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Abstract
Aim: To describe the histological events that occur after maxillary sinus floor eleva-

tion when the elevated and undetached sinus mucosa are in close proximity or in
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lyzed histologically. Sites without adhesions were classified as “No proximity,” whereas
the adhesion stages were divided into “Proximity,” “Fusion,” and “Synechia stages.”
The width of the pseudostratified columnar epithelium and the distance between the

Correspondence two layers of the elevated and undetached sinus mucosae were measured at various
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standardized positions.
Results: Thirty-one sites presenting with adhesions were found. Twelve sites were in
the proximity stage,” presenting cilia of the two epithelial layers that were shortened
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and interlinked within the mucous context. Hyperactivity of the goblet cells was also
observed. In the other cases, the hyperplastic epithelium showed attempts to reach the

contralateral mucosa. The 15 “fusion stage” sites presented regions with epithelial cells
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ARDEC Academy of the two mucosal layers that penetrated each other. Four sites presented “synechiae

stages,” represented by bridges of connective tissue connecting the two lamina propria.
Conclusions: Close proximity or tight contact between the elevated and undetached
mucosa adhering to the bone walls might occur after maxillary sinus floor elevation.
This induced hyperplasia of the epithelial cells and adhesion of the two layers until

synechiae formation.
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1 | INTRODUCTION performed. Several techniques have been proposed to increase the
maxillary bone volume and resulted in optimal clinical outcomes (Del
Fabbro et al., 2013; Pjetursson et al., 2008; Tan et al., 2008). Before

performing this technique, an accurate analysis of the anatomi-

The edentulous alveolar bony crest can be restored using fixed dental
prostheses anchored on osseointegrated implants. However, when

the bone volume in the posterior segments of the maxilla is insuf- cal conditions must be performed (Kawakami, Botticelli, Nakajima,

ficient for implant installation, sinus floor elevation may have to be Sakuma & Baba, 2019). After sinus floor elevation, the elevated

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Clinical Oral Implants Research published by John Wiley & Sons Ltd.

Clin Oral Impl Res. 2023;00:1-12. wileyonlinelibrary.com/journal/clr 1


www.wileyonlinelibrary.com/journal/clr
mailto:
https://orcid.org/0000-0003-4565-5222
mailto:
https://orcid.org/0000-0003-2804-1632
https://orcid.org/0000-0002-6938-9611
https://orcid.org/0000-0001-7389-5886
mailto:caroline7_k@hotmail.com
mailto:daniele.botticelli@gmail.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fclr.14123&domain=pdf&date_stamp=2023-07-05

NAKAJIMA ET AL.

2
J_Wl LEY— CLINICAL ORAL IMPLANTS RESEARCH

space generally acquires a convex dome shape as documented by
tomographic studies (Kawakami et al., 2018; Kawakami, Lang, Ferri,
Apaza Alccayhuaman & Botticelli, 2019). This convex shape may be
maintained over time if biomaterials with a low resorption rate are
used (Figure 1a-d). The undetached mucosa at the sinus bony walls
(U-SM) provides a region [mucosal folding region (MFR)] from which
the elevated sinus mucosa (E-SM) is lifted cranially (Figure 1a,b). The
elevated mucosa approaches the undetached mucosa lining the bony
walls and, in some cases, may come into close proximity or in con-
tact with each other (Figure 1a-d). In the first healing period, such
conditions may be favored by postsurgical edema (Guo et al., 2016;
Makary et al., 2016; Figure 1a,b), which may involve the ostium and
infundibulum of the sinus (Sakuma et al., 2020). Moreover, the muco-
ciliary function of the sinus may be also affected (Griffa et al., 2010;
Torretta et al., 2012). However, the fate of the two mucosae in con-
tact remains unknown. Therefore, the aim of the present study was
to describe the histological events that occur after maxillary sinus
floor elevation when elevated and undetached sinus mucosae come

into close proximity or are in contact with each other.

