% °
o, ,': THE EUROPEAN SOCIETY OF MEDICINE
e Medical Research Archives, Volume 14 Issue 5

Functional Incisal Loading Regulates Nasal Septum Cartilage

Ossification

Abdullah F 1, Alikhani M !, Giovanetti M 1, Oliveira SM 2, Teixeira CT !, Alikhani M 13

1. CTOR Academy, Hoboken, New Jersey,
USA

2- Polytechnic University of Viseu, Viseu,
Portugal

3- Harvard School of Dental Medicine, Boston,
Massachusetts; mani.alikhani@ctor.academy

a OPEN ACCESS

PUBLISHED
31 May 2026

CITATION

Abdullah, F., Alikhani, M., et al., 2026.
Functional Incisal Loading Regulates Nasal
Septum Cartilage  Ossification.  Medical
Research Archives, [online] 14(5).

COPYRIGHT

© 2026 European Society of Medicine. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License, which permits unrestricted use,
distribution, and reproduction in any medium,
provided the original author and source are
credited.

ISSN
2375-1924

ABSTRACT

Background: The mechanisms guiding ossification of the nasal septal
cartilage (NSC) remain unclear. This investigation examined whether
functional incisal forces influence the extent of nasal septal ossification.
Methods: De-identified Cone Beam Computed Tomography (CBCT) scans
from 205 adult orthodontic patients were analyzed. Subjects were
classified by overbite and mandibular plane angle into deep bite (n =
68), open bite (n = 67), and control (n = 70) groups. Midsagittal CBCT
views were used to measure the areas of the nasal septal cartilage,
perpendicular plate of the ethmoid (PPE), vomer, and maxillary process.
The percentage area of the PPE relative to the total septal area was
calculated. The linear contact length between the PPE and vomer, and the
cartilage extension (CE) between them, were also measured. To assess
biomechanics, impact force during cutting of hard food (carrot) was
measured in vitro using an Instron machine. In vivo, acceleration and
velocity during carrot biting at impact were recorded in 5 volunteers using
high-speed video.

Results: Open bite patients demonstrated significantly greater ossification
of the septal cartilage compared with deep bite patients. The contact
length between the PPE and vomer was significantly shorter in deep bite
cases, while CE length was significantly greater in deep bite cases
compared with open bite cases. Gender, sagittal dental relationship, and
overbite magnitude showed no significant influence on septal ossification.
PPE-vomer contact was shortest when only the second molar was in
occlusion, whereas CE length was greatest in patients with a reduced
mandibular plane angle. Biomechanical analysis showed that incisal cutting
of hard food generates high impact forces due to both bite force and
rapid mandibular acceleration over a short distance, producing high-
velocity impact loads. These forces were significantly reduced in
hyperdivergent patients with an open bite greater than 5 mm. Conclusion:
Functional incisal loading influences nasal septal development, with
elevated incisal forces inhibiting endochondral ossification of the NSC. PPE-
vomer contact length and CE length are useful indicators of the effect of
incisor occlusion on septal ossification. These findings support a functional
role of occlusion in shaping both the cartilaginous and bony nasal septum.
Keywords: Nasal septal cartilage, nasal septum, cartilage ossification,
functional loading, incisal forces, impact forces, biomechanics, occlusal
forces, occlusion, deep bite, open bite, hyperdivergent mandibular plane,
hypodivergent mandibular plane, mandibular loading, impact forces
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Introduction

During embryonic life, the nasal septum is completely
cartilaginous and forms part of the chondrocranium that
includes the cranial base.!2 As the cranial base gradually
ossifies, the posterior part of the nasal septal cartilage
goes through endochondral bone formation to form the
perpendicular plates of the ethmoid bone. In contrast, the
anterior part of the septum remains cartilaginous
throughout life.34 However, it is unclear why nasal septal
cartilage undergoes extensive ossification in some
individuals, while in others it remains mostly cartilaginous.
Here, we evaluate ossification of nasal septal cartilage
from a biomechanical perspective, with a focus on the
role of incisor function.

The role of the nasal septum has been the center of
contentious debates. Among the proposed functions of the
nasal septum, the mechanical role stands out most
prominently; however, different mechanical functions
have been attributed to the nasal septal cartilage. Part
of the confusion lies in the distinction between the
mechanical role of the cartilaginous septum and the
function of the bony septum, which is largely composed
of ossified cartilage.

