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A computational fluid dynamics analysis of the effects of 
size and shape of anterior nasal septal perforations*

Abstract
Background: Nasal septal perforations (NSPs) often cause bleeding, crusting, obstruction, and/or whistling. The objective was to 

analyze the impact of anterior NSP size and shape on nasal physiology using computational fluid dynamics (CFD). 

Methods: A 3-dimensional model of the nasal cavity was constructed from a radiologically normal CT scan using imaging soft-

ware. Anterior NSPs (ovoid (ONSP): 0.5, 1, 2, and 3 cm long anterior-to-posteriorly and round (RNSP, 0.5 and 1 cm)) were virtually 

created in the model and divided into ventral, dorsal, anterior, and posterior regions. Steady-state inspiratory airflow, heat, and 

water vapor transport were simulated using Fluent™ CFD software. Air crossover through the perforation, wall shear, heat flux, 

water vapor flux, resistance, and humidification were analyzed. 

Results: Air crossover and wall shear increased with perforation size. Regionally, wall shear and heat and water vapor flux were 

highest posteriorly and lowest anteriorly, generally increasing with size in those regions. RNSPs had greater heat and water vapor 

flux compared to corresponding size ONSPs. Resistance decreased by 10% or more from normal only in the 3 cm ONSP. Maximum 

water content was achieved more posteriorly in larger NSP nasal cavities. 

Conclusions: High wall shear and heat and water vapor flux in posterior perforation regions may explain the crusting most com-

monly noted on posterior NSP edges. This preliminary study suggests that larger NSPs have a greater effect on nasal resistance 

and water content. Decrease in resistance with larger NSP size may be implicated in reported symptomatic improvement follo-

wing enlargement of NSPs for treatment. 
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Introduction
Nasal septal perforations (NSPs) result in a connection between 

nasal cavities creating an accessory pathway for airflow between 

the two nasal sides. NSPs are often iatrogenic occurring fol-

lowing nasal and sinus surgery or cauterization for epistaxis(1). 

They also result from trauma, industrial exposure, nasal sprays, 

cocaine use, infections, or may be manifestations of systemic 

disease or malignancy(1,2). The overall prevalence of NSPs is 

inadequately reported, but was found to be just under 1% in 

a large Scandinavian population(3) and as common as 35% in 

electroplating industry workers(4). 

Physiologically, symptoms more frequently associated with NSPs 

include bleeding and crusting(5), which can cause significant dis-

comfort often leading patients to manually remove dried blood 

or crusts and further exacerbating symptoms. NSP-associated 

airflow changes are believed to contribute to the sensation of 
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obstruction patients report(2). Bleeding and crusting are more 

often noted when cartilage and mucoperichondrial layers are 

both exposed at perforation edges(5). Since the perforation 

perimeter lies in the path of nasal airflow, understanding the in-

teraction of airflow with perforation edges could lead to better 

treatments for perforation symptoms.

In recent years, the application of computational fluid dynamics 

(CFD) to the study of nasal airflow has enabled detailed exami-

nation of nasal physiology, providing new information on symp-

tomatic alterations due to disease conditions or post-operative 

surgical changes. Three-dimensional (3D) anatomic models of 

the nasal cavity are created based on subject/patient-specific 

medical imaging which can then be used for computational 

modeling of aerodynamic patterns in the airway. Physiologic 

airflow and heat and water vapor transport can be simulated 

to provide an in-depth analysis of airflow distribution, nasal 

resistance, wall shear stress, heat and moisture exchange. CFD 

modeling has been validated for airflow measurements(6-13), and 

allow investigators to approximate perturbations of the nasal 

airway that can generate hypotheses and test sensitivities that 

would be difficult to discern by experimental measurement al-

one. Thus, despite not recapitulating living physiology explicitly, 

CFD models provide valuable information in the clinical setting. 

	

Wall shear stress is a force exerted tangentially along a bounda-

ry by an adjacent moving fluid. In the nasal cavity, wall shear 

stress may be related to sensations of congestion, irritation, or 

pain via stimulation of mechanoreceptors(14), particularly in the 

septum. Heat and water vapor travel together in air and analysis 

of their flux at NSP edges yields key information about the heat/

water exchange at the air-NSP interface. Heat and water vapor 

flux computation is distinct from that of humidification which 

represents the total content of water vapor in the air due to 

interactions with nasal cavity tissue including nasal walls, turbi-

nates, and septum.

