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Abstract

Objectives: Ecogeographic variation in human nasal anatomy has historically been
analyzed on skeletal morphology and interpreted in the context of climatic adapta-
tions to respiratory air-conditioning. Only a few studies have analyzed nasal soft tis-
sue morphology, actively involved in air-conditioning physiology.

Materials and Methods: We used in vivo computer tomographic scans of (N = 146)
adult individuals from Cambodia, Chile, Russia, and Spain. We conducted (N = 438)
airflow simulations during inspiration using computational fluid dynamics to analyze
the air-conditioning capacities of the nasal soft tissue in the inflow, functional, and
outflow tract, under three different environmental conditions: cold-dry; hot-dry; and
hot-humid. We performed statistical comparisons between populations and sexes.
Results: Subjects from hot-humid regions showed significantly lower air-conditioning
capacities than subjects from colder regions in all the three conditions, specifically
within the isthmus region in the inflow tract, and the anterior part of the internal
functional tract. Posterior to the functional tract, no differences were detected. No
differences between sexes were found in any of the tracts and under any of the
conditions.

Discussion: Our statistical analyses support models of climatic adaptations of ante-

rior nasal soft tissue morphology that fit with, and complement, previous research on

Markus Bastir and Daniel Sanz-Prieto contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. American Journal of Biological Anthropology published by Wiley Periodicals LLC.

Am J Biol Anthropol. 2024,e24932.
https://doi.org/10.1002/ajpa.24932

wileyonlinelibrary.com/journal/ajpa 1of 26


https://orcid.org/0000-0002-3141-3401
https://orcid.org/0000-0001-9003-0075
https://orcid.org/0000-0002-0660-9613
https://orcid.org/0000-0002-6254-1203
https://orcid.org/0000-0003-2265-8180
mailto:mbastir@mncn.csic.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/ajpa
https://doi.org/10.1002/ajpa.24932
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajpa.24932&domain=pdf&date_stamp=2024-03-22

BASTIR ET AL.

20 | WiLEY- R

KEYWORDS

tissue

1 | INTRODUCTION

Morphological variation can arise from a myriad of factors such as
genetic, biomechanical, or ecogeographic/climatic influences, closely
related to random and nonrandom processes during evolution
(Alberch, 1982; Alberch, 1990; Maynard-Smith et al., 1985). The spe-
cific influence of these factors on the variation in human craniofacial
morphology is complex and not entirely understood. Nasal anatomy
has been a particular focus of attention regarding its direct contact
with the external environment and, consequently, for being under the
influence of climatic factors, such as environmental temperature and
humidity (Crognier, 1981; Davies, 1932; Proctor, 1987). Historically,
many studies have investigated the relationship between climatic
pressures and nasal morphology, but have mainly focused on skeletal
structures (Butaric, 2015; Butaric et al., 2010; Carey & Steegmann
Jr., 1981; Churchill et al., 2004; Davies, 1932; Evteev et al., 2014,
Evteev & Grosheva, 2019; Franciscus, 1995; Franciscus & Long, 1991;
Harvati & Weaver, 2006; Holton et al., 2013; Kelly et al., 2023; Mad-
dux et al.,, 2017; Marks et al., 2019; Noback et al., 2011; Schlager &
Ridell, 2015; Thomson & Buxton, 1923; Tran & Schroeder, 2021;
Weiner, 1954). It has only been in recent years that the morphological
and functional study of nasal soft tissue has gained increasing rele-
vance in evolutionary and biological anthropology (Bastir et al., 2020;
Bastir et al., 2022; Heuzé, 2019; Inthavong et al., 2019; Keustermans
et al,, 2018; Maréchal et al., 2023; Megia et al., 2018; Ramprasad &
Frank-lto, 2016; Shah & Frank-Ito, 2022; Yokley, 2009), which does
credit to its central role in respiratory physiology (Proctor &
Andersen, 1982).

The nasal cavity (NC) is a complex bony structure divided by the
nasal septum into two nasal fossae. The superior, middle, and inferior
nasal turbinates (or conchae) are bilateral curled projections that
extend from both lateral and superior walls of the NC and increase
the surface area of the cavity. The superior and middle turbinates are
projections stemming from the ethmoid bone, whereas the inferior
turbinate is derived from its own individual center of ossification as a
separate bone. The entire NC is lined with a highly vascularized respi-
ratory mucosa that has erectile capacity in response to various stimuli
(Cauna, 1982; Hopkins, 2021). This nasal mucosa undergoes cyclic
and spontaneous congestions and decongestions of the nasal lumen,

accompanied by shifts in nasal resistance, known as the nasal cycle

dry skulls. However, our results challenge a morpho-functional model that attributes
air-conditioning capacities exclusively to the functional tract located within the nasal
cavity. Instead, our findings support studies that have suggested that both, the exter-
nal nose and the intra-facial soft tissue airways contribute to efficiently warming and
humidifying air during inspiration. This supports functional interpretations in modern

midfacial variation and evolution.

air-conditioning, computational fluid dynamics, ecogeographic variation, sexual dimorphism, soft

(Eccles, 1982). The “classic” nasal cycle typically presents as alternate
congestions and decongestions between nasal passages, although
bilateral congestions or decongestions can also occur (Griitzenmacher
et al,, 2005).

In this article, we refer to the nasal airway (NA) as the soft tissue
passages that delineate the nasal lumen through which air flows dur-
ing breathing, from the nostrils (external nose) to the end of the naso-
pharynx, not including the paranasal sinuses (see Bastir et al., 2020;
Megia et al., 2018). Previous articles have also employed the “NA”
term to refer to a subset of these soft tissue passages but restricted
anteriorly by the piriform aperture and posteriorly by the choanae
(Heuzé, 2019; Maréchal et al., 2023).

In addition to particle filtration and olfaction, the two main physi-
ological functions of the NA are determining the amount of air volume
for gas exchange (related to respiratory energetics) and regulating the
physical conditions of the inhaled and exhaled air (air-conditioning)
(Sahin-Yilmaz & Naclerio, 2011). During inhalation, air-conditioning
can be defined as the process by which air is modified till reaching the
body core temperature and water vapor saturation to protect the
lower airways from injuries and optimize gas exchange in the alveoli
(Cole, 1982; Doorly et al., 2008; Elad, Wolf & Keck, 2008; Proc-
tor, 1977; Proetz, 1951; Walker et al., 1961; Wolf et al., 2004). At the
posterior end of the nasopharynx, it has been observed that the air
reaches a temperature of about 31-34°C and a relative humidity
(RH) of about 90%-95% in inspiration (Ingelstedt & Ivstam, 1951;
Keck, Leiacker, Heinrich, et al., 2000; Keck, Leiacker, Riechelmann, &
Rettinger, 2000; Lindemann et al., 2002; Naftali et al., 2005; Rouadi
et al., 1999). During exhalation, air in the NAs undergo substantial
cooling relative to body temperature, leading to the condensation of
water vapor on the passageways, and recouping of moisture (Walker
et al.,, 1961), a feature that may have been of particular importance in
the evolution of the genus Homo (Franciscus & Trinkaus, 1988).