2 | MATERIALS AND METHODS
2.1 | Ethical statements

The main outcomes of healing within the subantral elevated space
after sinus floor elevation in rabbits have been reported previously
(Ferreira Balan et al., 2022; Godoy et al., 2021; Hirota et al., 2020;
Masuda et al., 2020). All experiments were approved by the Ethical
Committee of the Faculty of Dentistry of Ribeirdo Preto, University
of S3do Paulo: experiment (Ferreira Balan et al., 2022) approved on
April 8, 2019, protocol No. 2019.1.113.58.1; experiments (Godoy
et al., 2021; Masuda et al., 2020) approved on June 14, 2017, proto-
col 2017.1.278.58.9; and experiment (Hirota et al., 2020), approved
on March 21, 2018, protocol 2018.1.10.58.7. Brazilian rules for animal
care were strictly followed. The same histological material was further
analyzed, and the present study reports data on sinus mucosal healing
after sinus floor elevation. This study followed the ARRIVE guidelines.

2.2 | Experimental animals

A total of 152 elevated sinuses in 76 New Zealand white rabbits,
weighing approximately 3.5-4.0kg and 5-6months of age, were

analyzed.

2.3 | Study design and biomaterials used

All four experiments included the simulation of a bilateral sinus floor
elevation procedure in a rabbit model.

In experiment E1 (Ferreira Balan et al., 2022), xenograft granules
of either Bio-oss® 0.250-1.0mm or Cerabone® 0.5-1mm were

randomly grafted within elevated spaces in 20 rabbits. Healing was
evaluated after 2 and 10 weeks (n=10 for each period).

In experiment E2 (Godoy et al., 2021), xenograft granules of dif-
ferent sizes (Bio-oss® 0.250-1.0 or 1-2mm) were randomly grafted
within elevated spaces in 18 rabbits. Healing was evaluated after 2,
4, and 8 weeks (n=6 for each period).

In experiment E3 (Hirota et al., 2020), xenograft granules (Bio-
0ss® 0.250-1.0mm) were used bilaterally in 20 rabbits. At randomly
selected test sites, the granules underwent argon plasma treatment
before being grafted within the elevated space. The granules on the
control side did not receive plasma treatment. Healing was evalu-
ated after 2 and 10 weeks (n=10 for each period).

In experiment E4 (Masuda et al., 2020), xenograft granules of dif-
ferent sizes (Bio-oss® 0.250-1.0 or 1-2mm) were randomly grafted
within the elevated spaces in 18 rabbits, and implants were installed
simultaneously and bilaterally. Healing was evaluated after 2, 4, and
8weeks (h=6 for each period).

2.4 | Biomaterial characteristics

Bio-Oss® (Geistlich Biomaterial) is a deproteinized bovine bone min-
eral with sinterization at 300°C, porosity of 75%-80%, pores of 20-
200um, and a particulate size of 0.5-1 mm (Figueiredo et al., 2010).

Cerabone® (Botiss Biomaterials GmbH) is composed of hy-
droxyapatite from bovine cancellous bone, with sintering at 1200°C,
porosity of 65%-80%, with pores of 600-200pum, and an average
particle size of 0.5-1 mm (Figueiredo et al., 2010).

Bio-Gide is a bilayer collagen membrane composed of porcine
collagen (Geistlich Biomaterial).

2.5 | Randomization and allocation concealment

Each experiment adhered to strict randomization protocols and al-
location concealment. Readers are advised to consult the original

publications for further information.

2.6 | Surgical procedures

The anesthetic procedures were similar in all four experiments and per-
formed with injection of 1.0mg/kg acepromazine (1Acepran®), 3.0mg/
Kg xylazine (Dopier®, Hertape Calier), and 50mg/kg ketamine hydro-
chloride (Etamin Agener, Unido Quimica Pharmaceutical Nacional S/A).

Skilled maxillofacial surgeons performed all the surgeries. An
incision was made on the nasal dorsum and the nasal bone was ex-
posed. One osteotomy was performed bilaterally to the nasoincisal
suture. The subantral spaces obtained after sinus mucosa elevation
were filled with the grafts. Implants were placed in one of the ex-
periments (Masuda et al., 2020), whereas collagen membranes (Bio-
Gide® Geistlich Biomaterials) were used to cover the osteotomies
in other experiments (Ferreira Balan et al., 2022; Godoy et al., 2021;
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FIGURE 1 Cone-beam computed
tomographs showing adhesion sites after
9 months of healing. (a, b) Coronal view;
(c, d) axial view. Note enclosed regions
(green arrows), probably tubular in shape,
delimited by adhesion structures (red
arrows). Yellow arrows, mucosa folding
regions (MFR); *Sinus mucosa distal to the
elevated region.

