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Gender Differences in Nasal Anatomy
and Function Among Caucasians
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Abstract

Background: Anatomical variations influence nasal physiology, yet sex differences in physiology remains
unclear.

Objective: To investigate sex differences among Caucasians using computational fluid dynamics.
Methods: Adult subjects were selected with normal nasal cone beam computed tomography (CBCT) images and
Nasal Obstruction Symptom Evaluation scores <30. The CBCT images were used to create subject-specific airway
models. Nasal surface area (SA) and volume were computed, and airflow and heat transfer were simulated.
Results: The CBCT scans were taken from 23 females and 12 males. The SA and volume (males: mean =25.0
cm?; females: mean=19.5cm?> p<0.001; Cohen’s d=1.51) were significantly larger for males, but SA-to-
volume ratio did not differ significantly. Although unilateral nasal resistance did not vary greatly, females
had higher bilateral resistance (males: mean=0.04 Pa.s/mL; females: mean=0.05 Pa.s/mL; p=0.044;
Cohen’s d=0.37). Females had higher heat flux (males: mean=158.5 W/m?; females: mean=191.8 W/m?;
p=0.012; Cohen’s d=0.79), but males had larger SA where mucosal heat flux exceeds 50 W/m?.
Conclusions: These findings suggest differences in normal nasal anatomy and physiology between Cauca-
sian males and females, which may be useful when assessing sex-specific functional outcomes after nasal

surgery.

Introduction

Variability in human nasal anatomy, including nasal cycle,
nasal vestibule morphological phenotypes, and nasal index
(NI), influences normal nasal airflow. 16 The nasal cycle is
a temporal variation induced by spontaneous, reciprocal
fluctuation of nasal patency associated with phases of con-
gestion and decongestion of nasal mucosa.’ The typical
duration of a nasal cycle is between 30min and 6h.’
Another source of variability involves nasal vestibule mor-
phological shapes—Notched, Standard, and Elongated.”

The Notched phenotype has a prominent notch at the
junction of the ala and sidewall; the Standard phenotype
is considered the “‘typical”” formation; and the Elongated
phenotype is slightly elongated at the level of the nasal
ala.? Lastly, NI, which is attributed to variations in cli-
matic conditions, is the ratio of nasal width to nasal
height. An NI of <70 is known as leptorrhine, >85 is plat-
yrrhine, and 70-85 is mesorrhine, with Caucasian popu-
lations often having leptorrhine anatomy and African
populations having platyrrhine.?
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KEY POINTS

Question: Are there sex differences in normal nasal anatomy
and physiology within a Caucasian population?

Findings: Males have significantly larger nasal passages and
significantly lower total nasal resistance (NR) to airflow.

Meaning: Our findings suggest baseline differences in nasal
anatomy and physiology between Caucasian males and fe-
males, which surgeons may use when assessing gender-
specific outcomes after nasal surgery.

Although anatomic variations among ethnicities have
been widely studied, less is known about sex differences
in nasal airway anatomy within ethnicities. Although cer-
tain anatomical differences are known, they are largely
differences in bony dimensions and facial angles within
the realm of facial plastics.® After standardizing for
size, males are considered to have larger airway pas-
sages than females.” Namely, males showed relatively
taller piriform apertures, nasal cavities, and choanae
than females, which contributed to this difference.’ In
addition, men may have lower nasal airway resistance
than females.'”

With regard to race and nasal patency, individuals
from African descents are reported to have lower nasal
resistance (NR) than Caucasians, but studies debate
whether this difference is statistically significant.'"'?
Another study noted differences in nasal airflow patterns
between a Caucasian male subject and an Indian male
subject.*

Nonetheless, little is known about nasal anatomical
differences between sexes and how these differences cor-
relate to nasal function. If race and sex are confounding
factors in physiological differences across studies, differ-
ences in anatomical variations and nasal function be-
tween sexes could be concisely investigated within one
racial group. The objective of this study is to investigate
sex differences in nasal anatomy and function within
the Caucasian population using computational fluid dy-
namics (CFD) modeling. CFD modeling is a powerful
tool for examining these discrepancies, as it allows for
a comprehensive investigation into how anatomical dif-
ferences affect nasal airflow profiles.'>™"> Lastly, CFD
provides information about localized behavior not cap-
tured in other settings, such as determining which aspects
of airway anatomy cause sex differences in overall air-
way physiology.

