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Variation, adaptation et évolution de la cavité nasale et de la voie aérienne nasale

La diversité climatique a l'échelle du globe a fagonné |'évolution de 'espéce humaine : depuis
['émergence du genre Homo, les populations se sont installées dans des niches englobant
toutes les régions habitables. La question de 'adaptation aux environnements changeants est
une question clé en évolution humaine, car de nombreux traits caractérisant notre espéece ont
été interprétés comme des adaptations climatiques. Il a notamment été démontré que la
morphologie de la cavité nasale variait en fonction de facteurs éco-géographiques (ex.
température, humidité). Dans ce travail doctoral, nous tentons de comprendre comment les

facteurs climatiques ont impacté la morphologie nasale humaine.

Le premier axe de ce projet vise a quantifier la variation de la voie aérienne nasale dans des
populations humaines actuelles. Alors que la cavité nasale (volume négatif défini par l'os) a été
largement étudiée, les chercheurs ont accordé peu d'attention a la voie aérienne nasale
(volume négatif délimité par la muqueuse nasale). Pourtant, la muqueuse nasale est le principal
tissu impliqué dans les fonctions physiologiques mises en lien avec ’adaptation climatique de
la morphologie nasale. Par ailleurs, la co-variation stricte entre tissus osseux et tissus mous de
la région nasale n’a pas été démontrée, ce qui questionne la pertinence des interprétations
physiologiques basées sur la seule étude de cranes secs. A travers |'étude de 195 scans in vivo
collectés dans 5 régions géographiques, nous quantifions la variation morphologique de la voie
aérienne nasale chez ’humain moderne. Nos résultats mettent en évidence des différences de
conformation subtiles mais significatives entre nos 5 échantillons. Nous n'enregistrons aucune
différence de volume entre les groupes, ce qui questionne linfluence climatique sur les
demandes métaboliques en oxygene. Par ailleurs, nous ne détectons aucun effet de I'age ou du
sexe sur la conformation de la voie aérienne nasale ; en revanche, ces facteurs en influencent le
volume. Les hommes présentent des voies aériennes nasales plus volumineuses que les
femmes, probablement pour répondre a des besoins énergétiques plus importants. Le volume
a également tendance a augmenter avec l'age, en raison d’une rétraction de la muqueuse

nasale.

Le deuxiéme axe de ce projet vise a comprendre les mécanismes qui relient les variations
climatiques et morphologiques. Il a été démontré que la relation entre le climat et la
morphologie du corps humain est partiellement déterminée par une sélection naturelle pour
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des phénotypes adaptés au froid. Cependant, de plus en plus d'éléments suggerent que
['adaptation au climat peut également relever de la plasticité phénotypique, induisant une
variation qui résulte d'un stress environnemental et qui se produit au cours de la vie d’un
individu. Dans ce travail, nous essayons d'évaluer le rOle de cette plasticité phénotypique liée a
la température, ainsi que celui de la dureté de la nourriture, sur la variation cranio-faciale de
souris consanguines élevées dans différentes conditions de température. Nos résultats
démontrent un effet de la plasticité phénotypique lié a la température : le volume de la cavité
nasale des deux groupes de souris élevées au froid (10°C) est significativement plus petit que
celui des groupes contréle (20°C) et thermoneutralité (26°C). Nous soulignons également que la
dureté de la nourriture a un effet majeur sur la conformation de la cavité nasale, ce qui brouille
par ailleurs le signal d'une potentielle variation de conformation liée a la température. Ces
observations peuvent étre mises en relation avec des différences de forces masticatrices, liées

a la dureté et a la quantité de la nourriture ingérée.

Grace a ce travail, nous apportons une contribution originale aux recherches sur ['adaptation
humaine au climat et soulignons la pertinence de l'utilisation de données modernes et

expérimentales pour apporter une nouvelle perspective a ces questions.

Mots clés: Adaptation climatique ; Morphométrie géométrique ; Imagerie 3D; Morphologie

nasale ; Plasticité phénotypique



Variation, adaptation and evolution of the nasal cavity and the nasal airway

The diversity of climatic conditions on a global scale has shaped the evolution of the human
species: since the emergence of the genus Homo, populations have moved into niches
encompassing all habitable regions, including some extreme environments. The question of the
adaptation to these changing environments is a key issue in the study of human evolution, as
many traits characterizing our species have been interpreted as climatic adaptations. More
specifically, the nasal cavity morphology has been shown to vary according to ecogeographic
factors (e.g. temperature, humidity). In this doctoral thesis, we join the collective research

endeavor to understand how climatic factors have impacted nasal morphology in humans.

The first axis of this project seeks to quantify modern variability for the nasal airway in extant
Homo sapiens populations. While nasal cavity (i.e., the negative volume defined by bone) has
been extensively studied, researchers have to date paid little attention to the nasal airway (i.e.,
the negative volume delimited by the nasal mucosa). Yet, nasal mucosa is the main tissue
involved in the physiological functions thought to underlie climate-related variation of the nasal
morphology. Furthermore, no study has yet demonstrated a strict covariation between hard
and soft tissues in the nasal region, which questions the relevance of physiologic interpretations
based on the study of dry skulls alone. Through the study of 195 in vivo CT scans collected in 5
geographical regions, we proceed to a quantification of the morphological variation of the nasal
airway in modern humans. Our results highlight subtle but statistically significant shape
differences between the nasal airways of our 5 samples. Interestingly, we record no between-
group differences in nasal airway volume, which questions the climate-related metabolic
demands in oxygen. We do not detect any effect of age or sex on the shape of the nasal airway,
but these factors are shown to influence nasal airway volume. Males display larger nasal airways
than females, presumably to meet higher energetic demands. The nasal airway volume also

tends to increase with age, probably because of a shrinkage of the nasal mucosa with age.

The second axis of this project aims at understanding the mechanisms connecting climatic and
morphological variation. It has been showed that the relation between climate and human body
morphology is partially driven by natural selection for cold-adapted phenotypes over
successive generations. However, an increasing amount of evidence suggests that adaptation

to climate can also go through an acclimatization, or phenotypic plasticity, i.e., the



physiological and morphological variation that results from an environmental stress and occurs
between the conception and the maturity of an organism. To date, little is known about such
phenotypic plasticity of the nasal region. Here, we try to evaluate the role of such temperature-
related phenotypic plasticity, but also of food hardness, on the craniofacial variation of inbred
mice reared under different temperature conditions. Our results demonstrate an effect of
developmental plasticity in response to temperature: the nasal cavity volume of the two groups
of cold-reared mice (10°C) is significantly smaller than in the control (20°C) and
thermoneutrality (26°C) groups. We also highlight that food hardness has a major effect on the
shape of the nasal cavity, critically blurring the signal of a potential response to temperature on
this feature of the morphology. These observations can be linked to differences in masticatory

forces, probably due to both food hardness and food intake.

Through this work, we provide an original contribution to discuss human adaptation to climate
and highlight the relevance of using modern and experimental data to bring a fresh perspective

to these long-standing research questions.

Keywords: Climatic adaptation; Geometric Morphometrics; 3D Imaging; Nasal morphology;

Phenotypic plasticity



RESUME DETAILLE

Le climat est une composante fondamentale et omniprésente de l'environnement
naturel, qui évolue lentement au cours des temps géologiques et agit, par ses fluctuations,
comme une force de sélection naturelle sur les organismes vivants. La diversité des conditions
climatiques a ['échelle de notre planéte a notamment faconné ['évolution des populations
humaines, dont certaines différences biologiques peuvent s'expliquer en partie par des
interactions écologiques avec leur environnement physique (James 2010 ; Beall et al. 2012 ;
Winder et al. 2015 ; Degroot et al. 2022). Depuis 'émergence du genre Homo, les populations
humaines se sont installées dans des niches écologiques englobant toutes les régions

climatiques habitables, y compris certains environnements extrémes (e.g. Potts & Faith 2015).

En anthropologie biologique, l'intérét pour les variations morphologiques humaines
résultant de processus de sélection naturelle date des années 1950 (e.g. Washburn, 1951). A
partir de ces premiers travaux, les chercheurs ont tenté de comprendre comment et pourquoi
des caractéristiques phénotypiques spécifiques, mais aussi certaines variations génétiques
(e.g. Hancock et al. 2011 ; Kalyakulina et al. 2020), sont apparues au sein de certains groupes
humains et comment ces variations pourraient étre partiellement expliquées par la capacité
d'adaptation environnementale de ces groupes humains. L'adaptation de 'homme au climat a
impliqué un mélange complexe d'évolution biologique et culturelle, au point qu'aujourd'hui, le
résultat de ce long processus lie inextricablement ces deux facteurs. Au-dela de l'intérét
purement scientifique de ces questions, |'étude de |'adaptation climatique des populations
humaines dans le passé nous donne également un apercu de la maniere dont le corps humain
et les sociétés humaines, tant dans leurs aspects biologiques que culturels, réagissent a des
environnements changeants et/ou extrémes. Ce sujet de recherche fournit donc des
informations essentielles a appliquer dans notre monde moderne, afin de nous protéger des

conditions climatiques extrémes que l'avenir nous réserve (IPCC 2023).

Dans le présent travail, nous nous concentrons spécifiquement sur ['adaptation
morphologique aux températures froides. Plusieurs regles éco-géographiques ont été

explorées pour expliquer l'adaptation de la morphologie liée au climat. Au XIX® siecle, Bergmann



(1847, traduit dans James, 1970) et Allen (1877) ont observé des relations entre le climat, la taille
du corps adulte et la morphologie chez les especes homéothermes. Les paléoanthopologues
ont ensuite confirmé que ces régles peuvent également s'appliquer a I'espece humaine, car
elles expliquent en partie la variation morphologique dans les populations vivant dans
différents écosystemes (par exemple, Ruff, 1994 ; Katzmarzyk & Leonard, 1998). Une autre régle
éco-géographique formulée a ['époque (Thomson 1913) concerne la cavité nasale humaine, qui
présente une morphologie relativement plus étroite lorsque le climat est plus frais et plus sec
(voir également Thomson & Buxton, 1923). Des études ultérieures, basées sur diverses
collections archéologiques et anatomiques et axées sur la morphologie nasale, ont confirmé
son association avec des facteurs environnementaux. Ces études ont montré que dans les
environnements plus froids et plus secs, les humains ont tendance a présenter une cavité nasale
plus profonde, plus haute et plus étroite (Franciscus 1995 ; Churchill et al. 2004 ; Doorly et al.
2008 ; Yokley 2009 ; Holton et al. 2011, 2013 ; Evteev & Grosheva 2019). Cette morphologie
améliorerait deux fonctions physiologiques assurées par le nez : le conditonnement de [’air,
c'est-a-dire le processus par lequel l'air inspiré atteint la température centrale du corps et une
saturation complete en vapeur d'eau (e.g. Wolf et al., 2004 ; Elad et al., 2008) et l'énergétique
respiratoire, c'est-a-dire la régulation de la quantité d'airinhalé pour assurer la libération d'une
quantité suffisante d'énergie pour le travail métabolique (e.g. Churchill et al., 2004 ; Hall, 2005 ;
Froehle et al., 2013). Ces deux fonctions physiologiques pouvant étre influencées par des
facteurs climatiques, les structures nasales internes sont des zones anatomiques clés pour

comprendre |'adaptation climatique de ’espéce humaine.

Dans ce contexte, nous avons décidé de nous joindre a l'effort collectif de recherche
pour comprendre comment les facteurs climatiques ont impacté la morphologie nasale de
['espece humaine. Ce projet doctoral se concentre plus spécifiquement sur deux axes de

recherche, chacun basé sur un échantillon différent.

Le premier axe vise a quantifier la variabilité moderne de la voie aérienne nasale au sein
de populations actuelles d'Homo sapiens. Si la cavité nasale (c'est-a-dire le volume négatif
défini par l'os) a été largement étudiée, les anthropologues ont jusqu'a présent accordé peu
d'attention a la voie aérienne nasale (c'est-a-dire le volume négatif a l'intérieur de la cavité
nasale, délimité par la muqueuse nasale). Pourtant, la muqueuse nasale est le principal tissu
impliqué dans les fonctions physiologiques supposément a lorigine des variations de la
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morphologie nasale liées au climat. De plus, aucune étude n'a encore démontré une co-
variation stricte entre les tissus durs et les tissus mous dans la région nasale. Ceci doit, a notre
avis, inciter a la prudence dans l'application d'explications fonctionnelles aux variations
climatiques de la morphologie des voies respiratoires supérieures, a travers l'unique étude de

la morphologie de la cavité nasale osseuse.

Dans cette optique, nous avons mis en place un protocole basé sur des tomographies
médicales collectées au Cambodge, au Chili, en France, en Russie et en Afrique du Sud. L'étude
de ces données a été réalisée par des techniques d'imagerie 3D et de morphométrie. Nous
explorons 'hypothese selon laquelle la diversité génétique et géographique des populations
modernes serait responsable d'une variation de la morphologie de la voie aérienne nasale.
Notre approche vise également a explorer la variation intra-populationnelle de la morphologie
de la voie aérienne nasale en relation avec la saisonnalité, le sexe et/ou l'age. Nos résultats
démontrent des différences de conformation subtiles mais significatives entre les voies
aériennes nasales de nos cing échantillons. Nous n'observons aucune différence de volume de
la voie aérienne nasale en fonction des groupes, ce qui souléve la question de l'influence du
climat sur les demandes métaboliques. Nous ne détectons aucun effet de |'age ou du sexe sur
la conformation de la voie aérienne. En revanche, ces facteurs influencent le volume de la voie
aérienne nasale. Les hommes présentent en effet une voie aérienne nasale plus volumineuse
que les femmes afin de répondre a des demandes énergétiques plus importantes. Le volume de
la voie aérienne tend éagelement a augmenter avec l'age, probablement en raison d’une

rétraction de la muqueuse nasale.

Notre deuxieme axe vise a comprendre les mécanismes qui relient les variations
climatiques et morphologiques. Il a été démontré que la relation entre le climat et la
morphologie du corps humain est régie par des mécanismes génétiques (Katzmarzyk & Leonard
1998 ; Serrat et al. 2008), impliquant par exemple une sélection naturelle, au cours des
générations, pour des phénotypes adaptés au froid. Selon cette hypothese, les stress
climatiques peuvent avoir conduit a des adaptations qui ne sont plus essentielles a la survie de
['homme moderne. Cependant, de plus en plus d'éléments suggerent que |'adaptation au
climat peut également passer par une acclimatation, ou plasticité phénotypique (également
appelée plasticité développementale), c'est-a-dire la variation physiologique et morphologique
qui résulte d'un stress environnemental et qui se produit entre la conception et la maturité d'un
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organisme (Rae et al. 2006 ; Serrat et al. 2008). Par définition, ces mécanismes épigénétiques ne
durent que le temps de la vie de |'organisme, mais peuvent néanmoins avoir une importance

biologique capitale (voir par exemple Gluckman & Hanson 2006).

L'utilisation d'approches expérimentales dans des environnements controlés est
susceptible de nous permettre de distinguer les causes génétiques de la variation phénotypique
liée au climat. Pour répondre a notre deuxieéme axe de recherche, nous avons choisi de travailler
sur des images micro-tomographiques de souris (Mus musculus) élevées dans différentes
conditions de température : soit a 26° C (thermoneutralité), soit a 22°C (controle), soita 10°C
(froid). Les souris étudiées étant consanguines, cet échantillon permet de s'affranchir
artificiellement du signal de sélection naturelle. Notre approche vise également a tester 'effet
des forces masticatoires sur la morphologie nasale, puisque nous avons nourri les deux groupes
de souris élevées au froid avec des palettes de dureté différente. Ce facteur peut avoir son
importance, car les animaux vivant dans des conditions froides ont tendance a augmenter leur
consommation de nourriture afin de répondre aux demandes énergétiques plus élevées
requises par leur environnement. Nos résultats démontrent un effet de plasticité phénotypique
en réponse a la température : le volume de la cavité nasale des deux groupes de souris élevées
au froid est significativement plus petit que celui des groupes contréle et thermoneutralité.
Nous soulignons que la dureté de la nourriture a un effet majeur sur la conformation de la cavité
nasale, ce qui brouille sensiblement le signal d'une réponse potentielle a la température. Cela
peut étre lié a une variation des forces masticatrices, due a la fois a la consistance de la
nourriture et a sa quantité. En effet, les souris élevées au froid ont consommé plus de nourriture,
en particulier lorsque la nourriture est ramollie, ce qui est possiblement lié a une nécessité plus
forte d’usure dentaire. Enfin, nous n’observons aucune différence significative pour la

morphologie externe du squelette cranio-facial.

Ala fin de ce travail, nous fournissons une synthése générale de tous nos résultats. Nous
commencons par les replacer dans le contexte de |'adaptation de 'homme au climat et
discutons de la pertinence de l'utilisation de données modernes et expérimentales pour
apporter une nouvelle perspective a ces questions de recherche de longue date. Enfin, nous

suggérons d'autres pistes de recherche qui, selon nous, mériteraient d’étre explorées a l'avenir.
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« There is nothing like looking, if you want to
find something. You certainly usually find
something, if you look, but it is not always
quite the something you were after »

— J.R.R. Tolkien

- Chapter1 .
INTRODUCTION
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1.1. Background of the research project

Climate is a fundamental and ubiquitous component of the natural environment,
evolving slowly over geological time and acting, through its fluctuations, as a force of natural
selection on living organisms. The diversity of climatic conditions on a global scale has notably
shaped the evolution of human populations, whose biological differences can be explained to
some extent by their ecological interactions with their physical landscape (James, 2010; Beall
et al., 2012; Winder et al., 2015; Degroot et al., 2022). Since the emergence of the genus Homo,
populations have moved into niches encompassing all habitable climatic regions including
some extreme environments (e.g. Potts & Faith 2015). Homo sapiens, whose emergence in Africa
is currently estimated around 300-200 ky ago (e.g. Schlebusch et al., 2017; Lipson et al., 2020)
evolved from equatorial populations descending from ancestors well adapted to tropical
environments (e.g. Hanna & Brown 1983). After dispersing throughout the globe, humans now
occupy environments that are far from the prime tropical forests of our oldest ancestors, and
can instead be characterized by low temperatures, a drop in barometric pressure at high
altitudes and/or variation in ultraviolet (UV) radiation. We can consider that all these conditions

are relatively new to us in an evolutionary perspective (James, 2010).

In biological anthropology, interest in human morphological variation resulting from
natural selective processes dates from the 1950s (e.g. Washburn 1951). Starting from these early
works, researchers have attempted to understand how and why specific phenotypic features,
but also some genotypic variation (e.g. Hancock et al. 2011; Kalyakulina et al. 2020), have
emerged within some human groups and how they might be partially explainable by
environmental adaptability. Human adaptation to climate has involved a complex
intermingling of biological and cultural evolution, to the point that today, the result of this long
process inextricably links these two factors. This is true to such an extent that a plausible
hypothesis is that biological adaptations to climate are no longer functionally essential for
extant humans to survive in a wide range of climatic environments (Beall et al., 2012). Beyond
the purely scientific interest of these questions, the study of the climatic adaptation of human
populations in the past also gives us an overview of how the human body and human societies,
all mixed in their biological and cultural aspects, react to changing and/or extreme
environments. This topic of research thus provides essential information to be applied in our
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modern world, in order to protect ourselves from the extreme climatic conditions that the future

holds (IPCC, 2023).

In the present work, we focus specifically on morphological adaptation to cold
temperature. In a cold environment, the body core temperature must be maintained at a
sufficient level to ensure the functioning of cerebral and physiological processes. Human
populations have therefore developed biological protections to cold through acclimatization,
even though the cultural and behavioral adaptation to cold, which can vary widely across
human groups and might have attenuated the extent of genetic selection in cold-climate
populations, must not be neglected (Katzmarzyk & Leonard, 1998; James, 2010; Beall et al.,

2012).

Several eco-geographic rules have been explored to explain the climate-related
adaptation of morphology. In the nineteenth century, Bergmann (1847, translated in James,
1970) and Allen (1877) observed relationships between climate, adult body size and morphology
in homoeothermic species (see Chapter 2.1.). Physical anthropologists have then confirmed
that these rules can also apply to humans, for they partially explain morphological variation in
human populations inhabiting different ecosystems (e.g. Ruff 1994; Katzmarzyk & Leonard,
1998). Another eco-geographic rule also formulated then (Thomson, 1913) involves the human
nose, which displays a relatively narrower morphology when climate is cooler and dryer (see
also Thomson & Buxton 1923). Previous research has also demonstrated a high inverse
correlation between the nasal index (nose width/nose height) and vapor pressure, suggesting
that humidity is a driving adaptive force (Weiner, 1954). Later studies, based on various
archaeological and anatomical collections and focusing on the nasal morphology, have
confirmed its association with environmental factors. These studies have shown that in colder
and drier environments, humans tend to display a longer, taller and narrower nasal cavity
(Franciscus, 1995; Churchill et al., 2004; Doorly et al., 2008; Yokley, 2009; Holton et al., 2011a,
2013; Evteev & Grosheva, 2019). This morphology would improve two physiological functions
ensured by the nose: air conditioning, i.e., the process by which the inspired air reaches body
core temperature and a full saturation with water vapor (e.g. Wolf et al., 2004; Elad et al., 2008)
and respiratory energetics, i.e., the regulation of the amount of inhaled air to ensure the release
of a substantial amount of energy for metabolic work (e.g. Churchill et al., 2004; Hall, 2005;
Froehle et al., 2013). As both these physiological functions can be influenced by climatic factors
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(see Chapter 2.2.), internal nasal structures are key anatomical areas for understanding the

climatic adaptation of human species.

1.2. Research objectives

In this context, we have decided to join the collective research endeavor to understand
how climatic factors have impacted nasal morphology in the human species. This doctoral

project focuses more specifically on two research axes, each based on a different sample.

The first axis seeks to quantify modern variability for the nasal airway in extant Homo
sapiens populations. While nasal cavity (i.e., the negative volume defined by bone) has been
extensively studied, biological anthropologists have to date paid little attention to the nasal
airway (i.e., the negative volume inside the nasal cavity, delimited by the nasal mucosa). Yet,
nasal mucosa is the main tissue involved in the physiological functions thought to underlie
climate-related variation of the nasal morphology. Furthermore, no study has yet demonstrated
a strict covariation between hard and soft tissues in the nasal region. In our opinion, this should
encourage caution in applying functional explanations to climate-related variation of the upper

airway morphology, while studying solely the morphology of the bony nasal cavity.

With this in mind, we have set up a protocol based on medical CT scans collected in
Cambodia, Chile, France, Russia and South Africa. The study of these data was achieved via 3D
imaging and morphometric techniques. Considering the genetic diversity of these five
populations, we do not seek to isolate the climate adaptation signal, which would be an
unattainable goal with such a sample. However, we investigate the hypothesis that the genetic
and geographic diversity of modern-day populations are responsible for a variation of the nasal
airway morphology. Our approach also aims at exploring the intra-population variation of nasal

airway morphology in relation to seasonality, sex and/or age.

The second axis aims at understanding the mechanisms connecting climatic and
morphological variation. It has been showed that the relation between climate and human body
morphology is driven by genetic mechanisms (Katzmarzyk & Leonard, 1998; Serrat et al., 2008),
involving for example a natural selection for cold-adapted phenotypes over successive
generations. Under this hypothesis, climatic stresses may have led to adaptations that are no
longer essential for modern human survival. However, an increasing amount of evidence
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suggests that adaptation to climate can also go through an acclimatization, or phenotypic
plasticity (also referred to as developmental plasticity), ie., the physiological and
morphological variation that results from an environmental stress and occurs between the
conception and the maturity of an organism (Rae et al., 2006; Serrat et al., 2008). By definition,
these epigenetic mechanisms only last during the lifetime of the organism. However, they may
still have great biological significance (e.g. Gluckman & Hanson 2006). To date, little is known

about such phenotypic plasticity of the nasal region.

The use of experimental approaches in controlled environments can provide a wealth of
information to distinguish genetic from climatic causes of phenotypic variation. To address our
second axis of research, we chose to work on microtomographic images of mice (Mus musculus)
that were reared in different temperature conditions (these mice were reared either at 26°C
(thermoneutrality), 22°C (control), or 10°C (cold)). Since the studied mice are inbred, this
sample allows us to artificially get rid of the natural selection signal. Our approach also aims to
test the effect of masticatory forces on nasal morphology, as we fed the two groups of cold-
reared mice with pellets of different hardness. This factor may be of importance since animals
living in cold conditions tend to increase their food consumption in order to meet the higher

energetic demands required in their extreme environment.

1.3. Organization of the manuscript

This work cannot be devoid of a chapter providing a detailed state of the art about
climate influence on the morphology of the human craniofacial skeleton (Chapter 2). In this
chapter, previously published as a book chapter (Maréchal & Heuzé, 2022), we provide a
detailed description of upper airway anatomy and physiology and review the current
knowledge on climate-related morphological variation in this area. In addition, we discuss the
temperature-sensitive developmental pathways that might play a role in this morphological
variation. In the scope of thermoregulation mechanisms, we explore how temperature can both

directly and indirectly affect bone formation.