It has been established that occlusal forces are the main
source of loading of the skull and affect the shape of the
craniofacial structures.5-10 The fact that masticatory forces
can be transferred to the nasal septum has prompted
many researchers to propose that the septum may act as
a midline vertical strut that prevents the palate from
collapsing under occlusal forces''.'2 or the nasal bones
from collapsing under the weight of the skull and
surrounding soft tissues.’3> Many midfacial growth studies
support this view by showing the collapse of the nasal
roof and floor when varying amounts of the septum were
removed.424 However, we propose that this structural
support function of the nasal septum is carried out mostly
by the posterior part of the septum, which is ossified, and
not the cartilage component. Bones have enough
compressive stiffness to resist the masticatory loads, but
cartilage stiffness is much lower to support such a
function.25

On the other hand, cartilage has characteristics that make
it a suitable material for shock absorption. The
cartilaginous septum has high compressive stress-
relaxation properties and can withstand deformation
during mastication, making it suitable for shock
absorption.2¢ Indeed, it has been shown that occlusal
forces are significantly reduced before they are
transferred to the nose.?” This is especially important
when it comes to occlusal forces generated by incisors.
The cutting machinery in mammals has been designed
with incisors located away from the TMJ, allowing the
animal to open the mouth widely to capture larger prey
and to achieve higher acceleration during jaw closure,

thereby producing higher impact forces. Higher-impact
forces are delivered over a short period, which can be
dangerous to the skull, especially when they occur in the
mid-sagittal plane, where large spaces are present.
Here, we propose that the presence of nasal septal
cartilage can significantly dampen these high-impact
forces, preventing any injury in the skull. The danger of
high-impacted incisal forces on the maxilla can be
especially appreciated, considering the palate has a
cantilever structure. As the forces are applied farther
forward from the maxilla's attachment to the skull,
increasing the cantilever arm, the larger the moments
generated, potentially increasing the risk of fracture.
Higher moments also increase the palate's deflection
during incisor force application. The presence of a
cartilaginous nasal septum allows this deflection and
dampens the effect of large moments. Another instance
when the shock absorption property of the nasal septal
cartilage is vital is in the case of high-impact forces
generated by trauma to the skull.28

Based on the above discussion, the mechanical demand
for cartilaginous and ossified nasal septal cartilage can
vary among individuals. We argue that the high-impact
forces of incisors stimulate the nasal septal cartilage to
remain cartilaginous, while the low-impact force of
posterior teeth during chewing promotes ossification. Our
hypothesis is supported by previous observations showing
that the endochondral bone formation process is sensitive
to the magnitude of mechanical stimulation. In fact, the
relationship  between  mechanical loading and
endochondral ossification is well established in the
musculoskeletal biology field. It has been shown that the
effect of loading on cartilage-to-bone conversion is dose-
dependent: moderate cyclic loading can promote
ossification, while short-term, high-magnitude
compressive loading can paradoxically suppress
chondrocyte hypertrophy and retard ossification.29.30

To test this hypothesis, we studied the extent of
ossification of the nasal septal cartilage in patients with
a significant open bite throughout life compared with
those with a normal or excessive overbite. In addition, the
effect of the mandibular plane angle on the extent of
ossification of the nasal septum was also evaluated, which
can alter the magnitude of muscular force and,
consequently, the magnitude of impact forces.

Materials and Methods

HUMAN SUBJECTS AND STUDY DESIGN

The Institutional Review Board of Pearl IRB, LLC (Fishers,
IN) approved this retrospective, non-randomized, single-
center, single-blinded clinical study. Two hundred and
five CBCT scans were obtained from adult patients of
both genders seeking orthodontic treatment, with no
restriction on race or ethnicity, according to defined
inclusion and exclusion criteria (Table ).
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Table I. Inclusion and exclusion criteria of the clinical study.

Inclusion Criteria Exclusion Criteria

Male and Female patients aged 18+

CBCT taken as initial orthodontic records

Skeletal Class I, II, or lll malocclusion

Patient with Class |, ll, lll molar or canine relation
Absence systemic disease

Patient with mild or moderately proclined or retroclined
anterior teeth

Patient with asymmetry less than 5 mm

Patient with asymptomatic TMJ or mild TMD
Patient with mild to moderate crowding or spacing

Patient with different dental arch forms
Patient with anterior or posterior crossbite which did not
cause more than 5 mm shift

All subjects had completed standard pretreatment
orthodontic records,  including CBCT, lateral
cephalometry, panoramic radiograph, and facial and
intraoral photographs prior to enroliment. Patients were
classified into three cohorts: normal occlusion (n = 70),

Table Il. General Characteristics of Different Groups.

Variable Control
n=70

Gender (M/F) 34 /36
Mean Age (years) BEN3

Skeletal form (1/11/111) 49 /12/9
Incisal Overbite (mm) 2.4+ 0.7
Overjet (mm) 1.9 £ 0.8
Mandibular Plane Angle (deg) 32t 2.4

History of trauma, craniofacial syndromes, pathologies,
previous orthodontic, orthopedic, or surgical treatment
CBCT taken at an external institution

Patient with history of extraction (not wisdom teeth)
Patient with periodontal disease

Presence of systemic disease

Patient with crowns, or any extensive restoration

Significant asymmetry (more than 5 mm between upper
and lower arch)

Patient with severe TMD signs and symptoms

Patient with severe crowding, impacted teeth or severe
overjet (more than 6 mm)

Patient who recently developed an open bite or deep bite
Patient with a severe posterior or anterior crossbite, which
causes more than 5 mm shift

deep-bite malocclusion (n = 68), and open-bite
malocclusion (n = 67). The average age was 34.7 years
in the deep bite cohort, 29.2 years in the open bite
cohort, and 33.3 years in the control group (Table Il).