Following the inhalation physiological process, Mlynski et al.
(2001) proposed an antero-posteriorly organized regionalization of
the NA into three distinct morphofunctional units characterized by
different airflow features. The first unit, the inflow tract, is composed
of three soft-tissue anatomical structures: the nasal vestibulum; isth-
mus; and anterior cavum (or nasal valve). According to them, the nasal
vestibulum and isthmus function as a nozzle to redirect airflow,

whereas the anterior cavum serves as a diffusor. The second unit,
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referred to as the functional tract, plays a crucial role in the air-condi-
tioning process (Mlynski et al., 2001). The bilateral nasal meatuses are
in this region, soft-tissue narrow passages under each bony nasal tur-
binate (superior, middle, and inferior) and connected by a common
nasal meatus. It has been suggested that the inferior meatus accounts
for around 50% of the total airflow, whereas the combined contribu-
tion to airflow of the inferior and middle meatus is approximately 80%
(Kim et al., 2017; Xiong et al., 2008). The third unit, the outflow tract,
is composed of the posterior cavum, choanae, and nasopharynx. In
the choanae, both left and right passageways merge to direct the flow
toward the lower airways.

However, it is worth noting that while the functional tract has
been considered the primary area responsible for air-conditioning (e.
g., Maddux et al., 2017; Mlynski et al., 2001; Noback et al., 2011), the
anterior nasal segment has also been suggested to play a role in this
process both during inspiration (Evteev, 2022; Hanida et al., 2013;
Inthavong et al., 2009; Keck, Leiacker, Heinrich, et al., 2000; Keck,
Leiacker, Riechelmann, & Rettinger, 2000; Kumahata et al., 2010; Lin-
demann et al., 2002; Webb, 1951; Zhu et al., 2011) and, as mentioned
previously, during expiration by moisture recouping (Franciscus &
Trinkaus, 1988).

As stated above, numerous studies have addressed the climatic-
mediated pressures for air-conditioning indirectly, establishing strong
correlations between bony nasal morphologies and ecogeographic
factors. Since cold-dry climates are most demanding in terms of
breathing, the NC morphologies would have resulted in configurations
that enhance the heat and moisture transfers. Thus, populations from
colder and drier environments display longer, taller and narrower NC
(Butaric, 2015; Churchill et al., 2004; Doorly et al., 2008; Evteev
et al., 2014; Franciscus, 1995; Franciscus & Long, 1991; Harvati &
Weaver, 2006; Holton et al., 2013; Maddux et al., 2017; Schlager &
Ridell, 2015), and larger nasal turbinates (Marks et al., 2019). These
morphologies would enhance the air-conditioning capacity by aug-
menting the ratio of mucosal surface area relative to air volume (SA/
V) (Schmidt-Nielsen et al., 1970; Schroter & Watkins, 1989), as well as
increasing the residence time (Inthavong et al, 2007; Noback
et al, 2011) and turbulence of the airflow (Churchill et al., 2004;
Cole, 2000).

In addition to the climatic influences on nasal morphology, meta-
bolic pressures also play a significant evolutionary role (Bastir
et al, 2022). The respiratory energetics hypothesis proposes that
nasal dimensions are developmentally connected to the metabolic
requirements for oxygen intake and was originally stated in the con-
text of craniofacial sexual dimorphism (Enlow, 1968; Hall, 2005;
Rosas & Bastir, 2002). However, it is important to note that energetics
and climate are also interconnected, as climate can significantly
impact metabolic demands (Froehle, 2008; Froehle et al., 2013). For
instance, individuals who inhabit colder climates typically exhibit ele-
vated basal metabolic rates compared with those in warmer regions
(Leonard et al., 2005; Ocobock et al., 2021; Snodgrass et al., 2005).
This is due to the additional energy requirements for thermogenesis
and the maintenance of thermoregulatory advantages, such as larger
or heavier bodies (Foster & Collard, 2013; Froehle et al., 2013; Oco-
bock et al., 2022). Thus, the respiratory energetics hypothesis has
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been extended to climatic aspects with larger NC for cold environ-
ments (Bastir, 2019; Bastir & Rosas, 2013; Franciscus & Chur-
chill, 2002; Froehle et al., 2013; Kelly et al, 2023; Maddux
et al, 2017). Specifically, the respiratory-energetics hypothesis has

primarily stated that metabolic influences on NC morphology may
have a more direct effect on nasal heights and breadths (cross-
sectional size). However, increase in breadth due to greater require-
ments in oxygen intake would conflict with narrower NC morphol-
ogies for improved air-conditioning in cold environments. For this
reason, Maddux et al. (2017) hypothesized that the variability in both
the breadth and length of nasal passages primarily relates to their air-
conditioning capacity, whereas variation in height may be more
related to meet metabolic requirements. This inverse interrelation
between breadth and height is tentatively supported by classical eco-
geographic patterns observed in nasal index (Davies, 1932; Thomson &
Buxton, 1923).

Sexual dimorphism has also been extensively analyzed in relation
to nasal dimensions and energetic function. Males, across different
populations, consistently display larger NC than females (Bastir
et al., 2011; Butaric et al., 2022; Crouse & Laine-Alava, 1999; Francis-
cus, 1995; Hall, 2005; Rosas & Bastir, 2002). These size differences
are often attributed to the fact that males require higher volumes of
air with each breath to adequately supply oxygen to their larger lungs
(Torres-Tamayo et al., 2018) and more muscular bodies with greater
energy demands (Bastir et al., 2011; Hall, 2005; Holton et al., 2014;
Holton et al., 2016; Rosas & Bastir, 2002). Conversely, it is widely
recognized that individuals inhabiting the same climatic environment
should possess similar air-conditioning capacities to ensure adequate
respiratory function (Franciscus, 1995; Havenith, 2005; White, 2006).
Therefore, there appears to be a discrepancy between metabolic-
mediated demands for larger nasal passages in males and a potential
reduction in air-conditioning capacity compared with females, since
the increase in size would lead to a reduction in the SA/V ratio. In this
context, Kelly et al. (2023) found significant correlations between
basal metabolic rates and bony nasal size in extreme cold-dry popula-
tions from Alaska, with higher metabolic demands associated with
larger NC in men. They also suggested that men might compensate
the loss of SA/V ratio with a longer air residence time (implying simi-
lar air-conditioning capacities between sexes), as increases in nasal
height are developmentally linked to increases in nasal length (Bas-
tir & Rosas, 2004; Enlow, 1968; Holton et al., 2011; Holton
etal, 2012).

