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Background: The relationship between maxillary sinus pneumatization and

respiratory-induced fluid mechanics remains unclear. The purpose of this

study was to simulate and measure the respiratory-induced mechanical

stimulation at the sinus floor under different respiratory conditions and to

investigate its potential effect on the elevated sinus following sinus-lifting

procedures.

Methods: The nasal airway together with the bilateral maxillary sinuses of the

selected patient was segmented and digitally modeled from a computed

tomographic image. The sinus floors of the models were elevated by

simulated sinus augmentations using computer-aided design. The numerical

simulations of sinus fluid motion under different respiratory conditions were

performed using a computational fluid dynamics (CFD) algorithm. Sinus wall

shear stress and static pressure on the pre-surgical and altered sinus floors were

examined and quantitatively compared.

Results: Streamlines with minimum airflow velocity were visualized in the sinus.

The sinus floor pressure and the wall shear stress increased with the elevated

inlet flow rate, but the magnitude of these mechanical stimulations remained at

a negligible level. The surgical technique and elevated height had no significant

influence on the wall pressure and the fluid mechanics.

Conclusion: This study shows that respiratory-induced mechanical stimulation

in the sinus floor is negligible before and after sinus augmentation.
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Introduction

Insufficient bone volume is a common problem encountered

in the rehabilitation of the edentulous posterior maxilla with

implant-supported prostheses. Bone volume is limited following

tooth extraction due to maxillary sinus pneumatization together

with alveolar bone resorption (Sharan and Madjar, 2006, 2008;

Van der Weijden et al., 2009; Covani et al., 2011; Tan et al., 2012;

Wagner et al., 2017). Maxillary sinus augmentation, either lateral

window or transcrestal approach, is a well-documented approach

to increase vertical height in the sinus cavity (Zhou et al., 2021).

Nonetheless, a significant volumetric reduction of the placed

graft was often observed over time (Berberi et al., 2015; Gultekin

et al., 2016). However, themechanism of graft resorption remains

unclear (Tepper et al., 2002; Butaric et al., 2010).

Multiple factors have been associated with increased sinus

volume, these include but are not limited to: surgical method,

compression force during graft filling, initial ridge height and

width, mechanical stimulation of airflow, and bone surface area

in direct contact with graft material (Wallace and Froum, 2003;

Kirmeier et al., 2008; Shanbhag et al., 2014). From a fluid

biomechanical perspective, load-induced intraosseous pressure

and fluid shearing stress are considered important mechanical

cues to promote bone marrow stem cell osteogenesis and bone

repair (Wittkowske et al., 2016; Stavenschi et al., 2018; Yong

et al., 2020). Breathing, sneezing, sniffing, other motion induced

airflow, and pressure drop along the nasal airspace will exert

mechanical stimulation to the grafting area in the sinus.

Although respiratory airflow is generally accepted as a

mechanical factor affecting the outcome of bone grafting

(Kurbel et al., 2004), there is a lack of understanding if these

respiratory-induced mechanical stimulations (e.g., wall pressure

and wall shear stress) will cause sinus cavity expansion or graft

resorption.

Respiratory physiology and pathology are strongly

dependent on the airflow inside the nasal cavity. The

technical difficulty of quantitative analysis of the sinus

cavity is due to the complicated airway passages and

significant individual differences in nasal anatomy. As a

result, the usual diagnostic analysis tools are often

ineffective. Fortunately, with the rapid development of

computer technology, computational fluid dynamics (CFD)

has the capacity to link airflow characteristics in the human

nasal airway to the actual effects of maxillary sinus lift.

Furthermore, the computed nasal geometry can be virtually

modified to reflect the predicted results of the proposed

surgical technique (Chung et al., 2016).

Hence, in this study, the nasal airway together with maxillary

sinuses was segmented and digitally modeled. The CFD model

was used to numerically simulate the airflow movement under

different respiratory conditions. By calculating and quantitatively

comparing the wall shear stress and static pressure of the sinus

floor before and after the change, the mechanical stimulation

exerted by the respiratory process on the sinus floor was

predicted. Therefore, the purpose of this study was to

simulate and measure the respiratory-induced mechanical

stimulation at the sinus floor under different respiratory

conditions and to investigate its potential effect on the

elevated sinus following sinus-lifting procedures.

