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Abstract: In the present retrospective study, we aimed to assess the replicability and reproducibility
of a novel digital measurement technique for analyzing the volumes of the left and right maxillary
sinuses and the nasal and maxillary sinus airway complex after a sinus lift procedure using the
lateral window approach, to provide an accurate measurement technique for easily applying in
clinical practice and to allow pre-operative assessment of maxillary sinus lift surgery, avoiding
complications and making surgery more predictable. Material and Methods: Thirty patients with
partially edentulous posterior maxilla were selected and submitted to bilateral sinus lift using the
lateral window approach technique, with grafting materials selected and submitted to cone beam
computed tomography (CBCT) scans, both pre- and postoperatively. Then, datasets were uploaded
to therapeutic digital planning software to measure the volume of the right and left maxillary sinuses
and the nasal and maxillary sinus airway complex. Gage R&R statistical analysis was performed
to assess the replicability and reproducibility of the digital measurement technique. Results: The
variability attributable to the novel digital measurement technique was 3.4% for replicability and
3.4% for reproducibility of the total variability of the samples. Conclusion: The novel digital method
proposed is a replicable and reproducible technique for analyzing the volume of the right and left
maxillary sinuses and the nasal and maxillary sinus airway complex after a sinus lift using the lateral
window approach technique, allowing an accurate pre-operative assessment of maxillary sinus lift
surgery, avoiding complications and making surgery more predictable.

Keywords: maxillary sinus; sinus lift; airway volume; cone beam computed tomography scan; lateral
window approach

1. Introduction

The first upper molar has the highest rates of cavities and periodontal disease, followed
by the third upper molar and upper premolars. These conditions can lead to premature
tooth loss [1]. Dental extractions can cause the bone tissues to undergo volumetric changes
characterized by the resorption of the alveolar process and the pneumatization of the
maxillary sinus—particularly in the upper jaw, due to the centripetal bone resorption
pattern—decreasing bone availability and complicating the rehabilitation of edentulous
patients using dental implants [2]. In addition, the presence of the maxillary sinus in the
posterior upper maxilla limits bone availability and thus inhibits dental implant placement
for rehabilitation of posterior edentulism [3]. Therefore, bone augmentation procedures are
an option for increasing bone availability and enabling the placement of dental implants,
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including grafting procedures, apposition grafts (with or without Le Fort I osteotomies),
short dental implants, and sinus lifts. Additionally, sinus lifts involve a bone augmentation
procedure that necessitates a maxillary sinus approach, which is the largest cavity of the
paranasal sinuses with average measurements of 40 mm height, 20 mm length, 30 mm
depth [4], and a mean volume of 11.3 ± 4.60 cm3 [5].

A sinus lift using the lateral window approach technique was first noted by Tatum
(1977) [6] and subsequently developed by Boyne and James (1980) to enable access to the
maxillary sinus through a lateral window, preserving the Schneider membrane and filling
the space between the maxillary sinus floor and the Schneider membrane with autologous
bone graft or biomaterials [7]. This surgical procedure requires a preoperative assessment
of the bone augmentation needed for dental implant placement that will provide the graft-
ing material volume [8]. Therefore, radiographic techniques such as orthopantomography,
Waters’ projections, lateral skull radiography, and Caldwell projection [9–11] have been
used to plan the bone augmentation procedure. However, two-dimensional radiographs
provide limited information compared with advanced radiographic techniques such as
computerized axial tomography and cone beam computerized tomography (CBCT), which
provide complete three-dimensional information in all planes [9]. Additionally, the air-
way volume of the nasal and maxillary sinus has been previously analyzed using lineal
measurement procedures [10], mathematical equations [11], lateral and anteroposterior
radiographs [12–16], computer tomography (CT) [17], and acoustic rhinometry [18–21],
but some of these measurement procedures do not enable accurate measuring of the total
volume of the nasal and maxillary sinus or have a steep learning curve. As a result, dig-
ital measurement methods have been proposed for analyzing the volume of anatomical
structures [22–24], although they have yet to be properly assessed.