In the next chapter, we provide more information on the research methodology
implemented to study our data (Chapter 3). More specifically, we develop the main theoretical

concepts related to the shape comparison by surface registration. While some methodological
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aspects relevant to the composition and treatment of each sample are described in the
dedicated chapters (Chapters 4 and 5), the purpose of chapter 3 is also to provide more details
on the methodological choices made during the different stages of data pre-processing and

analysis.

Hence, the following chapters are intended to describe the results we obtained on each
of our two samples, after presenting more specific details about the methodology applied to
each of them. In chapter 4, we present the outcomes of the analysis of nasal airway morphology
in five modern human groups, which was published as an article in Journal of Anatomy
(Maréchal et al., 2023). We detail shape and volume variation both on an inter- and an intra-
population scale. We then develop some potential explanations of such variation. In chapter 5,
we present our findings on the inbred mice groups reared under different temperature
conditions. We primarily focus our analyses on external craniofacial morphology,
morphological variation of the nasal cavity, as well as volume variation of the nasal turbinates.

This study is still in preparation and will be submitted for publication in the following weeks.

At the end of this work, we provide an extended discussion of all these results. We begin
by placing them into the big picture of human adaptation to climate and discuss the relevance
of using modern and experimental data to bring a fresh perspective to these long-standing
research questions. Finally, we offer suggestions for further paths of research that we believe

should be explored in the future.
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- Chapter 2 .

CLIMATE INFLUENCE ON
HUMAN CRANIOFACIAL MORPHOLOGY

Chapter 2 was published as a book chapter:
Maréchal L. and Heuzé Y. 2022. Interaction Between Environmental Temperature and
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M. K. Pitirri and J. T. Richtsmeier, CRC Press: Boca Raton and London.
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2.1. Introduction

The variation and evolution of craniofacial skeletal morphology in hominids is the result
of a complex interplay between genetic factors (e.g. Adhikari et al. 2016; Pickrell et al. 2016;
Shaffer et al. 2016; Zaidi et al. 2017; Claes et al. 2018) and biomechanical pressures related to
brain growth, mastication, and respiration (Moss & Young, 1960; Enlow, 1990; Richtsmeier et al.,
2006; Lieberman, 2011; Bastir & Rosas, 2013), as well as multiple environmental factors
including diet, activity level, and ecogeographic variables such as temperature (e.g. Steegmann
& Platner, 1968; Roseman, 2004; Rae et al., 2006; Evteev et al., 2014; Menéndez et al., 2014; Sardi,
2018; Wroe et al., 2018; Martin et al., 2021). Although developmental shifts in brain ontogeny
and selective pressures in response to the biomechanical forces related to mastication and
respiration appear to be predominant in human skull evolution (for a recent comprehensive
review, see Lesciotto & Richtsmeier, 2019), environmental factors might still have a significant

influence, though possibly more challenging to disentangle from other processes.

The influence of these environmental factors, particularly temperature, has been
addressed in prior research, mainly focusing on their impact on infra- or post-crania
morphology and body proportions (e.g. Holliday, 1997; Ruff, 2002; Holliday & Hilton, 2009). The
pioneering work of Bergmann (1847, translated in James, 1970) states that homoeothermic
organisms maintain stable internal body temperature by balancing the production of warmth
within the volume of their body and the loss of warmth fromits surface. In this thermoregulation
process, the surface area-to-volume ratio of the body is therefore a predominant factor.
According to Bergmann’s rule, within a broadly distributed genus, species of larger size are
found in colder environments, while species of smaller size are found in warmer environments.
This rule, though still debated (e.g. Scholander, 1955; Mayr, 1963; McNab, 1971, 2010, 2012;
Crognier, 1981a; Ruff, 1994; Katzmarzyk & Leonard, 1998; Ashton et al., 2000; Meiri & Dayan,
2003; Ochocinska & Taylor, 2003; Blackburn & Hawkins, 2004; Meiri et al., 2004; Rodriguez et al.,
2006; Clauss et al., 2013; Foster & Collard, 2013; Alhajeri & Steppan, 2016; Gohli & Voje, 2016;
Brown et al.,2017; Nunes et al., 2017; Sargis et al., 2018), also applies to the genus Homo. Allen’s
rule, based on another foundational work concerning the influence of environmental
temperature on the morphology of homoeothermic organisms (Allen, 1877), states that in
colder climates individuals tend to possess shorter limbs and extremities, thus reducing the

surface area-to-volume ratio and the associated heat dissipation. In warm climates, the
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opposite phenomenon is observed. However, Bergmann’s and Allen’s rules were based on
observed variation of the postcranial skeleton and may not apply to the craniofacial skeleton.
The impact of environmental temperature on the variation and evolution of skull phenotypes
remains less clear, for example, in Neanderthals (e.g. Steegmann et al., 2002, but see Weaver,
2009). Moreover, attempts to provide mechanistic hypotheses to explain craniofacial
morphological variation attributed to environmental temperature remain scarce. Hence, in the
present chapter, we will review research relevant to two critical questions, which, from our
perspective, are related and need to be addressed together to increase our comprehension of
the role of climate in the evolution of craniofacial morphology: 1) what anatomical and
functional units of the skull exhibit temperature-associated patterns of morphological
variation? and 2) what developmental processes (genetic, molecular, and cellular) involved in
craniofacial growth and development are sensitive to temperature, and could contribute to the

explanation of such variation?

Among the different anatomical and functional units of the skull, the facial skeleton
shows clear signs of morphological variation related to environmental temperature. In
particular, temperature-related variation of the shape and size of the nasal cavity has been a
focus of research in paleoanthropology and physical anthropology for many years. The nasal
cavity forms the gateway to the respiratory system (Enlow, 1990). As such, the morphology of
this interface region has long been considered a reliable proxy for studying the link between
hominins and their environment (e.g. Davies, 1932; Weiner, 1954; Carey & Steegmann, 1981;
Yokley, 2009; Noback et al., 2011). Two main hypotheses have been put forward to interpret how
adaptive pressures impact nasal cavity morphology. These hypotheses are not mutually
exclusive and relate to two factors that might simultaneously influence nasal morphology. The
first hypothesis considers the morphology of the nasal cavity in relation to its air conditioning
function and climatic adaptation (Shea, 1977; Cole, 1982a; Churchill et al., 2004; Yokley, 2009;
Butaric et al., 2010; de Azevedo et al., 2017; Butaric & Klocke, 2018; Evteev & Grosheva, 2019;
Heuzé, 2019). The air conditioning function of the nasal cavity is the process by which the
inspired air reaches body core temperature and a full saturation with water vapor to protect the
alveolar lining in the lower airway (Wolf et al., 2004; Elad et al., 2008). The second hypothesis

emphasizes the role of the nasal cavity as the upper part of the respiratory system regulating
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the amount of airinhaled and is thus closely related to the energetic demands of the body (Hall,

2005; Froehle et al., 2013; Holton et al., 2014, 2016; Wroe et al., 2018).

Neanderthals, who lived in Eurasia until about 28 kya ago (Finlayson et al., 2006), have
received much attention on these matters. The morphology of the Neanderthal appendicular
and facial skeletons has often been interpreted as cold adapted (e.g. Steegmann et al., 2002)
and/or as the result of genetic drift (Weaver, 2009). In the facial region, this variation includes a
larger nasal cavity in Neanderthal relative to anatomically modern Homo. This larger nasal
cavity would allow an increased incoming airflow, associated with a larger volume of the
ribcage to meet the high energetic demands of large-brained and heavy-bodied Neanderthals
(Franciscus & Churchill, 2002; Garcia-Martinez et al., 2018; Wroe et al., 2018) while providing an
efficient way to condition air in cold climates (de Azevedo et al. 2017; but see Bastir 2019). Using
computational fluid dynamics methods, one can quantify several airflow features
characterizing respiration, as well as air conditioning efficiency in extant normal and
pathological samples (Burgos et al., 2017; Kim et al., 2017). These methods have recently been
used to study Neanderthals (de Azevedo et al., 2017; Wroe et al., 2018), though the virtual
reconstruction of nasal mucosa of fossil specimens, achieved by morphing the modern human
airway to fossil nasal cavities (see also Bourke et al. 2014), might be problematic (Evteev &
Heuzé, 2018). Indeed, based on a relatively small sample (N =30), Heuzé (2019) reported a rather
low correlation between the volume of the bony nasal cavity and the negative volume defined
by the nasal mucosa, that is, the functioning nasal airway, thus preventing robust direct

interpolation of nasal airway volume on the basis of nasal cavity volume.

In this chapter, we take a step back and address the question of the interaction between
environmental temperature and facial skeletal morphology from a new perspective. Our
purpose is to provide an overview of the current knowledge of the temperature-related
morphological variation of nasal and paranasal structures and to explore the temperature-
sensitive pathways that might have a role in this variation. Genes sensitive to temperature are
obviously of importance in temperature-related morphological variation, and examples are
provided in this chapter. However, genes do not directly produce phenotypes (Cohen &
MacLean, 2000; Richtsmeier & Lesciotto, 2020). Rather, phenotypes are the products of complex
interactions between the genome and the internal and external environment. A concept central
to these interactions is developmental plasticity, which is the response of cells, tissues, organs,
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and/or an individual organism to environmental variation that occurs within the lifespan of an
individual with a single genotype and results in the formation of more than one phenotype (Hall
& Eckhard Witten, 2018). Acknowledging the key role of cellular processes in the making of
phenotypes, this review focuses on the cellular response to temperature changes. In doing so,
our purpose is to pave the way to a better understanding of the mechanisms that explain the
relationship between climate variation and the morphology of the structures involved in
respiration. We believe that such an approach will shed a new light on the role of temperature

in human evolution.

2.2. Upper airway morphology

As stated, the nasal cavity forms the gateway to the respiratory system (Enlow, 1990).
The covariation of environmental air temperature and humidity with morphology of the nasal
structure has consequently been extensively addressed and these ecogeographic factors are
considered a driving force in the expression of phenotypic variation and adaptation (Thomson,
1913; Thomson & Buxton, 1923; Davies, 1932; Woo & Morant, 1934; Negus, 1952, 1960; Weiner,
1954; Cottle, 1955; Wolpoff, 1968; Hiernaux & Froment, 1976; Carey & Steegmann, 1981,
Crognier, 1981a,b; Franciscus & Trinkaus, 1988; Franciscus & Long, 1991; Franciscus, 1995;
Roseman, 2004; Roseman & Weaver, 2004; Harvati & Weaver, 2006a,b; Marquez & Laitman, 2008;
Hubbe et al., 2009; Yokley, 2009; Butaric et al., 2010; Bastir et al., 2011; Noback et al., 2011;
Evteev et al., 2014; Jaskulska, 2014; Butaric, 2015; Maddux et al., 2016b; Zaidi et al., 2017; Marks
et al., 2019). In the following, we discuss nasal anatomy and physiology and summarize what is
currently known about climate-related phenotypic variation. Finally, we focus on the paranasal
sinuses, their role in respiratory energetics, and current hypotheses about their covariation with

nasal morphology and environmental factors.
Nasal anatomy and physiology

The nasal cavity is the area of the craniofacial skeleton that contains the nasal airway,
the first anatomical region of the respiratory system involved in respiratory energetics and air
conditioning. Conditioning of the inspired air in the nasal airway is achieved through contact
with the respiratory mucosa producing heat exchange via convection and moisture exchange

via evaporation (Cole, 1982b; Naclerio et al., 2007; Yokley, 2009). Skeletally, the nasal cavity is
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bounded and defined by maxillary, nasal, palatal, vomer, sphenoid, frontal, ethmoid, and
lacrimal bones. The shape, size, and relative position of these bones affect the morphology of
the nasal cavity that, at least indirectly, conditions the quantity of air that can be inhaled and
the air conditioning performances. The dimensions of the entry (piriform aperture) and exit
(choanae) points significantly influence respiratory energetics (Swift & Proctor, 1977; Bastir &
Rosas, 2013). Maddux et al. (2016b) argued that nasal cavity height was more likely to be
associated with energetics, while nasal cavity width and length play an important role in air

conditioning (Noback et al., 2011).

ETHMOIDAL
AIR CELLS

Inflow tract Functional tract Ouitflow tract

Figure 2.1. Sagittal cross-section from a CT scan showing the structural elements of the incoming nasal
airflow pathway in lateral view. The inflow tract consists of the vestibulum (1) and the anterior cavum (2),
which are separated by the isthmus. The functional tract is the area of the turbinates (3). The outflow tract is
composed of the posterior cavum (4), choanae, and nasopharynx (5).

The mucous membrane lining the nasal cavity delimits the nasal airway that can be
divided into three different units (Figure 2.1) (Mlynski et al., 2001; Bastir et al., 2020). The first
part, the inflow tract, directs and diffuses the airflow, and contains the vestibulum, isthmus, and
anterior cavum. The second part, the functional tract, includes the nasal turbinates. The third
part, the outflow tract, directs warmed and humidified air toward the lower respiratory tract

and is composed of the posterior cavum, choanae, and nasopharynx.
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The thickness of the highly vascularized mucous membrane of the nasal airway
fluctuates by contraction and expansion, depending on physiological factors such as blood
pressure, nasal cycle, and nasal function (Cauna, 1982; Elad et al., 2008; Yokley, 2009; White et
al., 2015). The variation in mucosa thickness causes congestion and decongestion of the nasal
airway and affects its size and shape. Consequently, the speed, volume, and direction of airflow
are also affected (Cauna, 1982), as well as the efficiency of air conditioning processes (Churchill
et al., 2004; Naftali et al., 2005; Zhao & Jiang, 2014; Ma et al., 2018). Indeed, the nasal airway is
the place where air conditioning takes place, which is necessary to optimize gas exchanges in
the pulmonary alveoli and thus participate in global homeostatic thermoregulation (Havenith,
2005; White, 2006) while protecting the lungs from thermal damage, desiccation, and infection
(Proetz, 1951, 1953; Walker & Wells, 1961; Cole, 1982a; Proctor, 1982; Keyhani et al., 1995;
Williams, 1998; Keck et al., 2000; Eccles, 2002; Wolf et al., 2004; Yokley, 2006, 2009; Doorly et al.,
2008; Elad et al., 2008; Hildebrandt et al., 2013). A large mucosal surface and a narrow channel
generally facilitate heat and moisture exchange (Schmidt-Nielsen et al., 1970; Collins et al.,

1971; Hanna & Scherer, 1986; Schroter & Watkins, 1989; Lindemann et al., 2009).

The nasal turbinates (or conchae) are complex, curled structures that extend from the
side and upper walls of each nostril and play a major role in respiratory processes. These
structures are divided into lower, intermediate, and upper turbinates (Moore, 1981; Smith et al.,
2006; Maier & Ruf, 2014). They are covered with an epithelium that is olfactory for the upper
turbinate (Zhao, 2004; Sahin-Yilmaz & Naclerio, 2011) and respiratory for the intermediate and
lower turbinates (Doorly et al., 2008; Wen et al., 2008; Xiong et al., 2008; Sommer et al., 2012;
Kim et al., 2017; Marks et al., 2019). Beneath the turbinates lie the superior, middle, and inferior
meatuses that communicate posteriorly with the outflow tract; the middle meatus also holds
the opening of the maxillary sinus (ostium maxillare). Ontogenetically, the turbinates and the
associated meatuses develop from the six furrows, resembling ethmoturbinals, appearing on
each lateral branch of the cartilaginous nasal capsule during weeks 9 to 10 of human fetal
development (Jankowski, 2013). Postnatally, lower turbinates include numerous seromucous
cells, providing a significant input of water vapor required in the air humidification process
(Cole, 1982a; Tos, 1982; Keyhani et al., 1995; Naftali et al., 2005; Na et al., 2012). Studies using

computational fluid dynamics methods have demonstrated the role of the two lower turbinates
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in mediating the velocity and direction of airflow (Keyhani et al., 1995; Wang et al., 2005;
Inthavong et al., 2007, 2018; Doorly et al., 2008; Zhu et al., 2011; Na et al., 2012; Li et al., 2017).

Climate-related variation of nasal structures

Numerous studies focusing on the nasal area have shown an association between its
morphology and environmental factors (e.g., air temperature, humidity, altitude). Two main
proxies for nasal morphology have been used to study this relationship: the negative volume
defined by bone (i.e., nasal cavity) and the negative volume defined by soft tissue (i.e., nasal

airway).

The first studies that accurately demonstrated a relationship between nasal
morphology and eco-geographical factors were conducted using dry skulls and based on
measurements of the facial skeleton and nasal aperture (Thomson, 1913; Thomson & Buxton,
1923; Davies, 1932; Weiner, 1954; Hoyme, 1965; Wolpoff, 1968; Hiernaux & Froment, 1976; Carey
& Steegmann, 1981; Crognier, 1981b,a; St. Hoyme & Iscan, 1989; Franciscus & Long, 1991,
Roseman, 2004; Hubbe et al., 2009; Leong & Eccles, 2009). Later studies addressed the
morphology of the entire nasal cavity and confirmed this relationship (Yokley, 2009; Noback et
al., 2011; Evteev et al., 2014; Fukase et al., 2016). Comparative inter-population studies have
demonstrated that the only area of the nasal complex affected by variation related to eco-
geographic factors is the internal nasal cavity (Maddux et al., 2016a). This area is also the main
site of heat and moisture exchange within the nasal complex (Ingelstedt, 1956; Cole, 1982a; Keck

et al., 2000; Naftali et al., 2005; Elad et al., 2008).

The results of these studies show that, when humans live in cold environments, they
appear to possess a nasal cavity that is reduced mediolaterally and increased anteroposteriorly
and superoinferiorly (Churchill et al., 2004; Doorly et al., 2008; Yokley, 2009; Holton et al., 2011b,
2013; Maddux et al., 2016a). Narrow nasal passages facilitate heat and moisture exchange by
increasing the mucosal surface area relative to air volume (SA/V) ratio. This configuration
increases nasal resistance for conditioning incoming airflow but also increases the amount of
heat and water recovered during exhalation, thereby improving the conditioning capacity of the
inner nasal cavity (Schmidt-Nielsen et al., 1970; Collins et al., 1971; Hanna & Scherer, 1986;

Schroter & Watkins, 1989; Lindemann et al., 2009). In addition, when the anteroposterior
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dimension of the nasal cavity increases, so does the time that airflow occurs in the nasal cavity,
which also contains a larger volume of mucous membrane along this dimension, increasing
efficiency of air conditioning (Inthavong et al., 2007; Noback et al., 2011). Last, the variation in
nasal cavity height might be related to another aspect of climatic adaptation: energy demands.
Several studies have shown that individuals with higher metabolic demands for oxygen
consumption, which is generally the case in colder and/or drier environments, tend to have
taller nasal cavities (Froehle, 2008; Bastir & Rosas, 2013, 2016; Holton et al., 2016). Furthermore,
the increase in nasal height of individuals living in cold climates might also compensate for the
reduction of nasal breadth that is also observed in these environmental conditions, thus main-

taining a sufficient volumetric intake capacity (Maddux et al., 2016a).

While the nasal cavity has often been studied, the nasal airway has only become the
focus of studies in the last few years. An in vivo study (Yokley, 2009) measured the SA/V ratio of
individuals from European and African ancestry and observed that this SA/V ratio was only
higher in European individuals when the nasal airway was fully decongested (i.e., nasal mucosa
fully contracted). When the nasal mucosa was not fully contracted, the SA/V ratio showed no
significant differences between the individuals from European and African ancestry. This study
underlines the importance of focusing not only on the nasal cavity but also on the volume
delimited by the mucosa (i.e., nasal airway) and its morphology. An important issue when
addressing nasal airway morphology is to take into consideration the nasal cycle, which
consists of the alternative partial congestion and decongestion of the right and left sides of the
nasal airway during breathing, thus optimizing respiratory air conditioning (Hasegawa & Kern,
1977; Cauna, 1982; Eccles, 1982, 1996; Watelet & Cauwenberge, 1999; White et al., 2015;
Pendolino et al., 2018). The influence of the periodicity of these nasal cycles on airway
morphology needs to be addressed by studying larger samples and measuring the right and left

sides separately (Heuzé, 2019).
Function of the paranasal sinuses

The paranasal sinuses are mucous membrane-lined cavities within bones that surround
the nasal area (Figure 2.2). These include: the frontal sinuses, communicating with the nasal
region through the meatus; the maxillary sinuses, communicating with the nasal region through

the semilunar hiatus; and the sphenoid sinus. Ethmoidal air cells, which are thin-walled cavities
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located in and defined by the ethmoidal labyrinth, are also often considered paranasal sinuses.
However, ethmoid bone development in humans starts during the first trimester of gestation,
while the other paranasal sinuses develop entirely after birth in aerial conditions, which could
ontogenetically grant them another status (Jankowski, 2013). Furthermore, the mechanisms of
paranasal sinus formation differ from those of the ethmoidal complex. One theory explaining
paranasal sinus development - the epithelial theory - states that the maxillary, frontal, and
sphenoid sinuses are produced via epithelial diverticula overflowing from the ethmoid labyrinth
and causing a pneumatization of the surrounding bones (Zuckerkandl, 1893; Zollikofer &

Weissmann, 2008).

Several functions have been assigned to paranasal sinuses without real consensus. One
theory is that these structures were involved in reducing the weight and increasing
pneumatization of the skull (O’malley, 1923; Tillier, 1977). Another theory raised the hypothesis
of a potential role in thermal insulation of the brain and the eyes or in voice resonance (Masuda,
1992). A third hypothesis, the mechanistic theory, sees the paranasal sinuses as simple residual
cavities that result from morphological changes in the surrounding structures that are
constrained by biomechanical forces during craniofacial development (Rae et al., 2003; Holton
etal., 2013; Jankowski, 2013; Butaric, 2015; Butaric & Maddux, 2016; Noback et al., 2016; Maddux
& Butaric, 2017; Buck et al., 2019; Evteev & Grosheva, 2019). An additional hypothesis focuses
on the role of the paranasal sinuses in the warming and humidification of inspired air (Gannon

etal., 1997).

Another function attributed to the paranasal sinuses is the production of nitric oxide by
the inner membranes of the sinuses, under the action of the enzyme I-NOS (NOS-2) (Lundberg
et al., 1995, 1996). Nitric oxide is a powerful vasodilator, particularly involved in the cellular
functions of the respiratory, nervous, and immune systems (Lundberg, 2008; Keir, 2009;
Marquez et al., 2014). It is produced by the endothelial cells of sinus blood vessels and relaxes
the muscle fibers of the vascular nasal wall when pumped into incoming airflow, thus regulating
the intranasal temperature (Lundberg et al., 1995; Holden et al., 1999). In addition, nitric oxide
may help maintain a sterile environment in the respiratory tract through two mechanisms: (1)
nitric oxide is toxic to many viruses and bacteria and may therefore play a role in protection

againstinfections (Mancinelli & McKay, 1983; Croen, 1993), and (2) the level of nitric oxide affects
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the beat frequency of the cilia of airway epithelial cells that propel mucus-trapped debris and

particles out of the lungs (Jain et al., 1993).

The proximity of the paranasal sinuses to the nasal structures and their role in
respiratory processes has led researchers to study the relationship between the paranasal
sinuses and climatic factors (e.g. Rae et al. 2011; Butaric 2015; Evteev & Grosheva 2019). While
the sinuses show a high level of within- and between-group variation (Evteev & Grosheva, 2019)
and are strongly correlated with craniofacial size (Rae et al., 2011; Butaric, 2015), a covariation
has been measured between the maxillary sinus and nasal structures (Butaric, 2015). Indeed,
individuals from cold-dry climates tend to have a larger maxillary sinus volume associated with
a medial displacement of the lateral nasal walls, thus causing a reduction of the internal nasal
breadth (Holton et al., 2013; Butaric, 2015; Butaric & Maddux, 2016; Evteev & Grosheva, 2019).
Nevertheless, some confusion remains about the exact function of each of these sinuses, their
relationship with neighboring structures, and how variation in paranasal sinuses relates to

skeletal morphology of the entire face, not just the nasal aperture, and environmental factors.

Figure 2.2. 3D reconstruction of a human adult skull allowing the visualization and localization of nasal
and paranasal structures: nasal airway (blue), ethmoidal air cells (orange), frontal sinuses (yellow), sphenoid
sinus (red), and maxillary sinuses (green).
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2.3. Effects of environmental temperature on bone formation

The studies summarized previously focus on the correlation or covariation between
ecogeographic factors (mainly temperature) and morphology of the nasal region and the
hypothesized advantages of these phenotypes in cold or warm environments. Though it is
widely acknowledged that the morphology of the nasal region depends in large part on the
articulation of bones that surround it, the processes that contribute to bone formation that
underlie this variation and generate its expression are rarely addressed. For instance, we do not
yet understand the relative roles of heredity and developmental plasticity in the production of
craniofacial phenotypes (Lovejoy et al., 2003). Here we present an overview of the manifestation
of thermoregulation in extreme climatic environments and propose hypotheses on how stress
caused by extreme temperature could modify bone formation processes and the resulting
morphology of the nasal region. We then address the interaction between genes and the
environment in the production of a phenotype through the identification of pathways or
temperature-sensitive genes that could have an effect on the nasal and paranasal structures via

cellular processes involved in bone and cartilage development.