Materials and methods

Digital modeling

The study was approved by the ethical committee of the

School and Hospital of Stomatology, Peking University

(PKUSSIRB-201838121). The digital models of the nasal

cavity and maxillary sinuses were obtained from a 30-year-old

systemically healthy male patient with a missing maxillary left

first molar and with inadequate bone height at the edentulous

region. No sinus inflammation and cyst were found. The patient

has given informed consent to the acquisition, modification, and

analysis of his radiological data. The cone beam computed

tomography (CBCT) data files (scanning parameters are as

follows: spatial resolution: 512 × 512 pixels, pixel width:

0.098 mm, cross-sectional slices: 653, slice thickness:

0.398 mm, DICOM format images were obtained) of the

craniomaxillofacial tissue were loaded to the medical imaging

software, Mimics 18.0 (Materialise, Leuven, Belgium), and the

image of the nasal airspace and the maxillary sinuses were

extracted and segmented to build an airspace model. Then the

reconstructed STLmodel was imported to Geomagic Studio 2013

(Geomagic, North Carolina, United States) for surface extraction

and solid model conversion. Sinus augmentation was simulated

by computer-aided design software (Solidworks Premium 2020;

United States).

The morphological changes of the left maxillary sinus under

different surgical techniques were simulated. As shown in

Figure 1, the sinus floor of the pre-operative model (Model A)

is ovoid in cross-section, and the transcrestal sinus elevation

model (Model B) presents a mushroom at the center with the

sinus floor lifted 5 mm, while the model of the sinus

augmentation through the lateral window approach (Model C)

was reconstructed into a wider range of convex, and the sinus

floor was lifted 10 mm. The volumes of the left maxillary sinuses

in model A, B, and C are respectively 11431.12, 10984.55, and

10491.9 mm3. The volumes of model B and C have been reduced

by 3.90% and 8.21%, respectively, from the preoperative model

(model A).

Meshing

Meshing procedure was carried out using ANSYS Meshing

2020 R2 (Swanson Analysis System Co., Houston, TX,
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United States). The main bodies of the models were meshed

with tetrahedral elements. The narrower areas were improved

with densified grids, and five gradually thickening prism layers

were placed at the air space boundary (Figure 2).

Boundary conditioning and numerical
simulation

The planar surfaces around the nostril and the

nasopharynx were respectively named as “outlet” and

“inlet.” The boundary of the nasal cavity and the maxillary

sinuses were defined as “wall.” CFD software package ANSYS

Fluent 2020R2 was used to simulate the respiratory airflow

inside the nasal cavity and maxillary sinuses, and the flow was

assumed to be steady-state and turbulent. Navier-Stokes

equation was numerically solved by k -ω model with a low

Reynolds number correction and SIMPLEC algorithm

(Garcia et al., 2010; Chenoweth et al., 2015; Chung et al.,

2016). Table 1 summarized the boundary settings of the

airflow rate. The steady expiratory flow rate of 250, 450,

788, and 1875 ml/s were respectively set up for the median

expiratory flow rate, the peak expiratory flow rate of a

breathing circle, the flow rate during sneezing, and the

expiratory flow rate immediately after physical exercise.

Inspiratory flow rate of 250, 450, and 720 ml/s were

respectively set up for the median inspiratory flow rate,

the peak inspiratory flow rate, and the flow rate during

strong sniffing (Garcia et al., 2010; Chenoweth et al., 2015;

Chung et al., 2016). The wall of the nasal cavity and the

maxillary sinuses was assumed to be “rigid,” and “no-slip”

condition was specified for the air-wall interface. The airflow

temperature in the nasal airway and sinuses are thought to be

constant between the room temperature and the body

temperature in physiological state. Therefore, the effect of

temperature variation along the airway was not considered in

this simulation.

Results

By digital modeling and CFD, the expiratory airflow

within the nasal airspace and the maxillary sinuses was

successfully simulated. The meshing procedure yielded

~2 million tetrahedral elements for the pre- and post-

operative models (Table 2). These quantities proved to be

sufficient for numerically describing the airflow

characteristics (Chen et al., 2011; Zang et al., 2012).

