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IMPORTANCE Palpation of the nasal tip is an essential component of the preoperative
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rhinoplasty examination. Measuring tip support is challenging, and the forces that correspond
to ideal tip support are unknown.
OBJECTIVE To identify the integrated reaction force and the minimum and ideal mechanical
properties associated with nasal tip support.
DESIGN, SETTING, AND PARTICIPANTS Three-dimensional (3-D) printed anatomic silicone nasal
models were created using a computed tomographic scan and computer-aided design
software. From this model, 3-D printing and casting methods were used to create 5
anatomically correct nasal models of varying constitutive Young moduli (0.042, 0.086,
0.098, 0.252, and 0.302 MPa) from silicone. Thirty rhinoplasty surgeons who attended a
regional rhinoplasty course evaluated the reaction force (nasal tip recoil) of each model by
palpation and selected the model that satisfied their requirements for minimum and ideal tip
support. Data were collected from May 3 to 4, 2014.
RESULTS Of the 30 respondents, 4 surgeons had been in practice for 1 to 5 years; 9 surgeons,
6 to 15 years; 7 surgeons, 16 to 25 years; and 10 surgeons, 26 or more years. Seventeen
surgeons considered themselves in the advanced to expert skill competency levels. Logistic
regression estimated the minimum threshold for the Young moduli for adequate and ideal tip
support to be 0.096 and 0.154 MPa, respectively. Logistic regression estimated the
thresholds for the reaction force associated with the absolute minimum and ideal
requirements for good tip recoil to be 0.26 to 4.74 N and 0.37 to 7.19 N during 1- to 8-mm
displacement, respectively.
CONCLUSIONS AND RELEVANCE This study presents a method to estimate clinically relevant
nasal tip reaction forces, which serve as a proxy for nasal tip support. This information will
become increasingly important in computational modeling of nasal tip mechanics and
ultimately will enhance surgical planning for rhinoplasty.
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T

he nasal tip is an important structure for the aesthetics
and function of the nose. The definition of the nasal tip
is often outlined as the region overlying the medial and
lateral crura of the lower lateral cartilages.1-9 Extensive literature has described the complex nature of nasal tip support;
however, most sources cite the seminal descriptions by Tardy
and Brown1,2 as the most important in identifying the specific contributing support structures. These structures and their
contributions to tip support mechanisms are usually evaluated subjectively based on the surgeon’s experience and
interpretation of the patient’s anatomy as described by Tardy.3
Tip support has been variously defined, but most descripjamafacialplasticsurgery.com
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tions focus on the intrinsic ability of the nasal tip to counteract the forces of gravity, and in the case of the postoperative
nose, the forces of contracture. Tip support is commonly evaluated by depressing the lobule and gauging the integrated
reaction force, which resists this deformation.
Numerous attempts have been made to quantify the biomechanical properties of the nasal tip. Beaty et al,10 Wilson
et al,11 and Dobratz et al12 developed tools to measure the reaction force of the nasal tip to displacement before and after
rhinoplasty. Gassner et al13 developed a rhinomanometric
device to calculate nasal tip resilience in cadavers. Other
investigators14-19 have used computational modeling and
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finite element analysis (FEA) to model nasal tip mechanics and
to estimate the relative contributions of the classic nasal tip
support mechanisms.
Finite element analysis allows surgeons to estimate the
changes in nasal stress and strain after the application of a load
or displacement and can be used to simulate the effects of
some rhinoplasty maneuvers.18-20 Finite element analysis
can provide estimates of short- and long-term steady state
outcomes.18-21 For example, applying FEA to study septal L-strut
design illustrated the value in enhanced surgical planning.21 To
our knowledge, no nasal finite element model to date has undergone validation. Validation is needed to determine whether
the model is accurate. Modeling involves physical experiments that are in turn used to refine the model. In experiments, the mechanical properties and form factor of phantoms (physical models) can be precisely specified. A validated
computational model can be used to interpret data obtained
in vivo. No physical models have been reported to date that
are anatomically accurate and have gross mechanical properties that approximate those of a human nose. This lack of a
physical model can now be addressed with the relatively recent emergence of low-cost 3-dimensional (3-D) printing technology that has enabled rapid prototyping by incorporating
computed tomographic (CT) imaging data. The first medical
application for 3-D–printed prototypes was demonstrated in
the construction of common dental implants.22 In rhinoplasty, Kim et al23 reported the feasibility of 3-D printing to
create lower lateral cartilage models with different mechanical properties that could be evaluated by a focus group of surgeons prompted to identify the ideal cartilage stiffness. This
focus group method has also been used to identify ideal mechanical properties (eg, stiffness) for columellar, lateral
crural strut, and L-strut replacement grafts.23,24
No studies, to our knowledge, have compared surgeons’
qualitative assessments of tip support with actual mechanical
behavior. In addition, no minimum and ideal requirements for
good tip support of the nose have been quantified, let alone
posited, among different rhinoplasty surgeons. In this study,
we demonstrate the use of 3-D printing to create silicone nasal models and survey rhinoplasty surgeons to gauge the
adequacy of tip support. Our objective is to identify the specific mechanical parameters for minimum and ideal nasal tip
support.

