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INTRODUCTION

Endoscopic sinus surgery is an effective surgical technique 
to treat severe chronic rhinosinusitis. For diseases involving 
the maxillary sinus (MS), enlargement of the primary MS os-

tium is usually required to access internal lesions, such as pol-
yps or tumors. Adequate ostium enlargement is also required 
to achieve effective postoperative drainage from the MS. The 
resection extent of the ostium and medial wall of the MS de-
pends on its size and the type and severity of disease. The most 
frequently used technique is middle meatal antrostomy (MMA), 
in which the maxillary ostium is simply enlarged, usually ac-
companied by uncinectomy. In cases requiring more exten-
sive resection, surgeons may resort to more aggressive tech-
niques. For example, MMA can be combined with an inferior 
meatal antrostomy (IMA). An even larger extent of excision 
on the medial wall of the MS can be achieved via mega-an-
trostomy (MEGA), which involves the region ranging from 
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the posterior half of the inferior turbinate to the nasal floor. 
For some severe MS tumors, a more invasive operation tech-
nique, endoscopic medial maxillectomy (EMM), which even 
includes the resection of a significant portion of the inferior 
turbinate, can be utilized.

Predicting the prognosis of surgery is important for choos-
ing an appropriate treatment. Generally, rhinologists’ major 
concerns are favorable recovery of the MS mucosa, non-re-
currence of the symptom or disease, and the maintenance of MS 
patency. Among many endoscopic MS operations, in EMM, 
there are some postoperative morbidities related to nasal air-
flow, such as nasal dryness, continuous crusting, and para-
doxical obstruction, which are typical symptoms of empty 
nose syndrome [1,2]. Even technically successful EMM can 
be accompanied by these unexpected physiological issues. 
This necessitates establishing a link between post-EMM air-
flow symptoms and objective measures of nasal airflow. For 
example, a changed air-conditioning capacity of the nasal cavi-
ty in EMM may lead to an excessive loss of mucus from the 
epithelial surface, potentially resulting in nasal crusting and 
dryness. This conjecture is further supported by the physio-
logical findings that the anterior portion of the inferior turbi-
nate plays an important role in conditioning inhaled air [3-7], 
considering the EMM’s resection extent. To overcome the physi-
ological disadvantages of EMM, modified EMM has been 
proposed as a less extensive resection approach [8]. During 
modified EMM, the MS is widely opened (with a much larger 
opening than in MMA or IMA), while the inferior turbinate 
and nasolacrimal duct are almost completely preserved. A 
pre-lacrimal approach can be included as a type of modified 
EMM in this regard. MEGA is also similar to modified EMM 
in terms of the region of resection. Although modified EMM 
has been used widely instead of EMM according to certain 
indications, its physiological advantages have not been clearly 
defined—instead, to the best of the authors’ knowledge, these 
advantages have only been inferred or subjectively assessed.

Computational fluid dynamics (CFD) is an effective pre-
dictive tool for investigating nasal physiology. It has been used 
to study the airflow and air-conditioning characteristics in 
normal, asymptomatic nasal cavities [5-7,9-13]. Recent stud-
ies have also used CFD to study abnormal airflow in patho-
logic or operated states [14,15]. With recent advances in pa-
tient-specific virtual surgical environments (VSEs), cost-
effective virtual manipulation of nasal anatomy has become 
realizable for surgical planning [16]. CFD has been further 
extended in combination with the VSE technique to predict 
the physiological outcomes of nasal surgery [17].

The main objective of the present study was to use CFD to 
investigate the effect of four different MS surgery techniques— 
1) MMA, 2) combined MMA and IMA (MMA+IMA), 3) 

MEGA, and 4) EMM—on modifying the nasal airflow and 
air-conditioning characteristics. Virtual surgery was used to 
generate nasal cavity models simulating the surgical tech-
niques. Additionally, several objective measures of airflow 
and air-conditioning characteristics were compared, especial-
ly between EMM and MEGA, which represented the modi-
fied EMM technique.

METHODS

Patients
The study subject was a 49-year-old man with no history of 

previous sinus surgery. The study subject had no nasal symp-
toms such as nasal obstruction, rhinorrhea, sneezing, or itch-
ing. Before constructing a numerical model, two otolaryn-
gologists reviewed his computed tomography (CT) scans for 
anatomical defects. Septal deviation was not found, and asym-
metric mucosal swelling affected by the nasal cycle was not 
noted. In the absence of any notable anatomical and etiologi-
cal defects of the nasal cavity, this subject’s CT scan was cho-
sen as a baseline model for the present study. The volume of 
the left and right MSs was approximately 2.53×10-5 m3 and 
2.78×10-5 m3, respectively. This study was approved by the In-
stitutional Review Board of Seoul National University Bun-
dang Hospital (IRB No. B-2207-767-701). In addition, informed 
consent was obtained from the subject.

