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Introduction
The mechanisms involved in the growth of paranasal sinuses have been intriguing scientists for 

a long time. Theories such as osteoclastic activity of mucosa [1], the force of atmospheric pressure 
[2], muscle traction [3], and, more recently, cavitation have been used to explain the process [4].

Some authors associate the normal growth of paranasal sinuses to the presence of air flowing 
through the nasal cavity [5-9]. A positive pressure of the air column during the expiration would 
apply a recurrent force on the walls of the paranasal sinus causing their expansion [7]. Accordingly, 
animal studies have demonstrated that nostril obstruction may cause craniofacial deformities [10-
11].

We set out to investigate whether the lack of nasal cavity airflow causes maxillary sinus 
hypoplasia, by comparing the volume of both maxillary sinuses of patients affected by unilateral 
choanal atresia. Computational Fluid Dynamics (CFD) experiments were performed to demonstrate 
the air physics at healthy and affected sides.

Material and Methods
This study was approved by the IRB committee (approval number: 1.815.782). Statistical analysis 

was executed on ActionStat software (Estatcamp, SP, Brazil).

A minimum sample of 13 subjects was calculated from the following statistical parameters: A 
power of 0.95 to detect an effect size equal or bigger than 10% for the difference of the volume of 
paired maxillary sinus, with a level of significance of 0.05, considering a standard deviation of 9%.

A search for choanal atresia diagnosis (ICD10=Q30.0) was carried out in the database (electronic 
medical records of patients attended in clinics, wards, intensive care unities and surgery records) of 
two tertiary hospitals in Sao Paulo, from 2000 to 2019. From this group, only patients with unilateral 
choanal atresia were selected because we intended to compare the sizes of maxillary sinuses in 
atresic and non-atresic sides in each patient, in a way the non-atresic side would be used as control 
of normal growth. Those with bilateral choanal atresia, others craniofacial malformation, previous 
craniofacial surgeries, or without paranasal sinuses Computed Tomography (CT) scan available 
were excluded.

All CT scans of the paranasal sinuses were acquired through 64-channel multislice devices 
in a low dose radiation protocol. Axial images with slice-thickness of 1 mm were obtained and 
a radiologist manually performed measures of cross-sectional area of maxillary sinuses internal 
bone surface from top to bottom through delimitation of the sinus internal bone surface (Figure 
1). The AW Volume Share 4 software (GE Healthcare) was used for the measurements and to 
obtain multiplanar reformatting images (such as coronal plane and tridimensional images). The 
volume of sinuses was automatically calculated by multiplying the number of voxels contained 
in the delimitated region by the volume of each voxel to obtain the sinus volume [cm3]. Table 1 
summarizes patients’ demographics and maxillary sinuses volume.

Normality analysis demonstrated that sinus volumes had a non-normal distribution. The 
Wilcoxon test for paired samples was used to compare the volume of the maxillary sinus of each 
subject. The difference of sinuses volume was also evaluated using a ratio, the Degree of Asymmetry 
(DA), (Formula 1). Since it had a normal distribution, the t-test for one sample, one tail, was applied 
to investigate if the mean of the DA was positive, what would indicate that maxillary sinuses at the 
atresic side have suffered an impairment on their development.
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Formula 1

DA(%) = (1- (Maxillary sinus volume of atresic side)/(Maxillary 
sinus volume of healthy side)) × 100

Numerical simulation of the airflow during inspiration and 
expiration of a random subject was carried out (Figure 3).

Results
A total of 141 cases of choanal atresia were found in the initial 

search. Of these, only 18 patients satisfied the established criteria. 
Among them, one subject was excluded because she was only three 
days old at the time the CT scan was performed and thereby it would 
not be possible to link her sinuses development to nasal airflow. 
Therefore, a total of 17 subjects were included in the study.

There were four male and 13 female subjects in our sample. 
The right side was atresic in 12 subjects and the left side in five. The 
median of subjects’ age was four years, ranging from five months to 

32 years (Figure 2).

The median of maxillary sinuses volume ipsilateral to choanal 
atresia was 3.6 cm3 (SD ± 6.2 cm3) compared to 4.4 cm3 (SD ± 
5.6 cm3) on contralateral side. However, the difference was not 
statistically significant, p=0.61. The mean of the DA was -2.5% with 
a 95% confidence interval of -16.1% to 11.2%. Also, not statistically 
significant, p=0.71.

Supplementary material contains additional videos of the 
performed experiment (Videos 1-4). On the atresic side, the pressure 
inside the nasal cavity and the maxillary sinus remained equal to the 
atmospheric pressure, regardless of the changes in the pressure on the 
rhinopharynx (Figure 4). Since there is not a pressure gradient, air 
movement was absent inside the nasal cavity and sinus of the atresic 
side (Figure 5). Meanwhile, it was observed a pressure gradient along 
the nasal cavity in the anteroposterior direction and, consequently air 
flowing through all normal nasal cavities.

Discussion
Patients with untreated unilateral choanal atresia provide a 

natural and paired controlled model to study the effect of nasal 
cavity ventilation on sinuses development [17-25]. However, choanal 
atresia is a rare condition with a reported incidence of 1:5000 to 
1:7000 births [26], with only about 50% being unilateral cases [27-29]. 
Besides, choanal atresia is commonly associated to other craniofacial 
malformations. As a result, only 17 of 141 choanal atresia cases 
initially identified in our search were eligible for the present study.

