.,
1993) tapir(Witmer et al., 1999)andantelopg Kamau et al., 1984)
The objective of this work is to compare nasal anatomy, morphometry, and functional

morphologyacrossspecies using higresolution MRIlandstateof-the-art anatomical



reconstruction and morphometric analysis technigGesven et al., 2007; Van Valkenburgh et

al., 2004) Though qualitative comparative studies of nasal anatomy have been performed (most
notably bySir Victor Negus(1956; 1958), a quantitative comparison of nagam and function

across species is lacking. Here, we qualitatively and quantitatively compare the nasal cavity in
the following specieshouse mouseMus musculus eastern gray squirreb€iurus carolinensjs

sea otterEEnhydra lutrig, bobcat Lynxrufus), coyote Canis latran3, domestic dogGanis

familiaris), and whitetailed deer @docoileus virginianus Of these mammals, the dog, coyote,
bobcat, and sea otter are all carnivoresgtstern gragquirrel and the mouse are rodents; and

the whitetailed deer is an ungulate. In regards to these species, the carnivores are predators; the
rodents are primarily prey, but Callah@d®93)notes that sciurid species do exhibit some

predatory behaviors; and the ungulate is prey. Additionally, the sea otter is an aquatic mammal,
spending masof its life in the water, while the remaining considered species are terrestrial.
Qualitatively, airway crossections and thregimensional anatomical reconstructions are shown

for each specimen. Quantitative measures of nasal form (e.g., airway percnatssectional

area, surface area) are then compared across species and the functional implications of these data

regarding respiratory and olfactory airflow are considered.



Chapter 2

Materials and Methods

Specimens

The species consded in this study (in order of increasing mass) include the mouse,
eastern gray squirrel, sea otter, bobcat, coyote, domestic dog, and thtailddtdeer (Table 1).
The mouseNlus musculusand domestic dog (mixdoreed Labrador retriever) specimengave
acquired from biological supply companies (8sppola et al., 201d4ndCraven et al., 20Q7
respectively). The eastern gray squir@tiQrus carolinens)s bobcat Lynx rufug, coyote
(Canis latrang, and whitetailed deer @docoileus virginianusspecimens were acquired from
hunters and trappers in Pennsylvania (PAgccordance with regulations of the PA Game
Commission. Finally, the sea ott&mnhydra lutrig specimen was obtained from the California
Department of Fish and Wildlife. Preparation of the mouse, dog, and-tahéd deer specimens
for MRI scanning habeen previously described in detail (see Coppola et al., 2014; Craven et al.,
2007; Ranslow et al., 2014). Preparation of the eastern gray squirrel, sea otter, bobcat, and
coyote followed that of the whitmiled deer (Ranslow et al., 2014).

Table 1: Summary of specimers

Species Sex Mass (kg) MRI Resolution (¢ m)
Mouse F 0.0388 25x25x25
Eastern Gray Squirrel F 0.418 40x40x40

Sea Otter - 11.2 70x70x70
Bobcat F 12.0 80x80x80
Coyote F 14.5 150x150x150
DomesticDog F 29.5 180x180,200
White-tailed Deer M 62.0 100x100x100




MRI

In order to image the air passages, each specimen remained in salistitiad waterfor
the dog and PBS/Magnevist solution for all other specimens) during MRI scanning (as
previously described for the dog and wktded deer by Craven et al., 2007 and Ranslow et al.,
2014, respectively). To remove air bubbles trapped inside the ra&ggl @ combination of low
frequency vibration, steady pumping of the fluid solution through the airway, and a partial
vacuum was applied. Trapped air can be detrimental to MRI because it can cause signal voids, as
well as local distortion of the scansedio magnetic susceptibility effects.