FIGURE 1
Digital modeling. (A) Images including thewhole nasal cavity andmaxillary sinuses were taken by cone beam computed tomography. (B) Three-
dimensional model of the airspace was rebuilt by medical imaging software. (C) Sinus augmentation was simulated by computer-aided design
software: (i) model A: sinus floor of the presurgical model, (ii) model B: sinus augmentation through the transcrestal approach, (iii) model C: sinus
augmentation through the lateral window approach.
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Airflow field within the maxillary sinuses

The analysis focused on the airflow inside the left maxillary

sinus where augmentation was performed. Compared to the

boundary airflow velocity (1.9–14.25 m/s), the airflow velocity

detected in the sinus dropped to an extremely low level. When

the inlet flow rate was set at 1875 ml/s, the average velocity in

the left maxillary sinus was 0.022–0.035 m/s, and the average

airflow velocity within the sinus was generally below 0.002 m/s

under other boundary settings, as shown in Figure 3. The pre-

and post-operative model loaded by different expiratory flow

rates demonstrated a similar airflow velocity distribution

within the sinus. The main flow with a larger velocity was

concentrated at the upper part, near the ostium, while a small

amount of the airflow with minimum velocity reached the

lower part of the sinus. The airflow streamline feature within

the sinus was associated with the expiratory flow rate. For both

the pre- and post-operative models, an annular airflow was

detected in the sinus when the inlet flow rate was larger than

788 ml/s. When the flow rate was set at 250 ml/s or 450 ml/s

during inspiration and expiration, the airflow streamline was

laminar and diffused from the ostium to the sinus wall

FIGURE 2
(A) Meshed model with an airflow inlet and outlet, consists of approximately 2,000,000 grids. (B) Cross-section plane at the ostium revealed
tetrahedral elements constituted the main body and gradually thickening prism layers at the air space boundary.

TABLE 1 Boundary airflow rates under different respiratory
conditions.

Respiratory condition Airflow rate

Median expiratory flow rate Expiratory 250 ml/s

Peak expiratory flow rate Expiratory 450 ml/s

Flow rate during sneezing Expiratory 788 ml/s

Expiratory flow rate immediately after physical exercise Expiratory 1875 ml/s

Median inspiratory flow rate Inspiratory 250 ml/s

Peak inspiratory flow rate Inspiratory 450 ml/s

Flow rate during strong sniffing Inspiratory 720 ml/s

TABLE 2 Elements and nodes of meshed models.

Element Node

Model A 2286229 756161

Model B 2408273 807143

Model C 2434918 810624
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(Figure 4). The contours of Reynolds number at the middle

coronal section under different inlet flow rates were calculated

and visualized (Figure 5). Reynolds number was increased with

the inlet flow rate. The largest RE (3120) was detected at the

upper part of the nasal passage under an expiratory flow rate of

1875 ml/s. It is worth noting that RE stayed at a very low level

within the sinuses under different respiratory conditions

indicating that airflow in the maxillary sinus tends to be

laminar.

Wall pressure and wall shear stress

Wall pressure of the airspace was simulated and visualized

for both inspiratory and expiratory models. The sinus wall was

respectively exerted with evenly distributed positive and

negative pressure during expiration and inspiration. The

surgical region of the left maxillary sinus floor was

extracted for quantitative analysis. Figure 6 compares the

pre- and post-operative wall pressure on the sinus floor at

FIGURE 3
(A) Velocity distribution at the cross-section plane of the pre- and post-operative sinuses under different inlet flow rates. (B) Quantitative
comparison of average airflow velocity within the pre- and post-operative sinuses under different flow rates.
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different inlet flow rates. While the absolute value of the

average wall pressure increased with larger airflow rate, the

morphological changes of the maxillary sinus following the

augmentation barely influenced the wall pressure at the sinus

floor during respiration. The difference between the wall

pressures detected between the models is 3.05 Pa on an

average, with a maximum difference of 9.51 Pa between

Model A and Model C at an expiratory flow rate of

1875 ml/s. At the peak flow rate of calm inspiration and

expiration (450 ml/s), the sinus floor was respectively under

negative pressure of ~62.65 Pa and positive pressure of

~50.25 Pa. A negative pressure of ~156 Pa was detected at

the sinus floor in the simulation of sniffing. The largest

positive pressure (~745.29 Pa) was observed when the

boundary flow rate was set at 1875 ml/s in the simulation

of expiration immediately after physical exercise.