Although there is extensive literature on the NC morphology and
its relation to environmental and metabolic factors, the morphofunc-
tional study of NA is scarce. Zaidi et al. (2017) stated that the varia-
tion in the width of the nares is more differentiated across their study
populations than expected under genetic drift alone. They also found
that the width of the nares is correlated with environmental tempera-
ture and absolute humidity, suggesting that some aspects of the
external nose may have been driven by local adaptation to climatic
factors, in addition to other nonneutral evolutionary forces. Yokley
(2009) observed no significant differences in the SA/V ratio individ-
uals of European and African descent when the NA was congested
but significant differences when decongested (with individuals of
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European descent having higher SA/V ratio than those with African

descent). Yokley (2009) also stated that climatic selection probably
would be acting primarily at decongested state; hence exposure to
cold would act as both decongesting and selective agent. On the other
hand, Heuzé (2019) argued that a decongested NA would be more
indicative of NC morphology rather than the NA itself. Utilizing a
small sample from France, Heuzé (2019) found significant but low cor-
relations between NC and NA surface areas, volumes, and SA/V ratios
(when excluding the ethmoidal cells, which are more related to the
olfactory function), thus urging caution in making climatic inferences
from bony morphologies to soft tissue. A recent study analyzed the
NA 3D shape from different geographic groups, finding subtle but sig-
nificant shape differences between populations (Maréchal
et al., 2023). They showed that subjects from France and Russia were
the morphologically closest groups (displaying longer and narrower
NAs), the Cambodian sample was the morphologically most distinct
(exhibiting shorter and wider NAs), South African subjects were close
to the Cambodians but also overlapped with French and Russian sam-
ples, and Chilean individuals were the most variable and dispersed.
These morphological variations between NA appeared to mainly
reflect genetic distances between the studied populations. Moreover,
this study raised questions about the climate-related metabolic
demands since they did not detect correlations between NA volume
and geographic groups, suggesting the air volume intake is not
affected by the NA shape variation (i.e., geographic shape differences
may not be primarily driven by a metabolic functional role).

Sexual dimorphism in the NA has been explored, although not as
extensively as NC morphology. Shah and Frank-Ito (2022) conducted
measurements of the surface area, volume, and SA/V ratio of the NA
in a small sample of people with African, Latin, East Asian, and Euro-
American descents. They focused on comparisons between sexes
rather than geographic groups. Their findings showed that males had
significantly larger surface areas and greater volumes than females,
but the SA/V ratio showed no significant difference, suggesting similar
air-conditioning capacities across sexes. Bastir et al. (2020) examined
sex differences in the NA 3D shape of a Spanish sample and found
that males displayed taller and wider inflow tracts, taller outflow
tracts, and slightly taller functional tracts. Maréchal et al. (2023) also
reported larger NA volumes in males than in females. These differ-
ences are compatible with the respiratory-energetics hypothesis
according to sexual dimorphism, with males requiring greater volumes
of oxygen.

Experimental methods like computational fluid dynamics (CFD)
can provide dynamic and functionally informative results and thus
enhance our empirical and static understanding of nasal anatomy and
function. Several CFD studies have explored air-conditioning in mod-
ern humans for multiple reasons, including understanding of patholog-
ical disorders (Garcia et al., 2007), evaluating surgical outcomes
quantitatively (Lindemann, Brambs, et al., 2005; Lindemann, Keck,
et al., 2005; Siu et al., 2021), and investigating heat and moisture
transfer to assess the effectiveness and validation of the computa-
tional methodology compared to in vivo experiments and established
theory on this physiological process (Burgos et al., 2014; Hanida
et al, 2013; Inthavong et al., 2009; Kim et al., 2017; Kumahata

et al., 2010). Nishimura et al. (2016) used CFD techniques to examine
interspecific differences, suggesting that humans have impaired air-
conditioning capacities compared to chimpanzees. However, these
statistical differences may be too subtle from an evolutionary biologi-
cal perspective to address adaptive consequences (Bastir et al., 2022).
CFD techniques have also been employed to simulate the airflow in
nasal soft tissue reconstructions of Homo neanderthalensis
(De Azevedo et al., 2017), and H. neanderthalensis and Homo heidelber-
gensis (Wroe et al., 2018), who compare their results with modern
humans, although their sample sizes could be considered relatively
small. A CFD analysis addressing statistically experimentally yielded
parameters of air-conditioning during inspiration in a large, eco-geo-
graphically diverse, and sex-balanced human sample has not been
conducted yet.

Therefore, our study addresses the aforementioned gap to test

the following three hypotheses:

Hypothesis 1. Variation in NA morphology between
populations represents climatic adaptations related to
air-conditioning. We hypothesize that individuals from
different geographic origins (i.e., genetically diverse
backgrounds) will show differences in air-conditioning
capacities. Since the cold-dry environments represent
the most stressful condition to respiratory function and,
subsequently, the most likely to reflect selective pres-
sures (Maddux et al., 2016), we predict that the subjects
from hotter and more humid environments will have
lower air-conditioning capacities than those from colder
and drier regions. Considering potential significant dif-
ferences among populations, we interpret lower air-con-
ditioning capacities as lower warming in cold, lower
cooling in hot, lower humidification in dry, and
lower dehumidification in humid conditions.

Hypothesis 2. Air-conditioning capacities are not only
restricted to the functional tract as defined by Mlynski
et al. (2001), but also to the region anterior to it (Intha-
vong et al., 2009). Accordingly, we expect to find effects
of air-conditioning already anterior to the functional
tract in our models.

Hypothesis 3. Variation in NA morphology between
sexes is not related to climatic factors. Therefore, we do
not expect to find differences in air-conditioning capaci-
ties between males and females in any of our study

populations.

2 | MATERIALS AND METHODS
21 | Human CT scan sample

This study is an observational retrospective analysis on 146 in vivo
computer tomography (CT) scans from adult individuals with mean
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age of 42.19 + 14.86 years (range from 18 to 80 years). The inclusion
criteria were adulthood (>18 years) and the availability of a facial CT
scan, which includes NA. The sample consisted of patients who under-
went CT scans acquisition for reasons unrelated to NA diseases. One
of the authors (Francisco Esteban-Ortega, ENT specialist) visually
inspected the CT images to ensure the individuals did not present any
abnormal anatomical features or undiagnosed conditions.

Some CT scans were part of a different study (Maréchal
et al., 2023)%, of which samples from three geographic areas were
available for airflow simulation: Cambodia (Phnom Penh Central Hos-
pital), Chile (Hospital of the University of Chile in Santiago de Chile),
and Russia (National Scientific and Practical Center of Children's
Health in Moscow). The sample from Spain comes from the Virgen del
Rocio Hospital in Sevilla and Morales Meseguer Hospital in Murcia.

The CT images corresponded to 20 Cambodian males and
20 females, 20 Chilean males and 14 females, 15 Spanish males
and 19 females, and 20 Russian males and 18 females. This study
received the approval of the local Research Ethics Committees of
the National Scientific and Practical Center of Children's Health
and the Hospital of the University of Chile. Institutional Review
Board approval was not required for data from Phnom Penh Cen-
tral Hospital, or Virgen del Rocio Hospital and Morales Meseguer
Hospital, considering CT scans were retrospectively selected and
anonymized. Only the age and sex of the individuals were

collected.
(a) Generating models
Environmental mask External surface
B Nasopharyngealtract [l Outlet
FIGURE 1
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Computational fluid dynamics workflow

22 |

The entire CFD workflow was performed using Flowgy©, which is the
fusion of preceding software (MeComLand®©, DigBody© and Nose-
Land®©) (Burgos et al., 2017; Burgos, Sanmiguel-Rojas, et al., 2018;
Burgos, Sevilla-Garcia, et al., 2018), and utilizes a CFD solver from
OpenFoam® (ESI Group, 2004). The workflow consists of the follow-

ing steps shown in Figure 1.