We emphasize that trying to explain a phenotype as the direct result of temperature
influence is unrealistic, as many other factors must be considered to explain craniofacial
skeletal morphology. Diet, nutrition, and activity levels are examples of environmental inputs
that can influence bone metabolism (e.g. Kiliaridis et al. 1985; Paschetta et al. 2010; Menéndez
et al. 2014). Furthermore, temperature is not the only parameter defining ambient air, which
also depends on the less acknowledged factor of humidity. Another major consideration is the
integration among structures constituting the craniofacial skeleton that caninduce a secondary
variation in some specific area that is a response to the variation of its surrounding bony
environment (Sardi et al., 2018; Scott et al., 2018). Age can also affect craniofacial morphology.
Tooth loss and subsequent bone resorption in the maxillary area would induce a modification
of palate morphology that could also affect the nasal and paranasal structures (Albert et al.,
2007; Joganic & Heuzé, 2019). Though not meant to be exhaustive, we present some
temperature-sensitive genes, pathways, and cellular processes involved in bone and cartilage

formation and that could influence aspects of craniofacial morphology.
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Thermoregulation in extreme climatic environments

Thermoregulation includes all the mechanisms used by an organism to control its body
temperature and ensure optimal regulation of all metabolic processes (lwen et al., 2018;
Romanovsky, 2018). In homoeothermic species, the production of internal body heat must
always be balanced with body surface heat loss in order to maintain homeostasis. To this end,
various mechanisms have evolved, including skin vasodilatation, sweating, behavioral
adaptations, insulation of the body by fur, clothing, and/ or intradermal fat accumulation
(Cannon & Nedergaard, 2004; Kasza et al., 2014, 2016; Alexander et al., 2015; Fischer et al., 2016).
Biological responses such as vasoconstriction and vasodilatation also allow heat to be retained
or lost by the extremities. For instance, cold temperature leads to vasoconstriction that directs
the blood flow towards the trunk and vital organs to reduce the dispersion of blood heat in the
extremities (Tansey & Johnson, 2015). Indeed, the extremities of homoeothermic species are
characterized by their regional heterothermy, that is, the ability to drop temperature of the
limbs while maintaining that of the trunk (Harrison & Clegg, 1969; Ponganis et al., 2003; Serrat
etal., 2008).

Experimental studies have measured an interaction between temperature, cell
proliferation, and bone matrix production, which may affect cartilage growth and thus modify
the morphology of endochondral bone (Serrat et al., 2008, 2010, 2015; Serrat, 2014). Hence,
temperature can affect vertebral number in ectothermic and homoeothermic vertebrates (Hall,
2015), as well as limb and extremity length, which tend to shorten in response to a decrease in
temperature (Allen, 1877; Feldhamer, 2020). One of the explanations of limb shortening
proposed by Serrat (2014) is that the vasoconstriction induced by cold stress leads to a
decreased blood flow in the extremities, altering the transport of important nutrients, oxygen,
and hormones, and ultimately affecting endochondral ossification. Indeed, growth plates,
though avascular, benefit from the nutritional support of the surrounding vasculature that
transports solutes diffusing through the extracellular matrix to reach the cartilaginous cells
(Brookes & Revell, 1998). An alteration in blood flow might therefore affect this nutrient supply,
thus affecting normal growth. Interestingly, the effects of temperature on limb length can be
observed within a single generation of outbred mice reared at warm and cold temperatures
during the postnatal growth period (Serrat et al., 2008). These observations underscore the

potential role of phenotypic plasticity. When driven by environmental factors, phenotypic
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plasticity is considered a greater evolutionary force than random mutation (West-Eberhard,
2005), but few studies have addressed the potential effect of phenotypic plasticity on
morphological variation of the upper airway. Rae et al. (2006) contributed to this question in
their study of the dry crania of cold- and warm-reared rats. Their results show that cold stress
causes subtle but significant changes in facial shape as well as maxillary sinus and nasal cavity
volumes, suggesting developmental plasticity of the craniofacial skeleton in response to

climatic variation.
Mechanisms of temperature influence on upper airway bone and cartilage

Potential responses of the craniofacial skeleton to cold stress are not well understood,
but some authors have proposed hypotheses that might explain how temperature influences
craniofacial variation. For example, a recent study on nasal turbinate morphology (Marks et al.,
2019) hypothesized that the modification of cartilage development in cold environments could
also apply to nasal turbinate cartilage and all cartilages of the nasal capsule of the forming
chondrocranium. If this change occurred, the morphology of the surrounding non-cartilaginous
skeletal structures developed through intramembranous ossification (e.g., the maxillary,
premaxillary and nasal bones) would also likely be affected (Chae et al., 2003; Egeli et al., 2004;
Opperman et al., 2005; Wealthall & Herring, 2006; Al Dayeh et al., 2013; Hall & Precious, 2013,;
Hartman et al., 2016; Holton et al., 2018). By altering the expression of genes and pathways that
affect cellular processes involved in cartilage metabolism, temperature could then have an

indirect effect on growth of the facial bones.

Selective brain cooling (SBC) is the mechanism that keeps the brain at a cooler
temperature than the rest of the body through the precooling of the blood supplying the brain
and provides an example of complex interaction between blood f ow intensity and
morphological variation. This mechanism is achieved by dilation or constriction of the veins.
For example, constriction of the veins returning blood from the nose and face precools that
blood that will then be supplied arteriorly to the brain (Caputa, 2004). Regulation of the
evaporation of water at the mucosal surfaces of nasal turbinates also contributes to SBC (Irmak
et al., 2004). Furthermore, ethmoidal air cells and the sphenoid sinus could potentially help cool
the adjacent brain lobes and vessels by thermal conduction. Part of the morphological variation

of craniofacial structures might reflect adaptive changes in growth patterns that produce
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morphology ensuring a more effective SBC specific to the environment. Finally, we know that
cold stressimplies greater oxygen consumption, due to the sympathetic activity associated with
brown adipose tissue production and muscle activation during nonshivering thermogenesis
(Lowell & Spiegelman, 2000). The increase of incoming airflow, which is closely related to the
energetic demands of the body, could also play a role in the variation of nasal morphology (see

also Maddux et al. 2016a).
Temperature-sensitive developmental pathways

Temperature not only affects the skeleton but almost every system in the body, causing
many interactions among tissues that may experience different consequences of thermal stress
(Tattersall et al., 2012). Although the number of genome-wide studies on the molecular basis of
craniofacial morphology have been expanding in the last few years (e.g. Adhikari et al. 2016;
Weinberg et al. 2018; Xiong et al. 2019), our understanding of the genetic basis for craniofacial
variation is incomplete. It is therefore not an easy task to identify the temperature-sensitive
genes that might directly and/or indirectly affect craniofacial morphology. Here, we highlight a
few of these genes and associated pathways that were identified through in vivo and in vitro
studies and which may explain some of the temperature-related variation of nasal and
paranasal morphology (Figure 2.3). We begin by noting that the production of a “cold
phenotype” or a “warm phenotype” does not necessarily imply mechanisms that would be
opposites. Note that variation is expected in the phenotypic response to temperature-sensitive
genes and associated pathways. Some of these phenotypic responses might be continuous and
proportional to the temperature variation, while others might be expressed when a threshold is
reached. Additionally, temperature variation at certain developmental stages can have

different phenotypic outcomes varying both in pattern and intensity (e.g. Hall 2015).

Some researchers have demonstrated that temperature can have a direct effect on bone
formation and growth by altering the activity of bone-forming osteoblasts and bone-resorbing
osteoclasts. An in vitro study using cells derived from rat trabecular bone (Patel et al., 2012) has
shown that, after 14-16 days of culture, the activity of calvarial osteoblasts was reduced by 75%
in mild hypothermia and by 95% in severe hypothermia. A reciprocal effect of hypothermia was
also observed on osteoclastogenesis, that showed a 1.5- to 2-fold stimulation, thus increasing

bone resorption.
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Temperature was also shown to affect preosteoblast activity in vitro, including
mesenchymal stem cell differentiation (Shui & Scutt, 2001; Chung & Rylander, 2012). When
subject to heat stress, preosteoblast cells can promote expression of osteocalcin and
osteopontin, two proteins involved in bone mineral density and metabolic regulation. However,
the combination of heating and osteoinductive growth factors leads to the expression of heat
shock proteins (HSPs), osteoprotegerin, and vascular endothelial growth factor (VEGF).
Osteoprotegerin is involved in bone resorption through its role as a decoy receptor in the
RANKL/RANK pathway (Aubin & Bonnelye, 2000), and VEGF stimulates angiogenesis and
controls bone formation (Dai & Rabie, 2007). HSPs are multifunctional proteins that can be
induced by heat stress or cold stress (Rylander, 2005; Barna et al., 2012; Patil & Paul, 2014; Hang
et al.,, 2018). HSP70, for example, increases the proliferation and differentiation of
osteoprogenitor cells, which are bone marrow-derived stromal cells (Shui & Scutt, 2001), and
regulates both the resorption activity of osteoclasts via the RANKL/RANK pathway and the bone
production activity within osteoblasts by activating the ERK and Wnt/B-catenin pathway (Hang
et al., 2018). The temperature of the cell culture also influences HSP27, which is particularly
involved in the regulation of bone cell physiology through upregulation of TGF- (Hatakeyama
et al., 2002), estrogen (Cooper & Uoshima, 1994), endothelin-1 (Tokuda et al., 2003), and
prostaglandins (Kozawa & Tokuda, 2002). These results point to HSP27 as a potentially

important factor in the modulation of cellular events in bone and cartilage.

Clock genes are also involved in cell proliferation in cartilage. Clock genes are
transcriptional activators that play a central role in the regulation of circadian rhythms, the 24-
hour cycles in physiology that precisely regulate organ function (Reppert & Weaver, 2001). The
expression of clock genes is directly dependent on temperature, and their mutation can lead to
an altered regulation of bone volume or deficiencies in long bone growth because of their
control of chondrocyte differentiation (Gossan et al., 2013; Marks, 2018; Steindal & Whitmore,
2019). Circadian clocks might also have a potentially important role in bone growth and

maintenance and the production of morphology (Takarada et al., 2012).

Temperature can also affect global human DNA methylation and RNA editing (Garrett &
Rosenthal, 2012; Shi et al., 2021), as well as telomere length (e.g., Romano et al. 2013). Genes
with methylation status have been shown to be affected by temperature changes. For example,
low temperature induces the hypermethylation of ZKSCAN4, expressed by an increase of blood
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pressure (Xu et al., 2020), an indirect pathway that could affect bone growth. Another study
addressed the contribution of cold-inducible RNA-binding protein (CIRP) to tissue remodeling
in chronic rhinosinusitis (Shi et al., 2021). This cold shock protein is a chaperone that is
upregulated under mild hypothermia and facilitates mRNA translation. CIRP seems to be
involved in cold-induced suppression of cell proliferation, but its precise role is still poorly

understood.

Finally, temperature can alter the endocrine system, which has a fundamental role in
homeostasis. By affecting extracellular matrix proteins, cold stress can modify the diffusion
rates of endocrine and paracrine growth regulators affecting the diffusion and transport of
hormones and ultimately skeletal morphology. Among the hormones that could affect the

skeleton (Massaro & Rogers, 2004), thyroid hormones and leptin are probably the best studied.
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Figure 2.3. Diagram summarizing the major physiological pathways through which environmental
temperature could influence nasal and paranasal morphology. Solid lines show direct temperature
influences on bone growth and metabolism. Dashed lines indicate indirect ways through which temperature
can alter bone cells. Indirect pathways include the endocrine system (e.g., thyroid hormones and leptin play
a role in thermogenesis and bone growth), the circulatory system (temperature variation can induce a
vasoconstriction or a vasodilatation, thus affecting blood flow and the transport of nutrients, oxygen, and
hormones involved in bone metabolism), and other temperature-sensitive proteins and genes (e.g., HSP and
clock genes both influence bone growth and metabolism).
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It has been shown that thyroid hormones play a very important role in the regulation of
homeostasis (lwen et al., 2018). These hormones modify the transcription rate of uncoupling
protein 1, localized in brown adipose tissue and involved in nonshivering thermogenesis
(Enerback et al., 1997; Golozoubova et al., 2001; Devlin, 2022), increase metabolic rate, and can
directly influence the sodium/potassium and calcium pumps in skeletal muscle (Silva, 2006), as
well as the vasoconstriction and vasodilatation of blood vessels (Warner et al., 2013). Thyroid
hormone levels also influence intramembranous and endochondral ossification and,
consequently, craniofacial development (Bassett & Williams, 2016). Indeed, skeletal
hypothyroidism is expressed in a delayed ossification of the skull, which can cause defects such
as wider and/or persistent cranial sutures and fontanelles. Conversely, skeletal
hyperthyroidism causes advanced ossification that can manifest as malformations including
craniosynostosis. Interestingly, the phenotypes produced by an altered thyroid status display
similarities with loss-of-function or gain-of-function mutations affecting FGF (fibroblast growth
factor), IGF (insulin-like growth factor) and WNT (Wingless-related integration site) signaling
pathways, which are key pathways in craniofacial development. Since thyroid hormone T3
induces FGF, FGFR, IGF1, and IGF1R expression and enhances MAPK signaling in chondrocytes
and osteoblasts but also enhances WNT signaling and RUNX2 (runt related transcription factor
2) expression in chondrocytes and inhibits WNT signaling in osteoblasts, it is possible that these
signaling pathways interact in the regulation of craniofacial development together with thyroid

hormones (see for review Leitch et al. 2020).

Leptin, a pleiotropic adipocyte derived hormone, is also known to increase with cold
exposure and plays an important role in cold acclimatization and thermogenesis (Korhonen et
al., 2008; Zhao, 2011; Robbins et al., 2018). For example, studies have identified leptin target
neurons that are involved in the sympathetic control of brown adipose tissue (e.g., Cannon &
Nedergaard 2004). Brown adipose tissue is prevalent in newborns and hibernating mammals
but is also metabolically active in human adults for nonshivering thermogenesis (Shum et al.,
1991; Nedergaard et al., 2007; Saito et al., 2009; Devlin, 2015; Oreskovich et al., 2019). Leptin is
also involved in the regulation of bone growth (Kishida et al., 2005) and can regulate
angiogenesis (new vessel formation) (Rezai-Zadeh & Miunzberg, 2013), which would
permanently modify the blood flow and directly affect intramembranous ossification (Percival

& Richtsmeier, 2013).
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2.4. Implications for human craniofacial evolution

To improve our understanding of climate-related patterns of craniofacial morphological
variation in human evolution and the developmental processes underlying this variation,

several paths could be explored.

First, to refine our understanding of the phenotypic expression of climate-related
craniofacial variation, additional quantitative studies are needed to evaluate morphological
differences between populations living in regions with recorded differences in temperature
and/or humidity. Medicalimages of modern individuals living in different climates would enable
measures of bone and nasal mucosa morphology that are crucial to obtain valid estimates used
in the evaluation of the covariation between these two anatomical structures (Heuzé, 2019).
Studying the covariation between nasal cavity and nasal airway will help with the interpretation

of the results obtained on dry skulls in terms of respiratory energetics and air conditioning.

Second, studies of the influence of ambient temperature on growth and development of
rodents (e.g. Rae et al. 2006; Serrat 2014) have shown that experimental studies of animals
could be used to better understand the effects of temperature on the morphology of nasal
structures. The use of laboratory animals can help sort genetic causes from other variables, like
temperature, that potentially affect morphology. Experiments on inbred mice could enable
quantitative comparison of the volume and morphology of upper airway structures between
groups of animals exposed to either cold or warm environments. These studies could help
determine the extent to which morphological variation can be explained by a genetically driven
adaptation and/or by a physiological response to environmental factors, that is, by phenotypic
plasticity. Animal models would also allow exploration of the cellular processes involved in the
morphological response to temperature. An in vitro study on hyperthermia effects on the
proliferation of bone and cartilage cells (Flour et al., 1992) showed that chondrocytes might be
thermoresistant and osteogenic cells thermosensitive. To our knowledge, such results still need
to be tested in vivo. Future studies based on animal models could investigate the effects of
temperature (both hypo- and hyperthermia) on the differentiation of osteochondroprogenic
cells into osteoblasts and chondrocytes (Hall, 2015) and on the proliferation of bone and

cartilage cells. Laboratory mice could serve as a useful model system for this purpose, which
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would then help us discuss the effects of temperature on nasal morphology for other mammals

such as primates.

Finally, the use of computational fluid dynamics offers great opportunities to achieve a
better understanding of respiratory energetics. The complex structures of the nasal airway tend
to restrict in vivo studies of nasal airflow, but computational fluid dynamics enables a valid and
accurate numerical simulation of airflow patterns within the nasal cavity (e.g., Inthavong et al.
2007; Chen et al. 2010; Keck & Lindemann 2010; de Gabory et al. 2020). Thoughtful use of this
technique applied on modern samples of healthy or pathological individuals could contribute
greatly to the discussion about how thermoregulation, respiratory energetics, and climate

interact to produce differential phenotypes in humans.

Integrating these three approaches would allow a more precise definition of the
anatomical and functional units of the craniofacial skeleton showing climate-related patterns
of morphological variation, which would in turn expand our knowledge of developmental
processes that are sensitive to temperature, providing potential explanations at the cellular,

organ, and organismal levels of this observed morphological variation.

2.5. Conclusion

Previous research has shown that human morphological variation can correspond with
differences in climate. We provided a review of the temperature-related morphological
variation of nasal and paranasal structures and a discussion of genetic, cellular, and systemic
temperature-sensitive pathways that might have a role in the production of morphological
variation of the nasal cavity. We observe that temperature both directly and indirectly affect
bone formation, either by altering the activity of preosteoblast cells, bone-forming osteoblasts,
and bone-resorbing osteoclasts or by affecting proteins or hormones (e.g., heat shock proteins,
clock genes, thyroid hormones, leptin) involved in the activity of bone cells. Beyond providing a
review on ecogeographic patterns of morphological variation in upper airway and cellular
processes that potentially influence this morphology, our purpose in this chapter is to highlight
the need for studies integrating these two areas of research. Such research could ultimately

improve our understanding of the role of climate in the evolution of craniofacial morphology.
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Y Synthése

Le développement du squelette cranio-

facial humain résulte de linteraction
complexe d'influences génétiques,
physiologiques, biomécaniques et

environnementales. Parmi ces derniéres, la
température a été identifiée comme un
facteur ayant un impact sur la morphologie
cranio-faciale, et en particulier sur les voies
respiratoires supérieures. En fonction de
’environnement dans lequel ils vivent, les
humains ont tendance a présenter des
morphologies différentes : par exemple,
dans les environnements froids, la cavité
nasale a tendance a étre plus étroite, plus
profonde et plus haute. Nous présentons ici
un état de Ulart sur la variation
morphologique des structures nasales et

paranasales en lien avec la température.

Nous développons ensuite les voies
biologiques sensibles a la température et
susceptibles d’avoir joué un réle dans cette
variation. La température peut affecter
directement et indirectement la formation
osseuse: directement, en modifiant
['activité des préostéoblastes, ostéoblastes
et ostéoclastes ; indirectement, par le biais
de protéines ou d’hormones (e.g. protéines
de choc thermique, genes Clock, hormones
thyroidiennes, leptine) impliquées dans

['activité des cellules osseuses.

% Summary

The development of the human craniofacial

skeleton results from the complex
interaction of genetic, physiological,
biomechanical, and environmental
influences. Among environmental
influences, air temperature has been

identified as a factor impacting craniofacial
morphology, particularly the upper airway.
According to whether they live in warm or
cold environments, humans tend to display
different morphological features in this
anatomical region: e.g. in colder
environments, the nasal cavity tends to be
narrower, longer and higher. Here, we
current

provide an overview of the

knowledge of temperature-related

morphological variation of nasal and

paranasal structures.

We then develop the temperature-sensitive
developmental pathways that might have

played a role in this morphological

variation. Temperature can indeed both
directly and indirectly affects bone
formation. Directly, by altering the activity
of cells,

preosteoblast bone-forming

osteoblasts, and bone-resorbing
osteoclasts. Indirectly, by inducing proteins
or hormones (e.g. heat shock proteins, clock
genes, thyroid hormones, leptin) involved in

the activity of bone cells.
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- Chapter3 -
RESEARCH METHODOLOGY

« Scientists do not seek to impose their needs and wants on
Nature, but instead humbly interrogate Nature and take
seriously what they find. (...) We insist on independent and
quantitative verification of proposed tenets of belief. We are
constantly prodding, challenging, seeking contradictions or
small, persistent residual errors, proposing alternative
explanations, encouraging heresy »

— C. Sagan
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In this doctoral thesis, the studied samples are virtual data obtained through
tomographic (human sample) and microtomographic (murine sample) acquisition (Figure 3.1).
Computed tomography is a medical imaging technique that generates volumes composed of a
set of slices (i.e., images), resulting from the tomographic reconstruction of multiple X-ray
measurements (Hounsfield, 1980). Our sample composition choices, i.e., which individuals we
chose to include in our human sample and how was set up the experimental protocol to
constitute our groups of mice, is described in chapters 4 and 5 respectively. The statistical
analyses, softwares and packages used to study the data are also detailed in the following
chapters and will not be addressed here. The purpose of the present chapter is to provide more
details on the methodological choices made during the different stages of data pre-processing

and analysis.

Coronal view Transverse view

Sagittal view Transverse view Coronal view

Figure 3.1. lllustration of the tomographic images used in this study. Tomographic acquisition of the
human sample (above) and microtomographic images acquired for the murine sample (below).

In this work, all our research questions revolve around the quantification of the
morphological variation of the nasal anatomical structures, both in size and shape. Several
tools can be used to achieve this purpose. Quantitative study of size can be easily achieved
through the statistical analysis of the data obtained after segmentation of the tomographic
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images, i.e., by delimiting the area of interest on all the slices, either manually or from
automated processing (e.g. Balanoff et al. 2016; Buzi et al. 2023). Statistical analyses can then
be performed on the extracted volumes after reconstruction of the segmented areas to study

their variation.

To study the shape of anatomical structures, geometric morphometrics is one of the
most appropriate tool (Bookstein, 1991; Rohlf & Marcus, 1993). Geometric morphometrics
include methods of acquisition, processing, statistical analysis, and visualization for the study
of shapes. It is based on the acquisition of shape descriptors (landmarks) that simplifies the
shape and allows an objective, reproducible and statistically robust study of the morphological

variation (Slice, 2005).

While the use of geometric morphometrics was obvious in the framework of this work,
we faced a major issue: the lack of reproducible anatomical landmarks in the internal nasal
region, which prevents us from accurately and reliably quantifying the morphology of these
structures using landmark-based morphometrics. In addition, the complexity of the shapes
studied would have been poorly represented by such a reduced set of shape descriptors. In
order to study these specific anatomical structures, we have thus decided to use a surface
registration-based method. In this following section, we will present the main concepts of this
procedure, its different steps, and the methodological choices we made in data pre-processing

to ensure the highest accuracy for the study of each of our samples.

3.1. Shape analysis by surface registration

Surface registration

Surface registration is a geometric transformation that computes the correspondence
between two surfaces. Comparing surfaces allows to study a dataset without any
preconceptions and is currently an actively growing field of shape analysis (e.g. Palmer et al.,
2015; Wang et al., 2021; Klatzow et al., 2022). The registration between two individuals A and B
requires to determine the geometric transformation (@) that verifies the following equation:
Xe = @ (Xa), where Xa and Xg are the coordinates of the points composing the objects A and B,
corresponding to the same anatomical positions. Optimization systems can be employed to

minimize local and global errors in the surface registration, especially when the morphologies
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are substantially different. The quantitative results of the surface registration provide a
measure of the similarity between two surfaces, i.e., between two shapes, and can be extended

to the comparison of individuals or specimens of entire datasets (Dumoncel, 2017).