Deep Bite Open Bite

n =68 n = 67

30 /38 28 / 39

34.7 29.2
10/52/6 19 /22 /26
7.1 £1.2% -5 £ 0.5 mm* #
2.56 £ 0.7 2.19 £ 0.9

27 £ 2.1% 35 £ 1.3*

Each number represents the mean + SEM of each group (* significantly different from Control, p < 0.05, # significantly

different from deep bite group, p < 0.03).

Skeletal Class I, I, and Ill malocclusions were defined
based on Steiner and Wits' analysis of the patient's
cephalometric radiograph. Deep bite classification was
based on both skeletal and dental components: overbite
of = 90% and a mandibular plane angle of less than 28
degrees. Open bite classification required an anterior
open bite of more than 4 mm with a mandibular plane
angle exceeding 34 degrees. This dual-criterion
approach was used to ensure that the vertical
discrepancy reflected a genuine functional difference.

In this study, patients who had recently developed an
open or deep bite were excluded (Table I). Similarly, any
factor such as extraction or restoration that may affect
the occlusion and change the bite was excluded. If the
severity of malocclusion, such as severe crowding, severe
overjet, crossbite, asymmetry, or impacted teeth, caused
a significant shift of the jaw or impaired incisor function,
the subjects were excluded from the study.

CBCT PROTOCOL AND MEASUREMENTS

All CBCT scans were completed at the study institution
using a Vatech PaX-i3D Green scanner (PHT-60CFO)
with voxel sizes of 0.25 or 0.3 mm. Scans were
reconstructed and evaluated using Ez3D-i dental imaging

processing software. All measurements were performed
in the midsagittal plane, with each scan first oriented to
a standardized head position before landmark
identification.

Area measurements were performed as previously
described.3! Briefly, the midsagittal view of CBCT images
was selected, and the area of each component of the
nasal septum (Nasal Septal Cartilage, Perpendicular
Plate of the Ethmoid, Vomer, Maxillary Process) was
delineated and the area measured. The percentage of
the area of the perpendicular plate of the ethmoid in
comparison with the total area of the nasal septum was
calculated.

In addition, the length of the contact between the vomer
and the perpendicular plate was measured on a straight
line drawn between the two bones (Figure 1A). The length
of the cartilage extension (CE) between the vomer and
ethmoid process was measured on a straight line parallel
to the true horizontal, between the end of the contact
point between the PPE and vomer and a perpendicular
line that passes through the end of the ethmoid bone
(Figure 1B).
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Vertical Line at the end
of the ethmoid bone

Length of Cartilage
Extension (CE)

|j Perpendicular Plate Ethmoid (PPE)

D Vomer
D Septal Cartilage

D Maxillary Process

Connection between Ethmoid & Vomer

---True Horizontal Line

Figure 1: Midsagittal structures area identification and linear measurements. Midsagittal CBCT view illustrating the anatomical
regions analyzed on a representative slice (A): The perpendicular plate of the ethmoid (orange), vomer (purple), septal
cartilage (blue), and nasal crest of the maxilla (green). The red dashed line indicates the vomer—PPE contact length (A). The
sphenoid process length was measured from the end of vomer—PPE contact along a horizontal line to a perpendicular

projection at the end of the ethmoid bone (B).

Measuring Impact Forces

The impact force was calculated using an Instron testing
machine 5542 with Blue Hill Universal software (lllinois
Tools Work, Inc, Norwood, MA) and a 500 N load cell at
a displacement rate of 10 mm/s. A carrot was used to
evaluate incisor impact force during food cutting. A
replica of human incisors was fabricated to mimic the
area of contact of the normal teeth in the Instron (Figure
2A & 2B). A similar thickness carrot was used to measure
the impact force on humans. Time and distance of
movement were recorded using a Sony A7Riii camera at
50 fps (frames per second) in 5 volunteers during carrot
biting. Impact force was calculated using the following
formula:

Fimp - sz
2s
Where “Fimp" is the impact force (N), “m” is the mass of
the mandible (kg), “v” is the velocity of the mandible at

the time of impact, and “s” is the slow-down deformation
distance, in this example, the distance that the lower
incisors traveled into the carrot during biting. The weight
of the mandible (including teeth) was measured in 5 dry
skulls, and the weight of the wet mandible with soft tissue
was estimated based on the previously published
articles.32 The acceleration was measured by the
following formula:
Foite. = m.a

Where “Frite" is the bite force in each group, and “m” is

the mass (weight) of the mandible. The maximum incisor

bite force for the open bite, deep bite, and control

groups was calculated using previous reports.33 The

velocity at the time of impact was measured as follows:
v = at

Where "t” is the time of contact after the mandible
travels the distance x.
t =V(2x/a)

© 2026 European Society of Medicine 4
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Figure 2: In vitro measurement of incisor impact force. An Instron Machine was used to evaluate the cutting action of the
incisor teeth and the bite forces generated. A customized indentation tool was fabricated by scanning and 3D printing human
incisors. Front view (A) and lateral view (B) of the setup on the Instron machine.