1. The CT scans were segmented to create 3D models comprising
the face, NA, paranasal sinuses, and a rectangular exterior mask
region (Figure 1a). The individual's craniofacial skeleton was also
segmented. Three landmarks (nasion, anterior, and posterior nasal
spine) were collected and used to relocate and rotate the NA 3D
models to a common origin (Figure 1b), thereby ensuring a homol-
ogous position (see step 4 below). The rectangular, prismatic mask
(Figure 1c) was used to identify the most “natural” air intake during
inspiration, imitating an atmospheric environment. The segmenta-
tion algorithms were based on binary thresholding filters, with
Hounsfield units thresholds varying between 350 and 3024.

2. The 3D models were discretized to create the computational mesh.
The mesh sizes utilized in this study ranged from 7 to 15 million
tetrahedral cells to ensure mesh-independent numerical outcomes
(Inthavong et al., 2018). Prior studies using Flowgy© have con-
ducted mesh convergences analyses to evaluate the precision of

(b) Spatial reorientation

(d) CFD study cuts

X cy C3C4C5 ¢
Z c Choanae
Y
<
Isthmus

L N Nasoph.1

Nostrils Nasoph.
—

Anatomical cutting planes

Major steps performed during the computational fluid dynamics workflow. (a) CT data as input for segmentation of both, the

craniofacial skeleton and the soft-tisssue airways to generate the 3D virtual models. (b) Three landmarks, that is, nasion, the anterior, and the
posterior nasal spine are used to relocate and rotate the 3D models to a common origin. (c) Computational domains comprising a prismatic
exterior region, the face and the nasal airway. (d) Anatomical position of the 11 homologous cross-sectional areas along the nasal airway: nostrils
and isthmus (inflow tract), six equidistant coronal cuts (functional tract), the choanae, and the two cuts in the nasopharynx (outflow tract).
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CFD simulations with this software (Burgos et al., 2014; Burgos

et al., in review).

3. Airflow simulations were conducted by discretizing the Navier-
Stokes equations on the computational meshes. As a boundary
condition, we established an individual-specific pressure differential
between the atmosphere and the nasopharynx to create a volumet-
ric flow rate (Q) of approximately 15 L/min. This value is commonly
accepted as typical resting rate for healthy adults, as supported by
previous CFD studies and physiological data (e.g., Keyhani
et al.,, 1995; Taylor et al., 2010; Zhao & Jiang, 2014). The value of
15 L/min is also within the laminar flow range for human nasal
anatomies under resting conditions, ensuring a laminar and steady
flow regime (e.g., Hahn et al., 1993; Horschler et al.,, 2010; Lee &
Gordon, 2012; Weinhold & Mlynski, 2004; Wen et al., 2008).

All simulations were performed during one inspiratory phase, with
a compressible, steady, and laminar flow. The CFD simulations
accounted for aspects of NA 3D geometry. It does not take into
account histological tissue differences between the external nose
and those of the internal NC. A no slip boundary condition was
applied to the walls. The simulations also employed rigid body
dynamics to avoid deformation of soft tissues related to respira-
tion, ensuring that the nasal anatomy does not undergo any physi-
cal changes. In our simulation models no account is taken for
recouping heat and/or moisture that might have come from a pre-
vious expiration.

Three “extreme” environmental conditions were established for
the outer rectangular region: cold-dry (—10°C with a RH of 5%, i.
e., an absolute humidity of 0.11 g/cm®); hot-dry (40°C with a RH of
5%, i.e., an absolute humidity of 2.55 g/cm3); and hot-humid (40°C
with a RH of 85%, i.e., an absolute humidity of 42.91 g/cm®). A
cold-humid condition was not simulated since its absolute humidity
values are virtually identical to colddry (Maddux et al., 2016). The
internal nasal conditions were set at 34°C, with a RH of 95%
(an absolute humidity of 36 g/cm®), following previous CFD simula-
tions and in vivo measurements (Hanida et al., 2013; Kumahata
et al., 2010; Mori et al, 2015; Nishimura et al., 2016; Siu
et al.,, 2021). In total, we conducted 438 CFD simulations.

The CFD simulations underwent post-processing and analyses. We
defined 11 spatially homologous cutting planes, which intersected
with the 3D NA models to determine airflow cross-sectional areas:
the nostrils and the isthmus at the inflow tract (sensu Mlynski
et al., 2001) six equidistant coronal cuts in the functional tract, the
choanae, and two cuts in the nasopharynx (Figure 1d) as part of the
outflow tract. The first cut in the nasopharynx was established on a
plane crossing the hard palate through the anterior and posterior
nasal spine. For the second, the plane included the subspinale point
and transversely cut the intersection between the body and the
dense of the axis (approximately the anatomical limit between the
NA and the oropharynx)

The air was allowed to flow into the paranasal sinuses during the
CFD simulations, but the sectors corresponding to these regions
were manually erased from the cross-sectional areas. Subsequently,
the means of temperature (°C) and absolute humidity (g/m°) were

extracted from each cross-sectional area to study the air-condition-
ing during inhalation through the NA.

It is important to consider that bilateral cutting-planes had a left
and right cross-sectional area, such as the coronal cuts of the func-
tional tract. The means of the temperature and absolute humidity
were calculated of both areas to provide a single value for each
anatomical section. Although we did not attempt to control for the
potential morphological/physiological effects of the nasal cycle in
our 3D NA models, the fact that calculating the mean of the airflow
variables between both sides helps compensate for the possible
presence of different stages of the “classic’” asymmetric nasal cycle,
with opposing effects between the left and right areas.

2.3 | Statistical analyses

Statistical analyses were conducted using R version 4.2.2 (R Core
Team., 2022) and the ggplot2 package version 3.4.0 (Wickham, 2016)
for figure creation, along with the PAST software (Hammer
et al., 2001). The significance level for tests was set at alpha = 0.05.
The analyses were performed on 10 of the 11 cross-sectional areas,
excluding the nostrils, which still represent ambient values of temper-
ature and absolute humidity.

First, we analyzed the assumptions of normality (Shapiro-Wilk
test) and equality of variance (Levene's test) for temperature and
absolute humidity for each sex and each human population group.
Based on the results of those tests, we used both parametric (t-tests
and ANOVAs) and nonparametric approaches (Wilcoxon signed-rank
and Kruskal-Wallis tests). These tests analyzed sex and geographic
differences for temperature and absolute humidity. Cohen's d (d), the
correlation coefficient (r), and the eta-squared (%) were used to esti-

mate effect sizes (Tomczak & Tomczak, 2014).