The MRI imaging for the eastern gray squirrel was conducted on & 2414 vertical
Agilent system (Agilent, Santa Clara, CA) using a 40 mm inner diameter millipede resonator. All
remaining specimens were imaged oft Besla horizontal Agilent system using a 20 cm inner
diameter quadrature driven birdcage resonator. For each of the specimens, since the length of the
cadaver head was greater than the linear region of the magnetic field gradients, multiple
overlapping omposite scans were obtained to cover the entire length of the specimen to avoid
image distortion at the end of the gradient set. Spatial resolutions rérggmg5em isotropic
in the case of the mouse180x 180x 200em in the case of the domesticgwere attained.
Table 1 provides a summary of the MRI spatial resolution obtained for each specimen. The
resulting MRI data sets were processed and the nasal airway was segmented using Avizo

(Visualization Sciences Group, USA).

Airway Reconstruction
Themethodology for image processing, segmentation, and reconstruction of the MRI
data for all specimens considered was performed as in Craveri2&tCal) In order to process

the raw MRI data, a thred@imensionaledgepreserving median filter was applied to the images,



enabling the preservation of image edges as noise was removed. Subsequently, a linear contrast
stretch in Avizo was then performed to further enhance each data set. This resulted in high
contrast imge data with optimal quality for image segmentation.

Due to the bilateral symmetry of the nasal cavity, only one nasal airway was segmented
for each specimen. For the mouse, the right nasal airway was segmented, whereas the left nasal
airway was segmentddr the remaining specimens. The specific airway segmented for each
specimen was determined by selecting the airway with the fewest artifacts present in the MRI
scans (e.g., fewer residual air bubbles that remained trapped in the nasal airway durimg)imagi
The segmentation utilized a combination of both algorithmic and manual methods. As
demonstrated in Craven et @007)and Ranslow et a{2014) segmentation of the large
airways was performed using a variety of algorithmic schemes including region growing,
thresholding, contour extraction by way of edge detection, and contour interpolation and
extrapolation in the aal direction. However, segmentation of the smallest airways (e.g., only a
few voxels in width), presented greater difficulty, as the airway/tissue interface is less distinct
near the resolution threshold. Such airways required an interactive segmeptdtiogue that
varied from manual correction of the algorithmic segmentation to complete manual
segmentation. The segmentation process resulted in a binary data set of voxels, where the airway
was labeled as 1 and nairway structures (e.g., bone, tissu&ye labeled as 0.

Using the modified form of the marching cubes algorifhorensen & Cline, 1987)
available in Avizo, a thredimensional triangulated surface model of the nasal airway walls was
gnerated from the segmentation of each specim
castellation), the surface model was smoothed in Avizo by means of the smoothing algorithm of

Taubin(1995) which avoids surface shrinkage. Comparisons of the internaheoti each

10



threedimensional surface model before and after smoothing showed differences of less than

0.1%, thereby demonstrating that the smoothing algorithm did indeed prevent surface shrinkage.

Airway Morphometry and Functional Implications

For each spcimen, a morphometric analysis of the nasal airway was conducted using
custom image processing software in MATLAB (MathWorks, Natick, MA), which was
developed and validated by Craven e{2007) The morphometry da included the airway
perimeter (P) and crosectional area (4, determined from the segmented slices using the
airway boundary and the total number of segmented airway pixels, respectively, along with the
in-plane spatial resolution. Additional paraemstthat were obtained include the hydraulic
diameter (@), cumulative surface area{pand cumulative internal volume (V).

Equation 1 shows the definition of hydraulic diameter, which quantifies the mean airway
gap width and is typically used to detémenfluid flow characteristics in noncircular channels

(Craven et al., 2007)

=L

Lt (1)

Calculating the cumulative surface area, especially of intrtbaéedimensional
structures such as the nasal airways considered in this study, is much more difficult and is

obtained using Equation 2 and the trapezoidal rule to carry out the numerical integration.

— [ —— (2)

Likewise, integrating the crossectional area in the axial direction yields the cumulative

internal volume of the nasal airway, as shown in Equation 3.