Figure 7 compares the pre- and post-operative average wall

shear stress on the sinus floor at different inlet flow rates. It was

observed that increased expiratory flow rate exerted greater shear

stress on the sinus floor. However, all models recorded an

extremely small magnitude of wall shear stress. The largest

average value (2.86 × 10–05 Pa) was detected in Model B at a

flow rate of 1875 ml/s. No significant difference was detected

between the models, except that Model B recorded a slightly

larger average wall shear stress than the other two models at the

flow rate of 1875 ml/s.

Wall shear stress distributions on the left sinus floor were also

visualized in different models. The wall shear stress on the sinus

floor depicted a relatively uniform distribution in the pre-

operative model, and the surgical elevation seems to have

caused local concentration of the shear stress at the center

where sinus floor was most lifted.

Discussion

The purpose of maxillary sinus lift surgery is to increase

the distance between the maxillary posterior sinus floor and

the crest of the alveolar crest. Maxillary sinus lifting not only

reduces the volume of the sinus but also changes the

morphology at the bottom of the maxillary sinus. The

present study attempted to evaluate the effect of

mechanical stimulation on the sinus floor under different

respiratory conditions and to investigate whether changes

in the morphology of the sinus floor would alter airflow

patterns and stress values.

FIGURE 4
Velocity streamline at the cross-section plane of the pre- and post-operative sinuses under different inlet flow rates.
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CFD results showed that with or without surgical

intervention, the portion of airflow entering the sinus cavity

was negligible and the flow rate remained extremely low. Most of

the airflow is circulated in the upper part of the sinus cavity.

When the wall pressure loaded at the sinus floor increased with

the upgraded inlet flow rate, the pre- and post-operative models

demonstrated similar magnitudes of pressure at the sinus floor

which is in agreement with Chung et al. (2014). They gave an

explanation that the pressure gradient along the nasal passage

was mainly associated with the gradient change in the flow area

and was not directly affected by the ventilation of the maxillary

sinus (Chung et al., 2014).

FIGURE 5
Contours of Reynolds number at the middle coronal section under different inlet flow rates.
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Previous studies have reported a significant reduction in

the bone graft volume after maxillary sinus augmentation

(Berberi et al., 2015; Gultekin et al., 2016), hence the

purpose of this study was to investigate the role of

mechanical stimulation in this specific setting. Up till now,

research studies have used in vitro experiments to investigate

the impact of hydrostatic pressure on human osteoprogenitor

or osteoblast. For osteoblasts, short- or long-term cyclic

hydrostatic pressure of 10–40 kPa at 0.3–1 Hz could elicit a

positive osteogenic response (Roelofsen et al., 1995; Klein-

Nulend et al., 1997; Nagatomi et al., 2003; Gardinier et al.,

2009). For bone marrow-derived stem cells, short-term cyclic

pressure of 10–36 kPa at 0.25 Hz, long-term cyclic pressure of

10 kPa at 2 Hz, or short-term hydrostatic pressure of

FIGURE 6
(A)Wall pressure contour of the pre- and post-operative sinus floor under different inlet flow rates. (B)Quantitative comparison of average wall
pressure on the pre- and post-operative sinus floor under different flow rates.
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10–36 kPa is sufficient to stimulate osteogenic lineage

commitment (Liu et al., 2009; Zhao et al., 2015; Sugimoto

et al., 2017; Stavenschi et al., 2018). Studies have found that

intermittent negative pressure of 50 kPa inhibits the

proliferation of human mesenchymal stem cell, triggers

cellular apoptosis, enhances osteogenesis activity, and

induces the differentiation in osteoblast (Zhang et al., 2010;

Yang et al., 2014). According to our simulated results,

approximately 50 Pa negative pressure and positive pressure

were detected at the sinus floor at the peak flow rate of

respiration. The largest average wall pressure at the sinus

floor was 748.9 Pa only at the most extreme expiratory

condition (inlet flow rate of 1875 ml/s). These magnitudes

are hundreds of times lower than the intramedullary pressure

FIGURE 7
(A) Shear stress distribution of the pre- and post-operative sinus floor under different inlet flow rates. (B) Quantitative comparison of average
wall shear stress on the pre- and post-operative sinus floor under different flow rates.
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(4 kPa) induced by systemic blood pressure under static

condition (Hillsley and Frangos, 1994). Therefore, the

amount of pressure under different respiratory conditions

is not adequate to stimulate or inhibit the maxillary sinus

membrane stem cells to form bone.