Surface registration can be achieved with different parameters, starting with the very
way the transformation should occur, i.e., how one surface should project onto another. The
rigid transformation method, for example, is the alignment of a surface X to a shape Xg only
through translation, rotation and scaling (when the size effect must be minimized). This
transformation is appropriate to compare two shapes displaying small anatomical differences,
for example when studying longitudinal data for the same specimen (Dumoncel, 2017). But in
most cases, this type of transformation is not sufficient to capture the complexity of the shapes

under study.
Diffeomorphism-based registration

The variation of biological shapes can also be modeled with non-rigid transformations
based on mathematical diffeomorphisms, which describes the continuous evolution of a shape
from a discrete set of observations (e.g. Grenander, 1996; Durrleman et al., 2014; Zhang &
Golland, 2016). This method is based on a diffeomorphic flow, which means that the result of
the registration is a set of successive deformations between 0 and 1 (where 0 represents the
reference surface and 1 the reference surface deformed to the target surface). The result is a
continuum of deformation field that continuously moves from one shape to another: the
diffeomorphism-based registration is therefore regular and has a regular reverse. The use of
diffeomorphisms has been extended to many structures including landmarks, point clouds, or
surfaces (e.g. Vaillant et al., 2007; Durrleman, 2010; Fishbaugh et al., 2017). The application of
this method in paleoanthropology, while expanding these last few years (e.g. Beaudet et al,,
2016, 2020; Dumoncel et al., 2016; Urciuoli et al., 2020; Zanolli et al., 2023), still remains scarce,
mainly because of the complexity of its implementation. Yet, increasing the studies and
diversifying the investigated anatomical structures would allow the expansion of this method
in the upcoming years. Another prospect of interest would be to develop more studies
comparing the results of morphometric analyses with and without landmarks, as was done for

example by Braga and colleagues (2019).
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The mechanism of the diffeormophism-based registration isillustrated in Figure 3.2. The
purpose is to deform a template surface mesh on a target surface mesh, each of them being a
set of points forming edges that are bound in a connectivity table. In order to find the non-rigid
registration that transforms the reference to the target, we need to compute a deformation
without modifying these connectivity tables, i.e.,, to maintain the original topology of the
template (Dumoncel, 2017). The first step of this procedure is to rigidly align the target on the
template, in order to minimize the differences in position, orientation and scale. The algorithm
generally used to rigidly align two surfaces is the Iterative Closest Point (ICP) algorithm (Besl &
McKay, 1992). This preliminary rigid alignment is crucial to avoid false inferences linked to
misregistration artefacts when comparing the groups or populations further in the analysis (Gee

& Treece, 2014).

Once this standardization step is completed, the non-rigid diffeomorphic
transformation is computed on a set of points called control points, automatically distributed
around the studied structures. The result of the computation includes the optimized
momentum vectors for each individual or specimen, estimated at the control points and
representing the velocity field associated with each control point (Durrleman et al., 2014). These

vectors will allow a visualization of the registration flow.

Figure 3.2. Illustration of the diffeomorphism-based surface registration. The template (above, left) and
the target shape (above, right) and the results of the surface registration (below) represented by the vectors
associated to the control points, projected both on the template and the target shape (left and right
respectively) (from Dumoncel, 2017).
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Atlas creation

Applying the concepts of diffeomorphism-based surface registration to the scale of
complete samples is grounded in the definition of a reference surface from which we want to
evaluate the morphometric variation to various target surfaces. This definition is based on the
computation of a global mean shape for a given set of shapes (i.e., the target shapes). The global
mean shape and the target shapes constitute what is called an atlas (Figure 3.3), which
represents the global deformations observed in a sample, by summarizing the deformation of
the global mean shape to each individual (Durrleman et al., 2012; Beaudet, 2015). This global
mean shape is generated in order to explore the variability of a set of shapes and can be used

for statistical analyses (Durrleman et al., 2013).
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Figure 3.3. Illustration of an atlas. Deformation of the global mean shape T,to each target shape of the
sample (from 1 to n). Schematic illustration (left) and illustration with enamel-dentine junctions (right) (from
Dumoncel, 2017).

3.2. Method implementation

Pre-processing of the data

The main anatomical structures of interest studied in this work are cavities, i.e., negative
air-filled volumes. A preliminary segmentation of the structures is thus necessary to extract the
meshes that are needed to proceed to the analysis of their shape by surface registration. For
this work, we performed semi-automatic (human sample) and manual (murine sample)

segmentations. The major challenge regarding these structures is that they are in direct

60



continuity with the external air. However, this can be solved easily by setting some boundaries
to “close” their extremities. More details on the implementation of the appropriate boundaries
for each of the studied structures are provided in Chapters 4 and 5 (for the human and murine
samples respectively). Beyond these considerations, other practical aspects, more specific to
the application of the surface registration method itself, required some particular attention. We

illustrate these aspects in Figure 3.4 with an example from the human nasal airway analysis.

To study this structure, we set an anterior limit at the piriform aperture and a posterior
limit at the choanae. After performing a threshold-based segmentation of the air between these
two limits, we decided to exclude the ethmoidal air cells, for they are more related to olfaction
than respiration and are thus less relevant regarding our research questions (Jankowski, 2013).
In order to do that, we manually excluded each ethmoidal air cell from our segmentation label.
Furthermore, the threshold-based segmentation of the air constituting the nasal airway failed
to include some of the thinnest sections and areas of the structure. Yet, an important
prerequisite of the surface registration is that the surface meshes of the individuals do not
contain holes or missing parts with respect to the template shape. Otherwise, these areas will
be perceived as actual morphological variation that will be taken into account in the
deformation. Our final step was then to manually correct these missing parts on each individual

segmentation.

This whole segmentation process was, as it always tends to be, highly time-consuming.
We faced a magnified version of these issues and constraints with the murine sample, for which
we had to perform the segmentation almost completely manually, slice by slice. Besides the
time-consuming aspect (once the protocols were set up, we spent about 2 hours per individual
for the human sample and 4-5 hours per specimen for the mice sample), this can also lead to
some errors in the segmentation, which could be avoided by more automatic methods. In the
study of the two samples presented here, we took particular care in this segmentation work to
make it as accurate and reliable as possible. We systematically verified the process along the
way with intra-observer tests, so as not to include biases in our data sets. But we must keep in
mind that some human errors can subsist against our will. In this context, the recent
development of automatic segmentation of cranial cavities (Buzi et al., 2023) is a very promising

prospect for reducing data processing times.
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Lateral view Lateral view

Anterior view Anterior view Postero-lateral view

Figure 3.4. Segmentation of human nasal airway. Protocol of segmentation including the ethmoidal air
cells (protocol from Heuzé 2019) (left), exclusion of the ethmoidal air cells (middle), examples of areas that
were not filled during threshold-based segmentation and need to be manually corrected (right).

Template choice

Before building the atlas, the question arises of the choice of the template shape, which
will be used to generate the global mean shape when computing the atlas. This choice is critical,
because the use of a shape that is too different from the specimens could have an impact on the
final result of the registration. We can highlight several approaches in the selection of this
template shape, the most straightforward being to use a simple geometric shape such as a cube,
sphere or cylinder. This strategy works well for anatomical structures that are not too complex
(e.g. the use a semi-sphere is perfectly relevant to establish the global mean shape of a tooth
sample), but is not applicable to more complex shapes. Itis then possible to use as the template
shape either a specimen of the sample (e.g. Joshi et al., 2016), or a geometric shape constructed

from a set of individuals. In the second option, it is strongly recommended to smooth the shape
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extensively so as not to introduce elements that could influence the computation of the global

mean shape (Dumoncel, 2017).

Considering the complexity of the anatomical structures studied in this work, it was not
possible to use simple geometrical shapes as templates and we therefore had to adopt different
strategies (Figure 3.5). For the human sample, we decided to use a template based on a
simplified nasal airway shape created by Keustermans and colleagues (2018). This model
included the anatomical areas anterior to the piriform aperture and posterior to the choanae.
Using Autodesk Meshmixer v.3.5, we cut these two parts to fit the segmented anatomical area
in our protocol. For the murine sample, as we did not find a suitable preexisting model, we
decided to use one of the specimens. To identify the specimen having the most “average”
morphology, we performed four preliminary surface registrations, using as templates four
different specimens, randomly selected one in each experimental group. We then performed,
for each computed atlas, a principal component analysis (PCA) on the results of the
deformations. We selected as the final template a specimen located as close as possible from
the origin of the PCA in each of the four preliminary registrations, which was one of the mice

from the control goup.

Human nasal airway template Murine nasal cavity template
Figure 3.5. Template shapes used for each sample of this project. The template used for the human sample

is a simplified, smoothed and symmetrical nasal airway and the template used for the murine sample is the
segmented nasal cavity of the specimen 15614_1553 (control group).

Registration parameters

The final step of the methodology, i.e., the diffeomorphism-based surface registration
itself, was performed using the software Deformetrica (Durrleman et al., 2014), through remote

access to the computing center of the National institute of nuclear and particle physics. In this
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software, the registration is computed based on several parameters configurable in the files
(.xml) that will be read by the executables. Among these parameters, the most important one
to configure the deformation is the kernel width (Figure 3.6), whose value conditions the size of
the variation to be taken into account, as well as the rigidity of the deformation (Dumoncel,
2017). After testing for different kernel width values in both samples, we set up this value at 2
for the human nasal airway analysis and at 0.3 for the murine nasal cavity analysis, for these

were the values that performed the best fit in the deformation.

Original surface mesh Kernel width=1 Kernel width =2 Kernel width=5

Figure 3.6. Kernel width configuration. Results of the deformation of a human nasal airway surface mesh
(FR005) with a kernel width value set respectively on 1,2 and 5.

64



- Chapter 4 .
VARIABILITY OF UPPER AIRWAY
MORPHOLOGY IN MODERN HUMANS

Chapter 4 was published as an article:
Maréchal L., Dumoncel J.,Santos F., Astudillo Encina W., Evteev A., Prevost A., Toro-
Ibacache V., Venter R.G., Heuzé Y. 2023. New insights into the variability of upper airway
morphology in modern humans. Journal of Anatomy 242(5), 781-795.

Submitted 1 September 2022; Accepted 12 December 2022

The Supplementary Information is presented in Appendix A

Author contributions: LM: study design, data processing and analysis, results interpretation,
manuscript drafting and revision. JD, FS: data analysis, manuscript revision. WAE, RGV, AE, VTI,
AP: data collection, manuscript revision. YH: project conception, data collection, results
interpretation, critical revision of the manuscript.

65



4 1. Introduction

Since its appearance between 2.4 and 1.8 million years ago in Africa, the genus Homo
has undergone significant climatic fluctuations that have influenced its evolution (Potts & Faith,
2015; Winder et al., 2015). How these environmental changes shaped hominins morphology has
been a recurring question in paleoanthropology research for decades. The exact nature of the
influence of ecogeographic factors, their interaction with other processes causing
morphological variation (i.e., genetic and biomechanical factors), and the extent of their

respective influence on the phenotype are highly debated questions.

One of the anatomical areas that has received particular attention regarding
environmental adaptation is the craniofacial skeleton. Specifically, many authors have
demonstrated the influence of climate on the morphology of the internal nasal region
(Thomson & Buxton, 1923; Davies, 1932; Weiner, 1954; Cottle, 1955; Negus, 1960; Wolpoff, 1968;
Carey & Steegmann, 1981; Crognier, 1981a,b; Franciscus & Long, 1991; Roseman & Weaver, 2004;
Harvati & Weaver, 2006a; Yokley, 2009; Butaric et al., 2010; Bastir et al., 2011; Noback et al., 2011;
Evteev et al., 2014; Jaskulska, 2014; Maddux & Butaric, 2017; Zaidi et al., 2017; Marks et al., 2019),
which is in direct contact with the external environment. The influence of some climatic factors
(e.g. environmental temperature and humidity) on nasal morphology are generally interpreted
in relation to two physiological functions: air conditioning (Charles, 1930; Shea, 1977; Keck et
al., 2000; Churchill et al., 2004; Naftali et al., 2005; Elad et al., 2008; Yokley, 2009; Butaric et al.,
2010; Maddux et al., 2016a; de Azevedo et al., 2017; Butaric & Klocke, 2018; Evteev & Grosheva,
2019; Heuzé, 2019) and respiratory energetics (Hall, 2005; Froehle et al., 2013; Wroe et al., 2018).

Air conditioning is the process by which the inspired air is warmed to body core
temperature and fully saturated in water vapor to protect the lower airways from thermal
injuries (Proetz, 1951; Walker & Wells, 1961; Williams, 1998; Wolf et al., 2004; Elad et al., 2008;
Hildebrandt et al., 2013). This function is ensured by the highly vascularized respiratory mucosa
lining the bony nasal cavity (Froehle, 2008; Holton et al., 2013). In addition to climatic
conditions, several physiological factors such as blood pressure or nasal cycle can modify the
thickness of the nasal mucosa (Elad et al., 2008; White et al., 2015). This also affects the

morphology of the soft tissue nasal passageway through which the air flows and which is called
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the nasal airway. The second physiological function that can be linked to a response to
environmental variation is respiratory energetics. The nasal cavity is involved in meeting the
energetic demands of the body in that it is the upper part of the respiratory system that
regulates the amount of air inhaled (Hall, 2005; Froehle et al., 2013; Wroe et al., 2018). An
increase in the energetic demands of the body, which are needed for example in colder and/or

drier environments, would therefore imply a more voluminous nasal airway (Hall, 2005).

Both air conditioning and respiratory energetics functions can therefore lead to
variation in the size and shape of the nasal airway, which will directly affect the velocity, volume
and direction of inspired airflow. Because these physiological functions are dependent on
climatic factors, nasal morphological variation is an important indicator for understanding the
climatic adaptation of modern and extinct human species. This has been demonstrated in
numerous studies on dry skulls investigating the link between environmental factors and nasal
cavity morphology. The results of these studies have shown that in colder and drier
environments, humans display a longer, taller and narrower nasal cavity (Franciscus, 1995;
Churchill et al., 2004; Doorly et al., 2008; Yokley, 2009; Holton et al., 2011a, 2013; Evteev &
Grosheva, 2019). This morphology would improve the air conditioning capacity by increasing
the ratio of mucosal surface area relative to air volume (SA/V) (Schroter & Watkins, 1989;
Lindemann et al., 2009), but also the occurrence time and the turbulence of the airflow in the
nasal cavity (Inthavong et al., 2007; Noback et al., 2011). Such a morphology could also benefit
respiratory energetics, in that higher nasal cavities have been observed in populations with
higher metabolic oxygen demands. These higher demands could be linked to a larger lean body
mass or a higher level of physical activity in these populations, but also to more demanding
climatic conditions (Froehle, 2008; Bastir et al., 2011; Bastir & Rosas, 2016; Holton et al., 2016).
Additionally, the shape of the nasal turbinates, which are curled structures that extend from the
lateral and upper walls of each side of the nasal cavity, also seems to be affected by climatic
factors (Marks et al., 2019). However, the morphology of these structures have been very

scarcely studied in humans.

While nasal cavity morphology and its environmental fitness has been extensively
discussed, our knowledge on nasal airway morphological variation is still incomplete. A study
on in vivo data showed non-significant differences in the SA/V ratio between individuals from
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European and African descent, unless the nasal airway was completely decongested, which is
more indicative of the morphology of the nasal cavity rather than of the nasal airway (Yokley,
2009). This raises the question of the covariation between the volumes and the shapes of nasal
cavity and nasal airway. The study of a small sample from France addressed this question by
studying the correlation between nasal airway and nasal cavity volumes. When including the
ethmoidal air cells, which are olfactory anatomical structures closely connected to the
respiratory nasal airway, Heuzé reported a non-significant correlation between nasal cavity and
nasal airway volumes. When excluding the ethmoidal air cells, this correlation was significant
but rather low (Heuzé, 2019). These findings call for caution when interpolating climatic
explanations of nasal airway morphology based on nasal cavity morphology. A quantification
of the climate-related nasal airway variation and of the covariation between the nasal airway
and the nasal cavity are therefore crucial steps to be able to discuss the climatic adaptation of

this anatomical area.

The study of archaeological series or anatomical collections does not allow to solve
these questions entirely, because soft tissues are absent. However, medical computed
tomography (CT) of living individuals, whose age and sex are reliably known, allows us to study
both hard and soft tissues. In this research study, we use CT data to quantify the extent of nasal
airway morphological variation in five samples from different modern human populations. Our
goal is not to investigate climatic adaptation per se, as the populations we study are genetically
different and geographically widely dispersed. However, we expect that the genetic and
geographic diversity of our sample will impact the morphological variation of the nasal airway.
On an intra-population scale, we expect a morphological variation of the nasal airway related
to seasonality and characterized by an increase of the nasal resistance and a reduction of nasal
patency in cold or dry conditions (Salman et al., 1971; Olsson & Bende, 1985; Fontanari et al.,
1996). We also anticipate morphological variation related to size that could be associated with
different energetics demands. On this matter, we expect for instance to observe sexual
dimorphism in nasal airway morphology (Holton et al., 2014, 2016; Bastir et al., 2020). Finally,
we will explore the potential influence of aging on nasal airway morphology, that could be

linked to the atrophy of nasal mucosa throughout life (Schrodter et al. 2003).
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4.2. Methods

Materials

The present study is based on 195 in-vivo CT scans of adult individuals aged between 20
and 95 years old. These CT images were collected in five different geographic areas: Santiago,
Chile (N = 35), Bordeaux, France (N = 40), Phnom Penh, Cambodia (N = 40), Moscow, Russia (N =
40) and Cape Town, South Africa (N = 40). The data were collected after institutional review
board (IRB) approval (ethical agreements references: DC 2015/172 (CHU Bordeaux); 090
(Hospital of the University of Chile); N19/12/158 (Tygerberg Hospital); National Scientific and
Practical Center of Children’s Health of Moscow (see Evteev et al., 2018); no ethical clearance
was required for a retrospective and anonymized study on data from Phnom Penh Central
Hospital). The CT images were anonymized and the only information collected were the age and
sex of the individuals. Additionally, the month at which the scans were performed were used to
determine the local average temperature and humidity (The World Bank Group, 2021). We
excluded the patients displaying nose and sinus disorders such as nasal fractures, rhinitis or
choanal atresia causing an obstruction of the nasal airway, or sinusitis. We also excluded
patients under respiratory assistance or scanned with their mouths open, to ensure a functional
nasal breathing. The application of these criteria led to the exclusion of 56% of the data
collected. Among the remaining individuals, we selected males (N = 99) and females (N = 96)
over the age of 20 and divided them into three age categories based on those commonly used
in biological anthropology (Buikstra & Ubelaker, 1994): 20-35 years (N = 66), 36-50 years (N = 64)
and 51+ years (N =65) (see Figure Al for detailed composition of the selected sample). The voxel
size of the CT-scans ranges from 0.42 to 0.52 mm perpendicular to the axial scan direction and

from 0.63 to 1.25 mm in the axial direction.
Segmentation of the nasal airway

Nasal airway surfaces were produced through semi-automatic segmentation and 3D
mesh reconstruction in the software Avizo v.9.0.1 (Figure 4.1). First, a threshold-based
segmentation was used for filling the air in the negative space delimited by the nasal mucosa.
Depending on the acquisition parameters of the original CT scans, the threshold values set on

the basis of the histogram were slightly adjusted visually to find the best fit to the segmented
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structures. As a next step, volumes were inspected and corrections were manually made to
include areas that were not initially selected to the final volumes corresponding to the nasal
airway. We excluded all ducts connecting the nasal airway with paranasal sinuses. The nasal
airway was delimited anteriorly by the piriform aperture and posteriorly by the choanae. The
ethmoidal air cells, located in the ethmoid labyrinth (also known as the olfactory labyrinth),
were not included in this model, as they are covered with olfactory mucosa rather than
respiratory mucosa (Jankowski, 2013). In the case of a connection between the ethmoidal air
cells and the common and/or upper nasal meati, the ethmoidal air cells and the ducts
connecting these structures were manually excluded. All the segmentation process was
performed by one observer (LM) and an intra-observer test (Figure A2) confirmed the

repeatability of the procedure.

Upper nasal meatus
— Intermediate nasal meatus

Common nasal meatus

Inferior nasal meatus

o ~\#

Figure 4.1. Anatomy of the nasal airway. Localization of the nasal airway inside the craniofacial skeleton
(left lateral view) (A). Note that the nasal airway is delimited by the nasal mucosa visible on the in vivo CT
images. The anterior limit is defined by the piriform aperture and the posterior limit by the choanae. 3D
reconstruction after segmentation of the nasal airway (B). Coronal slice (C) of the nasal airway along the plane
figured in B.

In order to observe the morphological variation of the nasal airway in real physiological
conditions, we did not decongest or average it to exclude the potential effect of the nasal cycle,
as it has been done in several studies (Yokley, 2009; Patel et al., 2015). The labels resulting from
the segmentation were used to build a surface mesh by applying the marching cubes algorithm
(Lorensen & Cline, 1987) (“Generate Surface” module in Avizo v.9.0.1). The number of triangles
was set to 75.000 faces for each individual’s nasal airway to reduce computation time while
maintaining sufficient morphological accuracy. These surface models were smoothed using a

smoothing algorithm allowing minimal surface shrinkage (Taubin, 1995) (“Smooth Surface”

70



module in Avizo v.9.0.1). As a pre-processing step, all surfaces were rigidly aligned in position,
orientation, and scale with respect to a reference surface (randomly selected) using an Iterative
Closest Point algorithm (“Align Surface” module in Avizo v.9.0.1). We then exported each
simplified, scaled and aligned surface in PLY file format and converted them into VTK files on

Paraview v.5.7.0.
Surface-based morphological comparison

The nasal airway shape was analyzed with a landmark-free method based on the
construction of a surface representing the mean shape of a sample and its deformation to each
individual surface (Durrleman et al., 2012, 2014; Beaudet et al., 2016). This deformation is
modelled as a diffeomorphism: it is not based on a point-to-point correspondence between
shapes but on a smooth and invertible deformation of the entire 3D surface (Durrleman, 2010).
This method was shown to increase the statistical power of shape comparison and to increase
its precision by allowing the observation of non-homologous features of shapes (Vaillant et al.,
2007; Braga et al., 2019). The mean shape is computed with the software Deformetrica from a
set of surfaces, based on a set of control points located near the most variable parts and a set
of momenta (or vector fields) representing the deformation from the global mean shape (GMS)
to each individual. We also calculated population mean shapes (PMS) for each geographic

group, based on the mean of the momenta within each population.

Exploratory multivariate analysis

To test the effects of geographic origin, demographic factors (sex and age), and
environmental factors (mean temperature and humidity) on nasal airway morphology,
statistical analyses were carried out using R v.4.0.5 (R Core Team, 2021) and the packages
RToolsForDeformetrica (Dumoncel, 2020), ade4 (Chessel et al., 2004; Dray & Dufour, 2007; Dray
et al., 2007; Bougeard & Dray, 2018; Thioulouse et al., 2018), vegan (Oksanen et al., 2020) and
pairwiseAdonis (Martinez Arbizu, 2020). We quantified inter-population variation by performing
a principal component analysis (PCA) on the GMS-to-individuals nasal airway deformations of
the whole sample. Intra-population variation was explored by performing a PCA on the
deformation fields from PMS to the individuals. Deformated shapes along the PCs illustrate how

the GMS (inter-population) or the PMS (intra-population) varies from the mean to one time the
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standard deviation. Color maps onto the nasal airway surfaces rendered the magnitude of the
displacements caused by the deformation. To represent an accurate vision of our data and
make it accessible to people with color-vision deficiencies (Moreland, 2016; Crameri et al., 2020)
we use the viridis color map (van derWalt & Smith, s.d.) for our data vizualisation.
Permutational multivariate analyses of variance (PERMANOVAs) were used to explore the
variables influencing the distribution of the individuals on the main principal components (i.e.,
geographic group, sex, age, temperature, humidity). The effect of allometry on the shape
variation was tested via bivariate regressions (Pearson correlation) between PC scores and the
log-transformed volume of the nasal airway (Urciuoli et al., 2020). We also explored nasal airway
volume variation among and within populations with ANOVAs. To be able to normalize these
volumes by the size of the facial skeleton, we measured 11 landmarks on the facial skeleton of
each individual and used centroid size as a proxy for size (Figure A3). Centroid size is defined as
the square root of the sum of squared distances of all the landmarks of an object from their
centroid. These landmarks were measured by one observer (LM) and their repeatability was

assessed by an intra-observer test (Figure A2).

4.3. Results

Nasal airway shape variation among geographic groups

The PCA analysis of nasal airway shapes performed among all the geographical groups
shows a strong overlap of the five populations. Nevertheless, we can observe differences in the
distribution of these groups on several principal components, including PC1, PC2 and PC3
accounting for 18.59%, 6.91%, and 5.26% of total shape variance respectively (Figure 4.2). Due
to the high overlap of the groups on the PCA scatterplot, we also represented the distribution of
the individuals with boxplots showing their scores on the first three principal components. In
addition to quantitative comparisons, we also computed the mean shapes for each geographic
group (Figure 4.3) to provide a qualitative comparison of these shapes with the corresponding
GMS-to-PMS deformations. These comparisons can be visualized with colormaps and vectors

showing the magnitude and orientation of the variation.