3 | RESULTS

3.1 | Geographic comparisons

Our CFD simulations indicated that Hypothesis 1 is not rejected,
because the Cambodian sample showed lower warming in cold, lower
cooling in hot, lower humidification in dry, and lower dehumidification
in humid conditions. The means of changes due to the air-conditioning
process are shown in Figure 2 for temperature and Figure 3 for
humidity. Statistical comparisons of these means revealed significant
geographic differences in the three environmental conditions in the
isthmus and C1 (Tables 1 and 3). Post hoc analyses indicated that
these differences existed between the Cambodians and the other
populations (Tables 2 and 4). However, there were no significant geo-
graphic differences in temperature and absolute humidity medians at
the choanae and nasopharynx for any of the environmental conditions
(Tables 1 and 3). The corresponding descriptive statistics are shown in
Tables S1 and S2 for temperature and Tables S3-S5 for humidity.
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FIGURE 2 Mean
distributions of temperature (°C)
by population in the nasal airway
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Hypothesis 2 is not rejected because these changes of tempera-
ture and humidity were observed both, at the isthmus level, anterior
to the functional tract, and at the region of the anterior turbinates
(functional tract, Tables 1-4) At the end of the NA, the inhaled air was
well-conditioned in terms of temperature and absolute humidity
across all human populations (Figures 2 and 3). The inhaled air was
adjusted to nearly 34°C and saturated to approximately 36 g/m® (95%
RH) at the nasopharynx, even under extreme environmental
conditions.

Distributions of temperature and absolute humidity are shown in
Figures 4 and 5, respectively, for all populations. In the isthmus and
C1, each population exhibited similar distributions for temperature
and humidity (Tables S6 and S8). Also, tests of homogeneity of vari-
ance (Tables S7 and S9) found no significant differences between
populations in these anatomical regions. However, toward the poste-

rior airways, and specifically in the choanae and nasopharynx,

c2 c3 C4 cs c6
Anatomical cutting planes

Choanae Nasoph.1 Nasoph.

(@) a Cc4 cs5 c6
Anatomical cutting planes

Choanae Nasoph.1 Nasoph.

—e— Russians

_ Internal conditions

—«— Chileans —e— Spaniards

significant differences between populations appeared in distributions
and variances. These were specifically, but not uniquely, significant

between Cambodians and the rest.

3.2 | Sex comparisons

Figures 6 and 7 display the temperature and absolute humidity distri-
butions, respectively, in males and females across the four human
populations. Each sex exhibited similar distributions (Table S10) within
the same population for both quantities, and tests of homogeneity of
variance found no significant differences between sexes (Table S11).
When comparing temperature (Table S1 and S2) and absolute humid-
ity means (Table S3-S5) (isthmus, C1) and medians (choanae and
nasopharynx), no significant sex differences were detected in any of

the environmental conditions at any of the anatomical regions across
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FIGURE 3 Mean distributions of
absolute humidity (g/m3) by
population in the nasal airway for hot
dry (a), cold dry (b), and hot humid
environmental conditions (c).
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TABLE 1

Isthmus C1 c2 C3
Cold Dry p-value 0.0032*  0.0046* 0.0844 0.1809
f-value/ 4812 4.52 6.6369 4.8788
h-value
n? 0.09 0.09 0.03 0.01
Hot Dry p-value 0.0024* 0.0059* 0.0832 0.1863
f-value/ 5.027 4.334 6.6691  4.8098
h-value
7> 0.10 0.08 0.03 0.01
Hot Humid  p-value 0.0024*  0.0059* 0.0832 0.1863
f-value/ 5.027 4.334 6.6691  4.8098
h-value
7> 0.10 0.08 0.03 0.01

TR \v1 £y | "o

Geographic differences for the temperature in the three environmental conditions from all the human population groups. P-values
smaller than 0.05 are marked with “*.

Nasopharynx Nasopharynx
Cc4 Cc5 Ccé Choanae 1 2
0.1615 0.1238 0.1302 0.0718 0.1062 0.1229
5.1449 57616 5.6446 7.0031 6.1136 5.779
0.02 0.02 0.02 0.03 0.02 0.02
0.1595 0.1112 0.1296 0.06548 0.1195 0.3168
51734 6.0095 5.6557 7.2107 5.8437 3.531
0.02 0.02 0.02 0.03 0.02 0
0.1595 0.1112 0.1296 0.0655 0.1195 0.3168
51734 6.0095 5.6557 7.2107 5.8437 3.531
0.02 0.02 0.02 0.03 0.02 0

Note: ANOVAs were used in the regions that followed normal distributions, whereas Kruskal-Wallis tests were performed in the cutting planes that did

not follow normal distributions.

the four populations (Tables 5 and 6). These results do not reject

Hypothesis 3.

4 | DISCUSSION

Historically, morphological variation, and evolution in human nasal
anatomy has been linked to adaptive process related to metabolic and
climatic pressures (Bastir et al., 2022; Franciscus, 1995; Franciscus &
Long, 1991; Franciscus & Trinkaus, 1988; Weiner, 1954). This is
because primary functions of the nasal anatomy include (i) determin-
ing the intake volume of air and (ii) facilitating the respiratory air-con-
(Sahin-Yilmaz 2011).

morphofunctional research has primarily relied on skeletal studies to

ditioning process & Naclerio, Previous
address the climatic adaptation hypothesis, establishing correlations
between specific nasal morphologies and climate variables (e.
g., Carey & Steegmann Jr., 1981; Davies, 1932; Evteev et al.,, 2014;
Maddux et al., 2017; Marks et al., 2019; Noback et al., 2011; Schla-
ger & Rudell, 2015; Thomson & Buxton, 1923; Weiner, 1954). How-
ever, the NC only participates indirectly in the air-conditioning
process, since its dimensions define a negative space within which the
NA are housed. Limited attention has been given to the NA (e.
g., Bastir et al., 2020, 2022; Heuzé, 2019; Maréchal et al., 2023; Yok-
ley, 2009), despite being the primarily responsible of heat and mois-
ture transfer (Proctor & Andersen, 1982). The SA/V ratio has been
commonly used as a proxy for air-conditioning performance, but com-
putational simulation of fluid dynamics (CFD) can provide virtual-
experimentally yielded parameters for internal temperature and
humidity. Nevertheless, CFD analyses have been conducted so far
only with limited sample sizes and lacking a diverse range of human
variability. To bridge these gaps, the present study employs CFD sim-
ulations in three environmental conditions to address statistically the

hypothesis about climatic adaptations to respiratory air-conditioning

in a large sample (n = 146 subjects, 438 simulations), covering a rela-
tively wide variety of modern human populations from four different
ecogeographic areas.

Importantly, our CFD simulations detected differences in air-con-
ditioning between the Cambodian population and the rest, occurring
at the isthmus and the anterior part of the functional tract. Toward
the posterior end of the NA, in the outflow tract, all populations had
completely acclimatized the inhaled air (i.e., all population had similar
air-conditioning capacities) in the three environmental conditions.

These findings support hypotheses about climatic adaptations of
nasal morphological variation and also previous suggestions that air-
conditioning is not totally restricted to the functional tract containing
the turbinates (Mlynski et al., 2001), but also includes regions anterior
to it (Inthavong et al., 2009). On the other hand, no sex differences
were found for any of thepopulations and environmental conditions,
supporting the previous views of similar air-conditioning capacities
between sexes, despite differences in energetic needs (Bastir
et al., 2020; Kelly et al., 2023; Maréchal et al., 2023).