In this study, we visualized and quantified the wall shear

stress at the sinus floor. It was shown that the shear stress

increased with the upgraded flow rate. The surgical

interventions to the maxillary sinus seem to have caused

local concentration of shear stress. However, the magnitude

remained at an extremely low level. Interestingly, Bailie et al.

(2009) found that elevated wall shear stress has a negative

effect on nasal air conditioning, with inspiratory airflow

leading to mucosal dryness and swelling (Bailie et al.,

2009). Nonetheless, there is still no study to verify the

magnitude with clinical significance of such mechanical

irritation.

The limitations of this study include the following: The

reductions in the sinus volume in post-operative models are

relatively small (sinus in Model B: −3.90%, Model C: −8.21%),

and that could be one of the factors leading to similar

simulation results among different models. Moreover, using

a single individual sinus to construct a model can be an issue

since ventilation rate and airflow pattern can be influenced by

different maxillary ostium size, cavity morphology, and

volume. Therefore, the specific simulation results in this

study using models from a single patient might not be

universal to all populations and should be interpreted with

caution. Nonetheless, the characteristics of airflow and wall

pressure in maxillary sinus after sinus augmentation and the

qualitative and quantitate results obtained from this study

provides a better understanding of different respiratory

conditions and anatomic change of the sinus cavity on fluid

mechanical stimulation at the sinus floor. Future studies with

larger samples and more individualized constructed models

are needed to verify the current findings.

In summary, based on the fluid-dynamics calculations, the

fluid-dynamic stimulation generated by respiratory airflow is

minimal, and it can be concluded that the respiratory-induced

pressure only has a limited influence on the sinus floor or

elevated bone grafting.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material; further

inquiries can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and

approved by the Ethical committee of School and Hospital of

Stomatology, Peking University (PKUSSIRB-201838121). The

patients/participants provided their written informed consent

to participate in this study.

Author contributions

QL, ZW, CW, and H-LW contributed to the conception and

design of the work; QL, ZW, and CW collected and analyzed the

data; and QL, ZW, CW, and H-LW led the writing and approved

the final manuscript.

Funding

This work was supported by the National Natural Science

Foundation of China (12072055, 11872135, and U20A20390),

PKUSS20200113, the National Key Research and Development

Program of China (2017YFA0701302), and the Beijing Natural

Science Foundation (L212063).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors, and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.

885130/full#supplementary-material

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Li et al. 10.3389/fbioe.2022.885130

https://www.frontiersin.org/articles/10.3389/fbioe.2022.885130/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.885130/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.885130


References

Bailie, N., Hanna, B., Watterson, J., and Gallagher, G. (2009). A model of airflow
in the nasal cavities: Implications for nasal air conditioning and epistaxis. Am.
J. Rhinol. Allergy 23 (3), 244–249. doi:10.2500/ajra.2009.23.3308

Berberi, A., Bouserhal, L., Nader, N., Assaf, R. B., Nassif, N. B., Bouserhal, J., et al.
(2015). Evaluation of three-dimensional volumetric changes after sinus floor
augmentation with mineralized cortical bone allograft. J. Maxillofac. Oral Surg.
14 (3), 624–629. doi:10.1007/s12663-014-0736-3

Butaric, L. N., McCarthy, R. C., and Broadfield, D. C. (2010). A preliminary 3D
computed tomography study of the human maxillary sinus and nasal cavity. Am.
J. Phys. Anthropol. 143 (3), 426–436. doi:10.1002/ajpa.21331

Chen, X. B., Lee, H. P., Chong, V. F., and Wang de, Y. (2011). Aerodynamic
characteristics inside the rhino-sinonasal cavity after functional endoscopic sinus
surgery. Am. J. Rhinol. Allergy 25 (6), 388–392. doi:10.2500/ajra.2011.25.3669