Hirota et al., 2020). The wounds were then closed using single su-
tures in two planes.

2.7 | Maintenance

The animals were housed in individual cages in a climate-controlled
room. Food and water were provided ad libitum. Professionals moni-
tored biological functions and wounds. Antibiotics and analgesics

were administered postsurgically.

2.8 | Euthanasia

The rabbits were first anesthetized following similar procedures
described above and then euthanized either with an overdose of
sodium thiopental (1.0g, 2mL; Thiopental®, Cristalia Produtos
Quimicos Pharmaceutics; Godoy et al., 2021; Hirota et al., 2020;
Masuda et al., 2020) or in a closed transparent acrylic box containing
gas carbon dioxide (CO,) (Ferreira Balan et al., 2022).

2.9 | Histological preparation

The biopsies were retrieved in blocks by an expert from the histol-
ogy lab, fixed in 10% formaldehyde, dehydrated, embedded in resin
(LR White Hard Grid, London Resin Co. Ltd), and polymerized. The

biopsies were then processed using precision cutting and grind-

ing equipment (Exakt® Apparatebau). Two histological slides from
each biopsy were obtained and stained with either toluidine blue or

Stevenel's blue and alizarin red.

2.10 | Histometric evaluations

Evaluations were performed around the region where the sinus mu-
cosa was elevated (mucosa folding region; MFR), both at the medial
and lateral aspects (Figure 2a). This region was delimited by the ele-
vated sinus mucosa (E-SM) opposite to the undetached sinus mucosa
(U-SM) lining the sinus bony walls.

Four stages were defined based on the interactions observed be-
tween the elevated and undetached sinus mucosae.

1. “No proximity,” all sites with elevated and undetached sinus

mucosae not in close proximity.
Adhesion phenomena

2. “Proximity,” when elevated and undetached sinus mucosae were
in contact with each other or in close vicinity with mucous
interposed.

3. “Fusion,” when the epithelial cells of elevated and undetached
sinus mucosae were interpenetrating or fused between each
other.
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No. of No. of weeks (no. No. of No. of
rabbits of rabbits) sinuses MFR
E1 20 2 (10); 10 (10) 40 80
E2 18 2 (6); 4 (6); 8 (6) 36 72
E3 20 2 (10); 10 (10) 40 80
E4 18 2 (6); 4 (6); 8 (6) 36 72
Total 76 152 304

FIGURE 2 (a) Width of the thinnest
epithelial layer within ~50 um from the
mucosa folding region evaluated in

both U-SM and E-SM (dotted yellow
arrow); width of the epithelial layer in

the center of the mucosa folding region
(yellow arrow) and at ~100 and~200pm

in both U-SM and E-SM (green arrows);
distance between U-SM and E-SM at
~100 and ~200 um from MFR (red arrows).
(b) Distance of the adhesion from the
MFR (red arrow) and length of adhesion
(yellow arrow). The elevated site can be
recognized by the presence of biomaterial.

TABLE 1 Number of rabbits included
and periods, sinuses, MFR, and adhesion
sites analyzed.

No. of adhesion
sites

4
12
6

31

Note: E1, Ferreira Balan et al., 2022; E2, Godoy et al.,, 2021; E3, Hirota et al., 2020; and E4, Masuda

etal., 2020.
Abbreviation: MFR, mucosa folding region.

4. “Synechia,” when the lamina propria of both mucosae bridged
together.

Moreover, the presence of multiple adhesions and synechiae re-
sulting in enclosed regions completely surrounded by epithelium has
been reported.

The stages were evaluated at the medial and lateral aspects of
both sinuses on one histological slide (Stevenel's blue and alizarin red
staining). Seventy-six histological slides representing 152 sinuses were
analyzed. However, histological measurements were performed in all
sinuses of the experiment (Ferreira Balan et al., 2022) and at sinuses
presenting the adhesion phenomenon in the other three experiments
(Godoy et al., 2021; Hirota et al., 2020; Masuda et al., 2020).