Methods
Design
We used a single CT scan and a computer-aided design program (3-D Slicer open-source software) to generate a digital nasal model (Figure 1) as previously described.14,15 The patient
was a woman of northern European descent with classic
facial and nasal features, a relatively thin skin–soft-tissue
envelope, and near ideal projection and rotation as outlined
by Ahmed et al.25 This study was approved by the institutional review board of the University of California, Irvine,
School of Medicine, and all participants provided oral
informed consent.
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Key Points
Question What are the minimum and ideal mechanical properties
associated with nasal tip support?
Findings In this survey of 30 rhinoplasty surgeons, the estimated
minimum thresholds for the Young modulus for adequate and
ideal tip support were 0.096 and 0.154 MPa, respectively. The
estimated thresholds for the reaction force associated with the
absolute minimum and ideal requirements for good tip recoil were
0.26 to 4.74 N and 0.37 to 7.19 N, respectively, during a 1- to 8-mm
displacement.
Meaning This method estimates clinically relevant nasal tip
reaction forces, which serve as a proxy for nasal tip support.

To create the physical model, the bone and soft-tissue components underwent 3-D printing (Replicator; MakerBot) in acrylonitrile butadiene styrene plastic. The printed model of the
nasal soft tissue was converted into a negative mold made of
silicone (Smooth-On, Inc) that formed a hollow cavity corresponding to the nasal soft-tissue structures. The soft-tissue
component of our model was created by pouring different mixtures of silicone into the negative mold to create a range of different nasal tip stiffnesses (Figure 2). The stiffness of each
model was controlled by adding a silicone fluid thinner
(Smooth-On, Inc) with the standard silicone mixture to interfere with cross-linking of the silicone in varying degrees. The
models were then allowed to cure for 12 hours. All models had
identical bone and soft-tissue form factors, differing only in
the elastic modulus of the polymer component that constituted the soft tissue (eFigure in the Supplement).
The elastic modulus of the silicone used ranged from 0.042
MPa for nose 1 to 0.086 MPa for nose 2, 0.098 MPa for nose 3,
0.252 MPa for nose 4, and 0.302 MPa for nose 5. Owing to the
complex shape of the nose, performing accurate measurements of the modulus by directly measuring stress and strain
was not possible. Therefore, mechanical testing was performed on uniform rectangular specimens (9 × 9 × 90 mm) cast
from the identical silicone mixture used in each individual
model. The elastic (Young) modulus is an intrinsic material
property that is independent of a model’s shape. Tensile testing (Enduratec ElectroForce 3200; Bose) was used to generate stress-strain curves and thus calculate the Young modulus as previously described.24 To estimate the tip support of
each model, we measured the reaction force associated with
tip displacement. Each model was placed on a load cell platform, and a cylindrical plunger (diameter, 15 mm; length, 45
mm) was aligned vertically over the nasal tip (Figure 3). The
force on the load cell platform was recorded during a 0- to
8-mm depression of the nasal tip performed at 0.25 mm/s. This
reaction force to deformation was used to evaluate the nasal
tip recoil force and was used as a proxy for a surgeon’s concept of nasal tip support.

Participants
A group of 30 surgeons evaluated all 5 models at a regional rhinoplasty course on May 3 to 4, 2014. All participants were board
certified in otolaryngology or plastic surgery, and 19 of 30 had
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Figure 1. Creation of a Digital Nose Model From an Individual Computed Tomographic (CT) Scan
A Acquisition of CT scan

B

Segmentation of CT scan

C

Composite digital model

After acquisition of the CT scan, a
computer-aided design program (3-D
Slicer) is used to segment the bone
and soft-tissue components. Addition
of the bone and soft-tissue volumes is
used to render the composite digital
model.