Construction of the nasal cavity model and virtual 
surgery

A numerical model of the baseline nasal cavity was con-
structed using CT scans (Siemens, Erlangen, Germany) of the 
study subject. The slice thickness of the CT images was 0.5 
mm. In addition to the baseline model, four additional cavity 
models were constructed by performing different types of vir-
tual operations to the right MS of the baseline model to simu-
late MMA, MMA+IMA, MEGA, and EMM. This virtual in-
tervention procedure was performed manually using virtual 
simulator platform software (CardinalSim; https://med.stan-
ford.edu/cardinalsim.html) and a stereoscopic display (ASUS, 
Taiwan) with a Geomagic Touch haptic device (3D Systems, 
Rock Hill, SC, USA) (Supplementary Fig. 1 in the online-on-
ly Data Supplement). The external features of the face were 
included in all cavity models to obtain more realistic inflow 
conditions through the nostrils [9]. Paranasal sinuses other 
than the MS were removed in the construction of the numer-
ical cavity models under the assumption that their presence 
would not significantly change the airflow or thermodynam-
ic conditions of the nasal airway [9,12,18]. The segmentation 
procedure was conducted using Mimics v24.0 software (Ma-
terialise, Leuven, Belgium). The output file of Mimics v24.0 in 
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the stereolithography format was further processed using 
Geomagic Wrap 2017 (3D Systems) to produce a three-di-
mensional computational volume model (Supplementary 
Fig. 2 in the online-only Data Supplement).

CFD methodology
Nasal airflow fields were investigated at a constant inspira-

tory flow rate of 250 mL/s, which is the average breathing rate 
of an adult at rest [19]. Many numerical studies have suggest-
ed that flow at this rate does not exhibit significant turbulent 
features [9,11,13]; thus, a laminar flow regime was assumed. 
This target airflow rate of 250 mL/s was obtained by adjusting 
the pressure at the outlet for each cavity model in the prelim-
inary computations. Velocity field, temperature, and humidity 
distributions of the inhaled air were evaluated using ANSYS/
Fluent 2021 R2 software (Canonsburg, PA, USA). By using the 
wall model applied by Chung and Na [13], a more realistic 
epithelial surface temperature distribution was obtained, 
thereby satisfying a commonly used constant temperature 
boundary condition [18]. The mass fraction of water vapor 
along the epithelial surface was evaluated with an assumption 
of 100% relative humidity (RH) using in-house code that was 
provided to the ANSYS/Fluent in the form of a user-defined 
function. The ambient conditions were assumed to be 25°C, 
35% RH, and a stagnation pressure of 0 Pa.

Fluent Meshing 2021 R2 was used to generate approxi-
mately 5.2–5.3 million mesh elements consisting of both prism 
layers and a polyhedral mesh following our preliminary study 
on grid-independence, which indicated that approximately 5 
million polyhedral mesh elements resolved the airflow fields 
reasonably. Seven prism layers were placed along the surface, 
with a growth ratio of 1.15. The mesh distribution in one 
representative plane is shown in Supplementary Fig. 2 (in the 
online-only Data Supplement). A second-order central dif-
ferencing scheme was used for the spatial discretization of 
governing equations to reduce dissipative numerical errors. A 
coupled algorithm was adopted for the velocity-pressure cou-
pling algorithm.

RESULTS

Streamline patterns and velocity distributions in the 
MS

In the absence of obvious nasal septal deviation, the air-
flow was almost evenly distributed between the left and right 
airways in the baseline model (right:left=128.4 mL/s:122.9 
mL/s=51.1%:48.9%), as described in Table 1. As the extent 
of surgery in the right MS increased—that is, moving from the 
MMA model to the MMA+IMA, MEGA, and EMM models 
in order—the unilateral airflow rate through the right-side air-
way increased. Since the bilateral airflow rate was set to a con-
stant value of 250 mL/s in the present study, the asymmetry 
in the airflow partition between the left and right airways in-
creased with the extent of surgery. 