-"-' =JIII:'.. (3)
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The functional implications of theasal airway morphometric data concerning respiration
and olfaction rely on the dimensionless Reynolds (Re) and Womersley (Wo) numbers, as shown
by Equations 4 and 5, respectively, wheggei the crossectional average velocity,s the

kinematic vigosity of air, and f is the frequency of respiration or sniffing measured in Hertz.

1wl T—+a“ (4)
S TZI (5)

The Reynolds number, which is defined as the ratio of inertiastmus forces in fluid
flow, can be used to predict whether flow, in this case the nasal airflow, is laminar or turbulent.
For steady or quasiteady flow, a small Reynolds number §Re 2000) generally designates
laminar flow; a high Reynolds number indtes a transition to turbulent flow.

Likewise, the Womersley number indicates the degree of unsteadiness in the fluid flow
(Loudon & Tordesillas, 1998)'ypically, when the Womersley number is less thaity (\Wopn
< 1), the flow is characterized as quatgady, signifying that the tirdependent solution at a
given point in time is equivalent to the steadgte solution at the same flow rate. When the
Womersley number increases above one, howevefipthggradually becomes unsteady,
moving more and more towards fully transient flow vathincreasing Womersley number.

To predict the existence of laminar or turbulent flow when the flow is fully transient
(Woph > 1), the ratio of the maximum Reynoldsmber to the Womersley number,.Ré&Wo, is
used. Considering oscillatory pipe flow, transition from laminar to turbulent flow occurs in the
range of RpaYWo = 2501000(Peacock et al., 1998owever, disturbed flow from airway

branching can cause transition to occur at lower values of thigPatacock et al., 1998)
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When calculating the Reynolds and Womersley numbers, it is essentsa to
physiologically realistic estimates of the volumetric airflow rate and frequency for both
respiration and sniffing, which are shown in Table 2 for the specimens considered in this study.
For respiration, volumetric airflow rate and frequency were &atied based on the mass of the
specimen and allometric relationships provided by Bide ¢2@00)and Stah(1967)for
respiratory minute volume and rate, respectively. For sniffing, the volumetric flow rate was
estimated using the mass of the specimen and the allomed#iionship provided by Craven et
al. (2010)for the mean inspiratory flow rate during sniffing in the domestic dog, the only such
allometric data available in the literature for sniffing in ypyimate mammla. The sniff
frequency of the mouse was estimated based on data recorded by Wesq@0@8br peak
sustained frequency of sniffing in mice in oeguided tasks. The sniff frequency of the eastern
gray squirrel was estimated from sniffing measurements made by Youngentali @83a)in
rats of similar size. The sniff frequency for each of the remaining figeisp was estimated
from the allometric and experimental data of Craven €R@IL0)for canine subjects of similar
size and mass.

Table 2: Estimates of wlumetric airflow rate and frequency for respiration and sniffing

RESPIRATION SNIFFING
Volumetric Volumetric
Mass Flow Rate Frequency Flow Rate  Frequency

Species (ka) (//min) (Hz) (I/min) (Hz)
Mouse 0.0388 0.036 2.08 0.0199 1
Eastern Gray Squirrel 0.418 0.246 1.12 0.230 gbe
Sea Otter 11.2 3.52 0.48 6.80 5P
Bobcat 12.0 3.73 0.47 7.30 5b
Coyote 14.5 4.34 0.44 8.88 5P
DomesticDog 29.5 7.71 0.37 18.4 5P
White-tailed Deer 62.0 14.1 0.30 39.6 &b

a\Wesson et al., 2008
b Craven et al., 2010
¢Youngentob et al., 1987
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Chapter 3