Figure 2. The Silicone Casting Process
A Application of silicone

B

C

Silicone soft-tissue mold

D Final model

Printed bone and soft tissue

Silicone mold
Bone
Soft tissue

A, Silicone is poured over printed nasal soft tissue. B, After silicone has set for 12
hours, the printed nasal soft tissue is removed from the negative mold. C,
Silicone of the desired stiffness is poured into a sealed negative mold, and then
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the casted silicone is removed and placed on the printed nasal skeleton.
D, A complete nasal model.
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Figure 3. Nose Model Undergoing Reaction Force Testing

CP

Statistical Analysis
We calculated the Fleiss κ statistic to assess the interrater reliability among the evaluating surgeons. Using the survey data,
the degree of acceptability was calculated for each model. A
binary logistic regression with categories of mechanically acceptable and unacceptable was used to estimate the threshold for the absolute minimum and the ideal requirements for
nasal tip support. The data were best fit to a logistic equation
curve for each category in the form of p(x) = 1/(1+e−(a + bx)),
where p(x) represents the probability of x (a given elastic modulus) being considered mechanically acceptable; a and b are
constants in the logistic curve equation; and e is the mathematical constant. The thresholds for absolute minimum and
ideal stiffness for nasal tip support were determined at a 50%
acceptability rating based on the 30 survey responses. This
same method was used to estimate the threshold for the absolute minimum and ideal requirements for the reaction force
associated with good nasal tip recoil. The only difference was
that, owing to the complex geometry of the nose, stress and
strain were not c alc ulated, and we used the forcedisplacement curves to represent the integrated responses of
the nose models. A logistic curve was calculated based on the
reaction force to vertical depression (newtons per millimeter). These forces are inherently dependent on the form factor of the nose models.

Results

LC

The nasal tip was depressed by cylindrical plunger (CP) while on a platform
paired to a load cell (LC) to determine reaction force to nasal tip depression.

completed an American Academy of Facial Plastic and Reconstructive Surgery fellowship. Each surgeon indicated their years
in practice and their self-described competency in rhinoplasty (novice, intermediate, advanced, or expert). Each surgeon was surveyed individually and was blinded to the results of other participants. Each surgeon was presented with
all nasal models simultaneously and asked to palpate the nasal tip as if evaluating a patient’s nose. Subsequently, they were
asked to select which models satisfied their absolute minimum and ideal requirements for good nasal tip support. Each
surgeon was told that their choices would be used to gauge the
minimum and ideal tip recoil in the model nose and that they
should make the assessment independently of any planned
surgical procedure. The surgeons were told the nose represented a near ideal nose based on its shape and form factor.
288

Of 30 respondents, 4 surgeons had been in practice for 1 to 5
years; 9 surgeons, 6 to 15 years; 7 surgeons, 16 to 25 years; and
10 surgeons, 26 or more years. Six surgeons trained exclusively in otolaryngology. Nineteen surgeons trained in otolaryngology and completed a facial plastic surgery fellowship. One
surgeon trained in otolaryngology and plastic surgery and 4
surgeons trained in plastic surgery only. Seventeen surgeons
considered themselves in the advanced to expert skill levels.
Thirteen surgeons considered themselves in the novice and intermediate skill levels. When asked to select which model satisfied their absolute minimum requirement for good nasal tip
support, 12 surgeons selected model 2, 17 selected model 3, and
1 selected model 4. When asked to select which model satisfied their ideal requirement for good nasal tip support, 1 surgeon selected model 2, 16 selected model 3, and 13 selected
model 4. The Fleiss κ values of 0.74 and 0.77 indicated a high
level of interrater reliability among the surgeons’ responses.
The threshold for the elastic modulus of the absolute minimum requirement for good nasal tip support was 0.096
MPa. The threshold for the elastic modulus for the ideal requirement of nasal tip support was 0.154 MPa. The thresholds calculated based on the surgeon’s skill level are displayed in Figure 4. The reaction force curves of all 5 models
to tip depression are shown in Figure 5. The threshold for
the reaction force of the absolute minimum requirement for
good tip recoil was 0.26 to 4.74 N for a 1- to 8-mm displacement. The threshold for the reaction force of the ideal requirement for good tip recoil was 0.37 to 7.19 N for a 1- to 8-mm displacement. We found no significant differences between the
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thresholds selected based on the surgeon’s skill level or number of years in practice (P > .05).