The size of the maxillary sinus can be affected by infection, injury, irradiation, or
syndromes during the development process (12–15 years) [25], leading to a hypoplasia
in 1.5–10% of the population [24], which can cause headaches, facial pain, and nasal
symptoms [26]; moreover, post-sinus surgery has been also highlighted as an etiologic
factor that can influence the hypoplasia of the maxillary sinus [27]; therefore, pre-operative
diagnosis of altered anatomy in the sinonasal complex is crucial in dental implant surgery
or sinus surgery [28]. Hence, an accurate, repeatable, and reproducible measurement
technique for analyzing pre-operatively the volume of the nasal and maxillary sinuses
airway complex would be useful for accurately planning the surgical treatment approach.
Furthermore, the mucosal thickening (OR 5.2, 95% CI 2.0–17.3), and anatomical variations
in the sinonasal complex, such as the deviated/hyperplastic meatus (OR 1.6, 95% CI 1.4–2.1)
(48.8%), have been highly associated to the hypoplasia of the maxillary sinus [28]; although
Karslioglu H and Sumer AP did not show statistically significant correlation between
implant applications and sinus pathologies with both internal and external elevation
procedures and implant applications (p > 0.05) [29]. Additionally, the decrease in the
volume of the maxillary sinus has been theorized as a potential predisposing factor for the
development of obstructive sleep apnea, which is defined as a type of sleep apnea caused
by partial or complete obstruction of the upper pharyngeal airway, preventing normal
breathing during sleep [30]. Kim et al. showed a significant (p = 0.029) association between
obstructive sleep apnea and the decreased ratio of maxillary sinus volume to the whole
nasal airway in adults, concluding that the interventions that decrease the maxillary sinus
volume, such as maxillary dental implants with sinus lift procedures, might contribute
to the development of obstructive sleep apnea [31]. This necessitates accurate measuring
of the volume changes of the maxillary sinus after sinus lift using the lateral window
approach technique.

In addition, the clinical interest of this study is to provide the implantologist with
an accurate measurement technique for pre-operative assessment of maxillary sinus lift
surgery, avoiding complications and making surgery more predictable.

The aim of this study is to assess the replicability and reproducibility of an innovative
digital measurement technique for analyzing the volume of the left and right maxillary
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sinuses and the nasal and maxillary sinus airway complex after a sinus lift using the lateral
window approach technique, with a null hypothesis (H0) that the novel method will not
provide replicable and reproducible volume measurements.

2. Experimental Section
2.1. Study Design

A retrospective study was carried out at the Department of Implant Surgery at Alfonso
X el Sabio University (Madrid, Spain) between November 2020 and February 2021. The
study was approved by the Ethical Committee of the Faculty of Dentistry, Alfonso X
el Sabio University (Madrid, Spain) in October 2020 (process No. 16/2020). Patients
were treated at the Dental Centre of Innovation and Advanced Specialties at Alfonso X
El Sabio University (Madrid, Spain) between June 2016 and March 2019 for the implant-
supported rehabilitation of partially edentulous posterior maxilla via sinus lift using the
lateral window approach technique with analogous grafting materials. The patients gave
their consent to provide preoperative and postoperative CBCT scans.

2.2. Clinical Procedure

Thirty patients (15 men and 15 women) between 67 and 72 years old with partially
edentulous posterior maxilla were selected and underwent a bilateral sinus lift using the
lateral window approach technique with analogous grafting materials. The inclusion crite-
ria were adult patients with no history of systemic conditions and those who experienced a
perforated Schneider membrane during the sinus lift procedure. Excluded from this study
were patients with osteoporosis, neoplasia, acute maxillary sinusitis, acute oral infections,
coagulation disorders, or a history of chemotherapy or radiotherapy in the area of the
head or neck, as well as immunocompromised patients, those undergoing bisphosphonate
therapy, smokers (10 or more cigarettes per day), and patients with chronic alcohol or drug
abuse issues.

Sinus lift procedures were performed following infiltrative anesthesia using 2% li-
docaine and 1:100,000 epinephrine (Artinibsa; Inibsa, Lliça de Vall, Barcelona, Spain).
Subsequently, a full-thickness flap was lifted to enable osteotomy preparation with a piezo-
electric device. Afterwards, a 3.2 mm osteotome was used to elevate the Schneiderian
membrane. The Valsalva maneuver test was performed to assess whether or not the sinus
membrane remained intact after the osteotome procedure. Finally, the grafting material
was placed under the previously lifted Schneiderian membrane (Figure 1). All the re-
generation procedures were performed by the same group of surgeons from the Master
Degree of Dental Implants and Implant-supported Prostheses program at Alfonso X el
Sabio University (Madrid, Spain).