The following measurements were performed (Figure 2a): width
of the thinnest epithelial layer within ~50 pm from the mucosa fold-
ing region (MFR) evaluated in both U-SM and E-SM; width of the
epithelial layer in the center of the MFR and at ~100 and~200pum
from the MFR in both U-SM and E-SM; and the distance between
U-SM and E-SM at a distance from the MFR of ~100 and ~200 pm.

In the region with adhesion phenomena, the following measure-
ments were performed (Figure 2b): distance of the adhesion from the
MEFR, length of adhesion, minimum distance between U-SM and E-SM,
maximum width of the epithelial layer, and width of the epithelial layer
in the U-SM region located far away from the adhesion phenomenon

(~500um between the two mucosal layers; pristine sinus mucosa; P-

SM). The limits of the adhesions were determined subjectively.

2.11 | Data analysis
Histological measurements were performed twice by an assessor
(EFDR) and the mean values were obtained. Before undertaking
measurements, calibration was performed with another expert ex-
aminer (DB).

The primary variable was the height of the epithelial layers.
Additional variables were used to describe the adhesion phenomenon.

Prism 9.1.1 (GraphPad Software, LLC) was used for statistical
analyses. The normal distribution of the variables was assessed
using the Shapiro-Wilk test for both paired and unpaired variables.
A paired t-test or Wilcoxon test was used to evaluate the differences
between the groups.

The level of significance was set at a=0.05.

3 | RESULTS

Table 1 specifies the number of animals, sinuses, MFR evaluated, and
the number of adhesion phenomena found for each study.
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3.1 | Descriptive histological evaluation

Four stages were used to define the state of proximity/adhesion of
the two layers of the sinus mucosae, that is, elevated sinus mucosa
(E-SM) and undetached sinus mucosa (U-SM). The stages included:
No proximity, proximity, fusion, and synechia.

3.2 | No-proximity stage

The proximity stage was evaluated only in experiment E1 (Ferreira
Balan et al., 2022), in which two periods of healing were studied at
2 and 10weeks. In the sites without adhesions, in both periods of
healing, the thinnest epithelial layer within 50 pm from the MFR had
smaller dimensions than those at the MFR and those at 100 and
200pum from the MFR. However, the epithelial layer at the MFR pre-
sented an increased dimension compared to the other layers during
the 2-week period (Figure 3a) and decreased at the 10-week period
(Figure 3b,c).

3.3 | Adhesion stages

The adhesion sites were evaluated in all included studies, that is,
E1-E4.

In the “Proximity stage,” different periods of healing were in-
cluded in the selected sites (Table 1), mostly at a 2-week period
(17 cases), 5 at the 4-week, 2 at the 8-week period, and 7 at the
10-week period. An increased mean dimension of the pseudostrat-
ified columnar epithelium was observed at all sites evaluated in
both U-SM and E-SM, possibly because of the mitotic activity. In
the “Proximity stage,” adhesion of the two mucosae was mostly
observed close to the MFR (Figure 4a). In the adhesion region, the
cilia of the two epithelial layers were shortened and interlinked
within the mucous context (Figure 4a,b). Hyperactivity of the
goblet cells was also observed (Figure 4a,b). In other cases, the
hyperplastic epithelium attempted to reach the opposite mucosa
(Figure 4c,d).

FIGURE 3 Photomicrographs of
ground sections representing MFR at
no-proximity sites. (a) 2weeks of healing;
(b, c) 10 weeks of healing. Thinnest
epithelium layer within 50 pm from the
MEFR (dotted yellow arrows) and MFR
center (yellow arrows). Stevenel's blue and
alizarin red stain.

The “Fusion stage” presented regions with epithelial cells of the
two mucosae penetrating each other (Figure 5a). Epithelial cells of
the two mucosae adhered. However, based on the available histol-
ogy, itis difficult to define the boundaries between the two opposing
layers. Bridges of epithelial cells connecting the two mucosae were
also observed, delimiting enclosed regions within the sinus cavity,
probably tubular in shape. These appeared as islands because of the
two-dimensional appearance of the ground sections (Figure 5b,c).
These structures might also be observed in the CBCTs (Figure 1a-
d). Several hyperplastic projections were observed in both layers,
located in opposite positions as if they were attracted to each other
(Figure 5c). Some areas showed a loss of cells in the basal layer and
appeared to be invaded by connective tissue and a few inflammatory
cells (Figure 5a). Areas with a thin epithelial layer were also observed
(Figures 5b and 6a).