Several CFD studies have focused on the nasal alterations and 

symptoms observed with NSPs(15-23). However, most of these 

studies analyzed changes either in single-sized perforati-

ons(15,16,19,20,22) or purely circular perforations(17,18,21), but anecdo-

tally perforations are more commonly ovoid in shape. The ob-

jective of this study was to analyze the impact of size and shape 

(ovoid versus round) of anterior NSPs on nasal physiology using 

CFD simulations. In order to provide a comprehensive represen-

tation of physiologic changes due to anterior NSPs, we created 

four different sizes of ovoid and two different sizes of round 

anterior NSPs virtually in a normal nasal cavity. We compared 

airflow partitioning in each nasal side, air crossover through the 

perforation, nasal resistance, wall shear stress, humidification, 

and heat and water vapor transport in the models with and 

without NSPs.

Materials and methods
Three-dimensional reconstruction 

A de-identified, radiologically normal CT scan of a 37-year-old 

female was imported into Mimics™ 17.0 imaging software (Ma-

terialise, Plymouth, MI). A 3D reconstruction of the nasal airway 

including the nostrils, nasal cavity, turbinates, and nasopharynx 

was made from which paranasal sinuses were excluded. Ovoid 

anterior NSPs of 0.5, 1, 2, and 3 cm length and 0.3, 0.6, 1.0, and 

1.3 cm maximum height, respectively, were virtually created, 

with their long dimension on the anterior-to-posterior axis of 

the septum and their most anterior boundaries located 1 cm 

from the columella (Figure 1A). Two round NSPs, 0.5 and 1 cm 

in diameter, were similarly created; the anterior most boundary 

of the 0.5 cm perforation was 1 cm from the columella (Figure 

1B). Due to a ridge in the septum, the 1 cm round perforation 

was created with its anterior border 8 mm from the columella. 

Larger size round NSPs were not feasible due to the limited 

height of the septum anteriorly. The ovoid shape was specifically 

chosen to mimic the shape of frequently seen NSPs and the 

anterior location was deemed most clinically relevant since most 

symptomatic NSPs occur anteriorly(24). Additionally, round NSPs 

were included to study variation in physiology secondary to NSP 

shape. 3D reconstructions of the six NSP model airways and the 

original reconstruction were imported into the computer-aided 

design (CAD) and mesh generating software package ICEM-

CFD™ 15.0 (ANSYS, Canonsburg, PA). The edge of each NSP was 

divided into four parts: anterior, posterior, ventral, and dorsal 

(Figure 1C, 1D). 

Figure 1. A. Visualization of the ONSP locations in a reconstruction in 

the plane of the septum. The anterior edge of each ONSP was located 

1 cm from the columella. B. Location of RNSPs in the septum. The ante-

rior edge of the 0.5 cm RNSP was located 1 cm from the columella. The 

anterior edge of the 1 cm RNSP was created 2 mm anterior to the 0.5 

cm RNSP due to a septal ridge (8 mm from the columella). C. Regions of 

ONSP edges as shown in the 2 cm ONSP: anterior, posterior, dorsal, and 

ventral. External nares and septum are shown in semi-transparent sagit-

tal view. Gray interior indicates nasal airspace.  D. Sagittal cross section 

through the 2 cm ONSP illustrates planes used to visualize direction and 

speed of flow within the perforations.
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Results 
In the original nasal airway model, a very slight right-sided 

predominance was noted with airflow partitioning: 51.4% and 

48.6% on the right and left sides, respectively. This did not cor-

respond to any discernable physical findings on CT such as nasal 

cycling, septal deviation, or mucosal/turbinate hypertrophy 

on the left. Air partitioning at the nostrils in the NSP models 

was consistently higher to the right side and increased with 

perforation size from 52.5% in 0.5 cm ONSP to 54.8% in the 3 cm 

ONSP (Figure 2). In RNSPs, small increases were noted in right 

side airflow partitioning of 52.6% in 0.5 cm RNSP to 52.7% in 1 

cm RNSP. 

Airflow crossover rate was described as the net percent increase 

in flow on the left side at the choana due to more air crossing 

left from the right than vice versa via the NSP. Airflow crossover 

increased with NSP size with the highest crossover rate of 12.1% 

for the 3 cm ONSP (Figure 2). The predominantly right-to-left 

airflow through the perforations was visually confirmed in each 

NSP (sagittal cross-section in each panel, Figure 3). The overall 

flow velocity magnitude was highest in the center-to-posterior 

regions of the 0.5 and 1 cm ONSPs and RNSPs and the middle 

of the 2 and 3 cm ONSPs (sagittal cross-section at bottom of 

each panel, Figure 3). Air also appeared to gain velocity just as 

it crossed the posterior border of the 1 cm RNSP and 1, 2, and 3 

cm ONSPs (Figure 3). 