Results

Nasal Airway Anatomy

Overall, the general architecture of thammalian nasal caviig comparablecross all
species considered in this stutikewise,comparisons to previous studies of other-pamate
speciege.g., carnivoresNegus, 1958Evans, 1993Van Valkenburgh et al., 200€raven et al.,
2007 Green et al., 20)2rodents Adams & McFarland, 1972dams, 1972Schreider &
Raabe, 1981Kimbell et al., 1997Richter et al.in preparatioh and ungulate@Ranslow et al.,
2014) verify the similarities pres# in nasal form andrchitectureMoving caudally, the nasal
cavity consists of thregrimaryregions: nasal vestibule, maxilloturbinal, anknetidal.A
transitionalregion, known as the nasomaxillary region, is fobativeen the maxilloturbinal and
ethmoidal regionsyhere thenasomaxillary opening located ventrallyThe ethmoidal region is
isolated to a posterosuperior region known as Haetory recess, which is separated from the
primary respiratory pathway by a bony plate known agatimena transversgCraven et al.,
2010) Finally, as seen in the threBmensional anatomical reconstructions of the nasal fossae
(Figure2), in each specigbe dorsal meatusirectly connects the nasal vestibule to the
ethmoidal region, suggesting that it serves as a bypass for othatantairflow arand the

complex maxilloturbinal regian
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Figure 2: Three-dimensional anatomical reconstruction othe nasal airway of the (@) mouse (b)
eastern gray squirrel (c) sea otter, (d) bobcat, () coyote (f) domesticdog, and (g) white-tailed deer.
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Within mammalian nasal anatomy, four different types of turbinals exist (in increasing
order of complexity): singkscroll, doublescroll, folded, and branchin@egus, 1958)Analysis
of the crosssectional anatomy allows for the identification of each turliyyze for each
specimen casidered in this study. Figur&s9 showtransverse airway crosections of single
nasal airwayn the mouseeastern gragquirrel, sea otter, bobcat, coyatemesticdog, and
white-taileddeer.Frequently, the maxilloturbinal is the most complicated region within the nasal
fossa as iprovides a large surface area for respiratory heat and moisture exchecweling to
Negus(1958) rodents tend to possess a sirggteoll, doublescroll, or folded maxilloturbinal
This waspartially confirmedby the present result¥hemaxilloturbinal in themouse (Figuré)
is seento be of thesinglescroll type,consistent with previous studigsdams, 1972; Mery «l.,
1994) andsimilar to that ofbther rodents such #serat(Mery et al., 1994; Schreider & Raabe,
1981) The eastergraysquirrel(Figure4), however]s seento possess hranching
maxilloturbinal which interestingly contradicts Neg(958) who described sciurid species as
having a folded maxilloturbinalhus, the maxilloturbinal of the eastern gray squirrel is much
more complex than most other rodents, which typicalgspes a singl®r doublescroll
maxilloturbinal.

Carnivores geerally possesan extremelycomplexbranching (e.g., canid&yans, 1993
Van Valkenburgh et al., 200€raven et al., 200Green et al., 20)2arctoidg(Van
Valkenburgh et al., 201Green et al., 20)2or folded (e.qg., felid§van Valkenburgh et al.,
2004) maxilloturbinal.As shown in Figur®, the sea otter possesshe most intricate
maxilloturbinal of all the species considered in the present study, whidmsstentvith the
observations oNegus(1958)and Van Valkenburgh et §2011)in the sea otter another

aguatic carnivoreg.g.,grey sealleopard sedl Thisincreaseccompleity is requiredto provide
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a large respiratory surface area to meetrtbeeasedlemanddor heat and water conservation
an aquatic environmefs compared to a terrestrealvironmenk

The coyote (Figur@) and thedomestiadog (FigureB) areshownto possess branching
maxilloturbinalthat is extremely similar between the two anim@lile canidshave acomplex
branching maxilloturbinal thdtasa fidendr i ti ¢ appearancie, 0 the m
generallyof the folded typ&€Van Valkenburgh et al., 2004)his is confirmed in Figuré, where
the bobcat appears to possesslaboratelyfolded maxilloturbinal.