Figure 1. (A) Preoperative and (B) postoperative orthopantomography radiography after bilateral sinus lift using the lateral
window approach technique.
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2.3. Measurement Procedure

All patients underwent preoperative (Figure 2A) and postoperative (Figure 2B) cone
beam computed tomography (CBCT) scans (WhiteFox, Satelec, Merignac, France), for sinus
lift and dental implant placement planning, 8 months after the sinus lift using the lateral
window approach technique under the following exposure parameters: 105.0 kV peak,
8.0 mA, 7.20 s, and 15 mm × 13 mm field of view, aligning the Frankfort plane to the
floor with frontal and chin support. Afterwards, the preoperative and postoperative CBCT
scans (WhiteFox, Satelec, Merignac, France) were uploaded to therapeutic digital planning
software (Dolphin Imaging, Dolphin Imaging & Management Solutions, Chatsworth, CA,
USA) for accurate measurement of the volume of the left maxillary sinus, right maxillary
sinus, and the nasal and maxillary sinus airway complex. The airway volumes were
measured after selecting the anatomical area in the axial, coronal, and sagittal plane,
ensuring accurate air density measurement by placing reference points inside the selected
area. Afterwards, a tissue density with a tolerance range of ±500 Hounsfield units (HU)
was selected according to the air density.

Figure 2. (A) Axial, coronal, and sagittal plane of the preoperative and (B) postoperative CBCT scans. Green line describes
the selected area, yellow points define the air density, and purple area indicate the volume airway of the right maxillary sinus.

Subsequently, therapeutic digital planning software (Dolphin Imaging, Dolphin Imag-
ing & Management Solutions, Chatsworth, CA, USA) was used for the accurate measure-
ment of the volume of the right maxillary sinus (Figure 3A), left maxillary sinus (Figure 3B),
and nasal and maxillary sinus airway complex (Figure 3C) after palatine expansion using
the Airway Measurement tool.

In addition, the position and permeability of the maxillary sinus ostium were also
analyzed before and after sinus lifts using the novel digital method proposed, in order to
assess the prevalence of maxillary sinus stenosis and, hence, an increased risk of sinus lift
complications and obstructive sleep apnea [32] (Figure 4).
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Figure 3. (A) Preoperative volumetric assessment of the right maxillary sinus, (B) left maxillary sinus, and (C) nasal and
maxillary sinus airway complex. (D) Postoperative volumetric assessment of the right maxillary sinus, (E) left maxillary
sinus, and (F) nasal and maxillary sinus airway complex.

Figure 4. (A) Preoperative and (B) postoperative assessment of the position and permeability of the maxillary sinus ostium
in the axial, coronal, and sagittal plane.

2.4. Confirmation of Replicability and Reproducibility of the Technique

In order to confirm the replicability and reproducibility of this digital measurement
technique, cases were randomly (Epidat 4.1, Galicia, Spain) selected and measured two
times by two operators (Operators A and B). A Gage R&R statistical analysis was per-
formed.
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2.5. Statistical Tests

Statistical analysis was carried out using SAS v9.4 (SAS Institute Inc., Cary, NC, USA)
and R (R Foundation for Statistical Computing, Vienna, Austria). Means and standard
deviation (SD) values were used for the descriptive statistical analysis of quantitative
variables. The replicability and reproducibility of this digital measurement technique
were assessed using Gage R&R statistical analysis. Statistical significance was defined
as p < 0.05.

3. Results

Table 1 shows the mean and SD values for the preoperative and postoperative volumes
of the left maxillary sinus (mm3), right maxillary sinus (mm3), and nasal and maxillary
sinus airway complex (mm3) after sinus lift using the lateral window approach technique.
Volume differences of the left maxillary sinus (mm3), right maxillary sinus (mm3), and
nasal and maxillary sinus airway complex (mm3) after sinus lift using the lateral window
approach technique are also shown in Table 1.

Table 1. Descriptive statistics of the preoperative and postoperative volumes of the right maxillary sinus (mm3), left
maxillary sinus (mm3), and nasal and maxillary sinus airway complex after sinus lift using the lateral window approach
technique.