Methods

Study subjects

This retrospective study, approved by the Duke Univer-
sity Health System Institutional Review Board, involves
35 healthy Caucasian adult subjects with high resolution

cone beam computed tomography (CBCT) images of the
head and neck. Inclusion criteria: (1) a score of <30 on
the validated patient-reported Nasal Obstruction Symp-
tom Evaluation (NOSE) questionnaires; (2) =18 years
old and Caucasian; (3) non-smokers; (4) available
CBCT of the head and neck region; and (5) radiographic
evidence of normal nasal passage.’'® Radiographic ex-
clusion criteria included septal deviation >5°, septal per-
foration, evidence of sinusitis, and significant nasal
cycling at the time of the scan causing a unilaterally de-
creased airspace.'” Other exclusion criteria included pre-
vious sinus surgery or comorbid pathology affecting the
nasal cavity or paranasal sinuses.

Nasal airway reconstruction

Radiographic images of each subject’s nasal passage
obtained from CBCT scans were read into imaging anal-
ysis software MIMICS™ 17.0 (Materialise Inc., Leuven,
Belgium) for creation of anatomically realistic and
subject-specific three-dimensional models of nasal air-
ways. Our models excluded paranasal sinuses, as airflow
through natural ostia to the sinuses can be considered
negligible relative to the nasal cavity and would not influ-
ence nasal airflow dynamics other than increasing the
volume of these models. Airway models were segmented
using Hounsfield unit threshold —1024HU to —300HU,
with subsequent manual editing as needed, similar to
our previously published models.''#2°

Nasal airflow simulations

After subject-specific nasal models were created, hybrid
tetrahedral-prismatic mesh elements were generated in
nasal cavities for each subject using ICEM-CFD 19.0
(ANSYS, Inc., Canonsburg, PA), which is necessary for
the simulation of nasal airflow and heat transfer. Approx-
imately 4 million unstructured tetrahedral elements and
fine three-layer prism elements were generated in each
nasal cavity. Mesh refinement analysis was deemed un-
necessary for this study, as our choice of mesh density
is consistent with our prior publication on mesh refine-
ment analysis, which demonstrated that mesh indepen-
dent numerical results showed asymptotic behavior
starting at 4 million elements.”’ Mesh quality analysis
was performed to ensure that elements with poor aspect
ratio in the hybrid mesh were smoothed to prevent dis-
torted elements from impacting the accuracy of the nu-
merical simulation.

Steady-state, laminar inspiratory airflow was simu-
lated in nasal cavities using the CFD software package,
Fluent 19.0 (ANSYS, Inc.) to mimic physiological inha-
lation conditions at 15 L/min.'**** Given that flow ve-
locities through the nasal cavity during low-to-moderate
breathing typically have a Mach number <<0.2, the gov-
erning equations of fluid flow reduces to:
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V.-i=0,

p(ii - V)ii= — Vp+ uvi,

where #i=1i(x,y,z) is velocity vector field, p=1.204
kg/m® is fluid density, u=1.825x10"°kg/m —s is dy-
namic viscosity, and p is pressure. The thermal energy
and species transport equations for heat transfer and
water vapor are defined as

(@-V)T= iVZT,
ey

where T =T(x, y,z) is temperature, k=0.0268 W/m-K
is thermal conductivity, and ¢, =1005.9 J/kg-K is specific
heat of air. Airflow and heat transfer simulations were
performed using these boundary conditions: (1) at the
nasal wall, no-slip, stationary wall, temperature was set
at 32.6°C; (2) at the inlet, a ‘‘pressure-inlet’” with
gauge pressure set to zero, temperature at 20°C; and (3)
a “‘mass-flow-outlet”” condition at the outlet to target
0.000301 kg/s (15 L/min), with temperature set to 32.6°C.