Patient Age Sex
Side of 
choanal 
atresia

Maxillary 
sinus 

ipsilateral 
to choanal 

atresia (cm3)

Maxillary 
sinus 

contralateral 
to choanal 

atresia (cm3)
1 14y Female Right 11.9 12.6

2 2y 5m Male Right 3.6 4.4

3 4y Female Left 3.1 2.8

4 18y 10m Female Left 9 6.6

5 10y 2m Female Right 7.4 7.2

6 1y 3m Female Right 0.4 0.3

7 26y 1m Female Left 9.14 12.39

8 17y Male Right 15.41 16.56

9 21y 7m Female Left 12.84 12.38

10 3y 11m Female Left 2.94 2.49

11 23y 2m Female Right 19.75 15.9

12 5m Female Right 0.086 0.16

13 1y 10m Female Right 1.67 1.97

14 3y 1m Male Right 3.4 3.38

15 1y 6m Male Right 1.56 2.2

16 2y 11m Female Right 1.46 1.47

17 32y 2m Female Right 15.56 9.71

Table 1: Patients’ demographics and maxillary sinuses volume.

Figure 1: CT scan of subject #17. The yellow line is the manually marked 
sinus limit. The green color represents the voxels selected for the maxillary 
sinus volume calculation.

Figure 2: Age distribution in study sample.

Figure 3: Pressure gradient during inflow (inspiration) and outflow (expiration) 
with a flow rate of 250 ml/s. RMS, right maxillary sinus; LMS: Left Maxillary 
Sinus. Choana atresia is on the left side.
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The maxillary sinuses were chosen among other sinus because 
intraindividual maxillary sinuses tend to be of equal size [30,31], they 
are already pneumatized at birth and they have a rapid growth during 
childhood and teenage years [6,21,28,29].

Previous authors have addressed the development of the maxillary 
sinus in unilateral choana atresia patients. Diner et al. [16] published 
the first case series (N=16) with objective measurements of the size 
of maxillary sinus in unilateral choanal atresia patients. They were 

followed by Behar et al. [17] (N=16), Guimarães et al. [18] (N=7), 
Leclerc et al. [19] (N=11) and, Terzi et al. [8] (N=11). In all these 
studies, there was not a statistically significant difference between the 
volumes of the maxillary sinuses of individuals with unilateral choanal 
atresia. However, due to their small sample (N<20), a reasonable 
question arises: is the absence of significance related to sample size or 
is there a genuine lack of association between sinus development and 
nose ventilation? In other words [20], have they committed a type II 
error and accepted a false null hypothesis due to a small sample?

In the medical field, sample size calculation usually assumes a 
20% chance of type II error, or a power of 0.8. In the design of the 
present study, we reduce the chances of have a type II error to 5%, 

Video 1: Axial view of CFD pressure.

Video 2: Axial view of CFD velocity.

Video 3: Coronal view of CFD pressure.

Video 4: Coronal view of CFD velocity.

Figure 4: Pressure gradient during inspiration at a flow rate of 250 ml/s. A. 
Sagittal view of the choanal atresia side. B. Sagittal view of the healthy side. 
C. Axial view. D. Coronal view. Note that the pressure at nasal cavity and 
paranasal sinuses on the atresic side was the same of atmospheric pressure 
while at the healthy side a negative pressure gradient occurred.

Figure 5: Velocity gradient during inspiration at a flow rate of 250 ml/s. A. 
Sagittal view of the choanal atresia side. B. Sagittal view of the healthy side. 
C. Axial view. D. Coronal view. Note that the air velocity on the atresic side is 
zero because the choanal atresia prevents the negative pressure gradient of 
rhinopharynx to be transmitted to the nasal cavity.
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by setting the statistical power to 0.95. Additionally, the meaningful 
effect was set as a degree of asymmetry of 10%, based on the study 
of Ariji et al. [24], who evaluated the symmetry of healthy maxillary 
sinuses of 155 subjects, with age ranging from 4 to 94 years old. They 
found for the degree of asymmetry in normal subjects a mean of 
10.2% and a standard deviation of 9.1%. A minimum sample of 13 
subjects was calculated using such statistical parameters. Therefore, 
with 17 subjects included, the present study has an adequate sample 
size. A maxillary sinus could be considered hypoplasic if it were 20% 
or more smaller than the contralateral sinus [25,12], an effect at least 
two folds higher than the minimum size effect (10%) we have set to 
detect. Therefore, the absence of a statistically significant result in our 
study, suggests that the lack of airflow in the nasal cavity does not 
cause maxillary sinus hypoplasia. Meanwhile, minor impairments in 
sinus growth at the atresic side, a reduction of the sinus volume of 
10% or less, cannot be dismissed by our results.

The CFD analysis showed that the pressure at maxillary sinus 
walls was equal to the atmospheric pressure during inspiration and 
expiration at the affected side, since the choanal atresia prevents 
any pressure variation at the nasopharynx to be transmitted to the 
nasal cavity and sinuses. Due to the robustness of physical principles 
involved in this observation, it is unlikely that a different result 
would appear if the same experiment were applied to other subjects. 
Therefore, it seems that the theory that sinus development relies 
on the presence of positive air pressure is flawed. Kurbel et al. [2], 
theorize that atmospheric pressure itself could be the driving force 
of sinus development, which in the physics point of view, would be 
a plausible explanation for normal sinus growth in choanal atresia 
patients. At the normal side, no novelties were observed, with the 
peak velocity at the nasal valve and a pressure gradient between the 
nostril and the choana.

Final Comments
The results of this work, in agreement with similar modern 

studies [8,16-19], have produced enough evidence to refute the long-
lasting theory of the need for nasal cavity airflow to paranasal sinus 
development. 
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