Figure 4. Young Modulus Selected Based on Surgeon Skill Level
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The Young modulus is selected for the absolute minimum and ideal
requirements for good nasal tip support.

Figure 5. Reaction Force to Nasal Tip Depression
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Our study demonstrates that 3-D–printed nasal models can be
used to quantify the minimum and ideal requirements for nasal tip support. Our study also examined whether any differences were based on skill level, but we did not find any statistically significant difference (P > .05) in the thresholds selected
based on this parameter. However, we found that more of the
advanced and expert surgeons identified a lower threshold
value for their requirement for good tip support. This finding
may reflect a propensity for more junior surgeons to make more
conservative selections.
Previously, the approach used herein has been applied to
only simple structures, and this study represents the progression from rectangular slab to crural model to intact nasal
model.23,24 This approach also provides a link between experimental measurements or modeling and the rhinoplasty surgeon’s evaluation of nasal tip support. The force or recoil to
palpation that surgeons perceive is difficult to quantify. The
force is also difficult to measure in vivo because the nose is a
composite structure, is anisotropic in mechanical behavior, and
consists of nonlinear viscoelastic material with an irregular geometry. In clinical settings, surgeons also compress the tip with
variable strain rates and displacements.
Standardization of these elements of the physical examination between surgeons is extremely difficult. Some work in
this area has been performed. Beaty et al,10 Dobratz et al,12 and
Wilson et al11 were able to measure this reaction force to displacement using novel devices. Beaty et al10 found that 35.54,
61.24, and 89.40 g were required to displace the nasal tip 1, 2, and
3 mm, respectively, along the vector of the columella. Dobratz
et al12 found that 25 and 50 g were needed to depress the nasal
tip approximately 1 and 2 mm, respectively. Wilson et al11 found
that a mean of 1.0 to 3.4 N were needed to compress the nasal
tip of a fresh-thawed cadaver from 0.5 to 2.5 mm, respectively.
Our models’ recoil forces were measured in newtons and converted to grams using Earth’s gravitational constant (9.807 m/s2)
to enable comparison to the measurements of Beaty et al10 and
Dobratz et al.12 Our series of models required 0.09 to 0.66 N
(10-67 g) to be displaced 1 mm, 0.34 to 2.03 N (34-206 g) to be
displaced 2 mm, and 0.62 to 3.84 N (62-391 g) to be displaced 3
mm. Using logistic regression, the threshold for the force the
nasal tip should support for the absolute minimum requirement for good tip recoil was 0.26 N (27 g), 0.78 N (80 g), and
1.41 N (144 g) at 1, 2, and 3 mm of displacement, respectively.
The threshold for the force the nasal tip should support for the
ideal requirement for good tip recoil was 0.37 N (38 g), 1.13 N
(115 g), and 2.07 N (211 g) at 1, 2, and 3 mm of displacement,
respectively. Our data overlap with those of Beaty et al10 and
Dobratz et al12 and are fairly close to those of Wilson et al.11
Our data also establish a minimum and ideal requirement for the reaction force associated with good nasal tip recoil. These results provide a tangible sense of the response that
a nose with good nasal tip support should elicit. However, in
jamafacialplasticsurgery.com
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Reaction force (0-8 mm) is depicted for all 5 nasal models.