The amount of airflow moving through the right MS also 
depended on the type of operation. In the baseline model with 
a normal primary ostium, approximately 1.5 mL/s (equivalent 
to 1.2% of the unilateral airflow through the right airway) 
passed through the right MS. In the MMA model, however, 
the airflow rate going through the right MS increased to 11.8 
mL/s (equivalent to 9.0% of the unilateral airflow through the 
right airway) due to the enlargement of the cross-sectional 
area of the primary ostium. The amount of airflow passing 
through the MS further increased with more aggressive in-
tervention techniques. That is, two additional operations, in 
the MMA+IMA and MEGA models, caused a higher airflow 
rate to pass through the MS (25.7–27.9 mL/s). These airflow 
rates correspond to 18.2%–21.2% of the airflow rate moving 
through the right-side airway. However, a drastic increase in 
the amount of airflow rate entering the right MS was noted in 
the EMM model, where approximately 63.6% of the unilateral 
airflow rate through the right airway was found to enter the 
right MS, suggesting that the ventilation of the right MS sig-
nificantly increased compared to the other models (Table 1).

The streamline patterns shown in Fig. 1 qualitatively illus-
trate that the degree of ventilation of the MS also depended 
on the type of operation. While infiltration of the airflow into 
the right MS was negligibly small in the baseline model, weak 

Table 1. Summary of airflow partition, the unilateral airflow rate, and the airflow rate through the right MS

Baseline MMA MMA+IMA MEGA EMM
Airflow partition (%), R:L 51.1:48.9 52.2:47.8 52.3:47.7 56.3:43.7 64.1:35.9
Airflow rate through the right nostril (mL/s) 128.4 130.9 131.5 141.3 160.9
Airflow rate entering the right MS (mL/s)     1.5   11.8   27.9   25.7 102.4
Ratio of airflow rate entering the right MS
  to airflow rate in the right nostril (%)

    1.2     9.0   21.2   18.2   63.6

Computational fluid dynamics results are shown for the airflow rate in the baseline, MMA, MMA+IMA, MEGA, and EMM models. 
MS, maxillary sinus; MMA, middle meatal antrostomy; IMA, inferior meatal antrostomy; MEGA, mega-antrostomy; EMM, endo-
scopic medial maxillectomy; R, right; L, left
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permeation was observed in the MMA model. However, the 
penetration of the airflow was limited to the region near the 
enlarged ostium. For more aggressive antrostomy techniques, 
such as in the MMA+IMA and MEGA models, the degree of 
penetration of the airflow became even larger compared to 
that of the MMA model. Complete penetration in the right 
MS was noted in the EMM model (Fig. 1).

The disturbance of the airflow inside the right MS caused 
by the different surgical techniques was also assessed by ana-
lyzing the velocity field inside the MS (Fig. 2). Five represen-
tative coronal planes were selected to show variations of the 
velocity field through the airway. The velocity inside the MS 
remained quite low (with a maximum velocity of less than 
0.01 m/s) in the baseline model, indicating that the penetra-
tion of the airflow into the MS was negligibly small. Disturbed 
velocity fields in the right MS were noted in the MMA, MMA+ 
IMA, and MEGA models, but penetration was limited to the 
region near the enlarged ostium or medial wall of the right 
MS. The maximum velocity near these regions was approxi-
mately 0.91, 1.42, and 0.82 m/s for the MMA, MMA+IMA, 
and MEGA models, respectively. In the MMA+IMA model, 
a higher maximum velocity of 1.42 m/s was found to occur 

near the lower airway passage connected to the inferior me-
atus. A drastically increased level of disturbance inside the 
right MS was observed in the EMM model, with a maximum 
velocity of 2.03 m/s near the extended ostium connected to 
the middle meatus.

RH and air temperature inside the MS
The RH and air temperature fields in the same representa-

tive coronal planes are compared in Supplementary Figs. 3 
and 4 (in the online-only Data Supplement). Similar to the 
behavior of the velocity field shown in Fig. 2, the disturbance 
inside the MS was negligible in the baseline model; therefore, 
the RH inside the MS was almost undisturbed, maintaining 
a level of 100%. In the other three models (i.e., the MMA, 
MMA+IMA, and MEGA models), the average RH of the 
right MS was found to be over 97% (i.e., 99.7%, 97.4%, and 
98.4% for the MMA, MMA+IMA, and MEGA models, re-
spectively), consistent with the limited penetration of airflow 
into the right MS (Fig. 2). In the EMM model, however, the 
region affected by the airflow penetration spread over the en-
tire volume of the right MS, and the resulting spatial average 
of the RH in the right MS dropped to 89.8% (Supplementary 