Thewhite-taileddeer(Figure9), which is the only ungulateonsideredn this study,
possesses a maxilloturlainof the doublescroll variety, typical of most ungulat@¥egus, 1958;
Ranslow et al.2014) Despite being the largest specimen consideredytite-taileddeer
displays one of the simplenaxilloturbinal structures compared to the other specint@nly. the

maxilloturbinal of the mouse is less anatomically complex.
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Figure 3: Transverse airway crosssections of the right nasal airway of the mouse at various axial
locations throughout the nasal fossa. Axial location is normalized by the total length of the nasal
airway, 1.25 cma, nasoturbinal; b, dorsal meatus;c, maxilloturbinal; d, ethmoturbinals; e, lamina
transversa; f, nasopharynx.
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Figure 4: Transverse airway crosssections of the left nasal airway of theastern graysquirrel at
various axial locations throughout the nasal fossaxial location is hormalized by the total length of
the nasal airway, 3.04 cm a, nasoturbinal; b, dorsal meatus; ¢, maxilloturbinal; d, lamina
transversa; e, ethmoturbinals; f, nasopharynx.
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Figure 5: Transverse airwaycrosssections of the left nasal airway of the sea otter at various axial
locations throughout the nasal fossa. Axial location is normalized by the total length of the nasal
airway, 7.36 cm a, nasoturbinal; b, dorsal meatus; ¢, maxilloturbinal; d, laminatransversa; e,
ethmoturbinals; f, nasopharynx
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Figure 6: Transverse airway crosssections of the left nasal airway of the bobcat at various axial
locations throughout the nasal fossa. Axial location is normalized by the total lgth of the nasal
airway, 8.78 cm a, dorsal meatus; b, nasoturbinal; ¢, maxilloturbinal; d, lamina transversa;, e,
ethmoturbinals; f, nasopharynx
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Figure 7: Transverse airway crosssections of the left nasal airway of the coyotat various axial
locations throughout the nasal fossa. Axial location is normalized by the total length of the nasal
airway, 14.21 cm a, dorsal meatus; b, nasoturbinal; ¢, maxilloturbinal; d, lamina transversa; e,
ethmoturbinals; f, nasopharynx
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Figure 8: Transverse airway crosssections of the left nasal airway of thelomesticdog at various
axial locations throughout the nasal fossa. Axial location is normalized by the total length of the
nasal airway, 13.34 cm a, dorsal meats; b, nasoturbinal; ¢, maxilloturbinal; d, lamina transversa;
e, nasopharynx; f, ethmoturbinals.
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Figure 9: Transverse airway crosssections of the left nasal airway of thevhite-tailed deer at

various axial locations throughoutthe nasal fossa. Axial location is normalized by the total length of
the nasal airway, 18.05 cm a, dorsal meatus; b, nasoturbinal; ¢, maxilloturbinal; d, lamina
transversa; e, ethmoturbinals; f, nasopharynx.
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Interestingly, where some species lack in claxipy, they compensater in length. The
total surface area of a region depends on bot
(Negus, 1958)As in the case of soe ungulates, a much greater snout length compared to
carnivores gives rise to a longer turbinal (from naris to nasophamgiative to body sizelhe
maxilloturbinal of the whitdailed deeis approximately 50% of the entire length of the nasal
fossa(Ranslow et al., 2014kEven though the whittailed deepossesses a far simpler double
scroll maxilloturbinal, the structure extends &égreater axial distance in order to increase
surface ared-or comparisonthe maxilloturbinal of the coyote addmesticdog, both of which
are complex branching structures, occupy approxima@y and 30% of the nasal fossa,
respectively.

In generalthe ethmoidal regiohasa much simpler airway geometry than the complex
maxilloturbinalregionin most norprimate mammalsViost speciegpossessingle or double
scroll ethmoturbinals. This observedn the mouse, eastern gray squirrel, sea otter, bobcat,
coyote, andlomestiadog (see Figure3-8). The whitetailed deer, however, is unlike most other
nonprimate species in that it possesses a much more complex folded ethmoturbinal organization
compare tothe typicalsingle and doublescroll ethmoturbinaléseeRanslow et al., 20)4The
increasedomplexity of the ethmoturbinals in the whitgled deer is evident in FiguB The
complex folding may be gesultof having a limited amount of spaaegailablefor the ethmoidal
regiondue tothe elongated doubiecroll maxilloturbinal. Thatis, the increased complexity of
the folded ethmoturbinalsf the whitetailed deelprovides a large surface arfea olfaction in a
compact space.