humans and in our models, the integrated reaction forces are
as much a function of form factor as intrinsic material properties, and thus we should expect some variation. Owing to
these complexities of the human nose, conversion of our data
into the equivalent of a spring constant did not make sense,
because a spring constant would only hold true for the equivalent of a 1-dimensional object such as a piano wire.
In contrast, FEA is another means to examine this same
question. Finite element analysis is precise, because the model’s structure is derived from patient-specific clinical CT data.
Finite element analysis has been used to model complex nasal mechanics and quantify the relative contributions of the
classic major nasal tip support mechanisms,14-20 shape change
in laser-cartilage reshaping,26 cephalic trim on lower lateral
cartilage and nasal tip stability,16,18 and the impact of caudal
septal resection.14 The linkage between physician assessment and outcomes derived from FEA can be established using
this 3-D–printed rapid prototype approach.23 This process
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opens the possibilities for preoperative detailed computational analysis of the nose before surgery. Recent studies have
used computational fluid dynamics to perform virtual simulations on digital 3-D renderings of the nose designed from clinical CT scans.27-30 These computational methods have provided a novel means to estimate airway changes in the nose
after simulated surgery. An experimentally validated fluidstructure interaction model would serve as a powerful tool for
surgeons to better select and design surgical procedures for
their patients.31
This study extends the work of Kim et al23 used for evaluating lower lateral cartilage adequacy and applies the same
method to the entire nose. Evaluating nasal tip support in vivo
is extremely difficult because the investigator must have multiple patients in a setting where a large group of surgeons could
examine them quickly. In addition, because each patient
has a unique nasal geometry, we cannot control for intrinsic
form factor. The integrated reaction forces an examiner’s
fingertip experiences are a function of form factor and the
intrinsic material properties of each component of the nasal
tip. These multiple confounding variables that present in
vivo make it impossible to derive any reliable conclusions.
Using a fresh cadaver as a model allows for more detailed
analysis, but the investigator does not have the ability to
control the mechanical parameters of the nose, let alone
securing fresh (not fresh-frozen and thawed) specimens. By
using 3-D–printed phantoms, we were able to control the
material properties of the elastomer and maintain a uniform
form factor.
Rhinoplasty surgeons traditionally rely on their clinical experience to subjectively assess nasal tip support; however, to
our knowledge, no studies have compared the surgeons’ expert opinion with actual mechanical behavior. Previous studies that attempted to quantify nasal tip support used patients
undergoing nasal surgery, cadavers, or FEA.4,6,10-21,32-36 Surgical studies had the limitation of only being able to test a small
sample of cartilage that was already being excised from the
patient.32-35 Cadaver models have been extremely valuable in
showing the main anatomic structures of nasal tip support but
do not allow the manipulation of mechanical parameters of human tissue.6,10-13,36 Our model has the advantage of being customizable in that the mechanical properties can be specified
without disturbing the intrinsic form factor, which allows us
to create 5 models with varying stiffness. Our ability to create
a customizable 3-D–printed physical model rapidly that allows for manipulation of mechanical parameters further
complements what an investigator can perform digitally
through FEA. The ability of a surgeon to validate an FEA model
quickly with a 3-D–printed physical model will greatly en-
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hance the surgeon’s understanding of the nose and provide an
additional tool to ensure the best outcomes for patients.
Our study has limitations. First, only 30 rhinoplasty surgeons from a wide range of skill levels underwent evaluation.
Although the surgeons demonstrated substantial agreement
in their responses as reflected by the Fleiss’ κ statistics, more
robust results might be drawn from a larger sample size
biased toward a cohort of advanced and expert surgeons.
Second, the silicon model was derived from a CT scan of
a patient with classic nasal features, ideal projection and
rotation, and a very refined tip with a thin skin–soft-tissue
envelope. Because form factor is important in this study, a
different nasal shape alone may lead to slightly different
outcomes. In addition, our model was a simplified proofof-concept approach that used only the following 2 components: the nasal skeleton and a lumped-parameter soft-tissue
component that represented the skin, cartilage, mucosa, and
other soft tissues. The bone component was kept in its printed
form of rigid acrylonitrile butadiene styrene plastic and the
soft-tissue component was cast in silicone to mimic nasal tissue. Owing to the limitations of our 2-component model, evaluators palpate the nose, and their analysis represents an integrated response to a lumped structure representing the
individual soft-tissue and cartilaginous components. With this
simplified approach, we demonstrated the feasibility of this
modeling technique and its immediate use for mechanical
testing. Because the nasal soft-tissue component was modeled in silicone, the interplay among skin, fat, muscle, and
cartilage was not represented. Future research will strive to
develop more complex models with specific elastomers made
to represent the individual nasal cartilages. Although the integrated values that were identified to represent the minimum and ideal requirements for good nasal tip support have
limitations, this model is the first in what we believe will be a
series of increasingly more complex 3-D–printed models that
will better represent the real and unique anatomic structure
of the nose.

Conclusions
This novel study attempts to correlate nasal tip support with
actual mechanical behavior. We used 3-D printing to create nasal simulacrum that allows for changing overall mechanical behavior while preserving intrinsic form factor. This process allows analysis of mechanical response independent of the object
shape. This information will become increasingly important
as sophisticated modeling techniques continue to enhance surgical planning.

Study concept and design: All authors.
Acquisition, analysis, or interpretation of data: Gray,
Maducdoc, Wong.
Drafting of the manuscript: All authors.
Critical revision of the manuscript for important
intellectual content: Gray, Maducdoc, Wong.
Statistical analysis: Gray.
Obtained funding: Wong.