Fig. 1. Comparison of streamline patterns between five models. For visual convenience, the face was removed. Streamline patterns of 
airflow illustrate that the degree of ventilation of MS was different according to the operation technique. The infiltration of the airflow into 
the right MS was negligibly small in the baseline model. Weak permeation was observed in the MMA model, but limited to the region near 
the enlarged ostium. The degree of penetration of the airflow became even larger in the MMA+IMA and MEGA models. Complete pene-
tration in the right MS was noted in the EMM model. MMA, middle meatal antrostomy; IMA, inferior meatal antrostomy; MEGA, mega-
antrostomy; MS, maxillary sinus; EMM, endoscopic medial maxillectomy.
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Fig. 3 in the online-only Data Supplement).
Reflecting the similarity between the heat and water-vapor 

transport phenomena, the behaviors of the air temperature 
fields were shown to be quite similar to those of the RH fields. 
When the penetration of the airflow was minimal to modest, 
the average temperature was maintained at over 33°C in the 

right MS (i.e., 33.3°C, 33.1°C, and 33.0°C for the MMA, MMA+ 
IMA, and MEGA models, respectively). However, when the 
highest level of airflow penetration into the MS occurred in 
the EMM model, the average temperature of the right MS 
dropped to 31.6°C (Supplementary Fig. 4 in the online-only 
Data Supplement).

Fig. 2. Comparison of velocity distributions along the nasal airway in five representative coronal planes. The bilateral airflow velocity mag-
nitude is shown by five representative planes from the anterior part to the posterior part. In the baseline model, the velocity inside the MS 
was very low, with a maximum velocity less than 0.01 m/s. However, disturbed velocity regions were found near the enlarged ostium or 
medial wall of the right MS in the MMA, MMA+IMA, and MEGA models, and the maximum velocity near these regions was approximately 
0.91, 1.42, and 0.82 m/s in the MMA, MMA+IMA, and MEGA models, respectively. In the EMM model, a drastically increased level of 
disturbance inside the right MS was found, with a maximum velocity of 2.03 m/s near the extended ostium connected to the middle me-
atus. MS, maxillary sinus; MMA, middle meatal antrostomy; IMA, inferior meatal antrostomy; MEGA, mega-antrostomy; EMM, endoscop-
ic medial maxillectomy.
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Wall shear stress and epithelial surface water-vapor 
flux along the MS surface

The distribution of the wall shear stress along the surface of 
the nasal cavity is shown in Fig. 3. In a healthy normal nasal 
cavity, represented by the baseline model, the nasal valve area 
is subject to high wall shear stress due to the acceleration of 
the inhaled airflow. In fact, a maximum wall shear stress of ap-
proximately 0.494 Pa was observed in this region of the base-
line model. In contrast, the significantly reduced velocity in-

side the MS (typically less than 0.01 m/s) resulted in vanishingly 
small wall shear stress along the epithelial surface of the MS 
(Fig. 3A).

Even when the airflow rate into the MS increased to 25.7 
mL/s (equivalent to 18.2% of the unilateral airflow rate through 
the right airway) in the MEGA model, the wall shear stress at 
the surface of the right MS remained negligibly small (Fig. 3A). 
It is noteworthy, however, that the wall shear stress at the pos-
terior surface of the enlarged ostium between the right nasal 

Fig. 3. Comparison of wall shear stress distributions between five models. A: Overall distribution of wall shear stress in five models. In 
the baseline model, the nasal valve area was subject to high wall shear stress, and a maximum wall shear stress of 0.494 Pa was ob-
served. From the epithelial surface of the MS in the baseline model, vanishingly small wall shear stress was measured. In the MMA, 
MMA+IMA, and MEGA models, the wall shear stress at the surface of the right MS remained small. However, in the EMM model, a re-
gion exposed to elevated wall shear stress appeared at the posterior surface of the right MS. B: The distribution of wall shear stress near 
the extended ostium in the MEGA and EMM models. For visual purposes, the cavity connected to the right MS was artificially removed. In 
the MEGA model, the wall shear stress at the posterior surface of the enlarged ostium increased to approximately 0.364 Pa. In the EMM 
model, a higher value of wall shear stress (approximately 0.412 Pa) was noted in the posterior surface of the enlarged ostium. In addi-
tion, the EMM model showed increased wall shear stress (approximately 0.155 Pa) at the posterior surface of the right MS. MS, maxil-
lary sinus; MMA, middle meatal antrostomy; IMA, inferior meatal antrostomy; MEGA, mega-antrostomy; EMM, endoscopic medial maxil-
lectomy.