PC1 highlights major variation in nasal airway length, width, and height as well as the

degree of protrusion of the anterosuperior part of the common nasal meatus (Figure 4.2). The
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Cambodian and South African samples have the highest scores on PC1 (Figure 4.2) because of
the anteroposteriorly contracted and mediolaterally extended morphology of their nasal
airways (Figure 4.3). The reduction in the anteroposterior axis is due to an anterior displacement
of the choanae and a posterior displacement of the piriform aperture. The mediolateral
elongation is related to a lateral displacement of the inferior and intermediate meati, while the
common meati approximately remain in the same position. The French and Russian samples
are found rather in the negative values (Figure 4.2) because their nasal airways have a longer
and narrower shape and show significant protrusion of the anterosuperior part of the common
meati (Figure 4.3). The lower part of the common meati is displaced downward, contributing to
a slight overallincrease in height. Individuals from Chile spread out all along PC1 with a median

centered at 0 (Figure 4.2). The Chilean PMS shows the lowest rate of variation compared to the

GMS (Figure 4.3).
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Figure 4.2. Shape differences between groups. Principal Component Analysis of the deformation-based
shape comparison made on the nasal airway of the five populations (Chile, France, Cambodia, Russia, South
Africa) (A) and boxplots showing the distribution on PC1, PC2 and PC3 (B).
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PC2 captures variation in nasal airway height, length and width, but also in the
morphology and relative position of the meati. Individuals from Cambodia are mainly found in
the positive values on PC2 (Figure 4.2) because of their morphology being relatively larger in the
superior-inferior dimension, shorter in the anterior-posterior dimension and wider in the
medial-lateral dimension. The elongation in the superior-inferior plane is due to an upward
displacement of the superoposterior portion of the common meati, which are proportionally
much higher than in the negative values (Figure 4.3). This part of the common meati also shifts
significantly forward. PC2 discriminates the Cambodian and South African samples because the
latter, although wider and shorter than the GMS, is found rather in the negative values (with a
median centered at 0) because of its contraction in the superior-inferior plane. Individuals from
Russia are also predominantly found in the negative values (Figure 4.2) because their PMS
shows an increase in overall nasal airway length and a reduction in nasal airway width. Their
shape is also defined by a displacement of the intermediate meati floor, implying a relative
position that is closer to the inferior meati. The curvature of the intermediate meatiis also more

curled toward the common meati, especially at their posterior part.

PC3 accounts for the asymmetry in the shape of the nasal airway. On this PC, all
populations are more equally distributed (Figure 4.2). Negative values characterize wider
inferior meati and narrower intermediate and upper meati. The upper and anterior part of the
common meatiis displaced to the left while the middle partis displaced to the right. This creates
a torsion of the overall shape. The choanae are displaced upward and the anterior part of all

meati is displaced downward. In positive values, there is a mirror-like variation.

The PERMANOVAs performed on all the PC scores (Table Al) of the morphospace confirm
what we observe on the PCA by revealing statistically significant differences between
geographic groups (R>=0.12, p = 0.001) and, to a lesser extent, between sexes (R* = 0.01, p =
0.04). These PERMANOVAs also show that the temperature at the time of scanning significantly
influences the distribution of individuals in the morphospace (R* = 0.08, p = 0.001). However,
this last factor is strongly correlated with the geographical groups. Individuals scanned at the
highest temperatures (over 25°C) are only found in the Cambodian sample and the individuals
scanned below 0°C all belong to the Russian sample. Finally, the PERMANOVAs on all the PC
scores do not highlight an influence of age or mean humidity at the time of scanning on the
distribution in the morphospace.
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Figure 4.3. Population mean shapes. Mean shapes computed for each population (PMS) (left) and
comparative maps of morphological deformations from the global mean shape (GMS) computed for the total
sample to the PMS (right). Deformation from the GMS is rendered by a colormap ranging from dark blue
(lowest values) to yellow (highest values) at the surfaces of each PMS. The magnitude and orientation of the
deformation from the GMS to the PMS is represented by the white vectors (scale factor set to 5 for a better
vizualisation). The range of the color bar (from 0 to 1.5 mm) has been homogenized to best represent global
and local deformation, even if some recorded deformations exceeded this value.
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Table 4.1. Between-groups morphological distances. Pairwise distances represented by: the regularity
values (sorted from highest to lowest) associated with the between-groups shape comparison; and the results
of the pairwise PERMANOVAs performed on all the PCs.

Pairs of geographic groups Regularity F R? p

Cambodia Russia 850.90 12.303 0.136 0.002*
Cambodia France 825.20 13.425 0.147 0.002*
South Africa France 677.40 10.046 0.114 0.002*
South Africa Russia 585.80 8.241 0.096 0.002*
Chile Cambodia 404.50 5.770 0.073 0.002*
Chile France 354.20 4.306 0.056 0.002*
Chile South Africa 254.20 3.312 0.043 0.002*
Cambodia South Africa 238.10 3.520 0.043 0.002*
Chile Russia 223.30 2.664 0.035 0.002*
Russia France 133.40 1.872 0.023 0.005*

The morphological distances between the geographic groups can be represented by the
F value of the pairwise PERMANOVAs between group levels and by the regularity value
associated with the deformation-based shape comparison and representing the amount of
deformation from GMS to each PMS (Table 4.1). The groups that are the closest in the
morphospace and thus show greatest morphological similarities are Russia and France. The
pairs of groups that are the most distant in the morphospace are Cambodia-Russia (cf.
regularity value) and Cambodia-France (cf. F value). When performing post-hoc tests between
the temperature categories (Table Al), we find redundancy in this information: the pairs of
groups that are significantly the most distant are patients scanned between 0-9°C (i.e., almost
exclusively French and Russian individuals) and patients scanned above 25°C (all the
Cambodian individuals). The two significantly closest groups are patients scanned between 0-

9°C and between 20-25°C (mainly individuals from Chile, but also from France and Russia).

When performing PERMANOVAs on each PC (Table A2) from PC1 to PC8 (which all
account for more the 3% of the overall variation), we observe that the geographical groups
influence the distribution of the individuals on all the PCs, except PC5. On PC1 (18.59% of the
overall variance), the affiliation to a geographical group explains 42% of the distribution of the
individuals. PC3 (5.26% of overall variance) is the only PC to be moderately but significantly
correlated with sex (R* = 0.02, p = 0.03). To quantify the effect of allometry on the sample

distribution in the morphospace, we also performed bivariate regressions between each PC and
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the log-transformed volume of the nasal airway (Table A3). Of the first three PCs, only PC2 (R* =
0.057, p <0.001) and PC3 (R*=0.069, p <0.001) show a significant correlation between these two

factors and, therefore, an influence of allometry.

Factors of volume variation in the total sample

The ANOVAs performed on nasal airway volume (Table A4) highlighted that it is not
influenced by geographic groups affiliation. However, nasal airway volume varies significantly
according both to sex (F = 26.57, p <0.001) and age (F =9.16, p = 0.003). Nasal airway volume is
overall higher in males than in females and tends to increase with age (Figure 4.4). When we
normalize nasal airway volume by the centroid size of the facial skeleton, we obtain the same
results, i.e., no influence of geographic group on normalized nasal airway volume, but a

significant influence of sex (F = 10.10, p =0.002) and age (F = 12.99, p <0.001).
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Figure 4.4. Factors of volume variation. Box-whisker plots (A) representing sexual dimorphism in nasal
airway (NA) volume (left) and in nasal airway volume normalized by the centroid size of the facial skeleton
(right) of the 5 populations. Regressions between nasal airway volume and age (left) and nasal airway volume
normalized by the centroid size of the facial skeleton and age (right) among the 5 populations (B).
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Factors of shape variation within geographic groups

After analyzing variation between geographic groups, we quantified the influence of sex,
age and temperature and humidity at the time of scanning on morphological variation within
each population. Temperature and humidity factors were not observable on the South African
individuals, as the scans were all acquired during the same month. Similarly, we could not
observe the correlation between temperature and nasal airway morphology in the Cambodian
population, as there was only one temperature category represented. According to the
PERMANOVAs (Table A5), the only sample subject to the influence of one of these factors is the
Russian population, whose morphology is significantly correlated with temperature at the time
of scanning (R® = 0.10, p = 0.03). PCA analysis performed on the nasal airway shapes of this
sample (Figure 4.5) shows the clear distinction of the group containing individuals scanned
during months with temperature above 20°C from the other three groups scanned during colder
months. This is confirmed by a post-hoc test on the results of the PERMANOVA (Table A5),
showing that individuals scanned at more than 20°C are significantly different from the groups
scanned at < 0°C (R* = 0.08, p = 0.04) and 10-19°C (R* = 0.12, p = 0.04). On the PCA, this group
(>20°C) is localized in negative values on PC1, which can be illustrated by a nasal airway shape
that is more contracted antero-posteriorly and that shows an asymmetry in the width of the two
sides of the nasal airway. The same group is located in positive values on PC3, in which we
observe an even greater asymmetry in nasal airway width.
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Figure 4.5. Seasonality. PCA of the deformation-based shape comparison made on the nasal airway of the
sample from Russia (A). Colors represent the temperature at the time of the scan. Nasal airway cross-section
at the extreme values on PC1 and PC3 and of the groups scanned below 0°C and above 20°C (B).
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Factors of volume variation within geographic groups

Within each population, nasal airway volume varies significantly with sex, age, or both
(Table A4). In contrast, we observe no effect of temperature or humidity on nasal airway volume.
We record sexual dimorphism in nasal airway volume for populations from France (F = 8.98,
p =0.005), Cambodia (F =4.70, p = 0.037), Russia (F = 7.61, p = 0.009) and South Africa (F = 4.03,
p =0.052). Age influences nasal airway volume in samples from Chile (F=4.12,R>=0.11, p =0.05)
and Russia (F = 10.21, R* = 0.21, p = 0.003). We observe the same pattern of variation to that
observed for the total sample, with greater nasal airway volume in males than in females (Figure
A4) and a nasal airway volume increasing with age (Figure A5). When we normalize nasal airway
volume by the centroid size of the facial skeleton, we obtain slightly different results. We still
record significant sexual dimorphism in normalized nasal airway volume for the population
from France (F = 4.31, p = 0.045) but no longer for the populations from Cambodia, Russia and
South Africa. Age stillinfluences normalized nasal airway volume in samples from Chile (F=5.26,
R*=0.14, p=0.03) and Russia (F = 8.85, R*=0.19, p = 0.005), but also the population from France
(F=5.08,R*=0.12, p = 0.03).

4 4. Discussion

Inter-population variation of the nasal airway

To our knowledge, no study had investigated the extent of nasal airway morphological
variation in large samples (N>100) from different modern human populations. Our results
highlight subtle but significant morphological differences between the five geographical groups
we studied. We can observe two groups showing strong morphological similarities, which are
France and Russia. These two samples are broadly overlapping in the PCA and the distance
between them is the smallest of all pairwise distances. Their PMS are anteroposteriorly larger
and mediolaterally smaller compared to the GMS. They both show an important protrusion of
the superior-anterior part of the common meati, which can be reasonably linked to the relative
position of the nasal bones and the shape of the external nose. The sample that diverges the
most from the French and Russian groups is the Cambodian sample, which is the most distant
in the morphospace. The Cambodian PMS is anteroposteriorly contracted and superoinferiorly
and mediolaterally extended compared to the GMS. Cambodian population is also the most
clustered group on the PCA, indicating that it is the sample with the least shape variation, i.e.,
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the most homogenous population. In contrast, Chile individuals spread all along each PC and
form a very scattered cluster. When we look at Chile PMS, which is very close to the GMS, we get
the impression that the morphological variation within this sample is very low. On the contrary,
the PCA rather indicates a great deal of morphological diversity that averages in a shape that is
very close to the GMS. Finally, the South African PMS is morphologically close to the Cambodian
PMS, although more contracted in the superoinferior dimension. On the PCA, South African
sample tends to overlap greatly with the Cambodian sample, with a shift of some individuals

towards the negative values on PC1, i.e., towards French and Russian morphology.

Obviously, morphological variation among these five modern populations cannot be
explained in a unifactorial manner. As stated in our introduction, we are aware of the limitations
of our sample composition: first, the location where the patients were scanned does not provide
information about their geographic and genetic background. We therefore have to consider that
our samples can be more or less heterogeneous. Furthermore, other data that could influence
the morphology of the nasal airway, such as lifestyle (e.g. diet, smoking habits...), medical
history or air quality are out of our reach. Other environmental factors can also influence nasal
airway morphology, such as altitude, which we were unable to observe either. Indeed, the
locations from which the data were obtained are coastal or valley environments, which limits
the elevation variation between 19 m (Phnom Penh, Cambodia) and 561 m (Santiago, Chile)
(OpenStreetMap, 2022). However, keeping in mind all these limitations and the fact that the
observed variation has a multiple etiology, we discuss two factors that could partially explain

this variation and that are difficult to disentangle from each other: genetic and climatic factors.

Genome-wide association studies have found significant association for multiple facial
traits including nose-related traits and have identified several genes involved in craniofacial
development (Adhikari et al., 2016; Shaffer et al., 2016). This implicates a genetic basis for
craniofacial morphology, which makes us hypothesize that the genetic traits of individuals will
condition in part the morphology of their nasal airway. From this point of view, one could expect
that the populations of this study which are genetically the closest will also be the closest
morphologically. This hypothesis seems to be verified in the morphological proximity of the
populations from France and Russia, which also share a lot of similar ancestry components
(Cavalli-Sforza & Piazza, 1993) despite the genetic differences between Western Europeans and
Balto-Slavic populations (Kushniarevich et al., 2015). The three other populations have very

different ancestral histories linked to historical migration patterns. The Chilean population has
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a genetic structure defined by 40.43% of European ancestries, 57.11% of Native-American
ancestry and 2.46% of African ancestry (Eyheramendy et al., 2015). It is thus rather coherent to
find this population so widely distributed in our morphospace. As for the South African
population, it includes 79.2% of black southeastern Bantu-speakers, 8.9% of an admixed
population (with major ancestral components that are predominantly Khoesan (32-43%),
Bantu-speaking Africans (20-36%), European (21-28%) and Asian (9-11%) (de Wit et al., 2010)),
8.9% of whites of European origin, and 2.5% of a population originating from the Indian sub-
continent (Choudhury et al., 2017). As for all our geographical groups, we have no information
on the composition of this sample. We can therefore only suppose that it is heterogeneous, and
that the distribution we observe in the morphospace reflects this diversity. Finally, the
Cambodian population is morphologically the most distant from the European populations and
the least variable for nasal airway shape, which reflects the fact that there is no recent
admixture with European populations. The homogeneity observed in between and within
different Cambodian ethnic groups (Kloss-Brandstatter et al., 2021), indicating early genetic

isolation of the whole population, can also be observed morphologically in this study.

Even if the distribution of our individuals in the morphospace reflects to a certain extant
these genetic affinities, we can still raise the question of the part played by climate adaptation
in the phenotypes. This question is relevant, especially in view of the results of a study on the
external nose, having demonstrated with Qst-Fst comparisons that nares width is more
differentiated across populations than expected under genetic drift alone (Zaidi et al., 2017).
This study also proved that the width of the nares is correlated with temperature and absolute
humidity. It appears that some aspects of nose shape may indeed have been driven by local

adaptation to climate, in addition to other non-neutral forces such as sexual selection.

As stated above, we do not have the right sample to address climatic adaptation. For
that purpose, we would need to constitute a comparative sample of genetically close groups
living in more variable environments (Evteev & Grosheva, 2019). However, two of our samples,
that are genetically and geographically rather close, could raise such discussion: France and
Russia. According to KOppen-Geiger climate classification, Bordeaux (France) benefits from a
warm temperate climate and Moscow (Russia) from a continental, colder climate (Dfb) (Table
4.2). Yet, their morphology is very close and the volume of their nasal airway is not significantly

different. As expected, the link between nasal airway morphology and climate is not
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straightforward and we may consider that the part of the variation resulting from climatic

adaptation lies is the subtle morphological differences between these two populations.

We can raise this question of climatic adaptation for all the samples in our study and ask
what aspect of the morphology of each population can be explained by this factor and in which
proportion. The antero-posteriorly contracted and mediolaterally extended Cambodian mean
shape could be linked to a reduction of nasal resistance and time occurrence of the airflow in
order to improve air conditioning in a tropical climate. This interpretation would be coherent
with the observations made on bone nasal cavity in previous studies (Franciscus & Long, 1991;
Maddux et al., 2016a). However, our data also highlights the fact that morphological variation
is not limited to these three main dimensions. It also lies in the overall curves, protrusions and
retrusions of the different parts of the nasal airway, as well as in the relative position and the
curvature of the meati. Concerning the latter, our results do not allow us to make a
straightforward connection with the observations made on the nasal turbinates, which define,
to a certain extent, the morphology of the meati. Marks et al. (2019) showed that individuals
from the Arctic Circle possessed superoinferiorly and mediolaterally larger inferior turbinates
compared to Equatorial individuals, which reflects climate-mediated evolutionary demands on
heat and moisture exchange. An interesting avenue of research would be to study the
covariation between soft tissues meati and bony nasal turbinates, to further confirm the

functional expectations in this area of the nasal cavity.

Interestingly, we record no correlation between nasal airway volume and geographical
groups. This implies that the modification of nasal airway shape between the studied
populations does not impact the volume of air that can pass through the nasal airway. As higher
metabolic demands for oxygen requirements (e.g. linked to higher body mass or colder and/or
drier environments) may place constraints on the size of the nasal cavity (Bastir et al., 2011,
Froehle et al., 2013; Holton et al., 2014, 2016), we expected to observe nasal airway volume
variation due to the climatic and ancestry diversity of our samples. However, the populations
constituting those samples are not subject to strong constraints, whether environmental (e.g.
extreme climatic conditions), genetic (e.g. low degree of genetic admixture) or biomechanical
(e.g. mechanically challenging diet, see Brachetta-Aporta & Toro-lbacache, 2021). The absence
of volume variation and high level of stress lead us to hypothesize that the nasal airway shape
variation between modern human populations may not be primarily driven by a functional role.

As proposed by Eyquem et al. (2019), the reduction of functional constraints might actually be
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a key to greater degree of shape variation in modern populations. Our findings suggest that
volume might be more of a conserved trait constrainted by a sex and age effect, whereas the
shape associated with this volume would be the element that varies among populations. This
hypothesis could be verified by comparing our results with body mass index variation, but also
by conducting population-scale airflow simulations to understand how airflow is distributed in

this morphology (e.g. Keck & Lindemann, 2010; de Gabory et al., 2020).

Table 4.2. Climatic data. Annual mean temperature (The World Bank Group, 2021), Kdppen-Geiger
classification (Cls) (Kottek et al., 2006; Rubel et al., 2017) and corresponding climate for the five regions of
origin of the populations studied.

Location Mean T° (°C) Cls Main climate Precipitation Temperature
Santiago (CL) 10.5 Cfa Warm temperate Fully humid Hot summer
Bordeaux (FR) 14.2 Cfb Warm temperate Fully humid Warm summer
Phnom Penh (KHM) 28.8 Am Equatorial Moonsoonal

Moscow (RUS) 6.2 Dfb Snow Fully humid Warm summer
Cape Town (SA) 17.3 Csb Warm temperate Summer dry Warm summer

Seasonal reactivity of the nasal mucosa

In this study, one important aspect to explore was the way environmental temperature
can, in a very short time period, affect the morphology of nasal mucosa and, subsequently, the
morphology of the nasal airway. The only sample that allowed us to do so was the Russian
sample, as it is the only one that contains individuals that were scanned throughout the year
and therefore in different seasons. Of course, we do not know at what temperature the
individuals were scanned in the hospital and consider that this data must be controlled to study
this question. However, we seeked to observe the potential volume or shape variation that
could have been linked either to the temperature of the outside environment or, conversely, to

the use of air conditioning or heating in the hospital during certain seasons.

We found that this population displayed a correlation between the average temperature
at the time of the scan and the nasal airway shape and that individuals scanned above 20°C
separate from the other groups in the morphospace. However, by observing the extreme shapes
on PC1 and PC3, we saw that the morphology of this group is mainly characterized by an
asymmetry in the sectional width of the meati. This asymmetry is related to the nasal cycle,

which is an alternative partial congestion and decongestion of the right and left sides of the
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nasal airway during breathing (Watelet & Cauwenberge, 1999; White et al., 2015). Yet, two of the
three individuals in the > 20°C group that fall outside of the morphological variation and that
drive the signal of this group towards negative values on PC1 and positive values on PC3 have
been scanned at a strongly asymmetric moment of their nasal cycle. This signal could therefore
highlight a sample composition bias or indicate a higher activity of the nasal cycle when the
temperature is warmer. We can point out however that the volume of the nasal airway is not
correlated with environmental temperature or humidity, as would have been expected knowing
that cold-dry conditions tend to increase nasal resistance and to reduce nasal patency (Salman

etal.,, 1971; Olsson & Bende, 1985; Fontanari et al., 1996).
Causes of intra-population variation of the nasal airway

Sex had no influence on nasal airway shape, but did influence their volume. Males have
on average 17% larger nasal airways than females (10% when normalized by the size of the
facial skeleton), which can be explained by the fact that they have higher energetic demands,
requiring higher air volume intakes (Bastir et al., 2011, 2020; Holton et al., 2014, 2016). Previous
studies (Keustermans et al., 2018; Bastir et al., 2020) demonstrated sexual dimorphism in the
shape of the soft tissues of the upper respiratory tract. Nevertheless, they all included in their
3D analysis the inflow region (external nose) and the outflow region (behind the choanae) and
stated in their results that these two regions showed stronger sexual dimorphism than the nasal
airway itself (Bastir et al., 2020). Our results corroborate these observations, as we show no

sexual dimorphism in nasal airway morphology.

Our results highlight that age has no effect on nasal airway shape but influences its
volume. Nasal airway volume tends to increase by 11% between younger (20-35 years) and older
(51+ years) individuals. This would indicate that nasal mucosa tends to shrink with age, thus
increasing the negative volume that constitutes the nasal airway. This alteration of the nasal
mucosa has been observed in previous histological and histochemical studies showing a
significant atrophy of the epithelium in older individuals (Toppozada, 1988; Schrodter et al.,
2003). This atrophy of the nasal epithelium can be linked to age-related differences in the
molecular signature associated with ciliation and mucin biosynthesis (Balazs et al. 2022). This
result underscores the importance of taking into account the infuence of age on nasal airway

morphology in future studies.
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Finally, in order to observe possible asymmetries related to deviations of the nasal
septum, we did not symmetrize the two nasal hemi-cavities. On the PCA performed on the total
sample, these assymetries are well reflected by PC3, accounting for 5.26% of the overall
variance. This underlines their importance in nasal airway shape variation, even if it has been
demonstrated that they do not affect the heating function of the nose (Keustermans et al,,
2020). PC3 is moderately but significantly correlated with geographic group affiliation, which
explains 9% of the distribution on this PC. This tenuous link between populations and
asymmetries indicates that the latter are fairly randomly distributed in our five samples. We can
note however that populations from France, Russia and South Africa tend to average around 0.
The sample from Chile is slightly displaced towards the positive values, which tends to indicate
a higher occurence for rightward torsions in this sample, while the Cambodian sample tends to

be more towards negative values, which represents a leftward torsion of the nasal airway shape.
Perspectives

The results of our study show complex patterns of variation in nasal airway morphology.
At the inter-population level, we quantify shape variation between our five samples that we
could connect to genetic background and climate. This shape variation is surprisingly not
associated with volume variation, which question the climate-related metabolic demands for
oxygen consumption. At the intra-population level, sex and age have no influence on the nasal
airway shape, but do influence nasal airway volume, which is higher in males than in females
and tends to increase with age. These factors of variation, to which we can add temperature
and asymmetries, do not have the same role and/or the same magnitude for all the samples.
The quantification of these patterns of variation allows us to take a step towards a better
understanding of the multiple factors driving the morphological variation and evolution of the
upper airways. To take this a step further and link a phenotype to air conditioning and
respiratory energetic capacities, we could use the population mean shapes we produced with
our data in a computational fluid dynamics (CFD) study (Inthavong et al., 2007; Chen et al., 2010;
Keck & Lindemann, 2010; de Gabory et al., 2020). This would allow us to numerically simulate
airflow patterns in modern humans on a population scale. After taking this first step, we could
consider transposing these research questions to the fossil record. A better knowledge of the
etiologies and intricacies of modern nasal shape variation could lead to more accurate
reconstructions of the functional nasal airway of fossil hominins. This could allow to apply CFD

techniques on these reconstructions to get an insight into the breathing of fossil hominins.
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Y Synthése

Dans ce chapitre, nous présentons ['étude
de 195 CT-scans réalisés in vivo sur des
humains adultes provenant de cinqg zones
géographiques (Chili, France, Cambodge,
Russie et Afrique du Sud). L'objectif est de
quantifier la variation morphologique de la
voie aérienne nasale, qui est l'espace
négatif délimité par la muqueuse nasale.
Apres segmentation et reconstruction de
maillages 3D de la voie aérienne nasale,
nous l’analysons a 'aide d’une méthode de

morphométrie par déformation de surface.