Wall shear stress averaged over the entire edge of each NSP 

also increased with perforation size for both ONSPs and RNSPs. 

Regionally, wall shear was consistently highest along the 

Meshing and simulation

Planar surfaces at the nostrils and across the posterior nasopha-

rynx were constructed for specifying inlet and outlet conditions 

on simulated airflow. Computational meshes of the airspaces, 

consisting of approximately 4 million unstructured, graded 

tetrahedral elements, were created. Steady-state, inspiratory air-

flow was simulated and analysis was performed using the CFD 

software package Fluent™ 15.0 (ANSYS, Inc., Canonsburg, PA, 

USA) under laminar conditions. Boundary conditions for airflow 

were as follows: a) the left and right nostrils were set as pressure 

inlets (gauge pressure of 0 Pa); b) the planar surface at the pos-

terior nasopharynx was set as a pressure outlet with negative 

gauge pressure fitted to target a 15 Liters/minute flow rate; c) a 

no-slip condition (air velocity of zero) was set at nasal walls. Heat 

and water vapor transport, which are maximal during inspira-

tory flow, were simulated using the airflow simulation as input 

with inlet temperature of 293.15 K (20°C) and mass fraction of 

water at 0.00724 (50% relative humidity at 20°C). Outlet tempe-

rature was set to 305.75 K (32.6°C) and mass fraction of water 

to 0.03078 (100% relative humidity at 32.6°C). These boundary 

conditions have previously been validated in water and heat 

transport analysis by Garcia et al in 2007(25). Airflow partitioning 

in each nasal side, nasal resistance, wall shear stress, humidifi-

cation, and heat and water vapor flux were computed. Percent 

nasal humidification has been described previously(26), and was 

defined as:

% humidification = (C
choanae

 – C
nostrils

)/C
mucosa

 – C
nostrils

) x 100

where C
nostril

, C
choanae

, and C
mucosa

 are the water concentrations in 

air at the nostrils, choanae, and nasal mucosa surfaces, respecti-

vely. This quantity represents water transport from nasal mucosa 

during inspiration. Air crossover through the perforation was 

calculated as the difference between airflow at the level of the 

nostril and ipsilateral choana. Sagittal cross-sections through 

the perforations (Figure 1C) were made to visualize airflow di-

rection and speed within the perforation using Fieldview™ 14.0 

(Intelligent Light, Lyndhurst, PA, USA). 

Figure 2. Net percent change in airflow on each side due to net air cross-

over from the right to the left via the NSPs.

Figure 3. Sagittal view of each nasal airway showing airflow velocity 

streamlines with sagittal cross-sectional view of flow velocity. Cross-

section within the airway model: magnitude of flow velocity in the plane 

of the NSP. Cross-section below airway model: airflow velocity compo-

nent perpendicular to the plane of the NSP (X-direction; blue = -x, flow 

from subject’s right to left toward viewer; red = +x, flow from subject’s 

left to right away from viewer). 
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posterior edge of the perforation and lowest anteriorly, and 

increased with NSP size in those regions (Figure 4). Dorsal and 

ventral values did not correlate with size. When comparing 

percent increase in total wall shear stress at the perforation in 

the ONSPs, the greatest increase was noted between the 0.5 and 

1 cm perforations (41.5%, Figure 4B). While overall and regional 

wall shear was higher in the 0.5 RNSP compared to the 0.5 ONSP, 

no consistent trend was noted when comparing the two 1 cm 

NSPs (Figure 4C). 

Water and heat flux averaged over the right and left nasal sides 

varied only slightly with perforation size compared to normal. 

Averaged along the entire edge of each perforation, the highest 

heat and water vapor flux were noted in the 2 cm ONSP (Figure 

5). Similar to wall shear stress, heat and water vapor flux were 

consistently highest posteriorly and lowest anteriorly, but there 

was no clear NSP size correlation (Figures 5 and 6). Both 0.5 and 

1 cm RNSPs had greater total and regional heat and water vapor 

flux compared to their corresponding size ONSPs (Figure 5C, 

5D). Total nasal cavity humidification had no evident correla-

tion with perforation size and varied minimally from 93.1% to 

96.9%. Likewise, average choanal temperature did not change 

appreciably with perforation size or shape (range: 305.13ºK to 

305.27ºK). However, water content of air was measured along 

nasal cavity cross-sections for each ONSP and reached its maxi-

mum more posteriorly in the nasal cavity in larger ONSPs (2 and 

3 cm) compared to smaller ONSPs (0.5 and 1 cm) (Figures 6 and 

7).  