A

B
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cavity and the MS increased to approximately 0.364 Pa in MEGA 
model (Fig. 3B). When the airflow rate into the right MS fur-
ther increased to 102.4 mL/s (equivalent to 63.6% of the uni-
lateral airflow rate through the right airway) in the EMM 
model, the flow kinematics inside the right MS completely 
changed; as a result, the posterior surface of the right MS was 
exposed to increased wall shear stress (approximately 0.155 
Pa). It is a distinctive characteristic of the EMM model that 
the region exposed to the elevated wall shear stress appears at 
the posterior surface of the right MS. Furthermore, compared 
to the MEGA model, a higher value of wall shear stress (ap-
proximately 0.412 Pa) was noted on the posterior surface of 
the enlarged ostium between the right nasal cavity and the 
MS (Fig. 3B).

The distribution of water-vapor flux along the MS epitheli-
al surface was also investigated (Fig. 4). Similar to the wall 
shear stress distributions, the disturbances produced by the 
airflow penetrating into the right MS did not cause a notice-
able change in the water-vapor flux along the surface of the 
right MS in the MMA, MMA+IMA, and MEGA models. In 
the EMM model, however, elevated levels of water-vapor flux 
of approximately 1.60×10-3 kg/(s·m2) occurred on the poste-
rior surface of the right MS. This was due to the collision of a 
bulk of airflow entering from the right airway into the MS.

In order to understand the appearance of the region subject 
to an increased level of wall shear stress and water-vapor flux 
on the posterior surface of the right MS in the EMM model, 

the local flow field inside the right MS was further explored. 
As shown in Fig. 5, a large portion of the airflow originating 
from the right nostril entered the right MS. A bulk of the pen-
etrating airflow proceeded before colliding with the posterior 
surface of the right MS. Therefore, a stagnation area formed 
on the posterior surface of the MS where the wall shear stress 
and the surface water-vapor flux increased. 

Nasal resistance and post-choanal RH and air 
temperature

The overall effects of the different surgical techniques on 
the nasal airflow were estimated by analyzing the variations 
in the nasal resistance, RH, and air temperature in the naso-
pharynx (Table 2). Unilateral nasal resistance in the right-side 
airway decreased as the extent of surgery increased (from 
0.0543 Pa·s/mL in the baseline model to 0.0269 Pa·s/mL in 
the EMM model). Bilateral nasal resistance also decreased 
similarly to the behavior of the unilateral nasal resistance in 
the right airway. In particular, the EMM model yielded the 
largest reduction in bilateral nasal resistance, by 37.5% from 
that of the baseline model (from 0.0277 Pa·s/mL to 0.0173 
Pa·s/mL).

The RH and air temperature measured after the choanae 
are also compared in Table 2. Meaningful differences in the 
RH in the nasopharynx were not noted among the baseline, 
MMA, and MMA+IMA models. Even in the MEGA model, 
the decrease of RH from the normal baseline model may not 

Fig. 4. Comparison of epithelial surface water-vapor flux distributions between five models. In the MMA, MMA+IMA, and MEGA models, 
there were no noticeable changes in water-vapor flux along the surface of the right MS. In the EMM model, however, the water-vapor flux 
on the posterior surface of the right MS increased to approximately 1.60×10-3 kg/(s·m2). MMA, middle meatal antrostomy; IMA, inferior 
meatal antrostomy; MEGA, mega-antrostomy; MS, maxillary sinus; EMM, endoscopic medial maxillectomy.
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have been physiologically significant (from 91.7% in the base-
line model to 91.0% in the MEGA model). In the EMM mod-
el, however, the largest decrease in RH was noted (from 91.7% 
in the baseline model to 88.1% in the EMM model). The siz-
able reduction in the RH observed in the EMM model is at-
tributable to the reduced air-conditioning capacity of the right 
airway. As shown in Table 1, the airflow partition between the 
right and left airways was highly skewed to the right side (R:L= 
160.9 mL/s:90.1 mL/s); thus, the overloaded right airway was 
not able to condition the inhaled air sufficiently. Accordingly, 
the RH in the right airway just before the choanae was shown 
to drop to as low as 84.6% in the EMM model. 

The behavior of air temperature was similar to that of RH, 
but with much less deviation. The air temperature in the na-
sopharynx did not meaningfully vary between the baseline, 
MMA, MMA+IMA, and MEGA models. Even in the EMM 
model, the reduction in air temperature was not significant 
(from 31.9°C in the baseline model to 31.7°C in the EMM 
model).