Nos résultats démontrent des différences de
conformation subtiles mais significatives
entre lesvoies aériennes nasales de nos cing
échantillons. Nous n'observons aucune
différence de volume de la voie aérienne
nasale en fonction des groupes, ce qui
souléve la question de 'influence du climat
sur les demandes métaboliques. Nous ne
détectons aucun effet de l'age ou du sexe
sur la conformation de la voie aérienne,
mais ces deux facteurs en influencent le
volume. Les hommes présentent une voie
aérienne nasale plus volumineuse que les
femmes afin de répondre a des demandes
énergétiques plus importantes. Le volume
de la voie aérienne a tendance a augmenter
avec l'age, probablement en raison d’une

rétraction de la muqgueuse nasale.

% Summary

In this chapter, we present the study of 195
in vivo CT scans of modern adult humans
collected in five different geographic areas
(Chile, France, Cambodia, Russia and South
Africa). The objective is to quantify the
morphological variation of the nasal airway,
i.e., the negative space delimited by the
nasal mucosa. After segmentation of the
nasal airway, we reconstruct 3D meshes
that are analyzed with a landmark-free
morphometrics method based on surface

registration.

Our results highlight subtle but statistically
significant shape differences between the
nasal airways of our five samples.
Interestingly, we record no correlation
nasal volume and

between airway

geographical groups, which raises the
question of climate-related metabolic
demands for oxygen consumption. While we
do not detect any effect of age or sex on the
shape of the nasal airway in our samples,
these factors are shown to influence nasal
airway volume. Males display larger nasal
airways than females, presumably to meet
higher energetic demands. The nasal airway
volume also tends to increase with age,

which could be linked to an age-related

shrinkage of the nasal mucosa.

86



- Chapter5 -

PHENOTYPIC PLASTICITY IN MURINE
CRANIOFACIAL MORPHOLOGY

Chapter 5 is based on a publication in preparation:

I Maréchal L., Magne L., Santos F., Devlin M., Heuzé Y. Food hardness and cold stress
influence on the craniofacial and nasal morphology of inbred mice.
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The Supplementary Information is presented in Appendix B
Author contributions: LMar: study design, data processing and analysis, results interpretation,

manuscript drafting and revision. LMag, FS: data analysis, manuscript revision. MD, YH: project
conception, data collection, results interpretation, manuscript revision.
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5.1. Introduction

For decades, paleoanthropologists have interpreted the morphological evolution of
hominins from the perspective of climatic adaptation (Trinkaus, 1981; Jelinek, 1994; Steegmann
etal.,2002; Evteev et al., 2014). The craniofacial skeleton has been the subject of much attention
in these considerations, and several authors have suggested that, in addition to natural
selection, genetic drift could also explain some of the differences in cranial morphology
between different hominin groups (Ackermann & Cheverud, 2004; Roseman, 2004; Weaver et al.,
2007). Nevertheless, it is reasonable to assume that several intermingled factors and
mechanisms are involved in phenotypic variation. The potential influence of selective pressures
caused by extreme climatic environments on specific craniofacial regions is therefore still

considered and debated (e.g. Roseman, 2004; Harvati & Weaver, 2006; Wroe et al., 2018).

Several studies on dry skulls of anatomically modern humans have demonstrated that
the morphology of the nasal cavity covaries with eco-geographic factors (e.g. temperature,
humidity, altitude) (Davies, 1932; Weiner, 1954; Carey & Steegmann, 1981; Franciscus & Long,
1991; Roseman, 2004; Hubbe et al., 2009; Yokley, 2009; Noback et al., 2011; Evteev et al., 2014,
Fukase et al., 2016; Maddux et al., 2016b). The nasal cavity is indeed indirectly involved in the
conditioning of the inspired air, for it houses the nasal mucosa that set the air to body
temperature and saturate it in water vapor before it enters the lungs (Elad et al., 2008). Several
mechanisms could explain the correlation between nasal cavity morphology and eco-
geographic variables such as air temperature. It could be the result of natural selection,
influencing nasal morphology over successive generations and finally leading to genetically-
mediated climatic adaptations. But we can also consider the hypothesis that environmental
factors may act on an individual scale, by causing a physiological response to temperature that

is independent of genotype (i.e., phenotypic plasticity) (Rae et al., 2006; Serrat et al., 2008).

These two evolutionary mechanisms can lead to identical morphological outcomes and
are therefore difficult to disentagle in human samples. The use of experimental approaches in
controlled environments can help to test hypotheses about the origin of the observed
phenotypic variation by sorting out the genetic and environmental components. For this study,
we chose to work on mice (Mus musculus) models (Figure 5.1), relying on the high degree of

conservation of the different developmental phases and major physiological functions in
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mammals. Furthermore, protein-coding regions of the mouse and human genomes are 85%
identical (Mouse Genome Sequencing Consortium, 2002) which explains the extensive use of
the mouse in biomedical and evolutionary research. To our knowledge, only one similar study
has quantified the effects of a cold environment on the skull morphology of laboratory rats
(Steegmann & Platner, 1968; Rae et al., 2006). The results of this study suggest that cold
environments induce subtle but significant changes in the internal and external morphology of

the facial skeleton.
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Figure 5.1. Murine nasal and paranasal anatomy. Sagittal section of the skull and corresponding coronal
sections (from Al-Sayed et al., 2017)

The objective of our study is to replicate the study by Rae et al. (2006) by improving their
experimental approach in several aspects. First, one of our concerns in setting up the protocol
was to control the amount and hardness of food ingested by each group of mice. Knowing that
food intake is generally higher in colder environments (Serrat et al., 2008), we hypothesize that
this variable may influence craniofacial morphology through increased mastication-linked
mechanical loading. Second, in addition to the anatomy of the external craniofacial skeleton
and the nasal cavity, we also investigated the morphological variation of the nasal turbinates.
These structures, covered by either respiratory or olfactory epithelium, are involved in the

turbulence of the inspired air in the nasal cavity and are thus closely associated with the
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processes of air warming (Inthavong et al., 2007; Doorly et al., 2008). Finally, we were able to
quantify volume and shape variation in the craniofacial and nasal anatomy, using both

anatomical landmarks and a landmark-free 3D morphometric method (surface registration).

The first objective of this study is to quantify the extent and location of craniofacial
morphological variation that is correlated with external temperature and that could be
interpreted as a signal for phenotypic plasticity in postnatal development. The second main
objective is to quantify the morphological differences between the two groups of cold-reared
mice, in order to determine the potential contribution of food (i.e., hardness and quantity) to

the phenotypic variation (Rae et al., 2006).

5.2. Methods

Material

The original sample for this study consists of 32 male inbred mice (C57BL/6J, Jackson
Laboratory, Bar Harbor, ME), studied under an experimental protocol that received approval
from the University of Michigan Institutional Animal Care and Use Committee. At 3 weeks of age,
the mice were separated into 4 groups of 8 mice each and these groups were reared under
different air temperature and food hardness conditions for 9 weeks. A control group was reared
at 22°C and fed with dry pellets; a thermoneutralityl group was reared at 26°C and fed with dry
pellets; a cold-reared group was reared at 10°C and fed with dry pellets. To control for the effects
of mastication and food hardness, a second cold-reared group (10°C) was fed pellets that were
moistened for five minutes in water. The resulting pellets were softer but maintained their
shape. All the pellets had the same composition, whether they were dry or moistened: 13%
kcal/fat, 30% kcal/protein, 57% kcal/carbohydrate. The food intake was recorded two to three
times a week for each pair of mice. Every three weeks, each mouse was weighed and bone
mineral density and body tissue composition were measured via a DEXA system (Lunar PIXImus,

GE Lunar Corp). At the age of 12 weeks, the mice were euthanized by CO2 inhalation. Skulls were

! Thermoneutrality corresponds to the equilibrium point of heat production and loss, point where the mouse
can maintain its body temperature without additional energy expenditure (McDonald, 2009; Neff, 2020)
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defleshed, placed in a 34 mm diameter specimen holder and scanned using a microCT system
(uCT100, Scanco Medical, Bassersdorf, Switzerland). Scan settings were: voxel size 18 pm, 70

kVp, 114 pA, 0.5 mm AL filter, and integration time 500 ms.
Segmentation

Nasal cavity was segmented manually in the software Avizo v.9.0.1 by one observer (LM).
After a resampling of the voxel size to 0.024 x 0.024 x 0.024mm, we defined the limits of the
anatomical structure, which is open both anteriorly and posteriorly. We defined the anterior
limit of the nasal cavity by the anterior extremity of the nasal bone (superiorly) and the anterior
extremity of the premaxillary bone (inferiorly) (Figure 5.2). To define the posterior limit of the
nasal cavity, we used a slice passing through three points on the skull: the intersections
between frontal, parietal and temporal (bilateral) and a point on the zygomatic bone, between
the first and second molar (left side). We then translated this slice to the most posterior part of

the ethmoidal labyrinth and used this plane as the posterior limit of the nasal cavity.

Ethmoid turbinates

Maxillary sinus
Nasal cavity

Nasoturbinate

o

Maxilloturbinate

Figure 5.2. Segmentation of the nasal cavity and turbinates. Left: nasal cavity (blue) and slice (dashed
yellow) that was translated (solid yellow) to set the posterior limit of the nasal cavity. The maxillary sinus and
the ethmoidal turbinates were not segmented separately: they are highlighted here for illustration purpose.
Right: left nasoturbinate (green) and left maxilloturbinate (yellow) in lateral view.

As mice were skeletonized, we could not separate the paranasal sinuses nor the
olfactory area from the nasal cavity, as all these anatomical areas are only separated from each
other by soft tissues. Rather than setting artificial limits that did not correspond to a biological
reality, we decided to include all these soft-tissue-defined structures in our nasal cavity label.
Despite the fact that we could not separate them in the segmentation, we include in Figure 5.2
an informative representation of these different anatomical regions, which will be useful when

describing the morphology.
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The label resulting from the segmentation was used to build a surface mesh by applying
the marching cubes algorithm (Lorensen & Cline, 1987) (“Generate Surface” module in Avizo
v.9.0.1). The number of triangles was set to 200,000 faces for each specimen’s nasal cavity, to
reduce computation time while maintaining sufficient morphological accuracy. All surface
meshes were then rigidly aligned in position, orientation, and scale using an Iterative Closest
Point algorithm (“Align Surface” module in Avizo v.9.0.1). We then exported each simplified,
scaled and aligned surface in PLY file format and converted them into VTK files in Paraview

v.5.7.0.

The left respiratory turbinates, including the nasoturbinate (superior) and the
maxilloturbinate (inferior) (Figure 5.2), were segmented semi-automatically by one observer

(YH) using Avizo v.9.0.1.

Craniofacial landmarking

To investigate the morphology of the external shape of the craniofacial skeleton, 57
anatomical landmarks (Table B1l) were collected using the software Avizo v.9.0.1 by one
observer (YH). The three-dimensional coordinates were analyzed with geometric
morphometrics after being superimposed with generalized Procrustes analysis, using the
package shapes (Dryden & Mardia, 2016) in Rv.4.0.5 (R Core Team, 2021). Centroid sizes (i.e., the
square root of the sum of squared distances of each landmark to the centroid) were also

computed to be used as a proxy for craniofacial skeleton size.
Surface-based morphological comparison

To study the nasal cavity shape, we used a landmark-free method based on the
construction of the mean shape of a sample and its deformation to each individual (Durrleman
et al,, 2012, 2014; Beaudet et al., 2016). This deformation operates as a diffeomorphism: it is
based on a smooth and invertible deformation of the entire 3D surface mesh, and not on a point-
to-point correspondence between shapes (Durrleman, 2010). This method increases the
statistical power of shape comparison and its precision by allowing the observation of non-
homologous features of the studied shapes (Vaillant et al., 2007; Braga et al., 2019; Maréchal et

al., 2023). The mean shape computation is based on a set of control points located near the
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most variable parts of the structure and on a set of momenta representing the deformation from
the global mean shape (GMS) of the sample to each individual. We also calculated the mean

shape of each group, based on the mean of the momenta within each group of mice.

Multivariate statistical analyses

To test the effects of temperature and food hardness on craniofacial and nasal
morphologies, statistical analyses were carried out and visualized using Rv.4.0.5 (R Core Team,
2021) and the packages RToolsForDeformetrica (Dumoncel, 2020), ade4 (Chessel et al., 2004;
Dray & Dufour, 2007; Dray et al., 2007; Bougeard & Dray, 2018; Thioulouse et al., 2018), vegan
(Oksanen et al., 2020), pairwiseAdonis (Martinez Arbizu, 2020), onewaytests (Dag et al., 2018) and
the set of packages tidyverse (Wickham et al., 2019).

The craniofacial shape was studied by performing a principal component analysis (PCA)
on the Procrustes coordinates of the 57 landmarks. For the nasal cavity, we quantified between-
groups shape variation by performing a PCA on the 32 GMS-to-individual deformations.
Additionally, PERMANOVAs were used to test for group differences on the 6 first principal
components. The effect of size on shape variation (i.e., allometry) was tested via bivariate

regressions (Pearson correlation) between the PC scores and the nasal cavity volume.

Skull centroid size, nasal cavity volume and nasal turbinate volume variation were
visualized with box-and-whisker plots and statistically explored with location tests. Due to the
heteroscedasticity of some variables, we chose to avoid tests assuming equal variance among
groups (Zimmerman, 2004) and rather used Welch's F-tests (Welch, 1951). In addition to these
differences in variance, we also note the presence in our data of extreme specimens, which can
behave as “biological outliers”. To control for the influence of these specimens on our overall
signal, we also performed Kruskal-Wallis tests with no p-value adjustment (Rothman, 1990). We
systematically performed both tests for each variable. In the Results section, we first present the
results of the Welch’s F-test, which is more conservative. We then report the results of the
Kruskal-Wallis test, which consistently validate the results of the Welch’s F-test, but detect more
significantly different pairs of groups in the pairwise comparison. In the text, we specify which
pairwise group differences were detected by Welch’s F-test and which were detected by Kruskal-

Wallis test.
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5.3. Results

The mean statistical data for each group of mice is summarized in Table 5.1. This
includes mean body mass and lean mass, mean skull centroid size calculated with the
craniofacial landmarks, and mean nasal cavity and nasal turbinates volumes based on the

segmentation of these anatomical structures.

Table 5.1. Summary statistics of the raw and scaled measurements (mean (sd))

Cold-reared Cold-reared Control Thermoneutr.
Number of specimens 8 8 8 8
Temperature 10°C 10°C 22°C 26°C
Food type Moist pellets Dry pellets Dry pellets Dry pellets
Body mass (g) 30.73 (3.2) 28.24 (1.2) 27.69 (2.0) 26.26 (1.9)
Lean mass (g) 22.62(1.3) 21.76 (0.8) 21.77(1.3) 20.54 (1.4)
Fat mass (g) 7.68(2.1) 6.05 (0.6) 5.46 (1.6) 5.30 (1.2)
% fat 24.7% 21.4% 19.6% 20%
Skull centroid size 52.03 (0.4) 52.08 (0.5) 52.15 (0.4) 51.45 (0.6)
Nasal cavity volume (mm?) 97.32(1.4) 90.95 (3.2) 95.07 (3.4) 92.99 (3.4)
Nasoturbinate volume (mm?) 0.72(0.1) 0.73(0.1) 0.70(0.1) 0.74(0.2)
Maxilloturbinate volume (mm3) 0.44 (0.1) 0.41(0.1) 0.50 (0.1) 0.47 (0.1)

Body mass and lean mass

Cold-reared mice fed with moist food have the largest body masses (30.73 g on average),
followed by cold-reared mice fed with dry food (28.24 g on average) (Table 5.1). The mice of the
control and thermoneutrality groups are smaller (average body mass of 27.69 g and 26.26 g,
respectively). These differences in body mass are consistent with the average food intake of
each group of mice (Figure 5.3). Location tests (Table B2) show a statistically significant
difference of body mass between the groups (Welch's F-test: F=3.91, p=0.031; Kruskal-Wallis
test: x¥*=10.85, p=0.013) (Figure 5.3). The results of the pairwise comparison show a significant
difference in body mass between the thermoneutrality group and the group of cold-reared mice
fed with moist food (Welch’s F-test), between the latter and the control group and between the
thermoneutrality group and the group of cold-reared mice fed with dry food (Kruskal-Wallis

test).

The lean mass follows the same pattern of variation (Welch's F-test: F=4.98, p=0.013,;

Kruskal-Wallis test: x>=8.18, p=0.042) (Table B3) although we observe a greater heterogeneity of
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variance between the groups. The thermoneutrality group is statistically different from both the
group of cold-reared mice fed with moist food (Welch's F-test) and the group of cold-reared mice

fed with dry food (Kruskal-Wallis test).
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Figure 5.3. Body mass, lean mass and average food intake per group. Brackets represent significant
differences (p<0.05) between groups in pairwise comparisons (both Welch’s F-test and Kruskal-Wallis test:

solid lines; Kruskal-Wallis test: dashed lines).

External craniofacial morphology

The PCA based on the 57 landmarks measured on the craniofacial skeleton shows no
clear separation between groups (Figure B1). A PERMANOVA analysis did not support the
hypothesis of a significant variation in shape between the 4 groups (F=1.19, p=0.136).
Additionally, Welch's F-test results highlight no statistically significant difference in skull

centroid size between groups (F=2.20, p=0.129) (Table B4).

Nasal cavity morphology

Shape variation

PCA analysis of the nasal cavity shape (Figure 5.4) shows a clear distinction between
groups. This observation is confirmed by the results of the PERMANOVA testing for group
differences (F=2.61, p<0.001) (Table 5.2), which shows that groups are all morphologically

different from one another, except for the control and thermoneutrality groups.
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Table 5.2. Pairwise morphological distances between groups resulting from the pairwise PERMANOVAs
performed on all the principal components of the morphospace. The results are considered significant (*)
when p<0.05.

F p
PERMANOVA (testing for group differences) 2.606  <0.001 *
Pairwise comparison Cold (dry food) Cold (moist food) 4,133 0.002 *
Cold (dry food) Control 2,913 0.002 *
Cold (dry food) Thermoneutrality 2.901 0.002 *
Cold (moist food) Thermoneutrality 2.282  0.002 *
Cold (moist food) Control 2.278  0.002 *
Control Thermoneutrality 1.154  0.226

On PC1 (15.58%), the cold-reared group fed with dry food is distributed in the negative
values, almost strictly separated from the three other groups which are predominantly located
in the positive values. These observations are confirmed by the pairwise PERMANOVA testing for
shape differences between groups (F=20.45, p<0.001), which shows that the cold-reared group
fed with dry food is significantly different from the other three groups (Table B5). The shape
associated with negative values is overall relatively more elongated in the antero-posterior axis,
especially in the area anterior to the maxillary sinus. The overall shape of the nasal cavity is
narrower (in the medio-lateral plane) and lower (supero-inferiorly). The upper part of the nasal
cavity appears flatter than in the positive values, but is also lower than the ethmoid turbinates,
while these two anatomical areas are aligned with each other in the positive values of the PC.
The maxillary sinus is square-shaped in the negative values and bean-shaped in the positive
values. The ethmoid turbinates are more triangular in the negative values, while more rounded
in the positive values. Proportionally, the ethmoid turbinates area is larger than the maxillary

sinus area in the negative values, and conversely in the positive values.

PC2(11.14%) separates the cold-reared group fed with moist food, mainly in the
negative values, and the thermoneutrality group, predominantly in the positive values. The
PERMANOVA testing for shape differences between groups (F=4.33, p=0.017) confirms the
morphological differences between these two groups (Table B5). Overall, the shape associated
with negative values on PC2 is longer, slightly lower, and narrower than the shape in the positive
values. However, in the negative values on PC2, the anterior area of the nasal cavity is less
elongated, higher and narrower than what we observe, for instance, on PC1. Furthermore, in
the positive values on PC2, the upper part of the ethmoid turbinates area is more prominent

than
9%



PC2 (11.14%)

[®1 10°C/moisten food @ 10°C/dry food @ 20°C/dry food @ 26°C/dry food

PC4 (7.92%)

-2 -1 0 1 -1.5 -10 -05 0.0 0.5 1.0
PC1 (15.58%) PC3 (9.32%)

-
<
s

Posterior Superior Posterior

Superior

Figure 5.4. Principal Component Analysis (PCA) of the nasal cavity shape comparison between the 4
groups of mice. The surfaces represent shape changes associated with PC1, PC2 and PC3, with 4x

magnification of the real shape variation.
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on PCl and the maxillary sinus is more supero-inferiorly elongated. Proportionally, the
maxillary sinus area is even smaller than the ethmoid turbinates area in the positive values on

PC2.

On PC3 (9.32%), the control group is distributed mainly in the negative values, while the
two cold-reared groups are mostly found in the positive values. The PERMANOVA testing for
shape differences between groups (F=5.97, p=0.005) corroborates these morphological
differences (Table B5). The shape associated with positive values on PC3 is wider, longer and
drastically lower than the shape in the negative values. In the positive values, the upper part of
the nasal cavity is very flat, while rounded in the negative values. The maxillary sinus is square-
shaped and more elongated in the antero-posterior axis in the positive values, while bean-
shaped and more elongated in the supero-inferior axis in the negative values. Posteriorly, the
ethmoid turbinates are more triangular in the positive values, while rounded in the negative

values.

All the shape changes we observe on the first three principal components can, to a lesser
degree since the variation is very subtle, be observed by comparing the mean shapes of the
different groups (Figure B2). Overall, the mean shape of the cold-reared group fed with moist
food is shorter, wider and higher than the mean shape of the cold-reared group fed with dry
food. This explains why the cold-reared group fed with moist food is distributed near the
thermoneutrality and control groups on PC1, as they are also higher and wider than the cold-

reared group fed with dry food.

While there is no allometric effect when considering all principal components, i.e., 100%
of variation (R®=0.091, p=0.093), we record a significant effect of allometry on PC1 (R*=0.242,
p=0.004) and on PC2 (R?=0.338, p<0.001). No effect of allometry is recorded on PC3.

As we did not symmetrize the data, we can observe some asymmetry in the shapes
associated with extreme negative and positive values on the three first PCs. On PC1, it is
characterized by a shape that is higher on the left side and lower on the right side in the negative
values, and inversely in the positive values. On PC2, the asymmetry is less strong and follows a
reverse pattern than PC1. PC3 shows an asymmetry pattern similar but stronger than on PC1,
the left side being substantially higher on the shape associated with negative values. The

asymmetric signal is however minor compared to the overall shape variation of the nasal cavity.
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The description of the shape changes for each PC therefore tends to overlook these

asymmetries, which are not our main focus.
Volume variation

Mean nasal cavity volume values (Table 5.1) show that the group of cold-reared mice fed
with moist food has on average the largest nasal cavities, while the group of cold-reared mice
fed with dry food have the smallest ones. We record statistically significant group differences in
nasal cavity volume (Welch’s F-test: F=10.03, p<0.001; Kruskal-Wallis test: x2=15.20, p=0.001)
(Figure 5.5). The pairwise comparisons show that the cold-reared group fed with moist food is
different than the cold-reared group fed with dry food and the thermoneutrality group (Welch’s
F-test) and that the control group is different than the two cold-reared groups (Kruskal-Wallis

test) (Table B6).
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Figure 5.5. Volume of the nasal cavity per group (1) raw (2) normalized by body mass and (3) normalized by
lean mass. Brackets represent significant differences (p<0.05) between groups in pairwise comparisons (both
Welch’s F-test and Kruskal-Wallis test: solid lines; Kruskal-Wallis test: dashed lines).

Knowing that cold-reared mice fed with moist food have larger mean body mass and
mean lean mass and that both factors have an effect on nasal cavity volume (Table 5.3), we
normalized the nasal cavity volume by body mass and by lean mass. At equivalent body mass,
the two cold-reared groups are not statistically different (Table B7), neither are they at
equivalent lean mass (Table B8). They are, however, both different from the two other groups

when nasal cavity volume is normalized by body mass (Kruskal-Wallis test). When normalized
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by lean mass, the nasal cavity volume of the cold-reared group fed with dry food is significantly
different from the thermoneutrality and control groups. The cold-reared group fed with moist

food is then only different from the thermoneutrality group.

Table 5.3. PERMANOVAs testing the factors influencing nasal cavity volume. The results are considered
significant (*) when p<0.05.

F P
Body mass effect on nasal cavity volume 16.756 <0.001 *
Lean mass effect on nasal cavity volume 13.187 0.001 =

To verify the potential effect of body mass and lean mass differences on nasal cavity
shape, we performed a multivariate regression between the nasal cavity shape and (1) the
residuals of a linear regression of nasal cavity volume on body mass and (2) the residuals of a
linear regression of nasal cavity volume on lean mass. This analysis demonstrated that there is
no significant correlation between nasal cavity shape and the share of the nasal cavity volume
variable that is not explained by body mass variation (R*=0.06, p=0.098) nor with the share of

the nasal cavity volume variable that is not explained by lean mass variation (R*=0.05, p=0.11).

