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KEY POINTS

� The external nasal valve is defined by the cross-section of the ala, whereas the internal
nasal valve is defined by the septum, caudal margin of the upper lateral cartilage, and
the inferior turbinate.

� Nasal valve function is defined by complex, 3-dimensional structures composed of carti-
lage, muscle, connective tissue, and skin which provide both static and dynamic support.

� Normal nasal airflow has been described with widely accepted concepts, including a crit-
ical internal nasal valve angle, the Bernoulli principle, and Poiseuille’s equation, whichmay
be insufficient to capture the 3-dimensional, patient-specific nature of nasal obstruction.

� Computational fluid dynamics has emerged as a potential noninvasive technique for as-
sessing nasal valve physiology while accounting for the complexities of the nasal airway
geometry.
THE NASAL VALVE

Mink first described the nasal valve in 1903 as a region of narrowing in the nasal ves-
tibule. He defined the nasal valve as a region bounded medially by the septum and
laterally by the limen nasi, where the caudal border of the upper lateral cartilage
(ULC) overlaps the lateral crus of the lower lateral cartilage (LLC).1–3 Since then, there
has been variation in the use of the term “nasal valve.” Most commonly, authors refer
to 2 separate regions within the nasal vault as the external nasal valve (ENV) and inter-
nal nasal valve (INV) (Fig. 1).
The ENV is operationally defined simply as the 2-dimensional (2D) cross-section of

the ala. The borders are composed of the lateral crura of the LLCs, the columella and
medial crura medially, and the nasal floor inferiorly.1 Some have defined the external
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Fig. 1. External and internal nasal valves, (A) frontal and (B) oblique views. The ENV is
located at the ala, while the INV is at the level of the caudal border of the ULC. ENV,
external nasal valve; INV, internal nasal valve.
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valve as a 3-dimensional (3D) volume, bordered caudally by the nostril anteroinferiorly
and the internal nasal valve posteriorly.4,5

Most definitions of the INV demarcate this region as the plane through the nasal
vault with the smallest cross-sectional area (CSA). Historically, the INV is defined by
the septum medially, the caudal margin of the ULC laterally, and the inferior turbinate
inferiorly. Typically located 1.3 cm deep into the nasal cavity, the INV angle delineated
by the ULC and septum typically measures 10� to 15� in the Caucasian population. In
practice, precise identification of the valve is difficult both clinically and even using
diagnostic imaging (eg, CT). Valve angle measurement using the naked eye is, at
best, a crude estimate.
ANATOMY
Muscles

The muscles of the nose can be organized as intrinsic, with origins and insertions con-
tained within the nasal region, or extrinsic, which are outside this domain but act to
alter nasal shape position (Fig. 2).6 They can be classified by function, as listed below.7

Some have also included the zygomaticus minor and orbicularis oris as relevant to
nasal dynamics.8

1. Elevators: procerus, levator labii superioris alaequae nasi, and anomalous nasi
2. Depressors: alar nasalis (dilator naris posterior) and depressor septi nasi
3. Compressors: transverse nasalis and compressor narium minor
4. Dilators: dilator naris anterior

Electromyographic studies highlighted the role of specific nasal muscles in nasal
valve function.9,10 The nasalis forms the muscular component of the nasal superficial
musculoaponeurotic system (SMAS).11 The transverse portion, known as the pars
transversalis, attaches to the nasal skin and indirectly stabilizes the nasal valve and
sidewall. The alar portion, known as the par alaris and alternatively referred to as
the dilator naris posterior, originates from the maxilla and attaches to the accessory
cartilage medially, providing lateral stability of the ala.12,13 The dilator naris anterior,



Fig. 2. Muscles of the nose.
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also referred to the apices nasi, originates from the lateral crus to attach to the alar
groove. Previous studies disagreed regarding the presence of an independent dilator
naris muscle, with some recent studies referring to a dilator naris vestibularis which
occupies and surrounds nearly the entire nasal ala.14–18