Statistical Analysis

Two  examiners  completed all  morphological
quantifications. The random and systematic errors were
calculated using a formula described by Dahlberg and
Houston. Both random and systematic errors were small
for intra-observer (0.5 and 0.7 mm, respectively) and
inter-observer (0.9 and 0.7 mm, respectively).

Significant differences between test groups and controls
were assessed by analysis of variance (ANOVA). A
pairwise multiple comparison analysis was performed
using Tukey’s post hoc test. Two-tailed p-values were
calculated; p < 0.05 was set as the level of statistical
significance.

Results

PATIENT DEMOGRAPHICS

Across the 205 subjects, the deep bite group (n = 68)
comprised 30 males and 38 females, with a mean age
of 34.7 years. By sagittal skeletal relationship, this cohort
included 10 Class |, 52 Class ll, and é Class lll cases.
Mean overbite was (7.1 £ 1.2 mm), mean overjet was
2.56 * 0.7 mm, and the mean mandibular plane angle
was 24 + 2 degrees. The open-bite cohort (n = 67)
consisted of 28 males and 39 females, with a mean age
of 29.2 years, distributed across 19 Class I, 22 Class I,

and 26 Class lll cases. Mean open bite measured 5 + 0.5
mm, overjet 2.19 * 0.9 mm, and the mandibular plane
angle averaged 35 * 1.3 degrees. The Control group
was composed of 29 males and 41 females, distributed
by 49 Class I, 12 Class Il, and 9 Class lll skeletal patterns,
with a mean overbite of 2.4 £ 0.7 mm and overjet of 1.9
+ 0.8 mm (Table II).

AREA OF OSSIFICATION

The area of ossification was significantly greater in open-
bite cases in comparison with the control (p < 0.05) and
deep bite groups (p < 0.03) (Figure 3A). However, while
the average of ossification in deep bite cases was lower
compared with the control, no statistical difference was
observed between the control and deep bite groups. The
length of contact between the vomer and the PPE, and
the length of the CE were measured for all groups using
CBCT images (Figure 3B). The length of the contact
between the PPE and the vomer was larger in the open
bite group compared with both the control (p < 0.05) and
the deep bite group (p < 0.03) (Table Ill), while the
length of the sphenoid process was longer in deep bite
cases in comparison with open bite group which was
statistically significant (p < 0.05) (Table lll). However, no
significant difference was observed between the length
of the sphenoid process between the deep bite and the
control group (p > 0.05).

© 2026 European Society of Medicine 5
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Figure 3: Extent of nasal septum cartilage ossification. Percentage of ossified cartilage area relative to total nasal septum
area was calculated to normalize for individual size (A); values are mean = SEM (*p < 0.03 vs control; #p < 0.03 vs deep
bite). Midsagittal CBCT images show the length of contact between the PPE and vomer (yellow arrow) and the CE length
(blue arrow) in open- and deep-bite cases (B).

Table lll: Length of the contact between the perpendicular plate of the Ethmoid and the Vomer, and the length of the cartilage

extension (CE).
Length between PPE and Vomer (mm) Length of Cartilage Extension (mm)

15.2 £ 2.1 11.8 = 3.8
11.6 £ 2.4 18.2 + 3.5
227 £27** 7.4+33

Each number represents the mean + SEM of each group (* significantly different from Control, p < 0.05, # significantly
different from deep bite group, p < 0.03,  significantly different from open bite group, p < 0.05).

EFFECT OF GENDER ON OSSIFICATION OF NASAL length of contact between the vomer and the PPE, and
SEPTUM the length of the CE, did not differ between men and
Sex variability did not significantly affect (p > 0.05) the women (data not shown).

area of cartilage ossification (Figure 4A). Similarly, the

© 2026 European Society of Medicine 6
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Figure 4: Effect of gender on the ossification of the nasal septum. Percentage of nasal septal cartilage ossification was assessed
in males and females across control, deep bite, and open bite groups. No significant gender differences were found within
any group. Values are mean £ SEM (*p < 0.05 vs control within the same gender; #p < 0.05 vs deep bite within the same

gender).

