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Introduction
Septal perforations (SPs) are anatomical 
defects in the nasal septum that create a 
communication route between the two nasal 
cavities. Its estimated prevalence is 1–2% 
among adults1,2 and 5.4% in patients who 
undergo septoplasty3. In addition to nasal 
surgery, other risk factors for SPs are trauma 
with septal hematoma, misused topical nasal 
medications such as vasoconstrictors, and 
addiction to inhaled drugs such as cocaine. 
Perforations can also result from infections 
and inflammatory or neoplastic diseases4. In 
almost 50% of patients, SPs are idiopathic4,5. 
The most common symptoms are nasal 
obstruction, epistaxis, crusting, dryness, or 
nasal pain; approximately 15% of patients are 
asymptomatic6.

Computational fluid dynamics applied to 
study the impact of septal perforations 
on nasal physiology
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Objectives: Use of computational fluid mechanics 
(MFC) in understanding the impact of the size 
and location of septal perforations (PS) on nasal 
physiology
Study design: Computer simulation study.
Material and Methods: MFC software (Flowgy®) 
was used to create digital models of nasal cavities 
through computed tomography reconstruction. 
Virtual surgery was performed with establishment 
of anterior (1 or 2 cm) and posterior (1 or 2 cm) PS.
Results: Larger perforations cause a greater 
change in the allocation of airflow regardless of 
location, with air deviation from the nasal cavity 
with greater flow to the one with less flow. Bilateral 
nasal resistance was not significantly altered by 
the presence of PS.
Conclusions: MFC technologies help to 
understand how PS change nasal physiology. 
Airflow allocation is altered, with greater airflow 
through the less resistant nasal cavity, especially 
in anterior perforations.
Keywords: Computational Fluid Dynamics, nasal 
septum, nasal septal perforation, virtual surgery
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Septal perforations are classified according 
to their size and whether their locations 
are anterior, middle, or posterior, but 
approximately 92% of SPs are located 
anteriorly4. Perforations that are ≤ 5 mm are 
often asymptomatic, whereas those ≥ 1 cm are 
frequently symptomatic7.
The geometry of the nasal cavities significantly 
influences airflow behavior and thus affects 
nasal physiology.8 Computational fluid 
mechanics (CFM) have recently emerged 
as a validated tool for airflow and the effects 
of medication9. Three-dimensional (3D) 
reconstruction of the nasal cavities from 
computed tomography (CT) or magnetic 
resonance images can help simulate airflow 
patterns, volumetric flow rate (Q), nasal 
airflow resistance, velocity, pressure, and heat 
transfer7,10.
CFM can be applied to routine Ear, Nose 
and Throat (ENT) clinical practice to improve 
the quality of diagnosis and treatment as 
information is provided in addition to that 
obtained by imaging without a need to expose 
patients to more radiation or extend the time 
required for complementary diagnostic tests. 
The method is widely applied across different 
disciplines of rhinology as it can predict the 
impact of nasal septal deviations, inferior 
turbinate hypertrophy, concha bullosa, or 
changes in the internal and external nasal 
valves and simulate their correction by virtual 
surgery10. Other aspects relevant to clinical 
practice include the impact of uncinectomy 
on nasal airflow11.
This study aimed to determine the effects of 
SPs on nasal physiology using CFM and virtual 
surgery and the influence of the size and 
location of SPs on airflow.

Material and Methods
A review of the records of patients whose 
paranasal sinuses were assessed by CT at 
the Centro Hospitalar Universitário de Lisboa 
Central resulted in the selection of a 66-year-
old male patient with no changes on CT 
images, previous nasal surgeries, or a history of 
brain injury. The results of transnasal fiberoptic 

laryngoscopy (TNFL) showed that this patient 
had no nasal irregularities or changes in the 
nasal mucosa. He was referred to ENT because 
of a pharyngeal foreign body sensation that 
had started one year earlier. CT imaging of the 
paranasal sinuses to investigate thickening 
of the pharyngeal cavum after TNFL did not 
reveal any changes. Endoscopy revealed no 
other abnormal findings. Figure 1 shows a 
high-resolution CT image of the paranasal 
sinuses (section thickness, 0.625 mm).
A 3D model was generated from 
reconstructed CT images (Figure 2) using the 
CFM software Flowgy®, which also allowed 
model segmentation and post-processing 
of the generated mesh. After constructing 
the original nasal model, SPs were created 
by virtual surgery. An anterior or posterior 
three-dimensional bounding box was initially 
selected in the nasal septum in Flowgy®, in 
which a circular SP (1 or 2 cm in diameter) was 
created. We generated five models (Figure 
3)— an initial model without SP, two models 
with anterior SPs of 1 cm and 2 cm in diameter, 
respectively, and two models with posterior 
SPs of 1 cm and 2 cm in diameter, respectively.