The importance of nasal muscles function is best illustrated in patients with facial
nerve injury, who often experience nasal obstruction. While a significant contributor
to nasal valve collapse is the weight of the unsupported cheek tissues, the nasal mus-
cles both actively flare the nostrils and provide static support against gravity.13,19 For
example, temporary paralysis of nasal muscles with lidocaine results in reductions in
alar stiffness along with flow restriction measured by rhinomanometry. This suggests
that resting muscle tone is critical in supporting nasal airway patency.20 Loss of
muscular activity results in ENV narrowing and collapse, and surgical interventions
for facial paralysis patients such as suture suspension or fascia lata slings are associ-
ated with improved Nasal Obstruction and Septoplasty Effectiveness (NOSE) survery
scores.21

Lower Lateral Cartilages

The paired LLCs are divided into 3 segments: themedial, intermediate, and lateral crura.
The LLCs define the structure and shape of both the nasal tip and the ENV. The shape of
the LLC is complex and defies taxonomy. Functionally, the LLC is a dome-shaped struc-
ture that maintains the nasal aperture and functions to resist forces of deformation
generated during inspiration. One specific LLC morphology, alar malposition, warrants
further discussion. Malpositioned lateral crura, now referred to more specifically as ce-
phalic malposition, were a concept first defined by Sheen and Sheen.22 The axis of the
lateral crus may be defined as a line which begins at the dome medially and roughly bi-
sects the length of the lateral crura (Fig. 3A–D). This axis should be oriented toward the
lateral canthus of the ipsilateral eye. Cephalically malpositioned lateral crura have an
axis which points toward the ipsilateral medial canthus.23 In other words, cephalic
lateral crura are more perpendicular to the alar rim, rather than parallel.
Cephalic malposition is associated with tip bulbosity and the compound tip defor-

mity, external valve weakness, and collapse.24 Constantian estimated that 50% of



Fig. 3. Orientations of the lower lateral crus longitudinal axis (A) toward the lateral canthus
(B) cephalically malpositioned toward the medial canthus (C) nasal tip with appropriately
positioned lower lateral crura (D) malposition resulting in a broad nasal tip.
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patients with external valve obstruction had cephalic lateral crura.25–27 Different treat-
ment strategies have been proposed, including repositioning of the lateral crura.28

Using this technique, Toriumi advocated that the axis of the lateral crus and the
mid-sagittal plane should ideally form an angle greater than 30�.24,29 Lateral crural
tensioning (LCT) can also accomplish this objective of improving the airway. First
described by Davis, this technique combines a lateral crural steal with a caudal septal
extension graft to increase tension and stabilize the sidewall.30 Combining this
tensioning with articulated alar rim grafts to support the alar margin, LCT may achieve
similar improvements in airway but requires less cartilage and is potentially less likely
to crowd the airway when compared with lateral crural strut grafts (LCSG).31–35

Upper Lateral Cartilages

TheULCs are paired, triangular cartilageswhich articulatewith the septummedially, the
pyriform aperture cephalically, and the LLCs caudally.36 Stability is provided to the ULC
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via muco-periosteal, muco-perichondrial, and fibrous articulations to adjacent struc-
tures. At the dorsal aspect of the cephalic margin, the ULC joins the cartilaginous and
bony septum and the nasal bones to form the keystone area. The cephalic portion of
the ULC attaches to the undersurface of the nasal bones, overlapping by 6 to 8 mm.37

TheULC is additionally attached to thepyriformaperture by thepyriform ligament,which
contributes to the static support of the cartilaginousmidvault.38,39 Caudally, theULCat-
taches to theLLCat thescroll area,whichprovides key structural support to the INV.40,41

Scroll Complex

The LLC cephalic edge turns down to form a hook, while the ULC caudal edge turns up
to form a ledge. The 2 interdigitate, creating the characteristic scroll-like shape, and
giving this region its name of “scroll” area or region.42 There are numerous variations
of this arrangement, and a keen understanding of the anatomic variations is essential
for any intercartilaginous approaches to the nasal dorsum. Within this region complex,
fibrous attachments are collectively referred to as the scroll ligament.43 This complex
includes a longitudinal scroll ligament which spans the junction between the ULC and
LLC and is transected during intercartilaginous incisions. In addition, a vertical scroll
ligament has been suggested, which connects the longitudinal scroll ligament to the
overlying deep SMAS layer.44