EFFECT OF SAGITTAL SKELETAL RELATIONSHIP ON
NASAL SEPTAL CARTILAGE

Next, we evaluated whether the horizontal relationship
between the upper and lower arches affected the
magnitude of ossification of the nasal cartilage across the
different groups. To our surprise, the sagittal skeletal
relation between the upper and lower arch did not have
any effect on the magnitude of ossification (p < 0.05)

(Figure 5). Similarly, skeletal relation did not affect the
length of contact between the PPE and the vomer, nor did
it affect the length of the CE (Data not shown) in subjects
with different skeletal jaw relations. These data suggest
that, as long as the transfer of occlusal forces (cutting or
chewing) in individuals remains the same, regardless of
the horizontal relation between the jaws, the magnitude
of ossification of cartilage will be similar.

Ossified Area of the Nasal Septum

Percentage of Total Septum Area (%)
8B kK 8 & &8 & 8 & 8

m Control
. Deep Bite
# m Open Bite

# I

Class| Class Il

Class 1l

Malloclusion Classification

Figure 5: Effect of sagittal skeletal relation on the ossification of the nasal septum.

Percentage of nasal septal cartilage ossification was evaluated in Class 1, I, and Il subjects across control, deep bite, and
open bite groups. No significant differences were observed among skeletal classes. Values are mean + SEM (*p < 0.05 vs
control; #p < 0.05 vs deep bite within the same skeletal relation).
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EFFECT OF POSTERIOR OCCLUSION ON OSSIFICATION
OF NASAL SEPTUM

While individuals in the open bite group share the
commonality of lacking anterior contact at the incisors,
they differ in the magnitude of their posterior occlusal
contact. While some subjects bite only on second molars,
others bite on second molars and first molars, or on all
molars and second premolars, or on all posterior teeth,
including first premolars (Figure 6A). However, none of
the subjects had contact with canines. We evaluated the
differences in ossification between patients who could
only bite on the second molar and patients who could bite
on all posterior teeth, including the first premolars. We
identified 15 patients who could bite only on second

A

molars and 13 who could bite on all posterior teeth. We
study the difference in the magnitude of ossification of
the nasal septal cartilage within the open bite group with
these extreme posterior occlusions. The group of
individuals who could only bite on second molars
demonstrated a larger area of ossification than the
group with occlusal contacts on all posterior teeth (Figure
6B), and this difference was statistically significant (p <
0.05). Similarly, the length of contact between PPE and
vomer in these individuals was significantly different (p <
0.05) from that of individuals who bite only on the second
molars, which showed a longer contact between the
perpendicular plate and the vomer (Figure 6C).

All Molars +

Premolars
n=13

Ossified Area of Nasal Septum
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S 5 }
m
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&S 48 { £
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2nd Molars Only Molars + Premolars

Posterior Occlusion

27

25

23

21

19

17

15

Posterior contacts

C

Contact Between PPE and Vomer

2nd Molars Only Molars + Premolars

Posterior Occlusion

Figure 6: Effect of posterior occlusion on ossification of the nasal septum.

Schematic showing the spectrum of posterior occlusion in open bite subjects (A). Intra-group comparisons were made between
patients with occlusion only on second molars and those with full posterior contacts including premolars, assessing ossification
percentage (B) and PPE—vomer contact length (C). Values are mean = SEM (*p < 0.05 vs second molar—only contact group).

EFFECT OF THE MANDIBULAR PLANE ANGLE ON
OSSIFICATION OF THE NASAL SEPTUM

Our results show that the magnitude of deep bite can
affect ossification, but this effect was not significantly
different from that of the control (p > 0.05). However, it
was not clear if the magnitude of the skeletal deep bite
could affect the cartilage ossification. Therefore, to study
the effect of mandibular plane angle on cartilage
ossification, individuals with extremely low mandibular
plane angles were compared with those with normal

mandibular plane angles. In this regard, 14 individuals
with an extreme mandibular plane angle (< 24 degrees
in the deep bite group) were identified and compared
with 20 individuals with a mandibular plane angle of 32-
34 degrees from the control group. Groups with an
extremely low mandibular plane angle demonstrate
lower ossification magnitude (Figure 7A) and a longer CE
(Figure 7B) than individuals with a normal mandibular
plane angle, with both measurements being statistically
significant (p < 0.05).

© 2026 European Society of Medicine 8
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Figure 7: Effect of the mandibular plane angle on ossification of the nasal septum. Deep bite subjects with extremely low
mandibular plane angles (<24°) were compared with control subjects (28—30°). CE length and percentage of nasal septal
cartilage ossification were evaluated. Values are mean £ SEM (*p < 0.05 vs extreme low mandibular plane angle group).

IMPACT FORCES

The impact force required to bite into a carrot was
measured in vitro and estimated in vivo in humans. An in
vitfro study demonstrated that the impact force required
to cut a carrot (diameter of 20 mm) using an Instron
universal test machine and an incisor-shaped replica as
the shear tool is 163 = 12 N (Figure 8). This level of
impact force was achievable in vivo, with an acceleration
of 714 £ 143 mm/s2 for an average mandibular weight

of 175 g and a bite force range of 100 to 150 N. To
achieve a similar impact force with a smaller or larger
mandible, it would require a higher or lower acceleration,
respectively. This acceleration must produce a velocity of
1.4 m/s at impact to generate the magnitude of impact
force required to break a carrot. The difference in
acceleration can be compensated by the difference in the
distance the mandible travels during biting to produce
the same velocity.