Nasal turbinates morphology

Statistical analysis of the nasoturbinate and the maxilloturbinate volumes
demonstrated no significant difference between the four groups of mice (Table B9 and Table
B10). When normalized by the nasal cavity volume to control for scale effect, the results remain
non-significant for the nasoturbinate (Table B12). Concerning the normalized maxilloturbinate
volume (Figure 5.6), the Welch’s F-test is not significant but the Kruskal-Wallis test is (x2=7.87,
p=0.049) (Table B11). Pairwise comparison shows that the cold-reared group fed with dry food
is statistically different from the thermoneutrality group and the other cold-reared group, which

are both characterized by smaller normalized maxiloturbinate volumes.

We record no statistically significant between-group differences for the maxilloturbinate
surface area (Table B13), nor for the nasoturbinate surface area (Table B14). We performed
other tests on the ratio of the surface area of the turbinates to the volume of the nasal cavity,
which gave significant results both for the maxilloturbinate (Welch’s F-test: F=6.38, p=0.006;
Kruskal-Wallis test: x2=9.87, p=0.019) (Table B15) and for the nasoturbinate (Welch’s F-test:
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F=10.81, p=0<0.001; Kruskal-Wallis test: x2=12.41, p=0.006) (Table B16). Overall, the ratio of the
surface area of the turbinates to the volume of the nasal cavity for both respiratory turbinates
of the cold-reared group fed with moist food is lower than the three other groups (Figure 5.6).
Pairwise comparison for the maxilloturbinate shows that the cold-reared group fed with moist
food is significantly different from the other cold-reared group (Welch’s F-test) and from the two
other groups (Kruskal-Wallis test). Regarding the nasoturbinate, the cold-reared group fed with
moist food is significantly different from the thermoneutrality group (Welch’s F-test) and from

the two other groups (Kruskal-Wallis test).
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Figure 5.6. Normalized volume and surface area of the respiratory turbinates per group (normalization
by nasal cavity volume). Brackets represent significant differences (p<0.05) between groups in pairwise
comparisons (both Welch’s F-test and Kruskal-Wallis test: solid lines; Kruskal-Wallis test: dashed lines).
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5.4. Discussion

Food intake and mass in cold-reared mice

Both cold-reared groups consumed more food than the thermoneutrality and control
groups, which was expected given long acknowledged higher energetic demands to maintain
homeothermy in the cold (Campbell, 1945; Barnett, 1965; Serrat et al., 2008). As a consequence,
the two groups of cold-reared mice have larger body masses and overall, a higher fat mass. This
is especially true for the group fed with moist food, which is significantly different in fat mass
from the 3 other groups (Kruskal-Wallis test). But these groups are not only fatter: they also have

higher lean mass than the thermoneutrality group.
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Moreover, we observe differences in food intake within the two cold-reared groups: the
group fed with moist food ate more than the other cold-reared group. This could be explained
by the increase in food waste due to the greater friability of pellets. But this group of mice also
has greater mean body mass, lean mass and fat mass, which excludes the hypothesis that this
pattern reflects only food waste. One possible explanation for these differences in food
consumption could be that this group of mice might need to masticate more, in order to wear
their teeth equally to mice fed with dry food. Or maybe another mechanism is at play: moist
food may be more appetizing and/or easier to eat, which could lead the mice to consume more
food. The fact that the cold-reared group fed with moist food has a significantly higher mean fat
rate (24.7% fat) than the other cold-reared group (21.4% fat) may reinforce the hypothesis that
the former ate more than than was necessary to fulfill their energetic needs, which could point
towards another mechanism than the maintenance of homeothermy whether related to eating

behavior or to a biomechanical purpose.

Overall craniofacial variation

We observe no difference between the groups in craniofacial morphology, either in
terms of shape or size. Based on our sample, we can conclude that neither temperature nor food
hardness have an effect on the overall shape or size of the craniofacial skeleton. These results
are surprising given that they contradict previous observations on Sprague-Dawley rats (Rae et
al., 2006), which highlighted significant differences in craniofacial size and shape. The
morphology of the cold-reared rats in the study by Rae and colleagues is characterized by an
anterior displacement of the maxillozygomatic suture, a posterioinferior positioning of the
infraorbital fissure, and a shift of the entire nasal-premaxillary complex in a relatively more
antero-superior position. The authors conclude that these results are the consequence of the
variation in ambient temperature. The differences between these results and our own may be
explained by several factors. First, the cold-reared group in the Rae et al. study was reared at
5°C, which may indicate a response to more extreme temperatures than we used in our study.
Second, the species difference may also imply a different plastic response, perhaps more
pronounced in Sprague-Dawley rats than in C57BL/6J inbred mice. This could for example be
due a size effect, knowing that male rats are over 10x the body mass of mice (400-500g vs. 30g
at 12 weeks of age). Finally, the sample used in the Rae et al. study originally comes from an

experiment (Steegmann & Platner, 1968) that did not control for food intake. Both the cold-
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reared rats (5°C) and the control group (22°C) were fed ad libitum. We do not have information
on the amount of food ingested by each group, but we can expect, based on our own
observations, that the cold-reared group ate more, and thus masticated more than the other
group. We can hypothesize that, in rats, increased masticatory forces may be more likely to

affect the overall shape of the craniofacial skeleton.

The effects of food hardness on nasal cavity shape

Regarding nasal cavity shape, all groups are morphologically different from each other,
except for the pair of control and thermoneutrality groups. We can summarize the main shape
variation we observed as follows: the mean nasal cavity shape of the cold-reared group fed with
moist food is shorter, wider and higher than the cold-reared group fed with dry food. The mean
nasal cavity shapes of the thermoneutrality and control groups are higher and shorter than the
two cold-reared groups. They are wider than the cold-reared group fed with dry food but
narrower than the cold-reared group fed with moist food. More specifically, we observe an
elongation of the anterior part of the nasal cavity in the cold-reared groups, which is
accentuated in the cold-reared group fed with dry food. As we explained in the Methods section,
we were not able to segment and then measure precisely the volume of the maxillary sinus and
the ethmoid turbinates (olfactory) region. However, we can observe on our shape differences
that relatively, the olfactory area of the cold-reared group fed with dry food seems more

developed than the maxillary sinus area, and conversely for the other groups.

How can we explain this shape variation? First, we can point out that the cold-reared
group fed with dry food is probably the group that masticated the most. Indeed, the mice of this
group ate more food than the mice of the control and thermoneutrality groups, which were also
fed with dry pellets. Moreover, they ate harder food than the other cold-reared group, which
could imply that the required masticatory forces were higher. However, we have to keep in mind
that the amount of food ingested by the cold-reared group fed with moist pellets is higher,
which complicates our perception of the masticatory loads in these two groups of mice. The
anterior loading applied during gnawing with the incisors might be one explanation of the
lengthening of the shape of the nasal cavity. However, the results of a study by Myers et al. (1996)
on prairie deer mice, rather point towards an anterior shift of the incisors of animals fed a soft

diet.
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Based on our sample, we can conclude that the shape variation we observe on the nasal
cavity is mainly driven by masticatory forces. We obtain similar results to previous studies when
we consider only the groups of mice fed with dry food, which could then be interpreted as a
response to temperature. Indeed, the PC1 of our shape analysis clearly shows that the cold-
reared group fed with dry food is different from the control and thermoneutrality groups.
However, adding the cold-reared group fed with moist food to the equation changes our results
completely. This group does not tend to cluster with the other cold-reared group but rather with
the control and thermoneutrality groups. If there is an adaptative response to temperature, it is
therefore completely blurred by the effect of the masticatory forces related to the quantity and

consistency of the food ingested.
Temperature-related phenotypic plasticity and craniofacial integration

The volume of the nasal cavity might be one variable that, in our sample, shows a clear
plastic response to temperature. Cold-reared mice fed with moist food have the largest mean
nasal cavities and cold-reared mice fed with dry food have the smallest mean nasal cavities. But
at equal body mass and at equivalent lean mass, the two cold-reared groups both have
significantly smaller nasal cavity volumes thant the two other groups. In their study, Rae et al.
(2006) obtained the same result, with cold-reared rats displaying significantly smaller nasal
cavity volume for a same skull size. Interestingly, this variation in nasal cavity volume is not

correlated with a variation of the size of the skull.

We have no clear signal of nasoturbinate or maxilloturbinate volume variation between
groups, even when they are normalized by the nasal cavity volume to control for scale effect.
We do not record any between-group differences in either maxilloturbinate or nasoturbinate
surface area. However, when we normalize the turbinates surface area by nasal cavity volume,
we obtain significant differences between groups. For the cold-reared group fed with moist
food, the surface area of both respiratory turbinates normalized by nasal cavity volume is lower
than the three other groups. This means that for a given nasal cavity size, the cold-reared group
fed with moist food display respiratory turbinates that are the same size as the other groups,
but have a less complex shape. In terms of thermoregulation processes, a more complex shape
of the turbinates allows more air turbulence and, therefore, a better warming of the inspired air

(Inthavonget al., 2007; Na et al., 2012), which would typically be required in a cold environment.
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These findings perhaps highlight the part of the shape complexity of the respiratory turbinates
that is not determined by thermoregulation purposes, but by the overall integration of the

craniofacial skeleton.

Conclusions and perspectives

As previous studies on experimental samples showed, we observed several
morphological differences in the nasal anatomy of mice reared at different temperatures. Cold-
reared mice stand out from control and thermoneutrality groups in several ways, the most
noticeable being the volume variation of the nasal cavity, with cold-reared mice displaying
significantly smaller nasal cavities than the two other groups. We emphasize that these results
demonstrate a clear effect of phenotypic plasticity in response to temperature. However, we
also note that the pattern of morphological variation, and notably the shape of the nasal cavity,
is also depending on food consistency. Several factors related to feeding behavior and
masticatory forces might therefore also be involved in the morphological variation that has
previously been attributed to a response to temperature. One prospect that could be explored
in future studies would be to conduct the same kind of study but also trying to quantify the

masticatory load for each of these groups, for example with Finite Element Analysis (FEA).
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%é Synthése

Nous évaluons ici les réles potentiels de la
plasticité phénotypique en lien avec la
température ainsi que de la consistance de
la nourriture sur la variation cranio-faciale
de 4 groupes de souris consanguines
élevées a des températures différentes.
Grace a la morphométrie et a une analyse
statistique des volumes et des surfaces,
nous analysons la morphologie de leur

crane, cavité nasale et turbines nasales.

Nos résultats démontrent un effet de
plasticité phénotypique en réponse a la
température : le volume de la cavité nasale
des deux groupes de souris élevées au froid
est significativement plus petit que celui des
groupes controle et thermoneutralité. Nous
soulignons que la dureté de la nourriture a
un effet majeur sur la conformation de la
cavité nasale, ce qui brouille sensiblement
le signal d'une réponse potentielle a la
température. Cela peut étre lié a une
variation des forces masticatrices, due a la
fois a la consistance de la nourriture et a sa
quantité. En effet, les souris élevées au froid
ont consommé plus de nourriture, en
particulier lorsque la nourriture est ramollie
(possiblement  pour  assurer |'usure
dentaire). Enfin, nous n’observons aucune

différence significative pour la morphologie

externe du squelette cranio-facial.

% Summary

Here, we try to evaluate the potential role of
temperature-related phenotypic plasticity
and food hardness on the craniofacial
variation of inbred mice reared under
different temperature conditions. We study
the morphology of the skull, the nasal cavity
and the respiratory turbinates of 4 groups of
mice, using geometric morphometrics,

surface registration and statistical analysis

of volumes and surface areas.

Our results demonstrate an effect of
developmental plasticity in response to
temperature: the nasal cavity volume of the
two groups of cold-reared mice s
significantly smaller than the control and
thermoneutrality groups. We also highlight
that food hardness has a major effect on the
shape of the nasal cavity, critically blurring
the signal of a potential response to
temperature. These observations can be
linked to differences in masticatory forces,
due to both food hardness and food intake.
Indeed, we observe a higher food intake in
the two groups of cold-reared mice. In the
group of cold-reared mice fed with moist
food, the intake is even higher, which may
be related to tooth wearing considerations.
Finally, no significant between-group

difference is observed in the morphology of

the overall craniofacial skeleton.
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- Chapter6 -
OVERVIEW AND PERSPECTIVES

« When we try to pick out anything by
itself, we find it hitched to everything
else in the Universe »

— J. Muir
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The main objective of this work was to quantify the morphological variation of the internal
nasal anatomy, in order to provide new reflections on the evolutionary mechanisms likely to
explain, at least partially, this morphological variation. The focal point around which we have
made our thinking revolve is the climatic adaptation of this anatomical region, which has been
the subject of heated debate for several decades. The research question to which this work aims
to contribute can be stated quite simply: how do specific nasal phenotypes emerge and develop
during human evolution? By which evolutionary paths and detours have we reached the nasal
morphology of current humans? If formulating the question is simple, answering it is much more
complex, given that the only available information to answer it are: 1) the results of this
evolution, i.e., the extant human phenotypes, and 2) some precious milestones, i.e., the fossil
record, which are however relatively few compared to the time scale of the evolution of a

species, not to mention the very poor preservation of this anatomical region in fossils.

But before even trying to answer these questions, it is essential to quantify this variation.
For reasons already mentioned in this manuscript, we are convinced that, in order to have a
complete picture, the upper airway must be studied as a whole, considering all its components,
bone and mucosa, and trying to understand their interactions. From this point of view, a
considerable amount of work has already been done by many authors over the years and our

work only constitutes a humble, yet hopefully original, interesting and useful, contribution.

Through this step of variation quantification, we hold several pieces of our large
evolutionary puzzle. The final goal is to try to put these pieces together, to understand how they
relate to each other. Some will remain isolated, unexplained, while others will begin to
constitute a portion of the big picture. Through them, we will attempt to understand the
mechanisms and the role of the different factors at the origin of the quantified phenotypic
variation: which traits are inherited? Which are related to phenotypic plasticity? What role did
climate, masticatory forces, covariation with other craniofacial structures or any other factor of
variation, play in this phenotypic variation? In this final chapter, we present some thoughts on
all these questions, based on the data provided by previous works and our own. Finally, we
suggest some research perspectives to continue adding new pieces to this vast and thrilling

puzzle.
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6.1. The internal nasal morphology: patterns of variation

In the study of nasal morphology, three closely interconnected features of the
anatomical structures are commonly studied: their volume, their surface area-to-volume ratio
(SA/V), and their shape. In this section, we will briefly summarize what is known about the
variation of the nasal cavity and the nasal airway for each of these characteristics in extant
human populations. This will allow us to discuss, in the following section, features pointing

towards a functional adaptation to climate and/or other variation factors.
Nasal volume variation

Nasal cavity volume has been shown to be larger in human groups living in colder
climates (Butaric & Klocke, 2018; Evteev & Grosheva, 2019). Furthermore, Evteev and Grosheva
(2019) demonstrated that across populations of Asian ancestry inhabiting different climatic
environments, there was a strong negative and highly significant association between nasal
cavity volume and mean temperature of the coldest month. This is consistent with the
predictions of Shea (1977) arguing that, for purposes of respiratory needs, the internal nasal
structures and specifically the inferior meatus and turbinate, should be larger in individuals
inhabiting colder climates. This hypothesis is based on the assumption that a larger nasal cavity
volume increases the surface area where the respiratory mucous membrane may extend, which

therefore implies a better humidification and warming of the inspired air.

Regarding the nasal airway, the results of our study do not show significant variation in
volume between our five studied populations. These results confirm those of Yokley (2009), who
similarly observed no variation in volume between two US populations (one European-
American group and one African-American group) for the congested nasal cavity, i.e., the nasal
airway. These results are surprising, as we would have expected to observe smaller nasal
airways in the populations living in colder regions (e.g. the Russian sample). This reduced
volume would indeed increase the efficiency of air conditioning: an acoustic rhinometry study
(Lindemann et al., 2009) found that a healthy but relatively less voluminous airway has a more

efficient air conditioning function than a more voluminous nasal airway.
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Nasal SA/V ratio variation

Regarding the nasal cavity, the relation between surface-area-to-volume ratio (SA/V)
and climatic adaptation was first suggested by Franciscus and Long (1991). The authors
hypothesized that individuals from populations that evolved in cold and/or dry climates would
have a greater SA/V ratio than individuals from warmer and more humid environments, as this
would allow for more efficient heat and moisture exchange between the inspired air and the
nasal mucosa during respiration. This hypothesis was then confirmed by Yokley (2009), who
demonstrated that the European Americans group of his study had a greater SA/V ratio than the
African Americans group. Evteev and Grosheva (2019) also demonstrated that all the north Asian
groups they studied displayed increased SA/V compared to east Asians and Aleuts from

temperate climates.

Concerning the nasal airway, our study did not allow us to measure a significant
difference in SA/V ratio between our five populations. This result echoes what was described by
Yokley (2009) who recorded no significant differences between groups of European Americans

and African Americans for the congested nasal cavity, i.e., the functional nasal airway.

Nasal shape variation

Variation in nasal cavity shape in relation with climate has long been demonstrated:
several studies have showed that populations living in colder climates display narrower, longer
and higher nasal cavities (e.g. Carey & Steegmann, 1981; Yokley, 2009; Fukase et al., 2016;
Maddux et al., 2016; Butaric & Klocke, 2018). Similarly to volume and SA/V ratio variation, shape
variation has been explained in the sense that narrower nasal passages facilitate heat and
moisture exchange by increasing the SA/V ratio, while longer nasal passages influence the
overall amount of mucosa and occurrence time of the airflow in the nasal cavity (Inthavong et
al.,2007; Noback et al., 2011). However, the shape variation of the nasal cavity might not be only
explainable by climatic factors. In their study, Eevtev and Grosheva (2019) showed that the
correlation of shape variation with climatic variables is moderate, and even loses statistical
significance when controlling for genetic distances. In addition, shape differences between
groups inhabiting cold climates may be variable, such as, in the latter study, Eskimo-Aleutian

groups versus other Siberian groups. The authors suggest two explanations for these shape
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variation: a different population history implying some selective-neutral factors, or an
adaptation to coastal Arctic environments versus inland Siberian climate requiring different

morphological features.

Regarding the nasal airway, our results show a shape variation between modern
populations (Maréchal et al., 2023). At first glance, some general observations in terms of width,
length, and height are consistent with what is observed in the nasal cavity (e.g.: the Cambodian
sample has a shorter and wider nasal airway, which is consistent with what was previously
described as a warm-adapted phenotype). However, the shape variation we observe clearly
reflects genetic proximity between the populations rather than eco-geographic patterns (see

aso Hubbe et al., 2009).

6.2. Beyond morphology: evolutionary mechanisms

The most striking aspect of this brief overview is that the nasal cavity shows a quite clear
inter-population variation both in volume, SA/V ratio and shape, while the nasal airway only
shows a modest, yet significant, inter-population variation in shape. This observation should
come with no real surprise, knowing that the strict co-variation between these two anatomical
structures as never been accurately demonstrated. A study by Heuzé (2019) actually reported a
low correlation between these two structures (R?=0.1408, p = 0.0349), which is quite consistent
with the fact that the variation in volume and SA/V ratio of the nasal cavity is not associated
with a variation in volume and SA/V ratio of the nasal airway. However, it is still unexpected to
find such results despite the genetic, geographical and climatic differences of the five human

groups we studied.

One asset we can use to discuss the mechanisms behind the variation of these
morphological features is the results obtained on the mice experimental sample. In order to
transpose these results to humans, we have to keep in mind that Hallgrimsson et al. (2004) have
questioned the inferences from how developmental perturbations produce phenotypic effects
in model organisms to how the same perturbations would affect craniofacial morphology in
primates and, by extension, in humans. Among their results, they showed that the effect of both
breeding structure and environmental conditions on the configuration of phenotypic variation

is a potential confounding factor in the comparisons between a variation that would be
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observed within an inbred mouse model and a naturally occurring variation in primates. We will

therefore be extremely cautious in concluding on these results.

First, how can we try to explain the mechanisms behind the variation in the volume of
the nasal cavity? It seems that integration plays an important role in this variation, as some
studies demonstrated that the volume of the nasal cavity co-varied with the overall size of the
craniofacial skeleton (Butaric et al., 2010; Evteev & Grosheva, 2019), which seems to suggest a
rather structural, i.e., not adaptive, explanation for volume variation. But this volume variation
has also been linked to climatic factors (Evteev & Grosheva, 2019; Kelly et al., 2023) and could
imply a process of natural selection for beneficial phenotypes during the evolution of these
populations (see also Yokley 2009). Our results also highlight the possibility that part of this
variation may be explained by a mechanism of phenotypic - or developmental - plasticity when
subject to a strong environmental constraint, in this case environmental temperature. In our
murine sample, the signal of variation, i.e., smaller nasal cavities in cold-reared mice, goes in
the opposite direction as the signal observed in primates, including humans (see also Rae et al.
2006). This phenomenon could be explained by the aforementioned differences in patterns of
morphological integration and modularity between rodents and primates and naturally raises
the question of the applicability of this result to our reflections on human variation. But the very
fact that a plastic response has been observed for the volume of the nasal cavity is a novel and
valuable information. We can also imagine that this plastic response might be achieved through
one or several temperature-sensitive developmental pathways that we discussed in chapter 2,
e.g. by directly altering the activity of preosteoblast cells, osteoblasts or osteoclasts, or

indirectly, by inducing proteins or hormones involved in bone cells activity.

We believe that, as for all the mechanisms involved in the variation and evolution of
human phenotypes, these factors are not mutually exclusive and probably interact throughout
evolution in ways that are beyond our current knowledge. If the hypothesis of a phenotypic
plasticity is confirmed, we can imagine that this mechanism played a role at some point for
some populations, creating beneficial phenotypes that would then be selected for their
environmental fitness. Moreover, these phenotypic responses might be continuous and follow
temperature variation, while others might be expressed when a threshold is reached, which
means that perhaps the response would be different according to the human groups and the

time scale we are considering. All these factors probably also result in the shape of the nasal
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cavity. One can imagine that integration and natural selection have also influenced this shape.
Finally, we did not record a clear temperature-driven plastic response for the shape of the nasal
cavity, as the biomechanical stress related to mastication was the factor that mainly drove the
signal on the PCA, perhaps because it is the “dominant” stress in our sample. This does not
imply, however, that phenotypic plasticity is not influencing nasal cavity shape and we expect

further studies will attempt to address that question.

Regarding the volume of the nasal airway, we argue that it is influenced by respiratory
energetics related to a size/dimorphic effect, but also by other biological phenomena such as
the age-related shrinkage of the nasal mucosa. Unfortunately, the temperature influence on the
nasal mucosa morphology and the corresponding nasal airway shape on an intra-population
scale has been poorly explored in our study, as we did not have the appropriate sample to
explore that path. This piece of the puzzle is, to our knowledge, still missing, and we believe that
this aspect also constitutes a promising avenue of research. As was previously mentioned, nasal
airway volume does not vary between geographic groups and we can make two assumptions to
try to explain this result. Either the climates in which the individuals of our samples were not
extreme enough and different enough to generate a clear response. The scanning environment
might also have affected this signal. The second hypothesis is that climates are sufficiently
different in our sample to produce a mucosal response, but the nasal airway volume is not the
main proxy to look at to understand this response to temperature. Instead, one would rather
look at how this volume is distributed, i.e., the shape of the nasal airway. The SA/V ratio is closely
related, as it represents the complexity of the surface area of a structure, which more or less

comes down to measuring the complexity of its shape.

In either case, the shape of the nasal airway probably varies to some extent via
integration with craniofacial anatomy and is obviously constrained by the shape of the nasal
cavity. The first hypothesis we mentioned for the volume of the nasal airway does not involve a
climatic response to temperature. In this scenario, what other factors could drive the variation?
We can hypothesize that, in addition to integration with the craniofacial skeleton, and in the
absence of major morphological or functional constraints as it is the case for our murine
sample, for example, the shape variation would also be likely to be influenced by various
"secondary" factors (e.g. temperature oscillation within a day, diet, air pollution...). It is known
that in the absence of major functional constraint, the shape of the different cranial parts of

modern individuals can indeed be relatively modular (Eyquem et al., 2019). This would imply
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that the cranial structures of modern individuals have a freedom in variation, under the obvious
condition of respecting basic requirements such as the space provided for the brain, air
inspiration, swallowing, or for the eyeballs. This also implies that some factors may affect one
group of individuals, and other factors, other individuals. Finally, our second hypothesis put
forward a response of the airway to temperature that would not be expressed in the volume of
the nasal airway but rather in its shape. Unfortunately, we cannot test this hypothesis with our
data since it brings us back to our lack of knowledge on the temperature-related reactivity of

the nasal mucosa, which still remains poorly defined.