Resistance decreased by 10% or more from normal only in the 

3 cm ONSP case (11.1%) (Figure 8). The 1 cm ONSP airway had 

the highest resistance (0.043 Pa/(mL/s)) compared to the normal 

airway (0.040 Pa/(mL/s)) representing a 6.6% increase. Resis-

tance for both RNSPs was unchanged from normal (0.040 Pa/

(mL/s) each).  

Discussion
Five similar CFD studies have previously analyzed nasal physio-

logy in virtual, computational NSP models(15-18,21). However, they 

have not specified size or exact location of NSP(15,21), reported on 

limited CFD physiologic parameters(16,17), or modeled only round 

NSPs(17,18). Our current study differed by analyzing and compa-

ring four ovoid and two round anterior, different-sized NSPs 

and their associated clinical implications to represent the most 

realistic, clinically probable scenarios. Virtual NSPs modeling al-

lowed analysis of their effect on nasal cavity physiology without 

confounding effects from other findings such as septal deviation 

or turbinate hypertrophy that may coexist in scans of patients 

with true NSPs. 

Air flow patterns have been a key feature of NSP physiology 

highlighted in the literature. As air velocity decreases along the 

anterior-posterior axis of the perforation, pooling of air further 

contributes to greater heat and water vapor flux posteriorly (dis-

cussed later). Furthermore, the sudden increase in velocity just 

as air crosses the posterior edge of the 1, 2, and 3 cm ONSPs may 

also correlate with bleeding and crusting. Three prior studies 

Figure 4. A. Mid-septal sagittal view of right side of nasal airspace (gray) showing wall shear stress distribution along each NSP edge. B. Total and 

regional wall shear stress at ONSP edges as a function of septal perforation size. C. Comparison of 0.5 and 1 cm ONSP and RNSP wall shear. 



157

Nasal septal perforations computational analysis  

have reported airflow crossover between nasal sides, but did not 

report extent of crossover or utilize a virtual model with equal 

or close to equal airflow partitioning(17,18,23). Our study is the first 

to detail the extent of airflow crossover in virtual NSP models 

based on an airway with near equal flow allocation at baseline. 

We also noted that this crossover increased only 1% for a 55% 

increase in flow rate (2 cm case, data not shown). Resistance to 

airflow was noted to increase in the 1 cm NSP, but was lowest 

in the 3 cm NSP compared to the normal airway. Although 

resistance varied minimally amongst the NSPs (0.036-0.040 Pa/

(mL/s)), the drop in resistance in the 3 cm NSP may provide the 

basis for reported symptom alleviation in patients who have had 

surgical enlargement of their NSPs which was demonstrated by 

Otto et al. in patients undergoing posterior septectomy(23,27). 

Various wall shear stress findings have been reported, all of 

which correlated with bleeding(15,17,18). Grant et al. suggested 

wall shear may also contribute to crusting(15). We replicated the 

finding of Grant et al.(15) that highest wall shear occurred in the 

posterior edge of the NSP in all our NSP models. This pattern did 

not change with a 55% increase in inspiratory flow rate. Additi-

onally, the observation that air crossing over through the NSP 

gains speed just as it crosses its posterior border likely contribu-

tes to wall shear and its symptomatic correlates of bleeding and 

crusting. A decrease in wall shear stress in the posterior region 

of NSPs after posterior septectomy or repair was shown by Otto 

et al. further supporting this theory(23). High wall shear in the 

posterior NSP wall also corroborates previously reported higher 

levels of “disturbed airflow” in the middle and inferior turbinate 

regions(15). Our study confirmed the finding of highest overall 

wall shear correlating with the largest anterior ONSP as first 

demonstrated by Cannon et al. in anterior RNSPs(18). The present 

study was the first to highlight lowest wall shear anteriorly in 

each NSP with subsequent increase with increasing NSP size. 

We sought to further elucidate the alterations in heat and water 

vapor flux which have not been characterized as extensively as 

wall shear stress. The correlation of high heat and water vapor 

flux posteriorly in all anterior NSPs likely contributes to the clini-

cal observation of crusting usually occurring in the back of NSPs. 