Chenoweth, L. M., Smith, J. R., Ferguson, C. S., Downey, A. E., and Harms, C. A.
(2015). The effects of antioxidant vitamin supplementation on expiratory flow rates
at rest and during exercise. Eur. J. Appl. Physiol. 115 (10), 2049–2058. doi:10.1007/
s00421-015-3183-z

Chung, S. K., Jo, G., Kim, S. K., and Na, Y. (2014). The effect of a middle meatal
antrostomy on nitric oxide ventilation in the maxillary sinus. Respir. Physiol.
Neurobiol. 192, 7–16. doi:10.1016/j.resp.2013.12.003

Chung, S. K., Jo, G., and Na, Y. (2016). Investigation of flow characteristics in
regions of nasal polypoid change. Comput. Biol. Med. 70, 148–156. doi:10.1016/j.
compbiomed.2016.01.011

Covani, U., Orlando, B., Giacomelli, L., Cornelini, R., and Barone, A. (2011).
Implant survival after sinus elevation with Straumann(®) BoneCeramic in clinical
practice: Ad-interim results of a prospective study at a 15-month follow-up. Clin.
Oral Implants Res. 22 (5), 481–484. doi:10.1111/j.1600-0501.2010.02042.x

Garcia, G. J., Rhee, J. S., Senior, B. A., and Kimbell, J. S. (2010). Septal deviation
and nasal resistance: An investigation using virtual surgery and computational fluid
dynamics. Am. J. Rhinol. Allergy 24 (1), e46–53. doi:10.2500/ajra.2010.24.3428

Gardinier, J. D., Majumdar, S., Duncan, R. L., and Wang, L. (2009). Cyclic
hydraulic pressure and fluid flow differentially modulate cytoskeleton Re-
organization in MC3T3 osteoblasts. Cell. Mol. Bioeng. 2 (1), 133–143. doi:10.
1007/s12195-008-0038-2

Gultekin, B. A., Cansiz, E., Borahan, O., Mangano, C., Kolerman, R., Mijiritsky, E.,
et al. (2016). Evaluation of volumetric changes of augmented maxillary sinus with
different bone grafting biomaterials. J. Craniofac. Surg. 27 (2), e144–148. doi:10.
1097/scs.0000000000002393

Hillsley, M. V., and Frangos, J. A. (1994). Review: Bone tissue engineering: The
role of interstitial fluid flow. Biotechnol. Bioeng. 43 (7), 573–581. doi:10.1002/bit.
260430706

Kirmeier, R., Payer, M., Wehrschuetz, M., Jakse, N., Platzer, S., Lorenzoni, M.,
et al. (2008). Evaluation of three-dimensional changes after sinus floor
augmentation with different grafting materials. Clin. Oral Implants Res. 19 (4),
366–372. doi:10.1111/j.1600-0501.2007.01487.x

Klein-Nulend, J., Roelofsen, J., Semeins, C. M., Bronckers, A. L., and Burger, E. H.
(1997). Mechanical stimulation of osteopontin mRNA expression and synthesis in
bone cell cultures. J. Cell. Physiol. 170 (2), 174–181. doi:10.1002/(sici)1097-
4652(199702)170:2<174::aid-jcp9>3.0.co;2-l
Kurbel, S., Radić, R., Kristek, B., Ivezić, Z., Selthofer, R., Kotromanović, Z., et al.

(2004). Atmospheric pressure as a force that fills developing bones with marrow and
air. Med. Hypotheses 62 (4), 529–532. doi:10.1016/j.mehy.2003.12.028

Liu, J., Zhao, Z., Li, J., Zou, L., Shuler, C., Zou, Y., et al. (2009). Hydrostatic
pressures promote initial osteodifferentiation with ERK1/2 not p38 MAPK
signaling involved. J. Cell. Biochem. 107 (2), 224–232. doi:10.1002/jcb.22118

Nagatomi, J., Arulanandam, B. P., Metzger, D. W., Meunier, A., and Bizios, R.
(2003). Cyclic pressure affects osteoblast functions pertinent to osteogenesis. Ann.
Biomed. Eng. 31 (8), 917–923. doi:10.1114/1.1590663

Roelofsen, J., Klein-Nulend, J., and Burger, E. H. (1995). Mechanical stimulation
by intermittent hydrostatic compression promotes bone-specific gene expression
in vitro. J. Biomech. 28 (12), 1493–1503. doi:10.1016/0021-9290(95)00097-6