In the “Synechiae stage,” complete loss of the epithelium, with
the formation of synechiae represented by bridges of connective
tissue and connecting the two lamina propria, was observed. The
synechiae exhibited fibroblast-like cells and fibers. No vessels or
glands were observed, although their presence cannot be excluded

(Figure 6a-c).

3.4 | Histological assessments
3.4.1 | No-proximity stage

In an experiment (Ferreira Balan et al., 2022), 70 out of 80 mucosal
folding regions (MFRs) were evaluated in 40 sinuses. Ten sites were
excluded due to mucosal damage in the region of interest dur-
ing biopsy or histological processing. The categorization resulted
in 61 “No proximity” sites (90%), 4 “Proximity,” 4 “Fusion,” and 1
“Synechia” sites. The thinnest epithelial layer close to MFR (dis-
tance <50 pum) was 15.2 um after 2weeks and 13.1 um after 10 weeks
(Table 2). The layer in the center of MFR measured 23.2 and 15.2pum
after 2 and 10 weeks, respectively. In a few cases, the center of the
MFR corresponded to the thinnest epithelial layer, particularly dur-

ing the 10 weeks period. The evaluation of the “No-Proximity” sites
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Ha) a2 Y ) f%ﬂ{g 3 r“ S FIGURE 4 Photomicrographs of

; ; WMATR ground sections representing the
proximity stage after 2weeks of healing.
(a, b) Elevated and undetached sinus
mucosae in contact with each other or in
close vicinity with mucous interposed. The
epithelium layers appeared to increase
in dimension and to be in a hyperplastic
stage. The white arrows indicate the limits
of the adhesion subjectively determined.
(c, d) The hyperplastic epithelium showed
attempts to reach the opposite mucosa
(dotted red arrows). Stevenel's blue and
alizarin red stain.

FIGURE 5 Photomicrographs of ground sections representing the proximity stage after 2 weeks of healing. (a, b) Elevated and
undetached sinus mucosae in contact with each other or in close vicinity with mucous interposed. The epithelium layers appeared increased
in dimension and to be in a hyperplastic stage. The white arrows indicate the limits of the adhesion subjectively determined. (c, d) The
hyperplastic epithelium showed attempts to reach the opposite mucosa (dotted red arrows). Stevenel's blue and alizarin red stain.

assessed at 100 and 200 um from the MFR provided a similar width smaller in the 10-week than in the 2-week periods (Table 2). No
of the epithelial layer for the elevated (range 17.6-19.1pm) and un- statistically significant differences were found between U-SM and
detached (16.8-18.9 um) mucosae, which was found to be slightly E-SM at any distance from the MFR. The differences between the
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FIGURE 6 Photomicrographs of ground sections representing the Synechia stage. Bridges of connective tissue connecting the two
laminae propriae (red asterisks). Thin epithelial layer (green arrow). (a) Eight weeks of healing; (b, c) 2weeks of healing. Stevenel's blue and

alizarin red stain.

TABLE 2 Epithelial layer width in the various sites evaluated in the no-proximity sites (n=61) of Experiment E1.

Thinnest layer MFR U-SM 100
2weeks 15.2+2.8 23.2+6.8 18.9+6.4
10weeks 13.1+3.3 15.2+6.4 16.9+3.9

U-SM 200

18.8+3.0
16.8+2.7

E-SM 100 E-SM 200 Distance 100 Distance 200
18.4+4.7 19.1+3.7 131.4+59.4 184.6+58.7
17.6 5.1 18.3+4.2 155.6+32.6 222.4+62.4

Note: No statistically significant differences were found between U-SM and E-SM at any distance from MFR. The difference between the thinnest
layer and all other layers and between distances 100 and 200 were statistically significant. Only the difference between thinnest layer and center of
the MFR in the 10 weeks period was not statistically significant. The measurements are expressed in micrometers.

Abbreviations: E-SM, elevated sinus mucosa; MFR, mucosa folding region; U-SM, undetached sinus mucosa.

thinnest layer and all other layers, and between distances of 100 and
200pum, were statistically significant. Only the difference between
the thinnest layer and center of the MFR during the 10 weeks period
was not statistically significant.