Despite many anatomical parallels across the spegresderedere, distinct structural

differencegdo exist. Most notably is thgpresence or the lack theremfffrontal sinusedarge
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recesses that appear dorsocaudal to the ethmoidal r&jitre species considered in this study,
the bobcat, coyote, and dog possess a frontal sinus (see Bg)regich is consistent with the
findingsof Negus(1958)thatspecies within the dog and cat families have such an arrangement.
Converselythe mouse, eastern gray squirrel, sea otter, and-taliieel deer lack a frontal sinus.
Another distinct feature is the maxillary receshichis seenn all of theterrestrial mammals
consideredhere (mouse, eastern gray squirrel, bobcat, cogogand whitetailed deer).
However,theaquaticsea otter does not possestiscerniblemaxillary recess. Perhafiss is a

result of the increased complexity of the maxilloturbinal atatk of available space within the

snout.

Airway Morphometry

Morphonetric analysisvas performedor all specimens considered in this study by
calculatingthe distributionof perimeter, crossectional area, hydraulic diameter, and cumulative
surface area the nasal airway. Further consideration included examining aéspjrsurface
area, ethmoidal surface area, total internal volume, and total surfaseithreespecto body
massFor reference, see Figurg® for the location of the different anatomical regions for each
specimen.

Figure10 containsplots of the airway perimeter versus normalized axial localibae.
relative distribubn of perimeter varies between the seven spesiasinedIn theeastern gray
squirrel, coyote, dog, anshite-taileddeer, there is a pronounced rise in perimeterrpssing
caudally through the maxilloturbinal region, a decrease to a local minimum in the nasomaxillary
region, and an ensuing increase to the greatest airway perimeter in the ethmoidal region. The sea
otter and bobcat differ slightly in the sense thatdemeter is largest in the maxilloturbinal

regions, followed by a decrease to a local minimum in the nasomaxillary region, and a less
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pronounced increase in the ethmoidal region. duiestantial increase in perimeter in the sea
otter 6s ma gionicdn be exptained hyaah increased complexity resulting from a
greater need for heat and watenservation in aaquatic environment. Perhaps tltramatic
increasan thebobcatis a result of an increased folding of the maxilloturbinal to compensate f

a shorter snout length when compared to other terrestrial carnivores (e.g., coyof€adog)
Valkenburgh et al., 2014dn the mouse, the airway perimeter gradually increases with distance

from the naris until reaching the largest perimeter in the ethmoidal region.
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Figure 10: Distribution of perimeter versus normalized axial location The greatest airway
perimeter appearsin the most convoluted region®f the nasal fossde.g., the maxilloturbinal region
in the sea otter and the ethmoidal region in the whit¢ailed deer).

The distribution of crossectional area versus normalized axial location is shown in
Figure 1l. The mouse, eastern gray squiregid whitetailed deer all follow a similar pattern that
reveals a steady increase in cresstional area to a maximum in the ethmoidal region due to a
continual anteroposterior expansion of the nasal airway. The two canid species, coyote and dog,

also reach a maximum crossectional area in the ethmoidal region. This is followed by a
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decrease to a local minimum as the ethmoidal airways come to an end and a subsequent slight
increase in crossectional area due to the frontal sinuses. The sea otter acat balow similar
patterns as seen with airway perimeter, in that the greatestsectssnal area is reached in the
maxilloturbinal region. The bobcat is similar to the other terrestrial carnivores in that, following
the maximum crossectional area, lacal minimum is observed in the nasomaxillary region,

followed by a slight increase in cressctional area due to the emergence of the frontal sinuses.
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Figure 11: Distribution of cross-sectional area versus normalized axidbcation.