41 | Geographic comparisons

Our primary aim was to test the hypothesis that variation in NA mor-
phology between populations is related to climatic factors. Thus, peo-
ple with disparate geographic (and thus climatic) origins would display
different air-conditioning performances. Our results showed signifi-
cant differences for the temperature and absolute humidity between
Cambodians and the rest of sample in the isthmus, within the inflow
tract and at the anterior functional tract. In turn, in the central and
posterior functional tract, the choanae and in the nasopharynx (poste-
rior to the functional tract) we did not find any differences between
samples. The variances of temperature and humidity differed system-

atically between the Cambodian sample and Chileans and Russians.
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TABLE 2 Post hoc analyses testing temperature differences in the isthmus and C1 between human population groups. P-values smaller than

0.05 are marked with «*.

Cold Dry

Hot Dry

Hot Humid

Cambodian versus Chilean

Cambodian versus Russian

Cambodian versus Spanish

Chilean versus Russian

Chilean versus Spanish

Russian versus Spanish

Cambodian versus Chilean

Cambodian versus Russian

Cambodian versus Spanish

Chilean versus Russian

Chilean versus Spanish

Russian versus Spanish

Cambodian versus Chilean

Cambodian versus Russian

Cambodian versus Spanish

p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value

Cohen's d

Isthmus
0.0153*
—2.4922
0.60
0.0002915*
—3.7985
0.87
0.0067*
—2.7954
0.67
0.4605
—0.7426
0.18
0.8726
—0.16098
0.04
0.5536
0.59547
-0.14
0.0140*
2.5253
-0,6
0.0002*
3.8961
—0.89
0.0062*
2.827
—0.67
0.4228
0.80686
-0.2
0.8648
0.17099
—0.04
0.5194
—0.64773
0.16
0.0140*
2.5253
-0,6
0.0002*
3.8961
—-0.89
0.0062*
2.827
-0.67

c1
0.0544
~1.9574
0.46
0.1897
~1.3235
0.30
0.0002*
—3.941
0.92
0.5470
0.60528
~0.14
0.1042
—1.6484
—041
0.0234*
—23191
0.55
0.0668
1.8624
—0.44
0.1998
1.2938
-03
0.0003*
3.859
-09
0.5891
—0.54258
0.13
0.0973
1.6828
—041
0.0256*
2281
—0.54
0.0668
1.8624
—0.44
0.1998
1.2938
-03
0.0003*
3.859
~0.90
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TABLE 2 (Continued)

Chilean versus Russian

Chilean versus Spanish

Russian versus Spanish

TR \v|1 £y o

Isthmus Cc1
p-value 0.4228 0.5891
t-value 0.80686 —0.54258
Cohen's d -0.2 0.13
p-value 0.8648 0.0973
t-value 0.17099 1.6828
Cohen's d —0.04 -0.41
p-value 0.5194 0.0256*
t-value —0.64773 2281
Cohen's d 0.16 —0.54

Note: T-tests were used since the temperature in this regions followed normal distributions.

TABLE 3 Geographic differences for the absolute humidity in the three environmental conditions from all the human population groups.

Koy

P-values smaller than 0.05 are marked with

Isthmus C1 Cc2 C3
Cold Dry p-value 0.0022* 0.0034* 0.1031 0.1868
f-value/h- 5.098 4.754 6.1825 4.8025
value
a 0.09 0.09 0.02 0.01
Hot Dry p-value 0.0026* 0.0042* 0.0976 0.1903
f-value/h-  4.966 4.599 6.3069 4.7595
value
7 0.10 0.09 0.02 0.01
Hot p-value 0.0029* 0.0043* 0.0992 0.1848
Humid ¢ yalue/h- 4881 4588 627  4.8285
value
i 0.09 0.09 0.02 0.01

Nasopharynx Nasopharynx
c4 Cc5 Cé6 Choanae 1 2
0.1679 0.1294 0.1306 0.0742 0.1087 0.1305
50542 56593 5.6384 6.9297 6.0597 5.640
0.02 0.02 0.02 0.03 0.02 0.02
0.1659 0.1225 0.1366 0.0699 0.1034 0.1304
5.0821 57868 55351 7.0636 6.1755 5.6426
0.02 0.02 0.02 0.03 0.02 0.02
0.1779 0.1634 0.1477 0.0887 0.1205 0.1394
49184 51175 5.3534  6.5237 5.8248 5.4876
0.01 0.02 0.02 0.03 0.02 0.02

Note: ANOVAs were used in the regions that followed normal distributions, whereas Kruskal-Wallis were performed in the cutting planes that did not

follow normal distributions.

Therefore, all populations correctly acclimatized the inhaled air in the
three environmental conditions, that is, they showed similar air-condi-
tioning capacities at the end of the NA.

The Cambodian sample, our hot and humid reference population,
showed lower air-conditioning capacities within the inflow tract and
anterior functional tract. Skeletal studies of the past 20 years, follow-
ing Mlynski et al. (2001) regionalization model, have mainly referred
to the functional tract (within the NC), as the main contributor to heat
Maddux et al, 2017; Noback
et al., 2011). This part of the NA houses the major part of mucosa

and moisture exchange (e.g.,

erectile tissue, histological features that are absent anterior to
it. However, our results suggest that pure geometry appears to have
already physiological effects on air-conditioning and fit with previous
research, including both in vivo and computational studies: these
stated that the anterior nasal segment is actually involved to the air-
conditioning performance (Hanida et al., 2013; Inthavong et al., 2009;
Keck, Leiacker, Heinrich, et al., 2000; Keck, Leiacker, Riechelmann, &
Rettinger, 2000; Kumahata et al., 2010; Webb, 1951).

Franciscus and Trinkaus (1988) also suggested, although in the
context of the appearance of the external nose in the evolution of
the genus Homo, that the anterior regions of the nose may serve air-
conditioning by helping recouping humidity. However, this pioneering
model referred to air-conditioning during exhalation, while here we
simulated only one inspiration. Future studies should extend the pre-
sent simulations to considering the cyclic aspects of air conditioning.

Thus, our results support the idea that both, the inflow tract and
the functional tract, contribute to the air-conditioning performance.
Consequently, differences in the inflow tract would reflect the tradi-
tional morphofunctional relationships related to temperature and
humidity, such as ecogeographic patterning of nasal index (Francis-
cus & Long, 1991; Thomson & Buxton, 1923; Weiner, 1954). The
more platyrrhine noses, associated with wider and lower nasal aper-
tures and characteristic for human populations from hotter and more
humid environments, would have lower air-conditioning capacities
than the more leptorrhine noses, related to narrower and taller nasal
apertures and colder and drier environments. Presumably, these
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TABLE 4 Post hoc analyses testing absolute humidity differences in the isthmus and C1 between human population groups. P-values smaller

than 0.05 are marked with “*.