180
160

Force [N]
4= [==] =h - -
o o o e N B
o o o
\
\
“I

[=J ]
=

VA
— -\ |
>\

|
l
|
| S,

8

10 12 14

Displacement [mm)]

Figure 8: In vitro force registration during cutting of a carrot. Example of a force displacement graph obtained using an Instron
Machine and a bite simulation of the cutting action of incisor teeth. Bite forces were measured during three repeated ftrials
(Sample 1, Sample 2, Sample 3). Testing was performed with a 500 N load cell at a displacement rate of 10 mm/s.

For food larger than 5 mm in thickness, considering the
reported bite forces for hypodivergent and
hyperdivergent cases, the required acceleration fto
generate such forces varied significantly (Table 1V). This
means that, in open-bite cases, to achieve the required

© 2026 European Society of Medicine
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bite cases. For food less than 5mm in thickness in open
bite cases, the magnitude of impact force reaches zero
due to the open bite being more than 5 mm.



Table IV. Incisor bite force and acceleration in hyperdivergent and hypodivergent mandibles.

Mandible Divergence Average Reported Bite Force Estimated Acceleration

137.285 N

180.555 N

Averaged bite force was calculated based on a previous report,33 while the estimated acceleration was calculated based on
bite force and the average reported weight of the mandible.

Discussion

The nasal septum is composed of different components,
including nasal septal cartilage (NSC), Vomer, the
perpendicular plate of the ethmoid (PPE), and the nasal
crest of the maxilla.3! Together, these components form
the bony and cartilaginous part of the septum. While the
vomer and the maxillary part of the septum are created
through intramembranous bone formation,34-3¢  the
perpendicular plate of the ethmoid is created through
endochondral bone formation of the nasal septal
cartilage.37:38

The total area of the nasal septum does not change
significantly with age; however, the total area of ossified
cartilage increases with age.3? This may be due to the
fact that the growth of the nasal septum shows a rapid
decrease after birth and almost no change after age 10,
while the ossification process is more prominent during the
first 10 years of life and then continues throughout life at
a much lower rate.4® The perpendicular plate of the
ethmoid and vomer makes a connection at age six to
eight. Since cartilage reaches its maximum size at age 2,
while ossification continues, the cartilaginous area
gradually decreases, while the PPE increases.38

The range of PPE areas in our study is similar to that
reported previously in adults.31.3941 However, the
average PPE area in previous reports is closer to our
measurement in the control group than to the extreme
area observed in the open-bite or deep-bite subjects.
This may be due to the fact that none of the previous
studies used stratification by occlusal type and incisor
function. Since normal incisor occlusion or mild to
moderate deep bite occlusion is more common than open
bite or severe deep bite cases, it is more likely that
previous studies included patients with normal incisor
function or mild/moderate deep bite. The minor
discrepancies between the studies also might be due to
the use of different methods to measure the septal area
and the inclusion of different subjects, such as cadavers
or CT or MRI images of living subjects. It should be
emphasized that, due fo nasal septal deviation, the

782.85 m/s2
1028.57 m/s2

perpendicular plate of the ethmoid area may be slightly
over- or under-estimated, as we measured the area in 2D
mid-sagittal CBCT images.

Nasal septal cartilage is exposed to significant
mechanical stimulation produced by occlusal forces.26:42
This can explain why nasal septal cartilage, earlier in life,
is made of cartilage that then gradually undergoes
endochondral bone formation. Endochondral bone
formation is usually observed in areas where, due to high
mechanical demand, intermembranous ossification is not
possible, and a cartilage analog is necessary to protect
the bone-forming process during skeletogenesis, as
observed in long bones.2 But is the mechanical stimulation
applied to the nasal septum by occlusion, homogeneous
in the posterior and anterior areas of the cartilage? Here,
we argue that due to differences in acceleration of the
teeth during bite closure, the anterior and posterior areas
of the nasal septum are exposed to different
biomechanical environments. Incisors have significantly
higher acceleration, which produces higher impact forces
suitable for cutting, while posterior teeth have lower
acceleration during closure and lower impact forces
(Figure QA). Furthermore, molars are bilateral structures
away from the nasal septum, which decreases the effect
of their impact forces on the nasal septum. On the
contrary, anterior teeth are mid-sagittal structures that
increase the direct effect of their impact forces on the
nasal septum. In addition, the maxilla is a cantilever
structure; therefore, the further the teeth are located from
the fulcrum (posterior part of the maxilla), the larger the
moments produced by the bite forces. Larger moments
are associated with the larger amplitude of movements
of the anterior part of the maxilla, in comparison with the
posterior part of the maxilla (Figure 9B). The differences
in the magnitude of impact forces and the magnitude of
movement of the anterior and posterior parts of the nasal
septum define the pattern of endochondral bone
formation in the nasal septum. As discussed earlier, in
response to high-impact forces, the cartilage will mostly
remain cartilaginous, while lower-impact forces stimulate
endochondral bone formation.
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Figure 9: Different areas of the nasal septum are exposed to different impact forces and moments. Sagittal schematic illustrating
nasal septum and midline skeletal structures. The anterior nasal septum is exposed to higher impact forces due to anterior
teeth, compared with the posterior maxilla (A). The maxilla acts as a cantilever, generating greater moments anteriorly than
posteriorly (B). D1 and D2 represent distances from anterior and posterior teeth to the palatal fulcrum, respectively; blue
arrows indicate resulting moments, with anterior forces (F1) attenuated to F2 through the nasal septum toward the ethmoid