Figure 2 shows thdistribution of hydraulic diameter, which is used to quantify the
average airway gap wid{iCraven et al., 2007yersus normalized axial location. Sharp
increass located in the most caudal portion of the nasal cavity for the bobcat, coyote, and dog
appear as a result of the large frontal sinuses, which greatly increase the average airway gap
width. Otherwise, it is interesting to note that, despite differendesdy mass of over three
orders of magnitude, the hydraulic diameter is quite comparable between all species in both the

respiratory analfactoryregions. In both of these regions, the gap width is between
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approximately 0.4 mm and 4 mm for all speciesatlif, hydraulic diameter only differs by
approximately one order of magnitude, even though body size varies over three orders of
magnitude. This may in part be due to functional constraints imposed on airway gap width by the
underlying fluid dynamics anldeat and mass transfer that occur in the nose, which are a function

of the airway gap width.
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Figure 12: Distribution of hydraulic diameter versus normalized axial location.The hydraulic
diameter, a measure of the mean airway gawidth, is fairly comparable acrossall species in the
respiratory and olfactory regions, ranging fromabout 0.4 mm to 4mm, despite differences in body
mass of over three orders of magnitude

The distribution of cumulative surface area versus normadixed location is plotted in
Figure B. Progressing caudally in all species, surface area increases, which can be a result of
two separate factors: complexity and length of the nasal turbinals. An increase in either of these
factors will increase surfa@ea of the nasal airway, while an increase in both will have a
compounding effect. While the sea otter and bobcat display similar total surface areas along

comparable axial distances (7.36 cm and 8.78 cm, respectively), the cumulative surface area of
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thesea otter begins to increase at a more caudal position when the maxilloturbinal starts to
become increasingly complex. Unsurprisingly, the distribution of surface area in the coyote and
dog is remarkably similar. Despite the simplicity of the dotdalell maxilloturbinal of the

white-tailed deer, the total surface area is significantly greater than in the other species due to the

increased | ength of the deerd6s nasal fossa.

o0
S
O

I

Mouse (38.8 g) y
Squirrel (418 g)
Sea Otter (11.2 kg) ]

600 =——— Bobcat (12.0kg)
- | == Coyote (14.5 kg) i
L | == Dog (29.5kg) i
B = Deer (62.0 kg) |

400

200

Cumulative Surface Area (cm?)

|

0 0.2 0.4 0.6 0.8 1
Normalized Axial Location

)

Figure 13: Distribution of cumulative surface area versusmormalized axial location.Both increased
complexity and greater length of the nasal turbinals increase surface area.

Plotted in Figure 4 is the total surface area of a single nasal airway versus body mass.
The total surface area includes both respisaiind ethmoidal surface area. In the species
considered in the present study, total nasal surface area is positively allometric with an allometric
exponent of 0.78. Interestingly, despite being twice the size of the coyote, the domestic dog
possesses amparable total surface area. This may be due to differenbeslyncomposition
(e.g., body fat) between the wild coyote and domestic dog specimens, and/or a reduction in the

nasal surface area in the domesticated animal.
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Figure 14: Total surface area versus body masg.otal surface area scales allometricallyith body
mass,with an allometric exponent of 0.78.

Respiratory surface area versus body mass is shown in FiguFed allometric
exponent of the respiratory surface area (0.83) is roughly equivalent to the allometric exponent
(0.809) for respiratory flow rate (i.e., respiratory minute volliinseeBide et al., 200D This is
likely due to the linear relationship between total heat/mass transfer and surface area. It is also
interesting to note the two animals that are outliers fromé#fibregression line: the sea otter
and domestic dog. Specifically, the sea otter possesses a significantly greater respiratory surface
area relative to body mass, which is likely a result of the increased complexity of the
maxilloturbinal in order tohance heat and moisture exchange in an aquatic enviro(iviaent
Valkenburgh et al., 2011 onversely, the domestic dog possesses significantly less respiratory

surface area for its size compared to the other animals.

26



















