Study Group n Mean SD Minimum Maximum

Preoperative right maxillary sinus 30 12,032.436 596.232 12,396.129 12,992.188
Postoperative right maxillary sinus 30 9710.983 403.759 9520.837 10,482.038

Right maxillary sinus difference 30 3057.753 287.885 2807.085 3284.989
Preoperative left maxillary sinus 30 19,783.362 1093.027 19,381.378 20,137.153
Postoperative left maxillary sinus 30 15,710.874 603.637 14,284.251 15,137.157

Left maxillary sinus difference 30 4164.266 393.902 3827.255 4402.231
Preoperative nasal and maxillary

sinus complex 30 42,665.205 4185.422 37,963.657 51,316.126

Postoperative nasal and maxillary
sinus complex 30 36,098.362 7752.174 23,564.275 46,449.285

Nasal and maxillary sinus complex
difference 30 6566.105 5604.184 1570.457 17,628.227

SD: standard deviation.

Table 2 shows the mean and SD values for the two measurements performed by the
two operators for the Gage R&R statistical analysis.

Table 2. Descriptive statistics for the two measurements performed by the two operators for the
Gage R&R statistical analysis.

Operator Trial n Mean SD Minimum Maximum

A
1 2 12,710.500 603.162 12,284.000 13,137.000
2 2 12,707.000 602.455 12,281.000 13,133.000

B
1 2 12,707.000 601.041 12,282.000 13,132.000
2 2 12,708.500 601.748 12,283.000 13,134.000

SD: standard deviation.

The Gage R&R statistical analysis of the proposed digital measurement technique
found no statistically significant differences (p = 0.478) (Figure 5).
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Figure 5. Box plots of results obtained by each operator in each trial. The horizontal lines represent each box’s respective
median value. 3: mean value of the box plots.

The Gage R&R statistical analysis of the digital measurement technique for analyzing
the volume of nasal and maxillary sinus airways after a sinus lift using the lateral window
approach technique found that the variability attributable to the digital measurement
technique was 3.4% (between the measurements of each operator) of the total variabil-
ity of the samples. The digital measurement technique used to analyze the volume of
nasal and maxillary sinus airways after a sinus lift using the lateral window approach
technique is considered replicable and reproducible, as the variability was less than 10%
(Figures 6 and 7).

The positions of maxillary sinus ostium were located at the upper-medial surface
of the maxillary sinus and away from the filling material used in the maxillary sinus. In
addition, the maxillary sinus ostium remained permeable before and after the maxillary
sinus lift.
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Figure 6. Charts for the average of the measures of the volume of the right maxillary sinus, left maxillary sinus, and the
nasal and maxillary sinus airway complex as assessed by two operators.

Figure 7. Measurement system analysis related to the volume of the right maxillary sinus, left maxillary sinus, and the
nasal and maxillary sinus airway complex with a chart showing the influence of each component on the total variance
(Components of Variation), a mean control chart, a range control chart (R Chart by OPERATOR and x Chart by appr),
every point measured in the graph (RESULT by SAMPLE and RESULT by OPERATOR), and the relationship between the
operators’ findings (SAMPLE: OPERATOR interaction).
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4. Discussion

The results of this study refute the null hypothesis (H0) that the novel digital measure-
ment method does not provide accurate, replicable, and reproducible volumes of maxillary
sinus airways after a sinus lift using the lateral window approach technique.

The results showed a volume reduction in both maxillary sinuses, as well as in the
nasal and maxillary sinus airway complex, after a sinus lift using the lateral window
approach technique and a novel digital measurement method to quantify the maxillary
sinus volume changes with an accurate, replicable, and reproducible approach.