Figure 1
Coronal CT image of paranasal sinuses in a 
66-year-old male
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A simulation was generated for each model, 
and a constant pressure drop between 
the atmosphere and the nasopharynx 
was defined for each simulation to mimic 
physiological respiration induced by the lungs. 
The volumetric flow rate was maintained at < 
15 L/min to ensure laminar flow. The model 
was defined as a rigid body to suppress the 
effect of soft tissue deformation associated 
with respiration. The exterior (atmospheric) 
temperature was adjusted to 20ºC, and that of 
the nasal cavities was adjusted to 37ºC10.
We analyzed air temperature, pressure, and 
velocity through different structures of the 
nasal cavities in six coronal planes obtained 
from the 3D models. The indices of volumetric 
flow rate and nasal cavity resistance among 
the five models were compared. 

Results
Air predominantly flowed through the right 
nasal cavity in the original model without SP 
(Table 1), and no findings of anamnesis and 
endoscopy or imaging could explain it. After 

Figure 2
Geometry of 3D model without septal 
perforation

Figure 3
Virtual surgery and 3D model. 
A - Anterior septal perforation of 1 cm in 
diameter; B - Anterior septal perforation of 2 cm 
in diameter; C - Posterior septal perforation of 1 
cm in diameter; D - Posterior septal perforation 
of 2 cm in diameter.
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virtual surgery for the established SPs, the 
air started flowing through the perforation 
from the nasal cavity with more flow to that 
with less. Asymmetric airflow was consistent 
in all models, with more airflow in the right 
nasal cavity. A higher volumetric flow rate 
(%Q) was associated more with anterior than 
posterior SPs (Table 1)— volumetric flow rates 
were 62.86% and 81.85% higher, respectively, 
in anterior than posterior SPs of 1 and 2 cm in 
diameter. Larger perforations caused greater 
changes in airflow allocation regardless of 
their location (Table 1). An increase of 1 cm in 
the diameter of anterior and posterior SPs, 
respectively, led to 55.94% and 103.4% increases 
in the volumetric flow rate.
Resistance (Pa/L/min) remained unchanged 
in the model with posterior SPs relative to that 
without SPs, regardless of size (0.602 PA/L/min). 
Resistance decreased by 3.18% in the anterior 
SPs when the diameter of the perforation was 
2 cm, but this was not statistically significant.
Table 2 shows that an increase in the diameter 
of anterior and posterior SPs from 1 to 2 cm 
increased the maximum velocity from 1.955 
to 2.200 (13%) and 1.375 to 1.723 m/s (25%), 

respectively. The velocity was maximal in 
the central-posterior region of the SPs and 
minimal in the periphery (mainly at the 
anterior limit of the SPs). The pattern of heat 
transfer mimicked that of airflow velocity in 
both anterior and posterior perforations, but 
heat exchange was greater in the anterior 
and larger SPs. However, the SPs did not 
significantly alter the temperature in the 
nasopharynx, regardless of size or location 
(range, 302.821–309.650 ºK).
 
Discussion
SPs are structural defects in the nasal septum 
that create a communication pathway between 
the two nasal cavities. They lead to changes 
in air flow, which, in turn, are associated with 
signs and symptoms12. As SPs can impact the 
quality of life, several surgical techniques, from 
partial or total SP closure to SP enlargement, 
have been developed to mitigate symptoms9. 
Despite good surgical outcomes of small 
perforations, septal defects with a diameter > 
2 cm are associated with increased technical 
difficulty. Consensus regarding the optimal 
procedure or which patients would benefit 
the most from surgery has not been reached.13

Here, we investigated changes in nasal 
physiology caused by SPs of different sizes 
and locations using digital models of the 
nasal cavities, CFM, and virtual surgery. We 
again found that airflow was diverted through 
the SPs from the side with the highest to 
that with the lowest flow rate and that the 
diversion is greater in larger SPs14. This defect 

Table 1
Volumetric flow rates (Q; L/min).