Computed quantities of interest

To determine the patency of each nasal cavity, NR was
calculated as AP/Q (Pa.s/mL) where AP is bilateral/
unilateral pressure drop from nostrils to choana, and Q
is bilateral/unilateral volumetric flow rate. In addition,
the volume and surface area (SA) of the nasal airway
were calculated, as well as nasal mucosa heat flux, which
is the rate of heat loss across the nasal mucosa during inspi-
ration; and the SA stimulated by mucosal cooling, which
is defined by the mucosa SA where heat flux exceeds
50 W/m® (SAHF50)."**

Summary statistics comprising means, standard devia-
tions (SDs), and median were reported for all variables of
interest. To measure the strength of the relationship be-
tween males and females across computed variables,
the effect size was calculated using Cohen’s d. Statistical
analysis was performed using the Non-Parametric Wil-
coxon Rank Sum test, and all comparisons were exam-
ined for statistical significance at o=0.05.

Necessary power calculations were performed at
o=0.05 using the two sample Satterthwaite unpooled
t-test on the mean difference between males and females,
assuming unequal variances. Power analysis was calcu-
lated for the following variables: nasal volume differ-
ence; nasal SA difference; nasal SA-to-volume (SA:V)
ratio difference; nasal unilateral airflow difference;
nasal unilateral resistance difference; nasal bilateral re-
sistance difference; nasal heat flux combined difference;
and nasal SAHF50 combined difference.

Results

Demographics

There were 35 subjects in this study—12 males and 23 fe-
males. Representative female and male nasal airways are
depicted in Figure 1A and B, respectively. As indicated in
Figure 1C, groups were similar in age—median ages
were 61 years for males (mean=52.4 years, SD=18.8
years) and 52 years for female (mean=49.2 years, SD=
16.7 years); the age difference between sexes was not statis-
tically significant (p=0.639; Cohen’s d=0.18). However,
they differ significantly (p<0.001; Cohen’s d=1.69) in
weight; males weighed more than females (males: median =
90 kg, mean =94 kg, SD = 14.4 kg; females: median=68 kg,
mean=68.7 kg, SD=15.3kg; Fig. 1D).

e

Fig. 1. Representative external nose and
nasal cavity for (A) Female, and (B) Male
subjects; boxplots depicting variations
between males and females across (C) Age,

(D) Weight, and (E) Patient-reported NOSE
scores. *Indicates statistically significant
difference between males and females.
NOSE, Nasal Obstruction Symptom

Evaluation.
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In addition, NOSE scores were not significantly differ-
ent (p=0.166; Cohen’s d=0.62; Fig. 1E); median NOSE
scores were 5 for males (mean=7.5, SD=8.0) and O
(mean=3.7, SD=4.9) among females.

Nasal anatomy

In Figure 2A, males had a significantly (p<0.001;
Cohen’s d=1.51; power=98.5%) greater nasal airway
volume (males: median=24.2 cm®, mean=25.0cm’,
SD=3.5cm?’; females: median=18.4cm>, mean=19.5
cm?®, SD=3.7 cm?). Similarly, males had a significantly
(p<0.001; Cohen’s d=1.80; power=99.6%; Fig. 2B)
larger nasal SA than females (males: median=204.1 cm?,
mean=211.6cm?, SD=20.2cm?; females: median=
183.0 cmz, mean=178.1 cmz, SD=17.7 cmz). Compari-
son of nasal SA:V ratio between sexes was not statisti-
cally different (median: males=8.6 cm_l, females =
9.4cm™'; p=0.106; Cohen’s d=0.61; power =48.8%);
females had higher SA:V than males. Females also had
greater variability in SA:V (Fig. 2C).

Nasal airflow profile

Unilateral nasal airflow results presented in Figure 2D-F
indicated that male and female subjects had similar flow
rates on both the left (Fig. 2D) and right (Fig. 2E). Median
flow rate was 7.5 L/min in each nasal airway for males,
whereas females had median flow rates of 7.4 L/min and
7.6 L/min on the left and right sides, respectively. As dem-
onstrated in Figure 2F, comparison of unilateral airflow
differences between sides for males and females showed

greater unilateral airflow difference in males than females
(males: median=4.7 L/min, mean=4.4L/min, SD=2.7
L/min; females: median=2.3 L/min, mean=2.7 L/min,
SD=2.4L/min), but this difference was not statistically
significant (p=0.068; Cohen’s d=0.68).