The scroll complex is widely accepted as one of 3major tip support mechanisms but
also plays a significant role in nasal valve function. The scroll ligament provides support
to the external valve by supporting and raising the caudal edge of the lateral crus of the
LLC. Given its location at the lateral wall of the INV, the overlapping cartilages provide
key structural stiffness. Additionally, the vertical scroll attachments to the overlying
skin-soft tissue envelope provide further support to the INV.45 Some authors advocate
a subperichondrial dissection during rhinoplasty in order to elevate and preserve the
overlying scroll ligaments.46 Two prospective studies of open rhinoplasty patients
found that scroll reconstruction was associated with improved nasal patency.47,48

Nasal Septum

The nasal septum is a vertical midline structure which separates the left and right nasal
cavities, and is a composite structure of bone, cartilage, and mucosa. The quadran-
gular cartilage forms the anterior cartilaginous portion. Posteriorly, the perpendicular
plate of ethmoid superiorly, the vomer inferiorly, and the nasal crest of the maxilla and
palatine bones form the osseous portion. The vomer divides the choanae posteriorly,
which separates the nasal cavity from the nasopharynx. The membranous septum,
located anteriorly between the nasal columella and the caudal quadrangular cartilage,
is formed by the union of septum mucous membranes and acts as a flexible buffer
which may protect the cartilaginous septum49

Several classification systemsof septal deformities have been proposed. Multiple
authors described deviations based on common patterns including a straight septal
tilt, a C-shaped deformity, or an S-shaped deformity. For example, Guyuron described
6 classes of septal deviations, which includes the C- and S-shaped deformities each in
the vertical and horizontal planes, the straight septal tilt, and a localized spur. Notable
alternative classification systems include Rao and Mladina’s description of 7 patterns
of deviations, Baumann and Baumann’s 6 types, and Buyukertan’s division of the
septum into 10 areas of interest.50–54 Septal deviations may cause obstruction at
various levels, and small deviations specifically in the region of the nasal valve cause
significant narrowing of the INV angle.55,56 Caudal deviations may also cause obstruc-
tion at the level of the ENV.
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Inferior Turbinates

The 3 pairs of nasal turbinates arise from the lateral nasal sidewall, consisting of thin
scrolls of bone covered in erectile tissue and mucoperiosteum. Whereas the superior
and middle turbinates arise from the ethmoid bone, the inferior turbinates are separate
bony structures. Covered in pseudostratified ciliated columnar epithelium, the bulk of
the inferior turbinate is made of the lamina propria, which houses a rich network of
venous sinusoids. This erectile tissue regulates the volume of the inferior turbinates
in response to autonomic stimulation.57 Inferior turbinate hypertrophy may be caused
by enlargement of the bone, the mucosa, or both. Soft tissue hypertrophy is common
and is typically seen in chronic rhinitis.58
PHYSIOLOGY
Airway Resistance

Airway resistance, the opposition to airflow, is defined by Ohm’s law as the pressure
gradient divided by the flow rate.
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With inspiration, a negative pressure gradient is generated between the naso-
pharynx and the nares, which causes air to flow through the nose with an inverse rela-
tionship to resistance. Thus, as resistance increases, flow decreases.
Nasal resistance may be measured by rhinomanometry, which uses a flow

measuring device and 2 pressure sensors to measure pressure gradient. Active rhino-
manometry uses physiologic airflow from the patient’s own respiratory cycle, whereas
passive rhinomanometry introduces extrinsic air typically via an air pump. Posterior
rhinomanometry places a pressure sensor in the oral oropharynx, whereas anterior
manometry places the sensor in the contralateral nasal cavity. Active anterior tech-
niques are most common; active is more physiologic and anterior avoids the difficulty
of the gag reflex.59,60

The significance of anatomic variations in determining the resistance of the nasal
airway can be illustrated using Poiseuille’s law, which describes the drop in pressure
of laminar flow of an incompressible fluid in a long cylindrical pipe.
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Importantly, resistance varies inversely with the fourth power of the radius. A slight
narrowing of the airway may cause an exponential increase in resistance. Given that
the INV is the narrowest point of the nasal airway, any further reduction in CSA can
greatly increase resistance, and significant attention has been focused on improving
the patency of the INV.