DISCUSSION

In this study, numerical models for nasal cavities simulat-
ing four different surgical techniques (MMA, MMA+IMA, 

Fig. 5. Stagnation in the posterior surface of the maxillary sinus of the EMM model. A large portion of the airflow from the right nostril en-
tered the right maxillary sinus. A bulk of penetrating airflow proceeded before colliding with the posterior surface of the right maxillary si-
nus. Therefore, a stagnation area was formed on the posterior surface of the maxillary sinus where the wall shear stress and surface wa-
ter-vapor flux increased. For visual convenience, only the airflow through the right nasal cavity was considered and the surface of the 
right maxillary sinus was made semi-transparent. EMM, endoscopic medial maxillectomy.

Table 2. Summary of nasal resistance, relative humidity, and air temperature between four surgery models

Baseline MMA MMA+IMA MEGA EMM
Unilateral nasal resistance (Pa·s/mL),
  R:L

0.0543:0.0565 0.0518:0.0563 0.0514:0.0557 0.0419:0.0532 0.0269:0.0484

Bilateral nasal resistance (Pa·s/mL) 0.0277 0.0268 0.0267 0.0234 0.0173
Relative humidity, before choanae (%), 
  R:L

91.6:91.8 92.3:91.6 92.3:91.7 89.5:92.7 84.6:94.3

Relative humidity, after choanae (%) 91.7 92.3 92.1 91.0 88.1
Air temperature, before choanae (°C), 
  R:L

31.9:31.9 32.0:31.9 32.0:31.9 31.6:32.1 31.2:32.4

Air temperature, after choanae (°C) 31.9 32.0 32.0 31.9 31.7
Computational fluid dynamics results are shown for the nasal resistance, relative humidity, and the air temperature. MMA, middle me-
atal antrostomy; IMA, inferior meatal antrostomy; MEGA, mega-antrostomy; EMM, endoscopic medial maxillectomy; R, right; L, left
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MEGA, and EMM) were generated using a virtual surgery 
technique and analyzed by CFD. The resulting airflow and 
air-conditioning characteristics were compared with those of 
a baseline model of the normal nasal cavity. Our results sug-
gest that EMM involves an anatomical change that results in 
the largest increase of wall shear stress and surface water-va-
por flux on the posterior surface of the MS and the greatest 
deterioration of air-conditioning characteristics in the nasal 
cavity. In contrast, the MEGA model, which we used to repre-
sent modified EMM, was shown to significantly reduce air-
flow penetration into the MS compared to the EMM model. 
As a result of reduced airflow disturbance in the nasal airway, 
the deterioration in the RH in the nasopharynx was quite re-
duced in the MEGA model. From this point of view, our study 
suggests that MEGA has a substantial advantage over EMM 
in terms of nasal physiology.

The MMA and MMA+IMA results of our study showed that 
there were minimal physiologic changes after surgery. How-
ever, EMM or MEGA led to some physiological changes. This 
is clearly due to the much greater extent of resection during 
the operation in the latter techniques. Therefore, our study 
further focused on the difference between MEGA and EMM, 
both of which remove a large portion of the medial wall of the 
MS. EMM’s weak point is believed to be related to inferior 
turbinectomy. The inferior turbinate and anterior portion of 
the nasal cavity play an important role in properly condition-
ing the inhaled air [3-7]. Unlike EMM, MEGA extends the 
antrostomy through the posterior half of the inferior turbi-
nate down to the nasal floor and thereby preserves the ante-
rior end part of the inferior turbinate. The pre-lacrimal ap-
proach [8] is used in the modified EMM technique, and the 
inferior turbinate/maxillary medial complex is returned to its 
original anatomical status at the end of the procedure. Al-
though the pre-lacrimal approach is more widely used than 
MEGA, MEGA is an older technique and has long been known 
as an effective and safe treatment option for recalcitrant or 
refractory MS disease [20,21]. Furthermore, MEGA is easier 
to virtually implement than pre-lacrimal approach because 
the pre-lacrimal approach includes a procedure for returning 
the inferior turbinate to its place after the MS operation. This 
is why we chose the MEGA model instead of the pre-lacrimal 
approach for representing the modified EMM technique. Ob-
jective criteria for comparing different surgical techniques 
have not been established. Thus, we compared MEGA and 
EMM in two key physiological aspects: 1) the outcome of in-
creased airflow penetration into the MS and 2) the effect of 
airflow modification on the air-conditioning capacity.