Cold Dry

Hot Dry

Hot Humid

Cambodian versus Chilean

Cambodian versus Russian

Cambodian versus Spanish

Chilean versus Russian

Chilean versus Spanish

Russian versus Spanish

Cambodian versus Chilean

Cambodian versus Russian

Cambodian versus Spanish

Chilean versus Russian

Chilean versus Spanish

Russian versus Spanish

Cambodian versus Chilean

Cambodian versus Russian

Cambodian versus Spanish

p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value
Cohen's d
p-value
t-value

Cohen's d

Isthmus
0.0079*
—2.7414
0.66
0.0003*
—3.8389
0.88
0.0064*
—2.8146
-0.67
0.5777
—0.55968
0.14
0.9788
0.026688
-0.01
0.5426
0.61212
-0.15
0.0153*
—2.4902
0.6
0.0002*
—3.8826
0.89
0.0069*
—2.7885
0.66
0.4082
—0.83265
0.2
0.8700
—0.16433
0.04
0.4962
0.68437
-0.17
0.0157*
24796
—-0.59
0.0002*
3.8634
—-0.88
0.0076*
2.7504
—0.65

Cc1
0.0403*
—2.0904
0.50
0.1726
-1.3771
-0.32
0.0001*
—4.0532
0.95
0.4946
0.68655
-0.16
0.1204
—1.5744
0.39
0.0216*
—2.3502
0.56
0.0516
—1.9811
0.47
0.1814
—1.3492
0.31
0.0002*
-3.9817
0.93
0.5540
0.59459
0.14
0.1005
—1.6668
041
0.0236*
—2.3153
0.55
0.0507
1.9893
-0.47
0.1817
1.3482
-0.31
0.0002*
3.9698
-0.93
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TABLE 4 (Continued)

Chilean versus Russian

Chilean versus Spanish

Russian versus Spanish

T \v|1 Fy o

Isthmus Cc1

p-value 0.4156 0.5472
t-value 0.8196 —0.60497
Cohen's d -0.2 0.14
p-value 0.8871 0.1039
t-value 0.14254 1.6497
Cohen's d —0.04 -0.41
p-value 0.4898 0.0238
t-value —0.6945 2.3109
Cohen's d 0.17 —0.55

Note: T-tests were used since the absolute humidity in this regions followed normal distributions.

anterior NA configurations are compatible with lower and higher SA/
V ratio, respectively. Future studies should measure their 3D shape to
fully address this assumption.

However, the absence of statistical geographic differences in the
choanae and nasopharynx (outflow/post-functional tract regions) in
our findings does not strictly align with the previous assumptions that
variation in NC morphology represents climatic adaptations, according
to which people from hotter and more humid environments would
show lower air-conditioning capacities than those from colder and
drier regions (Evteev et al., 2014; Maddux et al., 2017). People from
hotter and more humid environments only showed lower air-condi-
tioning capacities at the anterior NA. To interpret these results, we
refer to the three main morphofunctional strategies documented in
the literature that are related to improved air-conditioning perfor-
mances: increased SA/V ratio (Schmidt-Nielsen et al., 1970; Schroter &
Watkins, 1989), longer residence time (Inthavong et al., 2007; Noback
et al., 2011), or higher turbulence of the airflow (Churchill et al., 2004;
Cole, 2000).

Regarding SA/V ratio, Maréchal et al. (2023) did not find any dif-
ferences between the NA volume in their geographic groups from
Cambodia, Chile, France, Russia, and South Africa. Thus, NA volume
would be similar between Cambodians, Chileans, and Russians. On
the other hand, they described that the NA shape in Cambodians
tended to be antero-posteriorly shorter and mediolaterally wider
than the other populations, which would imply a potentially lower
SA/V ratio, assuming similar NA volume between these populations
(see Kelly et al., 2023 to delve deeper into this geometric rationale).
A differential residence time also does not appear to be a plausible
explanation, considering these same trends reported by Maréchal
et al. (2023). In principle, shorter NA, as were observed in the Cam-
bodian sample, would result in a decreased residence time compared
with the other populations. The residence time could be increased
with higher nasal resistance; however, a recent study has found no
differences in nasal resistances among Cambodians, Russians, and
Spaniards (Burgos et al., in review). Thus, the last morphofunctional
explanation would be that the Cambodians may possess higher tur-
bulences in their airflows within the functional tract to compensate
their potentially lower SA/V ratio and more brief residence time. This
hypothesis should be addressed with CFD simulations accounting for

physical parameters (e.g., vorticity) of the airflows or employing tur-
bulent airflow regimes.

Since the values in the nasopharynx (outflow tract) represent the
physical properties of the airflow when moving toward lower airways,
we find that all our populations have equally well-conditioned the
inhaled air, regardless of external environmental conditions. To assert
this, we focus on the mean temperature and absolute humidity of the
Russian sample at the nasopharynx for the cold-dry environmental
condition: 32.46°C and 34.30 g/m3, respectively (see Tables S1 and
S2). These mean airflow quantities are the most distant from the
established internal target conditions for the CFD simulations, with a
difference of 1.54°C and 1.70 g/m3. It should be pointed out here
that the air-conditioning process is not restricted just to the NA; it will
continue in the lower airways before reaching the alveoli (McFadden
Jr et al.,, 1985). The rest of populations displayed smaller differences
between their means and internal conditions. Moreover, the quanti-
ties at the nasopharynx were even closer for the hot-dry and hot-
humid environmental conditions in all the populations.

Indeed, there are some individuals in our sample whose tempera-
tures and humidities are further away from those values. If our sample
size was smaller and these subjects were placed outside the central
tendencies that we see in the distributions (Figures 3-7), we may have
found statistical differences in the outflow tract. That is why we want
to emphasize the importance of studying air-conditioning with large
samples. For instance, Nishimura et al. (2016) reported a mean tem-
perature of 29.3°C before the nasopharyngeal region for their less
severe cold-dry condition (5°C and 5% RH), with an inner tempera-
ture of also 34°C. Based on these results, they stated that modern
humans have an impaired air-conditioning process compared to chim-
panzees, although they only simulated five Japanese subjects.
Although their CFD configuration model has some differences with
ours, including several layers of tissues and latent heat (Hanida
et al., 2013; Kumahata et al., 2010), it is possible that their findings
could be unrepresentative for the human variability due to their small
sample size.

Moreover, another factor to consider influencing the air-condi-
tioning performance could be seasonality, specifically with regard to
the statistically significant variances between Cambodians on the one
hand, and Chileans and Russian on the other; and nearly significantly
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different ones between Cambodians and Spaniards (Tables Sé and
S10). It is important to note that the CT scans of Cambodians were
obtained during the same season of the year. Also, it is worth noting
that Cambodians reside in a humid and warm, tropical climate where
temperatures tend to remain relatively stable throughout the year.
This could be reflected in their smaller ranges of temperature and
humidity variations compared with the other geographic groups,
across the same anatomical regions and external environmental condi-
tions (see SD in Tables S1 and S2). Moreover, the high absolute
humidity in their environment contributes to reduced seasonal varia-
tions when compared with colder and drier climates. By contrast, the
CT scans of the rest of populations were performed throughout the
year and, therefore, in different seasons and the ranges of tempera-
ture and humidity were much greater.