Figure 3A and B showed that unilateral NR distribution
was higher on both sides of the airways in females (left:
median=0.09 Pa.s/mL; right: median=0.10 Pa.s/mL)
than males (left: median=0.07 Pa.s/mL; right: medi-
an=0.06 Pa.s/mL). Contrarily, unilateral resistance dif-
ference between both nasal airways indicated a marginal
nonsignificant increase among males than females
(p=0.476; Cohen’s d=0.42; power=41.6%; males: me-
dian=0.04 Pa.s/mL, mean=0.06 Pa.s/mL, SD=0.06
Pa.s/mL; females: median=0.04 Pa.s/mL, mean=0.04
Pa.s/mL, SD=0.04 Pa.s/mL; Fig. 3C).

Bilateral NR between sexes was significant difference
(p=0.044; Cohen’s d=0.37; power=20.5%); females
had greater resistance than males (males: median=0.03
Pa.s/mL, mean=0.04 Pas/mL, SD=0.02 Pa.s/mL;
females: median=0.05 Pa.s/mL, mean=0.05 Pa.s/mL,
SD=0.03 Pa.s/mL; Fig. 3D). Further, nasal airflow
streamlines are displayed in Figure 4A for representative
female and male subjects.

Nasal heat transfer

Figure 4B and C show heat flux color maps on the nasal
lateral wall (Fig. 4B) and septal wall (Fig. 4C) for repre-
sentative female and male subjects. Distribution of aver-
age heat flux across unilateral left and right nasal mucosa
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Fig. 3. Unilateral nasal resistance values on
the (A) Left, and (B) Right nasal cavities;

(C) Intra-subject left-right nasal cavity resistance
differences; and (D) Bilateral nasal resistance
values. *Indicates statistically significant
difference between males and females.

showed less variability and higher median heat flux
among females (left: median = 194.8 W/m?; right: medi-
an=189.9 W/m?) than males (left: median =158.2 W/m?;
right: median = 148.7 W/m?; Fig. 5A, B).

Comparison of unilateral heat flux after combining left
and right datasets showed that females had a significantly

higher (p=0.012; Cohen’s d=0.79; power =54.5%) mu-
cosa heat flux distribution than males (males: median=
148.7 W/m? mean=158.5 W/m?, SD=44.1 W/m?;
females: median=194.1 W/m?, mean=191.8 W/m?,
SD=40.7 W/m?; Fig. 5C).

SAHF50 boxplots are presented in Figure SD-F. Males
median SAHF50 values were 50.9 cm” (left) and 53.5 cm®
(right), compared with 46.2 cm? (left) and 41.3 cm? (right)
among females (Fig. 5D, E). SAHF50 after combining left
and right datasets was significantly different yet under-
powered (p=0.031; Cohen’s d=0.54; power=25.5%)
between males and females, with males having larger
SAHF50 (males: median=51.7 cm?, mean=>50.4cm?,
SD=114 cmz; females: median=45.8 cmz, mean=45.3
cm?, SD=8.2cm?; Fig. 5F).

Discussion

These results highlight important similarities and differ-
ences in nasal anatomy and function between males and
females within the Caucasian population. Variations
among ethnicities have been previously studied, but this
work fills an important gap in describing the differences
between sexes in a homogenous racial group. These find-
ings demonstrate that Caucasian males have significantly
larger nasal volumes and SA than Caucasian females. In
addition, unilateral NR was similar between sexes, but bi-
lateral NR was significantly higher for females than males.

Females also showed significantly greater average heat
flux than males with a large effect size, but males had a
greater SAHF50 with a moderate effect size. The values
reported may be used when assessing sex-specific ana-
tomical and functional outcomes from nasal surgery
within a Caucasian patient population.

Our findings suggest that male patients have larger SA
and nasal volume compared with females. Our results are
congruent with previous work suggesting that males have
larger noses due to taller piriform apertures, internal nasal
cavities, and choanae.’ Of note, Cohen’s d measures ef-
fect size for each variable studied, with 0.01 designating
very small effect, 0.2 small effect, 0.5 medium effect, 0.8
large effect, and anything >1.2 very large effect.”> The
d-values for SA and volume were 1.80 and 1.51,

N e
= =P velecyimi
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Fig. 4. Spatial depiction of airflow profile
and heat fluxes in the nasal cavities (from
nostrils to choana) for representative
female and male subjects. (A) Nasal airflow
streamlines colored by velocity magnitude
in the airway; (B) Heat flux map on the
lateral nasal wall; and (C) Heat flux map on
the septal nasal wall.
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respectively, which indicates a very strong and realistic
difference in nasal SA and volume between sexes.