Administrative, technical, or material support: All
authors.
Study supervision: Maducdoc, Wong.
Conflict of Interest Disclosures: None reported.
Funding/Support: This study was supported by
grant DRO90349 from the Department of Defense
Deployment Related Medical Research Program,
grant 1R01HL105215-01 from the National Heart,

JAMA Facial Plastic Surgery July/August 2016 Volume 18, Number 4 (Reprinted)

jamafacialplasticsurgery.com

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: http://jamanetwork.com/pdfaccess.ashx?url=/data/journals/faci/935492/ by a University of California - Irvine User on 05/31/2017

Estimation of Nasal Tip Support Using 3-D Models

Lung, and Blood Institute, and grant P41EB015890
from the National Institute of Biomedical Imaging
and Bioengineering (Dr Wong).
Role of the Funder/Sponsor: The funding sources
had no role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.
Previous Presentation: This study was presented
as a poster at the Triological Society 2015 Combined
Sections Meeting; January 22, 2015; Coronado,
California.
REFERENCES
1. Tardy ME, Brown R. Surgical Anatomy of the Nose.
New York, NY: Raven Press; 1990.
2. Tardy ME. Rhinoplasty. In: Cummings CW, ed.
Otolaryngology Head and Neck Surgery. St Louis, Mo:
Mosby–Year Book Inc; 1993:807-856.
3. Tardy ME. Rhinoplasty: The Art and the Science.
Philadelphia, PA: WB Saunders Co; 1997.
4. Han SK, Lee DG, Kim JB, Kim WK. An anatomic
study of nasal tip supporting structures. Ann Plast
Surg. 2004;52(2):134-139.
5. Friedman O, Koch CA, Smith WR. Functional
support of the nasal tip. Facial Plast Surg. 2012;28
(2):225-230.

Original Investigation Research

effect of reconstructive rhinoplasty. Arch Facial
Plast Surg. 2001;3(3):178-184.
14. Manuel CT, Leary R, Protsenko DE, Wong BJ.
Nasal tip support: a finite element analysis of the
role of the caudal septum during tip depression.
Laryngoscope. 2014;124(3):649-654.

26. Protsenko DE, Wong BJ. Laser-assisted
straightening of deformed cartilage: numerical
model. Lasers Surg Med. 2007;39(3):245-255.

15. Shamouelian D, Leary RP, Manuel CT, Harb R,
Protsenko DE, Wong BJ. Rethinking nasal tip
support: a finite element analysis. Laryngoscope.
2015;125(2):326-330.

27. Hariri BM, Rhee JS, Garcia GJ. Identifying
patients who may benefit from inferior turbinate
reduction using computer simulations. Laryngoscope.
2015;125(12):2635-2641.

16. Oliaei S, Manuel C, Protsenko D, Hamamoto A,
Chark D, Wong B. Mechanical analysis of the effects
of cephalic trim on lower lateral cartilage stability.
Arch Facial Plast Surg. 2012;14(1):27-30.

28. Patel RG, Garcia GJ, Frank-Ito DO, Kimbell JS,
Rhee JS. Simulating the nasal cycle with
computational fluid dynamics. Otolaryngol Head
Neck Surg. 2015;152(2):353-360.

17. Oliaei S, Manuel C, Protsenko DE, Wong BJ.
Biomechanical properties of facial cartilage grafts.
In: Shiffman MA, Di Giuseppe A, eds. Advanced
Aesthetic Rhinoplasty: Art, Science, and New Clinical
Techniques. New York, NY: Springer; 2013:533-540.

29. Kimbell JS, Garcia GJ, Frank DO, Cannon DE,
Pawar SS, Rhee JS. Computed nasal resistance
compared with patient-reported symptoms in
surgically treated nasal airway passages:
a preliminary report. Am J Rhinol Allergy. 2012;26
(3):e94-e98.

18. Leary RP, Manuel CT, Shamouelian D, Protsenko
DE, Wong BJ. Finite element model analysis of
cephalic trim on nasal tip stability. JAMA Facial Plast
Surg. 2015;17(6):413-420.
19. Tjoa T, Manuel CT, Leary RP, Harb R, Protsenko
DE, Wong BJ. A finite element model to simulate
formation of the inverted-V deformity. JAMA Facial
Plast Surg. 2016;18(2):136-143.