The distance between the undetached and elevated sinus mu-
cosa measured at 100pm from the MFR was lower than that at

200pm and increased between 2 and 10 weeks at both distances.

3.4.2 | Adhesion stages

One hundred and fifty-two sinuses of seventy-six rabbits, with
two MFRs per sinus (304 MFRs), were analyzed for adhesion site
identification. Thirty-one (10%) sites presenting the adhesion phe-
nomenon were found in the four experiments analyzed (Ferreira
Balan et al., 2022; Godoy et al., 2021; Hirota et al., 2020; Masuda

et al., 2020) resulting in the following three categories: 12 sites
were classified as “Proximity,” 15 as “Fusion,” and 4 as “Synechiae.”
The width of the epithelial layer evaluated at the adhesion sites was
greater than that of the undetached pristine regions (Table 3). The
P-SM was 19.5um, whereas the thinnest layer close to the MFR
was 19.3um. At the center of the MFR, the epithelial width was
29.7 um. The epithelial layers in both U-SM and E-SM, as assessed
at 100 and 200 pm from the MFR, ranged from 23.8 to 27.0pm. The
differences were statistically significant for all regions evaluated,
with the exclusion of the thinnest layer and the elevated mucosa at
200 pm from the MFR.

The distance between U-SM and E-SM measured at 100 and
200pum from MFR was 66.6 and 77.4 um, respectively.

The mucosal adhesions (Table 4) were found at a mean distance
from MFR of 289.9 um (range 0-2135.8um). In 11 cases, the adhe-
sion started from the MFR. The mean length of the adhesion was
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168.8um (range 7.2-551.8pum). The mean minimum distance be-
tween U-SM and E-SM was 1.4pum (range 0.0-12.2um). The mean
maximum epithelial width was 42.5um (range 20.9-120.2um). The
differences between the maximum epithelial width and the width of
the other regions were statistically significant.

4 | DISCUSSION

In the present study, healing occurred after maxillary sinus floor el-
evation when the elevated mucosa was in contact with the unde-
tached mucosa still lying on the bony walls of the sinus.

In an experiment (Ferreira Balan et al., 2022), all sites were
evaluated, and out of 80 mucosal folding regions (MFR), 70 could
be analyzed, resulting in 61 “No proximity” sites, 4 “Proximity”, 4
“Fusion,” and 1 “Synechia” sites. The “No proximity” sites evaluated
at 100 and 200 um from the MFR presented a mean width <20 pum
at all sites, without statistically significant differences. The only
epithelial layer with a width>20um (~23 pm) was located at the
MFR evaluated at 2weeks. However, this layer decreased in size
to <20pum during the 10-week period. The width of the epithe-
lial layers slightly decreased during the 10-week period compared
with the 2-week period at all sites examined. This might be inter-
preted as a mitotic stimulus of the epithelium, activation of gob-
let cells, and bleeding/edema subsequent to surgical procedures
(Guo et al., 2016; Makary et al., 2016; Sakuma et al., 2020; Scala
et al., 2012). This mitotic activity might have been prolonged to
the 2-week period but decreased during the 10-week period. The
distance between the undetached (U-SM) and elevated sinus mu-
cosae (E-SM) was >130pum and >180um, respectively, during the
2-week period. Both increased between 2 and 10weeks, indicat-
ing shrinkage of the elevated space over time. Another charac-
teristic of this stage of healing was the presence of the thinnest
epithelial layers close to the MFR (<50um). In only a few cases
during the 10-week period did the thinnest layers coincide with
the MFR.

Thirty-one adhesion phenomena were observed out of 304
sites examined in the four studies, presenting a frequency of ap-
proximately 10%. Twelve sites (4) were classified as “Proximity,” 15
(5) as “Fusion,” and 4 (1.3) as “Synechiae.” The proximity between
the two mucosae seems to have triggered these healing character-
istics, which tend to fuse the two epithelia until they disintegrate,
creating continuity between the lamina propria of the two layers.
The increased width of the layers was due to increased epithelial mi-

totic and goblet cell activity. In some regions, this activity was more

TABLE 3 Epithelial layer width in pristine and adhesion regions.

pronounced, producing a large width of the epithelium, showing a
tendency to grow toward the opposite layer.