The maxillary sinus is an anatomical structure that requires a 3D radiological study
for its accurate assessment; in addition, the accuracy of 3D radiological techniques has
been previously demonstrated when compared to conventional 2D radiological techniques
(orthopantomography) for measuring the limits of the maxillary sinus and the surrounding
anatomical structures [11]. Moreover, the development of digital therapeutic planning
software has enabled the volumetric analysis of the maxillary sinus dimensions [8,33].
Schriber et al. analyzed the volumetric changes of the maxillary sinus after tooth extraction
using a customized software program, although they found no statistically significant
differences (p > 0.05) between the volume of the maxillary sinus of dentulous and eden-
tulous patients [34]. Uchida et al. described a procedure for quantifying the volume of
grafting material needed to perform a sinus lift using the lateral window approach tech-
nique, finding that 0.70 cm3 of grafting material was needed to lift the maxillary sinus
by 5 mm, 1.92 cm3 of grafting material to lift it by 10 mm, 4.02 cm3 of grafting material
to lift it by 15 mm, and 6.19 cm3 of grafting material to lift it by 20 mm [3]. Favato el
al. analyzed the survival of dental implants as well as the stability over time of grafting
materials after sinus lift, comparing frozen autologous particulate bone, hydroxyapatite,
β-tricalcium phosphate, and β-tricalcium phosphate plus Endogain; they found no sta-
tistically significant differences (p > 0.05) between the stability of the aforementioned
grafting materials [35]. Sahlstrand-Johnson et al. analyzed the volumetric dimensions of
maxillary and frontal sinuses through computed tomography and Doppler measurements
in patients with rhinosinusal pathology [36]. Kreennmair et al. described a procedure
for quantifying the volume of grafting material needed to perform a sinus lift using the
lateral window approach technique using the predefined dimensions of the pixels of the
computed tomography scan sections [37]; however, these measurement techniques are
difficult to apply in clinical practice. Therefore, a replicable and reproducible measurement
technique must be found to provide replicable and reproducible volumes of the maxillary
sinus airways after sinus lifts using the lateral window approach technique. Arias-Irimia
et al. used axial tomography scan images and therapeutic planning software (Compunet) to
preoperatively quantify bone graft volume [22]. Kirmeier et al. performed measurements
using Sienet Magic View to analyze bone graft loss after sinus lift using the lateral win-
dow approach technique [38]. Giacommini et al. developed a procedure to automatically
quantify the airway volume of the maxillary sinus based on CBCT scan images of patients
with rhinosinusitis and septum deviation by using a complex algorithm [39]. Gerken et al.
developed a novel computerized technique to quantify the resorption of bone crest and
the pneumatization of the maxillary sinus by analyzing 2387 computed tomography scan
images in a therapeutic planning software (Materialise) [35]; however, the aforementioned
measurement techniques were not confirmed to be replicable and reproducible. The present
measurement procedure showed no statistically significant differences between operators
(p > 0.05), as well as replicability and reproducibility variability of 3.4%. Furthermore, this
measurement technique is easily applicable to clinical practice because it only requires a
CBCT scan and therapeutic digital planning software, which are becoming increasingly
widespread. It could also prove useful in planning the volume of necessary grafting mate-
rials, self-assessing sinus lift outcomes, and preventing postoperative complications such
as perforation of the Schneiderian membrane (the surgeon’s competence, sinus anatomy,
instruments needed for surgery, patient sedation, and surgeon stress levels [40,41] can
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impact the risk of perforations). It is, therefore, highly recommended that outcomes of
sinus lift procedures be analyzed with a view to make the treatment more predictable.

Finally, the clinical interest of the novel digital measurement technique lies in its
ability to provide a method to accurately measure the notable decrease in the volume
of the maxillary sinus after sinus lift, especially in bilateral sinus lift, using the lateral
window approach technique. Some authors have highlighted the clinical relevance of the
preoperative evaluation of maxillary sinus lift [28,42]; especially in the lateral window
approach technique which present higher sinusitis prevalence (12.1%) than the crestal
approach technique (4.1%) [43]. Therefore, an accurate, repeatable, and reproducible
measurement technique for the pre-operative assessment of the nasal and maxillary sinuses
complex would be useful for accurately planning the surgical treatment approach. In
addition, the maxillary sinus lift has been associated to the hypoplasia of the maxillary
sinus, which can cause headaches, facial pain, and nasal symptoms [27]. Moreover, the
decreases in the volume of the maxillary sinus could lead the development of obstructive
sleep apnea, preventing normal breathing during sleep [30]. Therefore, it is recommended
that further research analyze the risk of obstructive sleep apnea associated with sinus lift.

Additionally, we analyzed the position and the permeability of the maxillary sinus
before and after maxillary sinus lift. If the patency of the maxillary sinus ostium is blocked,
clearance of the maxillary sinus can be compromised, increasing the risk of maxillary
sinusitis and even obstructive sleep apnea [32]. The maxillary sinus ostium remained
permeable before and after the maxillary sinus lifts using the lateral window approach
technique due the remote location of the maxillary sinus ostium from the filling material
used, showing a reduced risk of sinusitis and obstructive sleep apnea.

5. Conclusions

Bearing in mind the limitations of this study, the results indicate that the novel digital
method proposed is a replicable, reproducible, and accurate measurement technique for
analyzing the volume of nasal and maxillary sinus airways after sinus lifts using the lateral
window approach technique, easily applicable to clinical practice.
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