Therefore, seasonality may be affecting NA shape, although per-
haps not strongly enough for there to be significant differences in the
air-conditioning performances throughout the entire NA, but enough
to be reflected in the higher temperature and humidity variances of
the non-Cambodian population groups. Finally, Cambodians display
smaller morphological variation than Russians and Chileans (Maréchal
et al., 2023), maybe reflecting no recent admixture with other popula-
tions and indicating early genetic isolation of the population (Kloss-
Brandstatter et al., 2021). A less morphologically variable NA shape
would also translate into less variable air-conditioning performances

Sex comparisons

Our second aim was to address the hypothesis that variation in NA
morphology between sexes is not related to climatic factors, but to
metabolic-mediated demands. Numerous previous studies have
described the sexual dimorphism in soft and bony nasal morphologies,
with males possessing larger nasal dimensions than females (Bastir
et al.,, 2011, 2020; Bastir & Rosas, 2013; Crouse & Laine-Alava, 1999;
Franciscus, 1995; Hall, 2005; Kelly et al., 2023; Maddux et al., 2017;
Maréchal et al., 2023; Rosas & Bastir, 2002; Schlager & Rudell, 2015).

We did not find sex differences in the air-conditioning process at
the end of the NA for our study populations groups, a result that
would align with the idea that individuals inhabiting the same climatic
environment must possess similar air-conditioning capacities to
ensure adequate respiratory function (Franciscus, 1995; Have-
nith, 2005; White, 2006). Thus, the size and shape differences
between sexes in the 3D NA morphologies seem to be more compati-
ble with the respiratory-energetics demands related to sexual dimor-
phism (Bastir et al., 2020; Maréchal et al., 2023). As Kelly et al. (2023)
stated, there should be a developmental solution for the increase of
nasal size in men without involving a sacrifice in heat/moisture trans-
fer potential. They proposed that the loss of SA/V ratio would be
compensated with greater air residence time, since nasal heights and
lengths are developmentally linked. In this regard, CFD simulations

accounting quantitatively the residence time would be a weightier
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argument for their hypothesis.
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Limitations

We recognize some limitations and bias in our sample composition as
well as related to the computer simulation of the biological air condi-
tioning process itself. The location where the patients were scanned
does not offer direct evidence regarding their geographic and genetic
background. Consequently, it is important to acknowledge that our
samples may exhibit heterogeneity. The relative age modernity of the
sample, which theoretically could imply a higher degree of admixture,
may also affect the replication of this study.

The use of CT scans also holds significant implications concerning
the nasal cycle, since these images represent a snapshot of an individ-
ual at the time of being scanned. Both asymmetric and bilateral nasal
cycle affect NA morphology (Yokley, 2009) and, consequently, the air-
conditioning performance (Patel et al., 2015). However, for the “clas-
sic” asymmetric nasal cycle, simulating both nasal passages and doing
the mean of temperature and absolute humidity between the two
cross-sectional areas could help compensate for its effect. Further-
more, a recent study found no significant differences among the Cam-
bodian, Spanish, and Russian populations examined in this work
regarding nasal flow asymmetry between left and right passages and
bilateral nasal resistance (Burgos et al., in review). Both findings, if
considered as proxies for both asymmetric and bilateral nasal cycles,
would indicate comparable moments of congestion-decongestion

Additionally, factors such as lifestyle medical history, and air
quality could potentially influence NA morphology. However, con-
trolling for these aspects falls beyond the scope of our study. Fur-
thermore, there are other environmental factors, such as altitude or
the temperature at which the individuals were scanned in the hospi-
tal, that we were unable to observe and can also impact NA

Finally, it is important to consider that the air-conditioning pro-
cess is more complex than simulating inspiration only and focusing on
nasal morphology (geometry) alone. Breathing is a cyclical process and
as a previous expiration affects the subsequent inspiration from a bio-
mechanical point of lung ventilation (Gomez-Recio et al., 2022, in
review), previous expiration also affects the subsequent inspiration
from an air-conditioning point of view (Franciscus & Trinkaus, 1988).
This is not only related to 3D anatomy but also to physiology and his-
tology (Sahin-Yilmaz & Naclerio, 2011), which is not considered in the

It is known that during inhalation, the mucosal tissue in the nose
provides part of its arterial blood-supplied heat as well mucosal mois-
ture to inhaled air. However, this loss of moisture and heat is then
recovered to some degree by the nose during expiration as the mois-
ture and heat-laden air from the lungs is redeposited to an extent
back onto the mucosa, which was cooled and gave up moisture in the
inspiration phase. Particularly in cold-dry and hot-dry ambient condi-
tions, this expiratory phase of recouping is important because in its
absence, the nasal mucosa would lose too much heat and moisture

(in cold-dry environments) and too much moisture in (hot-dry envi-
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Walker et al., 1961). In our CFD simulation model, we only consider

3D anatomy of the soft tissues in a large comparative sample. To
assess the degree, to which this dynamic would alter the finding
reported here, requires the development of a more complex CFD
model, a necessary future step.

However, in a field that so far has considered mostly skeletal data
and speculations about functional implications, clearly, our statistical
comparisons of CFD simulations are a step forward. Nevertheless,
future work should also attempt to imply modeling further physiologi-
cal factors, such as histological tissue differences and their functional
impact on respiratory physiology (Jafek, 1983; Sahin-Yilmaz &
Naclerio, 2011). For example, it is known that the thin, stratified squa-
mous epithelium at the external nose changes gradually into the respi-
ratory mucous membrane of the nasal passages, which corresponds to
those regions, that, by 3D geometry, indicate most notable changes in
humidity and temperature in air flow in our CFD models (Tables 3 and
4). Also, anterior nasal glands within the vestibulum contribute to
moisturing (Sahin-Yilmaz & Naclerio, 2011), which is probably why dif-
ferent populations may resolve anatomical air-conditioning problems
differently following a principle of equifinality (Evteev, 2022). This
researcher suggested air-conditioning capacities in regions anterior to
the internal airways in certain populations and conditions highlighting
the potential effect of the transitional segment of the mucosa (ante-
rior to the functional tract), where also the most anterior goblet cells
are located (Jafek, 1983; Sahin-Yilmaz & Naclerio, 2011), and which is
comprised of stratified squamous epithelial cells and extends over the
anterior ends of the functional tract, that is, the inferior and middle
turbinates. Our findings suggest therefore that further improvements
of CFD simulations should consider a combination of both, the 3D
morphology (geometry) and the histology when modeling air-condi-
tioning. The similarity of our findings to those of Inthavong et al.
(2009) likely relates to a CFD model that does not consider histologi-
cal differences between the inflow and the functional tract. But in
future studies, this more complex model should also be applied to
those populations that have inhabited the most extreme ranges of cli-
matic variability, and their historical ancestral source populations, to
test models of equifinality.

5 | CONCLUSIONS

The detection of variations in air-conditioning capacities within the
anterior nasal region supports previous suggestions and may expand
our notion of a “functional” tract slightly. The use of soft-tissue
structures and employing computational methodologies can be used
to complement classical “correlational” methods. However, the
cyclicity of the respiratory process and histological evidence need
to be implemented to improve future CFD-simulation methods.
Future computational studies should also continue to implement
even larger and more diverse samples, and specifically comparative
samples of genetically close groups living in more variable environ-
ments to fully address the climatic adaptation hypothesis in nasal

anatomy.
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