Firstly, the disturbance inside the MS increased with the 
amount of airflow moving through the MS. The EMM model 
allowed the largest amount of airflow penetration into the MS 

(approximately 63.6% of the unilateral airflow through the 
right nostril), due to the sizable resection of the medial surface 
of the MS. Since a bulk of the airflow entering the MS pro-
ceeded directly toward the posterior surface of the MS before 
it hit the surface, a stagnation region was formed on the colli-
sion area. This is the region where local increases in wall shear 
stress and surface water-vapor flux were noted. The appear-
ance of this local region near the posterior surface of the MS 
would be an unwanted outcome of EMM. The increased lev-
el of wall shear stress may induce local inflammatory symp-
toms by irritating the local epithelial surface. In addition, the 
increased level of surface water-vapor flux would lead to an 
excessive loss of mucus from the mucosal surface, thereby in-
ducing postoperative symptoms such as dehydration or crust 
formation. In fact, crust formation has been described as a 
concern of large-scale antrostomy in previous studies [2,22]. 
In this context, by suppressing the elevated level of wall shear 
stress or surface water-vapor flux, the MEGA model is expect-
ed to reduce the local inflammatory symptoms or crust forma-
tion that EMM is likely to cause. This conjecture is further jus-
tified by several previous studies. For example, a study on 35 
patients who underwent medial maxillectomy reported nasal 
crusting in all 35 patients [1]. However, another study about 
the pre-lacrimal approach in 51 patients showed no nasal 
crusting complications [23].

Another critical issue is the excessive ventilation of the MS 
observed in the EMM model. A significant increase in the 
airflow entering the right MS can lower the nitric oxide (NO) 
concentration inside the MS by excessive washout that is en-
hanced by an increased level of convective transport [10]. The 
low NO concentration inside the MS can aggravate the sani-
tary environment inside the MS. Although studies on the role 
of NO in the pathogenesis of sinus infection have not report-
ed consistent findings, it is generally accepted that maintain-
ing high NO concentrations is protective [24,25]. Consistent 
with our results, a postoperative decrease in NO concentra-
tions inside the MS has also been reported [17,26]. In this re-
spect, the protective role of NO inside the MS could be dimin-
ished to a greater extent after EMM compared to the other 
three techniques, including MEGA.

The second physiological measure for the comparison of 
surgery techniques has to do with the degree of deterioration 
in the air-conditioning capacity. EMM performed unilaterally 
to the right MS induced a highly skewed airflow partition be-
tween both airways. Therefore, the airflow rate moving through 
the right-side cavity increased by approximately 25% (from 
128.4 mL/s in the baseline model to 160.9 mL/s in the EMM 
model). A recent study comparing the modified EMM and 
EMM by virtual surgery and CFD also showed that the con-
ventional EMM model had higher velocity fields and a more 
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massive flow rate increase than the modified EMM model 
[27]. This is in line with our study’s results. However, we fur-
ther investigated the effect of increased airflow rate on RH 
and temperature. There was less difference in the air temper-
ature of the nasopharynx than in RH. We think that this may 
be because the air temperature changes after the energy of the 
air humidity itself is consumed first. Nonetheless, there was a 
difference in the RH in the nasopharynx. The operated nasal 
cavity was not able to sufficiently condition the increased amount 
of air, resulting in an insufficient rise of RH. In the EMM mod-
el, a sizable reduction of RH in the nasopharynx was unavoid-
able because of the large increase in the amount of airflow by 
the skewed airflow partition (64.1%), combined with the de-
teriorated air-conditioning capacity resulting from the loss of 
the inferior turbinate. However, in the MEGA model, the de-
crease in the RH in the nasopharynx from the baseline mod-
el was much smaller than in the EMM model. This favorable 
result was attributed partly to the more balanced airflow par-
tition through the operated-side cavity (approximately 56.3%) 
and partly to the benefit of preserving the physiological role 
of the inferior turbinate. This inference is based on the known 
role of the inferior turbinate and anterior portion of the cavi-
ty in conditioning the inhaled air [3-7].

From the viewpoint of nasal obstruction, it is interesting to 
note that nasal resistance (both unilateral and bilateral) was 
significantly reduced in the EMM model. Since the subject 
did not have any complaint of nasal obstruction at baseline, 
it can be inferred that the reduction of nasal resistance achieved 
after surgery would not further improve the short-term eval-
uation of the subjective sensation of patency. Although several 
studies have conjectured that patients’ sensory perceptions 
and mucosal cooling may contribute to subjective measures 
of nasal obstruction [28-30], the level of RH and air tempera-
ture relative to the alveolar condition is also important for the 
long-term evaluation of subjective patency. In this context, 
the lowest level of RH in the nasopharynx is an inherent short-
coming of EMM.