Table 2
Calculation of maximum velocity (m/s) at sites of 
septal perforation

Volumetric flow rates (Q; L/min) in right (QD) and (QE) left nasal cavities, in right nasal cavity before (QRB) and after (QRA) septal
perforation, and in left nasal cavity before (QLB) and (QLA) after septal perforation. %Q, ratio of volumetric flow rate (L/min) through
septal perforation.

No Perforation Anterior Perforation (1 cm) Posterior Perforation (1 cm)

QR QL QRB QRA QLB QLA %Q QRB QRA QLB QLA %Q

11.111 3.350 11.373 9.737 3.123 4.760 11,289 11.106 10.084 3.303 4.326 7.096

Anterior Perforation (2 cm) Posterior Perforation (2 cm)

QRB QRA QLB QLA %Q QRB QRA QLB QLA QLA

11.821 9.101 3.232 5.308 17.664 11.177 9.101 3.232 5.308 14.408

Septal perforation Maximum velocity (m/s)

Anterior 1cm 1.955

Anterior 2cm 2.200

Posterior 1cm 1.375

Posterior 2cm 1.723
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was consistent for perforations in all evaluated 
anatomical locations.
A comparison between anterior and posterior 
SPs in the CFM models revealed that 
anteriorly located perforations led to higher 
airflow velocity, and larger SPs are associated 
with higher air velocity regardless of location. 
The ratio (%) of airflow velocity increased 
according to SP size in the posterior region of 
the nasal septum. The exact etiology of this 
phenomenon remains unknown. However, it 
might be because the conversion from laminar 
to turbulent airflow is more significant and 
results in a corresponding increase in velocity 
when an SP is located in the anterior than the 
posterior region14. These findings might have 
substantial clinical importance when deciding 
on the surgical closure of SPs.
Differences in temperature between the 
surface of the nasal mucosa and inhaled air 
are important for water transfer to inspiratory 
air15. Li et al. showed that SPs alter airflow and 
impair nasal warming functions11. They also 
showed that patients with larger or anterior 
perforations had lower airflow temperatures 
in the nasopharynx. However, these findings 
have not been confirmed by others9, and we 
found that the airflow temperature in the 
nasopharynx remained unchanged regardless 
of SP size and location.
CFM allows more detailed diagnostic 
investigations of SPs and are important for 
creating individualized treatment plans, thus 
avoiding unsatisfactory surgical outcomes. As 
CFM can simulate the parameters of nasal flow 
assessment before and after virtual closure of 
SPs, pathological findings other than SPs, such 
as nasal septal deviation and inferior turbinate 
hypertrophy, can be considered in advance 
as contributors to symptoms and changes in 
nasal airflow7. 
This study has some limitations. The five 
analyzed models were generated from a single 
patient. The size (1 or 2 cm in diameter) and 
the shape (circular) of the perforations were 
controlled to standardize the models. However, 
different shapes and anatomical locations 
of SPs affect airflow and symptoms9. Other 

anatomical aspects such as inferior turbinate 
hypertrophy or nasal septal deviation were not 
considered in the models. Nevertheless, this  
was the only way to reveal the isolated effects 
of SPs without interference by confounding 
factors. Translation of a  CFM model to the 
routine clinical setting has a margin of error 
that should not be underestimated. Although 
CFM offers a unique opportunity to analyze 
nasal airflow, many aspects remain enigmatic, 
and conditions such as empty nose syndrome 
are typical of the dissociation between CFM 
findings and symptoms16. Therefore, studies 
to correlate nasal airflow assessed by CFM to 
the presented symptoms are necessary. These 
biases mean that definitive conclusions await 
additional studies of patients with SP and 
confirmation of the present results.

Conclusions
CFM associated with virtual surgery can help 
improve the understanding of airflow behavior 
in the nasal cavities with or without established 
disease. The SPs altered nasal physiology 
in our CFM model according to their size or 
location. Airflow allocation was altered, with 
more airflow entering the nasal cavity with less 
resistance, especially in anterior perforations. 
Larger SPs caused greater changes in airflow 
allocation regardless of their location.
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