and cranial base.

Our study demonstrated that incisors can produce high-
magnitude impact forces through a combination of bite
force, acceleration, and the range of opening in a very
short period of time (milliseconds). Hypodivergent
patients can produce these forces with a lower opening
magnitude due to a higher acceleration, whereas
hyperdivergent patients require much more opening to
compensate for a lower acceleration. In hyperdivergent
cases with an open bite, if they use only incisors to bite
the food with a diameter smaller than the open bite, the
impact force approaches zero, and they need to use
either canines or premolars to cut their food. However,
for food larger than the magnitude of the open bite, no
difference in the magnitude of the impact force was
observed.

Interestingly, after correction of their open bite with
orthodontic treatment, some patients still report
discomfort when biting hard foods with their front teeth
(our clinical observation). We speculate that part of this
discomfort may be due to insufficient cartilage serving as
a shock absorber, since the ossification of nasal septal

cartilage extends anteriorly and is permanent and
irreversible. This clinical observation supports the
important role of the nasal septal cartilage in the
biomechanics of the maxilla and the need to address
malocclusions as early as possible to normalize function.
However, this hypothesis has not been tested in this study.

The effect of impact forces decreases as the bite forces
are transferred posteriorly closer to the fulcrum of the
maxillary cantilever. Therefore, one expects the impact
forces of incisors to be larger than those of premolars,
and the impact forces of premolars to be larger than
those of molars. Our data confirms this effect on the
impact forces generated during mastication. While
cartilage extension of the nasal septum was increased in
patients with normal incisor function, in comparison with
those with open bite, patients with open bites who could
still bite on premolars demonstrated less ossification in
comparison with those open bite patients who could only
bite more posteriorly on the second molars.
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Previous studies have shown that patients with lower
mandibular angles produce higher occlusal forces.4344
We demonstrated that patients with an extremely low
mandibular plane angle have larger nasal septal
cartilage areas, perhaps to protect all structures from
high occlusal forces. On the other hand, open-bite
patients with a high mandibular plane angle demonstrate
lower occlusal force magnitudes than patients with a
normal mandibular plane angle.45-47 It should be
emphasized that the lack of contact between anterior
teeth during occlusal loading does not eliminate the force
on anterior teeth, but significantly reduces their impact
force due to the limitation imposed by the open bite
during cutting activity.48 One can argue that the
observation that the extent of the nasal septal cartilage
in many mammals is greater than in humans ' may be due
to the importance of incisor function in those animals with
longer snout projections (longer maxilla).

One may find the above argument contradictory to
previous studies that measured the magnitude of incisor
forces relative to molar forces and reported lower incisor
forces than molar forces.#? However, registering the bite
forces of incisors is not representative of the impact force
of incisors since, during normal bite force registration, the
acceleration of incisors has been ignored.

Due to higher impact forces and high amplitude of
movement, the anterior part of the nasal septum needs to
have shock-absorbing properties. It has been shown that
cartilage acts as the best shock absorber.50-52
Biomechanical characterization of nasal septal cartilage
has confirmed that its viscoelastic properties, particularly
its high stress-relaxation under rapid loading, are well-
suited for absorbing sudden impact forces, the kind
generated during incisor function.42

One question remains: if cartilage is so important as a
shock absorber, what is the need for ossification? The role
of ossification of the PPE is unclear. Some believe that
ossification does not play a role in the physiology of the
nasal septum and is merely a genetic variation that
progresses gradually with age.3” However, being a
primary cartilage does not mean that endochondral bone
formation is a genetically scripted, clock-driven process
that responds only to systemic factors. The fact that our
data, similar to other investigators’ data, demonstrate
significant variability in the magnitude of ossification
even within similar age groups, argues against this
possibility. This variability, in our opinion, is a strong
signal that functional or environmental factors are
modulating the rate and extent of the ossification process.