Overall, our results indicate that MEGA provided several 
physiological advantages over EMM, justifying the increasing 
popularity of modified EMM or the pre-lacrimal approach 
in recent years. In MEGA, the deterioration in nasal anatomy 
appears to be in the acceptable range, so that excessive airflow 
disturbance inside the MS can be avoided. Additionally, the 
reduction in the air-conditioning capacity from the baseline 
model is minimized. Therefore, our results suggest that MEGA, 
which represents modified EMM, can be a good compromise 
between minimizing the disturbance of the physiological 
functions of the nasal cavity and achieving a sufficient resec-
tion extent.

Our study has several limitations. Since only one study sub-

ject was used, the present CFD results should be interpreted 
with caution. Additionally, a constant inspiratory airflow rate 
of 250 mL/s, which is an average airflow rate during inspira-
tion, was considered; thus, the limitations of this steady-state 
assumption should also be noted. However, according to sev-
eral studies [5,13], steady-state computation could reasonably 
represent the general features of the velocity and temperature 
fields during inspiration. Thus, we believe that our results suit-
ably reveal the distinctive physiological features induced by 
four different surgery techniques applied to the MS.

The effects of four different MS surgical techniques on the 
nasal airflow and air-conditioning characteristics were inves-
tigated via CFD in this study. Numerical models for the nasal 
cavity simulating MMA, MMA+IMA, MEGA and EMM were 
generated by applying a virtual surgery technique to a healthy 
baseline subject. Among the four surgery techniques, EMM 
produced the largest increase in wall shear stress and surface 
water vapor flux on the posterior surface of the MS and the 
greatest deterioration in the air-conditioning capacity of the 
nasal cavity. MEGA, however, was shown to reduce the local 
airflow disturbance inside the MS and prevent excessive de-
generation of the overall air-conditioning capacity of the cav-
ity. In conclusion, MEGA or modified EMM approaches have 
physiological advantages over EMM while securing a suffi-
cient spatial extent of resection for surgery. 
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Supplementary Fig. 1. Virtual operation procedure scene using virtual simulator platform software. A: An endoscopic view after a virtu-
al operation involving MMA+IMA is shown. The green dots on the axial, sagittal, and coronal images of CT represent the site of the end 
of the drill that is placed in the endoscopic view. The drill is placed near the IMA site. B: An endoscopic view after a virtual operation in-
volving MEGA is shown. The green dots on the axial, sagittal, and coronal images of CT represent the site of the end of the drill that is 
placed in the endoscopic view. The drill is placed near the partial inferior turbinectomy site. The endoscopic view is more widely enlarged. 
C: The endoscopic view after a virtual operation involving EMM is shown. The green dots on the axial, sagittal, and coronal images of CT 
represent the site of the end of the drill that is placed in the endoscopic view. The drill is placed almost in the maxillary sinus. MMA, mid-
dle meatal antrostomy; IMA, inferior meatal antrostomy; CT, computed tomography; MEGA, mega-antrostomy; EMM, endoscopic medial 
maxillectomy.



Supplementary Fig. 2. Numerical model of the nasal cavity constructed using CT scans of the baseline model. A 3-dimensional com-
putational volume model was segmented from baseline CT. Approximately 5.2–5.3 million mesh elements consisting of both prism lay-
ers and the polyhedral mesh were generated. The mesh distribution in one representative plane is shown. CT, computed tomography.



Supplementary Fig. 3. Comparison of relative humidity distributions in five representative coronal planes. The bilateral relative humidi-
ty is shown on five representative planes from the anterior part to the posterior part. In the baseline model, the relative humidity inside 
the MS was almost undisturbed. In the MMA, MMA+IMA, and MEGA models, the average relative humidity of the right MS was over 
97% (i.e., 99.7%, 97.4%, and 98.4%, respectively). In the EMM model, the entire volume of the MS was affected by the airflow penetra-
tion, and the resulting spatial average of the relative humidity in the right MS dropped to 89.8%. MMA, middle meatal antrostomy; IMA, 
inferior meatal antrostomy; MEGA, mega-antrostomy; EMM, endoscopic medial maxillectomy; MS, maxillary sinus.



Supplementary Fig. 4. Comparison of air temperature distributions in five representative coronal planes. The bilateral relative air tem-
perature is shown on five representative planes from the anterior part to the posterior part. The behaviors of the air temperature fields 
were similar to those of the relative humidity fields. In the MMA, MMA+IMA, and MEGA models, the average temperature was main-
tained over 33°C in the right MS (i.e., 33.3°C, 33.1°C, and 33.0°C, respectively). However, in the EMM model, the average temperature 
of the right MS dropped to 31.6°C. MMA, middle meatal antrostomy; IMA, inferior meatal antrostomy; MEGA, mega-antrostomy; MS, 
maxillary sinus; EMM, endoscopic medial maxillectomy.