7. Beekhuis GJ, Colton JJ. Nasal tip support. Arch
Otolaryngol Head Neck Surg. 1986;112(7):726-728.

20. Gandy JR, Manuel CT, Leary RP, Wong BJ.
Quantifying optimal columellar strut dimensions for
nasal tip stabilization after rhinoplasty via finite
element analysis [published online February 11,
2016]. JAMA Facial Plast Surg. doi:10.1001
/jamafacial.2015.2261.

8. Friedman O, Akcam T, Cook T. Reconstructive
rhinoplasty: the 3-dimensional nasal tip. Arch Facial
Plast Surg. 2006;8(3):195-201.

21. Lee SJ, Liong K, Tse KM, Lee HP. Biomechanics
of the deformity of septal L-struts. Laryngoscope.
2010;120(8):1508-1515.

9. Westreich RW, Lawson W. The tripod theory of
nasal tip support revisited: the cantilevered spring
model. Arch Facial Plast Surg. 2008;10(3):170-179.

22. Liu Q, Leu MC, Schmitt S. Rapid prototyping in
dentistry: technology and application. Int J Adv
Manuf Technol. 2006;29:317-335.

10. Beaty MM, Dyer WK II, Shawl MW. The
quantification of surgical changes in nasal tip
support. Arch Facial Plast Surg. 2002;4(2):82-91.

23. Kim JH, Hamamoto A, Kiyohara N, Wong BJ.
Model to estimate threshold mechanical stability of
lower lateral cartilage. JAMA Facial Plast Surg.
2015;17(4):245-250.

6. Janeke JB, Wright WK. Studies on the support of
the nasal tip. Arch Otolaryngol. 1971;93(5):458-464.

11. Willson TJ, Swiss T, Barrera JE. Quantifying
changes in nasal tip support. JAMA Facial Plast Surg.
2015;17(6):428-432.
12. Dobratz EJ, Tran V, Hilger PA. Comparison of
techniques used to support the nasal tip and their
long-term effects on tip position. Arch Facial Plast
Surg. 2010;12(3):172-179.
13. Gassner HG, Remington WJ, Sherris DA.
Quantitative study of nasal tip support and the

jamafacialplasticsurgery.com

assessment of currently proposed ideals of nasal tip
projection and rotation in young women. JAMA
Facial Plast Surg. 2014;16(5):310-318.

24. Zemek A, Garg R, Wong BJ. Model for
estimating the threshold mechanical stability of
structural cartilage grafts used in rhinoplasty.
Laryngoscope. 2010;120(6):1089-1093.
25. Ahmed O, Dhinsa A, Popenko N, Osann K,
Crumley RL, Wong BJ. Population-based

30. Shadfar S, Shockley WW, Fleischman GM, et al.
Characterization of postoperative changes in nasal
airflow using a cadaveric computational fluid
dynamics model: supporting the internal nasal
valve. JAMA Facial Plast Surg. 2014;16(5):319-327.
31. Pawar SS, Rhee JS. Modeling our way to better
outcomes. JAMA Facial Plast Surg. 2015;17(6):420421.
32. Richmon JD, Sage AB, Wong VW, et al. Tensile
biomechanical properties of human nasal septal
cartilage. Am J Rhinol. 2005;19(6):617-622.
33. Grellmann W, Berghaus A, Haberland EJ, et al.
Determination of strength and deformation
behavior of human cartilage for the definition of
significant parameters [published correction
appears in J Biomed Mater Res A 2006;79:758].
J Biomed Mater Res A. 2006;78(1):168-174.
34. Rotter N, Tobias G, Lebl M, et al. Age-related
changes in the composition and mechanical
properties of human nasal cartilage. Arch Biochem
Biophys. 2002;403(1):132-140.
35. Westreich RW, Courtland HW, Nasser P, Jepsen
K, Lawson W. Defining nasal cartilage elasticity:
biomechanical testing of the tripod theory based on
a cantilevered model. Arch Facial Plast Surg. 2007;
9(4):264-270.
36. Neuman MK, Briggs KK, Masuda K, Sah RL,
Watson D. A compositional analysis of cadaveric
human nasal septal cartilage. Laryngoscope. 2013;
123(9):2120-2124.

(Reprinted) JAMA Facial Plastic Surgery July/August 2016 Volume 18, Number 4

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: http://jamanetwork.com/pdfaccess.ashx?url=/data/journals/faci/935492/ by a University of California - Irvine User on 05/31/2017

291