Nasal Cycle

The nasal cycle refers to the spontaneous congestion and decongestion of the nasal
mucosa, where the decongestion of one side is accompanied by the congestion of the
contralateral side. Congestion of one side causes narrowing of the nasal airway,
including at the INV andmay contribute to nasal obstruction. First described by Kayser
in 1895, the nasal cycle is driven by asymmetric blood flow to the erectile tissue in the
nasal septum and inferior turbinate. The mechanisms which regulate blood flow are
not clear, but significant attention has been focused on the autonomic nervous
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system. Sympathetic branches of the superior cervical ganglion give rise to the deep
petrosal nerve, which joins parasympathetic preganglionic fibers from the greater su-
perficial petrosal nerve to form the Vidian nerve. At the pterygopalatine ganglion, the
parasympathetic fibers synapse with postganglionic neurons. Both sympathetic and
parasympathetic fibers then travel along with nasal branches of the maxillary nerve
(V2) through the sphenopalatine foramen to innervate the nasal mucosa.
These Vidian nerve fibers are targeted in patients with refractory rhinitis who

continue to have rhinorrhea despite medical therapy. Historically, this involved resec-
tion of the neurovascular bundle at the level of the sphenopalatine foramen. While
effective, Vidian neurectomy was also associated with cheek and palate numbness,
dry eyes, and potentially unfavorable changes to the blood supply to the posterior
nasal cavity. Instead, selective techniques which target postganglionic nerve
branches have been proposed to reduce morbidity.61,62 Various methods have
been described, including surgical ablation, cryotherapy, and laser ablation. Radiofre-
quency ablation has received increasing interest, particularly since the Food and Drug
Administration approval of the RhinAer radiofrequency system in 2020.63,64

Dynamic Collapse

Dynamic obstruction is lateral nasal sidewall collapse during inspiration. The Bernoulli
principle explains that total airflow at any point along the nasal airway must be equal,
and thus in narrower regions, velocity increases. Due to the conservation of energy, as
velocity increases, a negative internal pressure is generated. Given that the INV is
considered the narrowest point in the nasal airway, airflow reaches a maximum veloc-
ity at this point, leading to negative pressure which can lead to a transmural difference
that overcomes the rigidity of the nasal sidewall and causes collapse. This collapse
causes additional narrowing of the airway, which further increases resistance and de-
creases airflow.

Acoustic Rhinometry

Acoustic rhinometry is a noninvasive technique used to evaluate the geometry of the
nasal cavity. A probe is sealed against a patient’s nostril, a sound impulse is gener-
ated, and reflected sound waves are recorded. Changes in the CSA of the airway
are assumed to correlate with changes in acoustic impedance. The time delay until
the reflected sound is detected is used to calculate the distance traveled by the sound
impulse along the airway. These data are used to generate CSA as a function of dis-
tance, and nasal cavity volume can be calculated as the integral of this curve.65,66 Us-
ing acoustic rhinometry, previous studies have identified minimal cross-sectional
areas (mCSAs) corresponding to 3 anatomic sources of obstruction, specifically the
INV, the anterior half of the inferior and/or head of the middle turbinate, and the
middle-posterior portion of the middle turbinate.67,68 Unfortunately, acoustic rhinom-
etry is not used routinely, due to significant experimental error, overestimation of the
posterior nose due to sound leakage into the sinuses, and weak correlations between
mCSA and nasal resistance.69

RETHINKING THE NASAL VALVE

The previous section represents the currently accepted concepts related to nasal
airflow. Unfortunately, these principles rely on numerous assumptions which are
invalid when considering normal human physiologic conditions. The nasal airway in-
volves complex and dynamic interactions between airflow and a heterogeneous,
collapsible structure.
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Geometry

The ideaof a critical INV angle of 10� to 15� iswidely accepted, butmost rhinoplasty sur-
geonswould not approachnasal airwayobstructionwith a singular focus.70 For one, the
INV is not always a simple angledefinedby2 straight lines, but insteadmaybeclassified
into several shapes and is sometimes occupied by the septal body.71 Further, esti-
mating the INV angle can vary significantly depending on the plane of measurement.
For example, standard coronal CT imagesmay significantly underestimate or overesti-
mate the nasal valve angle compared with reformatted images which reflect the true
orientation of the INV.72 Even with the improved accuracy of reformatted images,
measurements of the INV demonstrated no correlation to preoperative-modified Cottle
maneuver scores, suggesting the limited clinical utility of the INV angle.73