Shanbhag, S., Shanbhag, V., and Stavropoulos, A. (2014). Volume changes of
maxillary sinus augmentations over time: A systematic review. Int. J. Oral
Maxillofac. Implants 29 (4), 881–892. doi:10.11607/jomi.3472

Sharan, A., and Madjar, D. (2006). Correlation between maxillary sinus floor
topography and related root position of posterior teeth using panoramic and
cross-sectional computed tomography imaging. Oral Surg. Oral Med. Oral
Pathology Oral Radiology Endodontology 102 (3), 375–381. doi:10.1016/j.
tripleo.2005.09.031

Sharan, A., and Madjar, D. (2008). Maxillary sinus pneumatization following
extractions: A radiographic study. Int. J. Oral Maxillofac. Implants 23 (1), 48–56.

Stavenschi, E., Corrigan, M. A., Johnson, G. P., Riffault, M., and Hoey, D. A.
(2018). Physiological cyclic hydrostatic pressure induces osteogenic lineage
commitment of human bone marrow stem cells: A systematic study. Stem Cell.
Res. Ther. 9 (1), 276. doi:10.1186/s13287-018-1025-8

Sugimoto, A., Miyazaki, A., Kawarabayashi, K., Shono, M., Akazawa, Y.,
Hasegawa, T., et al. (2017). Piezo type mechanosensitive ion channel
component 1 functions as a regulator of the cell fate determination of
mesenchymal stem cells. Sci. Rep. 7 (1), 17696. doi:10.1038/s41598-017-18089-0

Tan, W. L., Wong, T. L., Wong, M. C., and Lang, N. P. (2012). A systematic
review of post-extractional alveolar hard and soft tissue dimensional changes
in humans. Clin. Oral Implants Res. 23 (Suppl. 5), 1–21. doi:10.1111/j.1600-
0501.2011.02375.x

Tepper, G., Haas, R., Zechner, W., Krach, W., and Watzek, G. (2002). Three-
dimensional finite element analysis of implant stability in the atrophic posterior
maxilla: A mathematical study of the sinus floor augmentation. Clin. Oral Implants
Res. 13 (6), 657–665. doi:10.1034/j.1600-0501.2002.130613.x

Van der Weijden, F., Dell’Acqua, F., and Slot, D. E. (2009). Alveolar bone
dimensional changes of post-extraction sockets in humans: A systematic
review. J. Clin. Periodontol. 36 (12), 1048–1058. doi:10.1111/j.1600-051X.
2009.01482.x

Wagner, F., Dvorak, G., Nemec, S., Pietschmann, P., Traxler, H., Schicho, K., et al.
(2017). Morphometric analysis of sinus depth in the posterior maxilla and proposal
of a novel classification. Sci. Rep. 7, 45397. doi:10.1038/srep45397

Wallace, S. S., and Froum, S. J. (2003). Effect of maxillary sinus augmentation on
the survival of endosseous dental implants. A systematic review. Ann. Periodontol. 8
(1), 328–343. doi:10.1902/annals.2003.8.1.328

Wittkowske, C., Reilly, G. C., Lacroix, D., and Perrault, C. M. (2016). In vitro bone
cell models: Impact of fluid shear stress on bone formation. Front. Bioeng.
Biotechnol. 4, 87. doi:10.3389/fbioe.2016.00087

Yang, Z., Yao, J. F., Xu, P., Zhang, J. B., Zhang, Y. M., Zhu, Y. J., et al. (2014).
Functions and mechanisms of intermittent negative pressure for osteogenesis in
human bone marrow mesenchymal stem cells. Mol. Med. Rep. 9 (4), 1331–1336.
doi:10.3892/mmr.2014.1968

Yong, K. W., Choi, J. R., Choi, J. Y., and Cowie, A. C. (2020). Recent advances in
mechanically loaded human mesenchymal stem cells for bone tissue engineering.
Int. J. Mol. Sci. 21 (16), 5816. doi:10.3390/ijms21165816

Zang, H., Liu, Y., Han, D., Zhang, L., Wang, T., Sun, X., et al. (2012). Airflow and
temperature distribution inside the maxillary sinus: A computational fluid
dynamics simulation. Acta Otolaryngol. 132 (6), 637–644. doi:10.3109/00016489.
2011.651228