Nonetheless, the SA:V ratio between sexes was not
significantly different with an effect size of 0.61, suggest-
ing that Caucasian males and females have comparable
capacity for heating and humidifying their nasal mucosa
relative to their respective nasal volumes.”® Larger SA:V
is associated with greater nasal SA exposure to heat and
moisture transfer for a given nasal volume.?¢

In addition, these results demonstrated no significant
difference in unilateral nasal airflow between sexes, but
female subjects did have higher bilateral NR than
males. Notably, for both males and females, nasal airflow
on each side was almost exactly half the airflow during
quiet breathing (7.5L/min from total of 15L/min),
which is expected in subjects with a healthy nasal passage
and no evidence of nasal airway obstruction.”’ In previ-
ous models of nasal airflow in healthy individuals, nor-
mal unilateral airflow ranged from 3.6 to 11.5L/min
+1.2L/min, and our values fall in the middle of this
range.'

With bilateral NR between sexes, average difference
yielded a small-to-medium effect size. Our findings par-
allel those from previous computational models and rhi-
nomanometry measurements in healthy individuals.'®
Further, in previous work measuring nasal airflow resis-
tance with rhinomanometry, NR was lower in males
than females, correlating with our findings.'® The impact
of bilateral NR on patients’ perception of nasal patency is

unclear. Previous works comparing bilateral NR to symp-
toms of nasal obstruction reported little correlation be-
tween the two.?>?° Unilateral NR and airflow, however,
have stronger correlation with obstructive symptoms
when compared with bilateral NR.?*°

Thus, further work remains to elucidate the impacts of
increased bilateral NR on pathologies in females com-
pared with males. These variables may correlate with pa-
tients’ reported perception of nasal patency, with larger
SA where heat flux values are >50 W/m?” and greater
heat flux values corresponding with increased perception
of airflow.?*30!

Similar to our prior publication,' the present study pro-
vides information about baseline values and relative dif-
ferences in nasal anatomy and physiology between
Caucasian male and female subjects, allowing for
more precise future comparisons between sexes and
gender-specific normative ranges of nasal function to
target during surgical correction of nasal obstruction.
Norms for assessing outcomes from nasal surgery are
not well established, particularly well-evaluated clinical
variables that correlate with patients’ perceptions of
normal nasal function.

Current evaluation of outcomes after nasal surgery
relies on facial analysis, which uses predetermined angles
and assessment of symmetry to determine aesthetic out-
comes. However, these techniques do not examine func-
tional outcomes for patients, which could ultimately
impact patients’ quality of life after nasal surgery. This
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work provides greater insight into normal nasal physiol-
ogy in each sex, which allows for a foundation on
which to build tools to assess functional outcomes after
nasal surgery.

This work has its limitations, such as examining
only one ethnic group. Although the sample size is
large for a CFD study, male and female subjects are
not equally represented. To develop a strong normative
baseline that provides gender-specific targets for sur-
geons, an increased sample size would generate stron-
ger statistical power. Our simulations were conducted
with a single flow rate, 15L/min, at steady state,
which is useful to understand airflow dynamics during
quiet inspiration.

Conducting transient simulations would have provided
insight into respiratory cycles, but we did not perform
these during this study due to the volume of data pro-
duced and the time required to run these simulations.
For instance, steady-state simulations take 10-12h to
run per subject, but transient simulations take at least
100 h per subject to run at a time step of 10~ for 2's. Con-
sequently, we decided to use steady state for this study
but recognized the merit of conducting transient simula-
tions for more detailed data in future work.

Conclusion

The CFD modeling was used to investigate baseline var-
iations in nasal anatomy and physiology between sexes
in a Caucasian population. By conducting this work
within one ethnicity, anatomical and physiological var-
iations among ethnic groups are controlled. Nasal air-
flow was similar between sexes, but female subjects
had greater bilateral NR than males. Although results
suggest that male subjects have greater nasal SA and
volume, SA:V ratio was not significantly different.
Females had greater average mucosal heat flux, but
males had larger SAHF50.

Our findings can be used as a foundation for assess-
ing sex-specific outcomes of nasal surgery within Cau-
casians. Future work includes investigating sex
variations in nasal anatomy and physiology within
other ethnic groups to determine whether the results
presented here for Caucasians differ significantly
from other groups.
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