6.3. Research prospects

Research has demonstrated that climate has directly influenced the morphological,
physiological, and genetic variation of the human species. This variation can occur through a
process of acclimatization, both in the short and long term, and through the process of natural
selection. But there are still many unknown factors in the study of climatic adaptation in
humans. For example, while morphological differences between populations have been
identified, the mechanisms at the origin of these potentially functional traits need to be
explored, as they are yet not properly understood. In this perspective, we also have to keep in
mind the cultural component of climatic adaptation, formulated by Steegmann (1979) as
follows: “Do thermally protective behaviors make special biological adaptations
unnecessary?”. There is still much to learn about nasal morphology and how it can be related
to climatic factors, although many studies are still in progress (e.g. among the most recent
publications: Campbell et al. 2022; Laitman & Smith 2022; Shah & Frank-Ito 2022; Kelly et al.
2023). At the conclusion of this work, we suggest some promising avenues that should, in our

opinion, be explored in the future to stimulate the discussions on these questions.

On several occasions, we have mentioned the reactivity of the nasal mucosa to
temperature, as we believe that it is an important and still poorly understood element of nasal
morphology. We need to know how rapidly and to what extent the nasal mucosais likely to react
to external temperature. Is there a temperature threshold that the nasal mucosa is able to
withstand, beyond which its ability to warm and humidify the air is affected? We believe that
these questions are equally important in order to validate our observations of the nasal airway,
but also to better understand how the various tissues of the nasal region react, and ultimately

potentially adapt, to climatic variations. We suggest that the best way to answer these
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questions would be to conduct an experimental study on modern humans of known age, sex,
health conditions and placed under different temperature conditions, so that we can observe
the reactivity of their nasal mucosa. This could be achieved by a volume quantification by
acoustic rhinometry (Kiemle Trindade et al., 2007), although we have to be mindful of the
important limitation pointed out by Tomkinson & Eccles (1996), stating that acoustic
rhinometry data should always be collected under the same stable environmental conditions.
Both the volume and the shape of the airway could also be studied by implementing a study
based on 3D imaging, e.g. using MRI in order to avoid the exposure to X-rays related to the

practice of CT-scanning.

Another approach, more and more frequently used and that should be extensively
pursued thereafter, is simulation by computational fluid dynamics (CFD). These methods allow
to connect morphology and function and have the potential to answer many questions about
the functional aspects of the nasal airway at the population scale. For example: is the absence
of volume variation between the human samples of our study indicative of identical inspired air
volumes in these five populations? How does the shape of the nasal airway influence the
distribution of the inspired air in the nasal airway and, by extension, the efficiency of the
warming and humidification processes? Based on the previous question, can we interpret shape
as an immediate response of the nasal mucosa to the environment? We are currently involved
in the development of these questions, which will hopefully soon yield new results to allow us

to discuss the connections between form and function (Sanz-Prieto et al., In review).

Finally, the last aspect we will discuss here is the burning question, namely the
application of these results to the fossil record. The interest in Neanderthal morphology, in
particular, has led many researchers to question the factors that influenced the morphology of
its nasal cavity. Recently, computational fluid dynamics methods have been used to study
Neanderthal’s nasal cavity after virtually reconstructing it and morphing a modern human
mucosa on the bone cavity (Wroe et al., 2018). Based on our study, we are convinced that the
complexity of the factors influencing the morphology of this nasal mucosa does not yet allow us
to apply this kind of method to fossils. While we acknowledge the obvious interest of trying to
apply this approach, we would however recommend to cautiously pursue the research on
modern humans, in order to understand in details the intricacies of nasal morphological
variation. We are convinced that by doing so, step by step, we will one day unravel the puzzling

complexity of these phenomena in human species.
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Figure A2. Intra-observer test on NA segmentation (A) and facial skeleton landmarking (B). For both tests, 10
individuals were randomly selected in the samples from France and from Russia. These individuals were
segmented (A) or landmarked (B) twice at several weeks interval. Then we made a PCA on the deformation-
based shape comparison of the NA (A) and a PCA on the Procrustes coordinates of the 3D landmarks measured
on the facial skeleton (B). For each individual, the first measurement is represented by the ID of the individual
and the second measurement by ID’. We consider both tests to be validated because the first and second
measures of each individual are all closer to each other in the morphospace than to a measure of another
individual. Furthermore, the distances between individuals are always greater than the distances between
two measurements of the same individual.
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Anterior view Inferior view

Figure A3. 11 landmarks measured on the facial skeleton: nasion (N), rhinion (R), inferior nasal spine (INS),
frontomalare orbitale (FMO), zygomaxillare (ZM), optic canal (OC), palatine (P) and hormion (HOR).
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Males 19 19.18 (4.7) 145.04 (5.7) 131.66 (28.6)
—— France
Females 20 15.70 (3.5) 137.91 (4.1) 113.81 (24.3)
Males‘ 20 19.28 (4.1) 147.30 (4.9) 130.93 (27.7)
—— Cambodia
Females 20 15.72 (2.6) 138.82 (3.4) 113.28 (18.4)
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Figure A4. Box-whisker plots representing sexual dimorphism within each population in NA volume and in NA
volume normalized by the centroid size of the facial skeleton (A). The boxplots are colored when the influence
of sex is significant (p < 0.05) (see Table A4). Mean values of the raw and scaled NA volumes for the five
population groups divided by sexes (B).
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Figure A5. Regression plots representing age influence within each population in NA volume (left) and in NA
volume normalized by the centroid size of the facial skeleton (right). Age influence is significant for these 3
populations (Chile, France and Russia) (see Table A4) except for France when considering (non-normalized)
NA volume.
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Table Al. Results of the PERMANOVAs performed on all the PCs and on the 5 populations (N = 195) to quantify
the effect of sex, age and temperature and humidity at the time of scan on the distribution of the sample in
the morphospace. F and R? values and associated p values are indicated for each test. When the results were
considered significant (p <0.05) and the factor being tested included more than two groups, we performed a
post-hoc test to quantify the pairwise distances.

Geographical group

Sex

Age

Temperature
>25°C
>25°C
>25°C
>25°C
10-19°C
10-19°C
0-9°C
10-19°C
<0°C
<0°C

Humidity

0-9°C
<0°C
20-24°C
10-19°C
0-9°C
<0°C
20-24°C
20-24°C
20-24°C
0-9°C

6.500
1.655

1.228
4.271
10.071
8.760
7.862
5.533
3.369
3.127
1.930
1.864
1.782
0.927
1.315

R2
0.120
0.009
0.013
0.083
0.148
0.142
0.086
0.047
0.035
0.035
0.029
0.016
0.029
0.027
0.020

0.001*
0.040*

0.142
0.001*
0.002*
0.002*
0.002*
0.002*
0.002*
0.003*
0.046*
0.065
0.065
0.567
0.059
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Table A2. Results of the PERMANOVASs of the effect of geographical group, age and sex on the distribution of
the sample on each PC from PC1 to PC8. F and R? values and associated p values are indicated for each PC.
Correlations are considered significant when p <0.05.

F R? P
Geographical group
PC1 (18.59%) 34.700 0.422 0.001*
PC2 (6.91%) 6.194 0.115 0.001*
PC3  (5.26%) 4.674 0.090 0.003*
PC4  (3.99%) 5.294 0.100 0.001*
PC5 (3.8%) 0.696 0.014 0.605
PC6 (3.64%) 4.539 0.087 0.001*
PCT  (3.36%) 4.197 0.081 0.003*
PC8 (3%) 2.962 0.059 0.020*
Sex
PC1 (18.59%) 0.023 0.001 0.879
PC2 (6.91%) 0.208 0.001 0.656
PC3  (5.26%) 4.447 0.023 0.032*
PC4  (3.99%) 0.687 0.004 0.402
PC5 (3.8%) 0.014 0.001 0.910
PC6 (3.64%) 0.137 0.001 0.702
PC7 (3.36%) 2.795 0.014 0.096
PC8 (3%) 2.587 0.013 0.100
Age
PC1 (18.59%) 1.742 0.018 0.183
PC2 (6.91%) 0.069 0.001 0.938
PC3  (5.26%) 1.566 0.016 0.192
PC4  (3.99%) 0.510 0.005 0.608
PC5 (3.8%) 1.081 0.011 0.358
PC6 (3.64%) 0.950 0.010 0.406
PC7  (3.36%) 0.654 0.007 0.529
PC8 (3%) 1.572 0.016 0.212
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Table A3. Results of the bivariate regressions between each of the first three PCs and the log-transformed
volume of NA, to quantify the effect of allometry on the sample distribution in the morphospace. Correlations
are considered significant when p <0.05.

PC eigenvalue R? p

5 populations (N=195)

PClvs.In(Vol)  18.59% 0.005 0.167

PC2vs.In(Vol)  6.91% 0.057 0.001*

PC3 vs. In(Vol) 5.26% 0.069 0.001*
Chile (N=35)

PC1 vs. In(Vol) 21.02% 0.023 0.629

PC2vs.In(Vol)  8.27% 0.186 0.006*

PC3 vs. In(Vol) 7.64% 0.006 0.278
France (N=40)

PC1vs. In(Vol) 12.82% 0.156 0.007*

PC2 vs. In(Vol) 8.54% 0.015 0.527

PC3 vs. In(Vol) 7.52% 0.018 0.200
Cambodia (N=40)

PC1 vs. In(Vol) 14.93% 0.181 0.004*

PC2vs.In(Vol)  10.98% 0.139 0.010*

PC3 vs. In(Vol) 8.86% 0.022 0.678
Russia (N=40)

PC1 vs. In(Vol) 11.25% 0.017 0.552

PC2 vs. In(Vol) 10.19% 0.002 0.302

PC3 vs. In(Vol) 8.57% 0.124 0.014*
South Africa (N=40)

PC1 vs. In(Vol) 18.67% 0.004 0.293

PC2 vs. In(Vol) 9.14% 0.026 0.908

PC3 vs. In(Vol) 7.23% 0.0006 0.330
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Table A4. Results of the ANOVAs performed on NA volume (left) and on NA volume normalized by the centroid
size of the facial skeleton (right) to test the influence of geographical group, sex, age, and temperature and
humidity at the time of scan. Correlations are considered significant when p <0.05.

NA volume Ratio NA volume / face size

F R? p F R? p
5 populations (N=195)
Geographical group 0.826 0.510 0.883 0.475
Sex 26.570 0.001* 10.100 0.002*
Age 9.163 0.045 0.003* 12.990 0.063 0.001*
Temperature 0.874 0.005 0.351 0.431 0.002 0.512
Humidity 0.000 0.001 0.989 0.129 0.001 0.720
Chile (N=35)
Sex 2.439 0.128 0.601 0.444
Age 4.126 0.111 0.050* 5.263 0.138 0.028*
Temperature 2.432 0.069 0.128 2.155 0.061 0.152
Humidity 1.160 0.034 0.289 0.860 0.025 0.361
France (N=40)
Sex 8.979 0.005* 4.313 0.045*
Age 3.249 0.079 0.080 5.077 0.118 0.030*
Temperature 2.476 0.061 0.124 3.822 0.091 0.058
Humidity 0.848 0.022 0.363 1.270 0.032 0.267
Cambodia (N=40)
Sex 4,702 0.037* 1.474 0.232
Age 0.243 0.006 0.625 0.183 0.005 0.671
Temperature N/A N/A N/A N/A N/A N/A
Humidity 0.032 0.001 0.859 0.035 0.001 0.853
Russia (N=40)
Sex 7.606 0.009* 3.222 0.081
Age 10.21 0.212 0.003* 8.845 0.189 0.005*
Temperature 0.001 0.001 0.979 0.028 0.001 0.869
Humidity 0.117 0.003 0.734 0.073 0.002 0.789
South Africa (N=40)
Sex 4.036 0.052* 1.390 0.246
Age 1.851 0.046 0.182 2.153 0.054 0.151
Temperature N/A N/A N/A N/A N/A N/A
Humidity N/A N/A N/A N/A N/A N/A
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Table A5. Results of the PERMANOVAs performed on all the PCs and on each population separately to quantify
the effect of sex, age and temperature and humidity at the time of scan on the distribution of each sample in
the morphospace. F and R? values and associated p values are indicated for each test. When the results were
considered significant (p <0.05) and the factor being tested included more than two groups, we performed a
post-hoc test to quantify the pairwise distances.

Chile (N=35)
Sex
Age
Temperature
Humidity
France (N=40)
Sex
Age
Temperature
Humidity
Cambodia (N=40)
Sex
Age
Temperature
Humidity
Russia (N=40)
Sex
Age
Temperature

Humidity
South Africa (N=40)

Sex

Age

Temperature

Humidity

>20°C
>20°C
>20°C
<0°C
<0°C
0-9°C

<0°C
10-19°C
0-9°C
10-19°C
0-9°C
10-19°C

1.455
1.008
1.106
1.056

1.243
1.134
0.762
0.773

0.609
1.108
N/A

1.318

1.056
1.068
1.306
1.857
1.857
1.689
1.093
0.938
0.622
1.173

0.869
0.715
N/A
N/A

R2

0.042
0.059
0.065
0.031

0.032
0.058
0.040
0.040

0.016
0.057
N/A

0.067

0.027
0.055
0.098
0.085
0.117
0.108
0.047
0.041
0.037
0.060

0.022
0.037
N/A
N/A

0.081
0.404
0.267
0.326

0.147
0.208
0.945
0.935

0.971
0.250
N/A

0.069

0.360
0.312
0.031*
0.038*
0.038*
0.062
0.925
1.000
1.000
0.135

0.621
0.960
N/A
N/A
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Appendix B. Supplementary information of article 3
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Figure B1. Principal Component Analysis (PCA) based on the anatomical landmarks measured on the
craniofacial skeleton of the 4 mice groups.
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Figure B2. Nasal cavity mean shape per group, computed through the deformation-based shape comparison.
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Table B1. Description and characteristics of the craniofacial landmarks measured on the reconstructed skulls
of the mice.

# Landmark description Location
1 Most anterio-superior point of the intersection of the L and R anterior turbinates Midline
2 Most posterior point of the intersection of the posterior turbinates Midline
3 Most anterior point of the indentation in the center of the presphenoid Midline
4/5 Most postero-lateral point on the body of the presphenoid Bilateral
6 Most antero-medial point on the body of the sphenoid Midline
7 Most anterior point in the center of the basioccipital Midline
8/9 Most postero-lateral point on the sphenoid Bilateral
10 Mid-point on the anterior margin of the foramen magnum, taken on basioccipital Midline
11 Mid-point on the posterior margin of the foramen magnum, taken on squamous occipital Midline
12/13 Most anterior point of the anterior palatine foramen Bilateral
14/15 Most posterior point of the anterior palatine foramen Bilateral
16/17 Most infero-lateral point of the premaxillary-maxillary suture, taken on premaxilla Bilateral
18 Most posterior point on the center of the premaxilla Midline
19/20 Most antero-lateral identation at the posterior edge of the palatine plate Bilateral
21/22 Post molar point taken on the palatine Bilateral
23/24 Most medial point on the formanen inferior to the foramen magnum Bilateral
25/26 Most lateral point on the foramen magnum (depression posterior to the condyle) Bilateral
27 Nasale on left nasal bone Midline
28 Nasion on nasal suture Midline
29/30 Most postero-lateral point of the nasal bone Bilateral
31 Bregma Midline
32 Lambda taken on intraparietal Midline
33/34 Most lateral superior point of the intraparietal Bilateral
35 Most superior point in the center of the sqamous occipital Midline
36/37 Most infero-posterior point on the parietal Bilateral
38/48 Most supero-anterior point of the maxilla on the lateral part of the nasal aperture Bilateral
39/49 Most distal point of the infraorbital hiatus Bilateral
40/50 Intersection of maxilla frontal process with frontal and lacrimal bones, taken on the maxilla Bilateral
41/51 Intersection of zygoma with zygomatic process of maxilla, taken on zygoma Bilateral
42/52 Intersection of zygoma with zygomatic process of temporal, taken on zygoma Bilateral
43/53 Basis of the zygomatic process of the temporal Bilateral
44/54 Most supero-posterior point of the sphenoid canal Bilateral
45/55 Intersegtion between frontal, sphenoid and squamous part of the temporal on Bilateral
sphenoid
46/56 Most superior point on the squamous temporal, intersection of the coronal suture Bilateral
47/57 Most infero-posterior point of the external auditory meatus Bilateral
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Table B2. Body mass differences between groups: results of the Welch’s F-test and the Kruskal-Wallis test. The
results are considered significant (*) when p<0.05.

Welch F test (F=3.91, p=0.031)

Kruskal-Wallis test (x>=10.85, p=0.013)

Cold (dry food)
Cold (dry food)
Cold (dry food)
Control

Control

Thermoneutrality

Control

Thermoneutrality
Cold (moist food)
Thermoneutrality
Cold (moist food)
Cold (moist food)

0.522
0.153
0.201
0.351
0.167
0.033

*

Cold (dry food)
Cold (dry food)
Cold (dry food)
Control
Control

Thermoneutrality

Control

Thermoneutrality
Cold (moist food)
Thermoneutrality
Cold (moist food)
Cold (moist food)

Table B3. Lean mass differences between groups: results of the Welch’s F-test and the Kruskal-Wallis test. The
results are considered significant (*) when p<0.05.

Welch F test (F=4.98, p=0.013)

Kruskal-Wallis test (x°>=8.18, p=0.042)

Cold (dry food)
Cold (dry food)
Cold (dry food)
Control

Control

Thermoneutrality

Control

Thermoneutrality
Cold (moist food)
Thermoneutrality
Cold (moist food)
Cold (moist food)

0.988
0.076
0.391
0.218
0.421
0.013

*

Cold (dry food)
Cold (dry food)
Cold (dry food)
Control
Control

Thermoneutrality

Control

Thermoneutrality
Cold (moist food)
Thermoneutrality
Cold (moist food)
Cold (moist food)

Table B4. Skull centroid size difference between groups: results of the Welch's F-test and the Kruskal-Wallis

test.

Welch F test (F=2.28, p=0.119)

Kruskal-Wallis test (x>=6.47, p=0.091)
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Table B5. Pairwise PERMANOVA testing for shape differences between groups for the first six principal
components. The results are considered significant (*) when p<0.05.

PC1 (15.58%) F p
PERMANOVA (testing for group differences) 20.453 <0.001
Pairwise comparison Cold (dry food) Control 33.693 <0.001
Cold (dry food) Thermoneutrality 27.238 <0.001
Cold (dry food) Cold (moist food) 48.608 <0.001
Control Thermoneutrality 0.136  0.719
Control Cold (moist food) 3.331  0.088
Thermoneutrality  Cold (moist food) 1.237 0.296
PC2 (11.14%) F p
PERMANOVA (testing for group differences) 4333  0.017
Pairwise comparison Cold (dry food) Control 0.176  0.672
Cold (dry food) Thermoneutrality 1.801 0.192
Cold (dry food) Cold (moist food) 3.819 0.071
Control Thermoneutrality 4329 0.062
Control Cold (moist food) 3.327  0.092
Thermoneutrality  Cold (moist food) 12.045 0.002
PC3 (9.32%) F p
PERMANOVA (testing for group differences) 5973  0.005
Pairwise comparison Cold (dry food) Control 7.136  0.021
Cold (dry food) Thermoneutrality 0.752  0.393
Cold (dry food) Cold (moist food) 5.748  0.034
Control Thermoneutrality 1.452  0.249
Control Cold (moist food) 18.809 0.002
Thermoneutrality  Cold (moist food) 5.869  0.034
PC4 (7.92%) F p
PERMANOVA (testing for group differences) 0.228 0.882
PC5 (6.25%) F p
PERMANOVA (testing for group differences) 0.779  0.531
PC6 (4.94%) F p
PERMANOVA (testing for group differences) 0.318  0.823
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Table B6. Nasal cavity volume differences between groups: results of the Welch’s F-test and the Kruskal-Wallis
test. The results are considered significant (*) when p<0.05.

Welch F test (F=10.03, p<0.001) p Kruskal-Wallis test (x>=15.20, p=0.001)
Cold (dry food) Control 0.103 Cold (dry food) Control *
Cold (dry food) Thermoneutrality 0.478 Cold (dry food) Thermoneutrality
Cold (dry food) Cold (moist food) 0.003 *  Cold (dry food) Cold (moist food) *
Control Thermoneutrality 0.478 Control Thermoneutrality
Control Cold (moist food) 0.340 Control Cold (moist food) *

Thermoneutrality  Cold (moist food) 0.042 *  Thermoneutrality  Cold (moist food)

Table B7. Nasal cavity volume (normalized by body mass) differences between groups: results of the Welch’s
F-test and the Kruskal-Wallis test. The results are considered significant (*) when p<0.05.

Welch F test (F=7.60, p=0.002) p Kruskal-Wallis test (x>=13.38, p=0.004)
Cold (dry food) Control 0.049 *  Cold (dry food) Control *
Cold (dry food) Thermoneutrality 0.004 *  Cold (dry food) Thermoneutrality *
Cold (dry food) Cold (moist food) 0.806 Cold (dry food) Cold (moist food)
Control Thermoneutrality 0.410 Control Thermoneutrality
Control Cold (moist food) 0.194 Control Cold (moist food) *
Thermoneutrality  Cold (moist food) 0.054 Thermoneutrality  Cold (moist food) *

Table B8. Nasal cavity volume (normalized by lean mass) differences between groups: results of the Welch’s
F-test and the Kruskal-Wallis test. The results are considered significant (*) when p<0.05.

Welch F test (F=10.95, p<0.001) p Kruskal-Wallis test (x>=12.07, p=0.007)
Cold (dry food) Control 0.279 Cold (dry food) Control *
Cold (dry food) Thermoneutrality <0.001 * Cold (dryfood) Thermoneutrality *
Cold (dry food) Cold (moist food) 0.425 Cold (dry food) Cold (moist food)
Control Thermoneutrality 0.425 Control Thermoneutrality
Control Cold (moist food) 0.578 Control Cold (moist food)
Thermoneutrality ~ Cold (moist food) 0.147 Thermoneutrality  Cold (moist food) *

Table B9. Maxilloturbinate volume differences between groups: results of the Welch’s F-test and the Kruskal-
Wallis test.

Welch F test (F=2.60, p=0.090) Kruskal-Wallis test (x>=5.32, p=0.149)
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Table B10. Nasoturbinate volume differences between groups: results of the Welch’s F-test and the Kruskal-
Wallis test.

Welch F test (F=0.37, p=0.775) Kruskal-Wallis test (x>=1.10, p=0.777)

Table B11. Maxilloturbinate volume (normalized by nasal cavity volume) differences between groups: results
of the Welch’s F-test and the Kruskal-Wallis test. The results are considered significant (*) when p<0.05.

Welch F test (F=3.03, p=0.060) Kruskal-Wallis test (x>=7.87, p=0.049)
Cold (dry food) Control
Cold (dry food) Thermoneutrality *
Cold (dry food) Cold (moist food) *
Control Thermoneutrality
Control Cold (moist food)

Thermoneutrality  Cold (moist food)

Table B12. Nasoturbinate volume (normalized by nasal cavity volume) differences between groups: results of
the Welch’s F-test and the Kruskal-Wallis test.

Welch F test (F=0.32, p=0.813) Kruskal-Wallis test (x>=2.31, p=0.511)

Table B13. Maxilloturbinate surface area differences between groups: results of the Welch’s F-test and the
Kruskal-Wallis test.

Welch F test (F=0.85, p=0.490) Kruskal-Wallis test (x>=2.09, p=0.553)

Table B14. Nasoturbinate surface area differences between groups: results of the Welch’s F-test and the
Kruskal-Wallis test.

Welch F test (F=2.79, p=0.078) Kruskal-Wallis test (x>=6.40, p=0.094)
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Table B15. Maxilloturbinate surface area (normalized by nasal cavity volume) differences between groups:
results of the Welch’s F-test and the Kruskal-Wallis test. The results are considered significant (*) when p<0.05.

Welch F test (F=6.38, p=0.006) p Kruskal-Wallis test (x>=9.87, p=0.019)

Cold (dry food) Control 0.835 Cold (dry food) Control

Cold (dry food) Thermoneutrality 0.835 Cold (dry food) Thermoneutrality

Cold (dry food) Cold (moist food) 0.042 *  Cold (dry food) Cold (moist food) *
Control Thermoneutrality 0.835 Control Thermoneutrality
Control Cold (moist food) 0.103 Control Cold (moist food) *
Thermoneutrality  Cold (moist food) 0.357 Thermoneutrality  Cold (moist food) *

Table B16. Nasoturbinate surface area (normalized by nasal cavity volume) differences between groups:
results of the Welch’s F-test and the Kruskal-Wallis test. The results are considered significant (*) when p<0.05.

Welch F test (F=10.81, p=0<0.001) p Kruskal-Wallis test (x>=12.41, p=0.006)

Cold (dry food) Control 0.740 Cold (dry food) Control

Cold (dry food) Thermoneutrality 0.432 Cold (dry food) Thermoneutrality

Cold (dry food) Cold (moist food) 0.238 Cold (dry food) Cold (moist food)  *
Control Thermoneutrality 0.740 Control Thermoneutrality
Control Cold (moist food) 0.054 Control Cold (moist food) *

Thermoneutrality  Cold (moist food) 0.002 *  Thermoneutrality  Cold (moist food)
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