Even when considering the 2D CSA of the INV rather than a simple angle, there is a
poor correlation between mCSA and subjective scores of nasal patency.74 The rate of
persistent subjective symptoms after rhinoplasty remains high despite adequate in-
creases in mCSA, affecting up to 53% of patients postoperatively.75 Recent compu-
tational studies have suggested that the correlation between mCSA and resistance
only becomes relevant below a critical area threshold which is only present in severely
constricted nasal cavities. Therefore, in most patients, nasal resistance is significantly
dependent on the geometry of regions throughout the nasal cavity other than the INV
alone.69,75

The geometry of the nose is complex. Both Poiseuille’s law and the Bernoulli prin-
ciple describe flow through cylindrical pipes, but the shape of the nasal airway hardly
resembles a cylinder and varies profoundly from one individual to another. Studies of
nasal airflow unsurprisingly demonstrate significant inter-individual differences.76

Computational fluid dynamics (CFD) has emerged as a technique to account for
each patient’s individual anatomy. A patient’s CT scan is used to generate a 3D model
of their individual nasal airway, which is then used to simulate nasal airflow. An
example using an average nasal airflow created using statistical-shape modeling is
shown in Fig. 4A–D, demonstrating the ability to calculate various parameters
including airflow velocity, static pressure, and wall shear stress.77 While their clinical
applicability remains limited, these computational models have yielded significant
new insights into nasal airflow physiology. For example, previous CFD studies have
demonstrated that heat flux is a better correlate to subjective scores of obstruc-
tion.78,79 Others have highlighted that the major flow path is through the middle
meatus in some and through the inferior meatus in others, which may contribute to dif-
ferences in perception of nasal airway patency.80
Reynolds Number

The Reynolds number is a nondimensional ratio of inertial forces to viscous forces
within a fluid. At low Reynolds numbers, viscous forces dominate, leading to laminar
flow in which fluid moves smoothly in layers without mixing perpendicular to the direc-
tion of flow. In contrast, at high Reynolds numbers, inertial forces dominate and
produce a chaotic flow characterized by irregularity, eddies, and vortices. When
describing flow through a long pipe, laminar flow typically occurs at Reynolds
numbers less than 2300, turbulent flow at Reynolds numbers greater than 4000. Tran-
sitional flow, which is defined by central turbulent flow and peripheral laminar flow,
occurs at intermediate Reynolds numbers between 2300 and 4000.
Nasal airflow is often accepted as laminar during “quiet” inspiration, however, this

remains highly controversial. Estimates of the Reynolds number of nasal airflow range
from 600 to 2000, however, the threshold at which flow becomes turbulent is



Fig. 4. CFD model of steady-state inspiration in an average nasal airway geometry. Multiple
parameters can be calculated and visualized including (A) velocity contours at evenly spaced
coronal planes, (B) velocity vectors along a para-sagittal plane demonstrating an anterior
dorsal vortex, (C) static pressure distribution, and (D) wall shear stress.
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dependent on the flow geometry.80,81 Complex geometries may cause disruption in
flow such that turbulence occurs at much lower Reynolds numbers within a range
of 100 to 1000, with one study estimating a critical Reynolds of the nasal airway as
low as 450.82 Estimates of Reynolds number in the nasal airway often exceed this
lower threshold, which implies transitional or turbulent flow even during quiet inspira-
tion (Fig. 5). Turbulent flow is hypothesized to enhance heat and moisture transfer at
the mucosa but also results in increased shear stress at the cavity walls and may lead
to increased airway resistance.70,83 Rather than describing the entire nasal cavity with
a single Reynolds number, models which represent the valve and main nasal cavity as
independent regions demonstrated higher accuracy, again highlighting the nuances of
the complex nasal airway geometry.84