Zhang, Y. G., Yang, Z., Zhang, H., Wang, C., Liu, M., Guo, X., et al. (2010). Effect
of negative pressure on human bone marrow mesenchymal stem cells in vitro.
Connect. Tissue Res. 51 (1), 14–21. doi:10.3109/03008200902855891

Zhao, Y. H., Lv, X., Liu, Y. L., Zhao, Y., Li, Q., Chen, Y. J., et al. (2015). Hydrostatic
pressure promotes the proliferation and osteogenic/chondrogenic differentiation of
mesenchymal stem cells: The roles of RhoA and Rac1. Stem Cell. Res. 14 (3),
283–296. doi:10.1016/j.scr.2015.02.006

Zhou, Y., Shi, Y., Si, M., Wu, M., and Xie, Z. (2021). The comparative evaluation
of transcrestal and lateral sinus floor elevation in sites with residual bone
height ≤6 mm: A two-year prospective randomized study. Clin. Oral Implants
Res. 32 (2), 180–191. doi:10.1111/clr.13688

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Li et al. 10.3389/fbioe.2022.885130

https://doi.org/10.2500/ajra.2009.23.3308
https://doi.org/10.1007/s12663-014-0736-3
https://doi.org/10.1002/ajpa.21331
https://doi.org/10.2500/ajra.2011.25.3669
https://doi.org/10.1007/s00421-015-3183-z
https://doi.org/10.1007/s00421-015-3183-z
https://doi.org/10.1016/j.resp.2013.12.003
https://doi.org/10.1016/j.compbiomed.2016.01.011
https://doi.org/10.1016/j.compbiomed.2016.01.011
https://doi.org/10.1111/j.1600-0501.2010.02042.x
https://doi.org/10.2500/ajra.2010.24.3428
https://doi.org/10.1007/s12195-008-0038-2
https://doi.org/10.1007/s12195-008-0038-2
https://doi.org/10.1097/scs.0000000000002393
https://doi.org/10.1097/scs.0000000000002393
https://doi.org/10.1002/bit.260430706
https://doi.org/10.1002/bit.260430706
https://doi.org/10.1111/j.1600-0501.2007.01487.x
https://doi.org/10.1002/(sici)1097-4652(199702)170:2<174::aid-jcp9>3.0.co;2-l
https://doi.org/10.1002/(sici)1097-4652(199702)170:2<174::aid-jcp9>3.0.co;2-l
https://doi.org/10.1016/j.mehy.2003.12.028
https://doi.org/10.1002/jcb.22118
https://doi.org/10.1114/1.1590663
https://doi.org/10.1016/0021-9290(95)00097-6
https://doi.org/10.11607/jomi.3472
https://doi.org/10.1016/j.tripleo.2005.09.031
https://doi.org/10.1016/j.tripleo.2005.09.031
https://doi.org/10.1186/s13287-018-1025-8
https://doi.org/10.1038/s41598-017-18089-0
https://doi.org/10.1111/j.1600-0501.2011.02375.x
https://doi.org/10.1111/j.1600-0501.2011.02375.x
https://doi.org/10.1034/j.1600-0501.2002.130613.x
https://doi.org/10.1111/j.1600-051X.2009.01482.x
https://doi.org/10.1111/j.1600-051X.2009.01482.x
https://doi.org/10.1038/srep45397
https://doi.org/10.1902/annals.2003.8.1.328
https://doi.org/10.3389/fbioe.2016.00087
https://doi.org/10.3892/mmr.2014.1968
https://doi.org/10.3390/ijms21165816
https://doi.org/10.3109/00016489.2011.651228
https://doi.org/10.3109/00016489.2011.651228
https://doi.org/10.3109/03008200902855891
https://doi.org/10.1016/j.scr.2015.02.006
https://doi.org/10.1111/clr.13688
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.885130

	Characterizing the respiratory-induced mechanical stimulation at the maxillary sinus floor following sinus augmentation by  ...
	Introduction
	Materials and methods
	Digital modeling
	Meshing
	Boundary conditioning and numerical simulation

	Results
	Airflow field within the maxillary sinuses
	Wall pressure and wall shear stress

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