We suggest that ossification of the nasal septum
posteriorly can support the nasal bones under the stress
produced by the weight of the skull and associated soft
tissues, and simultaneously prevent the nasal floor
collapse due to posterior occlusion that produces large
moments in mid-sagittal structures. Our animal studies
previously demonstrated how occlusal forces can affect
the nasal floor and the bony nasal septal structures.>3 We
showed that changes in the direction of posterior forces
and moments can cause canting of the nasal floor and
deviation of the nasal septum.

It should be emphasized that the ossification pattern of
nasal septal cartilage is not always straightforward and
therefore should not be used as a sole diagnostic tool to
evaluate the effect of occlusal forces on the topology of
the nasal septal cartilage ossification. For example, a
change in status from open bite to deep bite, or vice
versa, during an individual's lifetime may leave its mark
on the nasal septal ossification pattern and confuse the
clinician. Since ossification is irreversible, if a patient has
an open bite and then gradually develops a normal bite,
the magnitude of ossification will be similar to that of
open-bite patients. On the other hand, if the patient
recently developed an open bite, the previous normal
function of incisors may have kept the cartilage
unossified. To avoid this confusion, we restricted our
sample to patients who reported an open bite throughout
their lives or none at any stage of their lives. However,
since patient reports may not be accurate, caution is
required in interpreting our data.

The magnitude of overbite (how much the upper incisors
cover the lower incisors) did not affect the magnitude of
ossification of the cartilage, arguing that the mere
presence of incisor contact is enough to maintain a large
cartilaginous septum ideal for shock-absorbing activities.
In other words, as long as a minimum threshold of high but
fast incisal forces is reached, the cartilage extends
posteriorly, and there is limited ossification. On the other
hand, if the magnitude of muscle forces increases
significantly due to a lower mandibular plane angle, the
cartilage area of the septum will be affected. In our
samples, the extent of CE differed between patients with
severe low mandibular plane angle (skeletal deep bite)
and the control group. To the best of our knowledge,
there is no report on the length of CE in different
individuals. The increase in the length of the CE in patients
with low mandibular plane angles and its extension
between the vomer and the PPE may not only protect the
maxilla but also the bony septum from impact forces. In
the absence of heavy incisal force, this function is not
necessary; therefore, the process is much shorter, or even
absent.

In our studies, patients with periodontal problems,
extractions, or restorations were excluded, as these
factors can alter occlusal forces, obscuring the effect of
incisors’ impact forces on nasal septal ossification.
Similarly, due to possible changes in force distribution,
patients with severe crowding, severe jaw constriction, or
crossbite, which could cause significant jaw asymmetry,
were excluded from our study. On the other hand,
patients with mild/moderate crowding were included in
the study, as this level of crowding does not significantly
alter occlusal forces.

Our study demonstrates that sagittal skeletal or dental
relations alone did not significantly affect the magnitude
of ossification of the nasal septal cartilage, suggesting
that posterior and anterior forces were the controlling
factors rather than the sagittal relation between the jaws
or the teeth. As long as the skeletal relation does not
significantly change the anterior or posterior forces, the
anterior teeth's function will determine the extent of
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cartilage ossification. In the current study, we exclude
patients with overjet of more than 3 mm, positive or
negative, to prevent overjet from obscuring incisor
function. However, it is possible that both class Il and class
Il extreme cases may affect the nasal septum similarly to
open-bite and deep-bite cases, respectively.

Previous studies have shown that males have a larger
cartilage area than females.50:54-56 One would expect the
area of ossification to be, therefore, larger in men than
in women. However, in our study, no difference in
ossification percentage was observed between men and
women within each group (deep-bite or open-bite). The
effect of the larger cartilage size may be offset by
differences in the magnitude of bite force between men
and women, as it has been shown that bite force in men
is stronger than that in women.44,57

It should be emphasized that this was a retrospective,
cross-sectional study, and therefore, causality cannot be
definitively inferred. Although we propose that functional
loading drives differences in ossification, it remains
possible that genetically determined skeletal morphology
influences both occlusal pattern and septal development.
Longitudinal studies, particularly those evaluating
patients before and after orthodontic interventions that
correct the open bite, would be necessary to establish a
causal relationship.

Conclusion

The foundation of this work is the innovative idea that the
nasal and oral cavities influence one another. While nasal
cavity  obstruction can = significantly affect the
development of the oral cavity through changes in
muscular function, for example, as observed during mouth
breathing, forces and moments that originate from the
oral cavity may play a significant role not only in the
shape of the nasal cavity, the nasal floor, and the nasal
septum, but also in the extent of ossification of the nasal
septal cartilage. The nasal septal cartilage, positioned
at the interface between occlusal forces and the skull,
plays a significant role in the safe transfer of these forces
to the remaining structures of the craniofacial complex.
Therefore, it remains very moldable to mechanical
stimulation. In response to the brief but high-impact forces
from incisors, it remains cartilaginous by inhibiting
endochondral bone formation. However, in the presence
of posterior cyclic and low-impact forces, it can transform
into a larger osseous structure through endochondral
bone formation, providing the necessary stability.
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