Fluid Structure Interaction

An accurate description of nasal airflowmust account for the material properties of the
nasal valve, which is a dynamic and collapsible structure.85 The mechanical behavior
of a material can be described by describing its change in response to an applied
force, or load. These loadsmay be linear, including tensile or compressive loads which
cause elongation or contraction respectively. The degree of deformation, referred to
as strain, can be measured as a function of the force applied, referred to as stress.
When a stress–strain curve is linear, the slope is known as the elastic modulus, or



Fig. 5. Computational estimates of Reynolds number at evenly distributed cross-sections of
the nasal airway. Anteriorly in the nasal valve region, these estimates exceed a lower
threshold of 450 (dashed line).
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Young’s modulus, and describes the material’s stiffness. When elongation or
compression occurs, the material must also constrict or expand perpendicular to
the direction of the applied stress. The tendency of a material to deform in direction
perpendicular to a load is known as the Poisson’s ratio.86

The currently accepted models of nasal valve physiology assume a static, rigid
structure which does not account for the dynamic interactions between nasal airflow
and the mobile nasal valve. Given the importance of dynamic valve collapse, there is a
need for fluid-structure interaction (FSI) models, an extension of CFD, to incorporate
the time-varying deformations of the nasal valve. By accounting for these material
properties, one FSI model of the nasal valve during inspiratory sniffing conditions
demonstrated good agreement with in vivo estimates of nasal valve collapse. Interest-
ingly, they found that a dynamic model predicted a minimal increase in resistance of
the nasal airway when compared with a model of the nasal airway as a static structure.
In other words, during forceful inspiration, the increase in resistance caused by nar-
rowing of the nasal valve and Poiseuille’s law may be clinically insignificant.87 Addi-
tional FSI models are warranted to investigate the contribution of dynamic valve
collapse to nasal airway resistance, particularly during restful breathing.
Understanding the mechanisms of dynamic valve collapse is critical to surgical

decision-making. Zoumalan and colleagues proposed a technique for real-time intra-
operative assessment of the nasal valve, utilizing a suction at the nasal sill to generate
a negative pressure. This produced airflow out of the nose in a direction analogous to
expiration, while paradoxically causing depression of the nasal valve.87 In a commen-
tary, Rhee highlighted the obvious that physiologic expiration causes dilation of the
nasal valve rather than collapse.88 If the Bernoulli principle were accurately applied,
then the INV should collapse as air flows into a narrowed segment, which should
occur regardless of the direction of airflow during inspiration versus expiration. Alter-
natively, a simpler explanation may be that pressure inside the nasal airway is nega-
tive during inspiration and positive during expiration. With increasingly forceful nasal
inspiration, negative pressure increases and overcomes the structural rigidity of the
nasal sidewall, which is more similar to the Starling resistor commonly used to
describe pharyngeal collapse in obstructive sleep apnea. The Bernoulli principle
may still be relevant, but its relative significance is unclear. As Rhee noted, approach-
ing surgery to increase the diameter of a “narrowed straw” is fundamentally different
from approaching surgery to increase the rigidity of the lateral nasal wall.88 Under-
standing the relevant importance of structural elasticity versus the Bernoulli principle
is key to choosing the best surgical approach.
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SUMMARY

The nasal valves are not simple, 2D cross-sections, but rather a complex, 3D, collaps-
ible, and heterogenous structure. Nasal valve physiology has been often described
with an emphasis on a critical INV angle, with the Bernoulli principle and Poiseuille’s
equation used to explain its singular significance in nasal obstruction. The geometry
of the nasal airway is 3D and complex, however, and cannot be fully explained by
our current understanding. As computational methods reveal new insights into nasal
valve function, a new conceptual framework is needed to guide rhinoplasty surgical
decision-making.

CLINICS CARE POINTS
� In addition to the cartilages and nasal bones, the skin and soft tissue envelope of the nose
also plays a critical role in both form and function.

� Nasal valve dysfunction may be caused by septal deviations, turbinate hypertophy, and the
shape and stiffness of the upper lateral cartilages. Identifying the correct sources of
obstruction is key to a succesful surgical plan.

� Nasal obstruction is often more than simply a narrowed two-dimensional angle of the
internal nasal valve. The nasal airway should be evaluated comprehensively with an
appreciation for each patient’s unique anatomy and geometry.
DISCLOSURE

The authors have nothing to close.
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