High wall shear has been correlated with crusting previously(14), 

and our findings suggest that heat and water vapor flux may 

also play a role. Our study also presents another unique result: 

heat and water vapor flux averaged over the entire NSP did not 

correlate with perforation size. While only Otto et al.(23) have 

recently reported lack of correlation of heat flux with NSP size, 

this study is the first to report similar lack of correlation for water 

vapor flux. Additionally, this study is the first to clearly demon-

Figure 5. A. Total and regional water vapor flux at the edges of each ONSP as a function of NSP size. B. Total and regional heat flux at the edges of each 

ONSP as a function of NSP size. C. Comparison of 0.5 and 1 cm ONSP and RNSP water vapor flux. D. Comparison of 0.5 and 1 cm ONSP and RNSP heat 

flux. 
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strate that water content in inhaled air reaches a maximum 

more posteriorly in subjects with larger ONSPs compared to 

those with smaller ONSPs, likely due to greater loss of surface 

area for water exchange. Importantly, this delay in humidifica-

tion is demonstrated in the nasal cavity posterior to the 0.5 and 

1 cm ONSPs and adjacent to the head of the inferior turbinate 

(Figure 8) emphasizing the more significant role of the internal 

nasal valve in humidification compared to the anterior nasal 

cavity. The highest heat and water vapor flux in the 2 cm ONSP 

may clinically correlate with the authors’ anecdotal evidence 

that crusting most commonly occurs with mid-sized NSPs. 

Lastly, a comparison of ovoid and round, anterior NSPs is 

provided in this study. RNSPs consistently had greater heat and 

water vapor flux compared to their corresponding size ONSPs. 

Wall shear stress was also greater in the 0.5 cm RNSP, although 

the two 1 cm NSPs varied in magnitude by NSP regions. Notably, 

while the 1 cm ONSP had the greatest increase in resistance 

compared to the normal model, the 1 cm RNSP resistance was 

identical to the normal model resistance. Further studies are 

needed to characterize the reasons for these discrepancies. 

This study has several limitations. First, it was based on a single 

individual’s CT scan. As a result, the CFD findings can not be 

generalized to others due to inter-individual anatomic differen-

ces(13). However, this highlights the previously demonstrated 

importance of providing subject sex and race data so that the 

applicability (external validity) of the findings can be assessed 

by the reader(28-30). The findings presented here do agree with 

those of prior studies in different individuals(16-20). Second, the 

models did not account for other adaptations that may occur 

in the nasal cavity such as mucosal and turbinate hypertrophy. 

However, as a result, we were able to demonstrate the isolated 

effects of perforations without confounding effects from such 

adaptations. Four recent studies have analyzed true NSPs and 

have compared physiologic parameters to post-virtual re-

pair(19,20,22,23). However, additional studies analyzing true NSPs are 

needed to provide a similar data library on physiologic alterati-

ons as we currently have for virtual NSPs. 

Conclusion
The exploration of NSP physiology with CFD in the past decade 

has significantly enhanced our understanding of the nasal 

alterations that may cause patients’ symptoms. High wall shear 

and heat and water vapor flux in posterior perforation regions 

may explain the occurrence of bleeding and crusting most com-

Figure 6. Water vapor flux modeled at ONSP edges and humidification in 

the posterior nasal cavity. Water vapor in air is demonstrated along nasal 

cavity cross-sections for each ONSP with the most anterior cross-section 

at the posterior edge of the 3 cm ONSP. 

Figure 7. Water content along the nasal cavity in ONSPs. 3 cm ONSP 

nasal cavity model is scaled with its length corresponding to the x-axis 

of the graph below. Blue lines = posterior edge of each labeled ONSP. 

Black line demarks anterior most aspect of each ONSP. The dotted red 

line represents the outline of the inferior turbinate. 

Figure 8. Resistance to airflow in NSP models between nares and choa-

nae. Percentages provided represent percent change in resistance from 

the normal model. 
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monly noted on posterior NSP edges. Further studies should 

correlate the complicated relationship of heat and water vapor 

flux with NSP size and shape. This preliminary study suggests 

that maximum humidification is achieved more posteriorly in 

the nasal cavity when larger NSPs are present. While modeling 

virtual NSPs has been useful, future CFD analysis of true NSPs 

using CT scans of individuals with perforations with comparison 

to demonstrated virtual NSP data will provide additional insight.
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