The distance between the two layers in the adhesion stage was
<80um, which was two to three times lower than that of the “No
Proximity stage,” as measured at 100 and 200pm from the MFR.
Given that in the adhesion sites, an increased width of the epithe-
lium was observed at 100 and 200 pm from the MFR; it is suggested
that the distance between the U-SM and E-SM might play a role in
triggering hyperactivity and attraction between the two epithelial
layers. The adhesion phenomenon was also observed when the
two layers were not in direct contact, displaying crests projecting
toward the opposite side and creating epithelial bridges connecting
the two opposite layers. This attraction might be due to cell polar-
ity or biochemical stimuli (Gémez et al., 2021; Jacinto et al., 2001,
Pinto et al., 2019) which might act at a certain minimum distance. In
the “fusion stage,” the two epithelia also showed interpenetrating
properties similar to those described for bone and p-TCP/HA used
for sinus elevation in rabbits (Tanaka et al., 2020). The epithelial cells
of one layer were interconnected with those of the opposite layer,
such as intertwined hand fingers, perhaps through desmosomal
contacts. Finally, the epithelia were disrupted by the inflammatory
cells (Figure 5a) or gradually disintegrated until they disappeared.
Moreover, epithelial fusion has been described in wound closure
(Martin & Suzanne, 2022), embryogenesis, neural tube closure, and
palatal shell bridging (Jacinto et al., 2001; Mima et al., 2013).

The final stage was represented by bridging of the two layers
of the lamina propria without an interposed epithelium, forming
synechiae that connected the lamina propria of the two opposing
layers. The various stages of the adhesion phenomenon appeared to
be a response of the sinus mucosa to the nonphysiological condition
represented by the tight contact between the two layers, that is,
U-SM and E-SM. This property of the sinus mucosae has also been
reported in other studies in which attempts of the sinus mucosae
to close perforations created by sharpened edges of granules of
biomaterial used for sinus floor elevation have been shown (Miki
etal., 2021).

As a consequence of surgery or infection, adhesions and syn-
echiae have also been observed in the eyes (Al-Hedaithy & Al-
Kaff, 1993; Anitha et al., 2022; Do et al., 2016; Zhang et al., 2021),
nose, which may have resulted in a reduction in airflow (Senanayake
et al.,, 2021), and the uterus (Cho, 2017; Fouks et al., 2022; Lee
et al., 2021; Rathat et al., 2011). Peritoneal adhesion and synechiae
formation are common characteristics of abdominal or pelvic sur-
gery (Ha et al., 2016; Lang et al., 2010; Sun et al., 2020). They may

trigger complications such as intestinal or small-bowel obstructions,

Thinnest Distance
P-SM layer MFR U-SM 100 U-SM 200 E-SM 100 E-SM 200 Distance 100 200
19.5+6.4 19.3+10.0 29.7+12.9 25.5+12.6 241+13.4 27.0+16.5 23.8+14.4 66.6+48.0 77.4+65.0

Note: The differences between the pristine and adhesion regions' epithelium width were statistically significant with the exception of the thinnest

layer and the elevated mucosa at 200 pm from MFR.
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TABLE 4 Linear measurements in

micrometers in the adhesion regions. Distance from Lengttl of Min distance U-SM M‘ax layer
MFR adhesion and E-SM width
Mean+SD 289.9+432.7 168.8+123.2 1.4+3.1 42.5+19.6
Min 0.0 7.2 0.0 20.9
Max 2135.8 551.8 12.2 120.2

Note: The differences between maximum epithelial width and width of the other regions were

statistically significant.

FIGURE 7 Number of adhesion events
per period examined. 10

infertility, and chronic abdominal and pelvic pain (Chegini, 2008;
Liakakos et al., 2001; Makama et al., 2017). Synechiae are gener-
ally referred to as “scar tissue.” However, biopsies collected from
peritoneal adhesions present arterioles, venules, capillaries, and
myelinated and nonmyelinated nerve fibers (Herrick et al., 2000;
Sulaiman et al., 2000). In the present study, the few ground sections
presenting synechiae did not allow the observation of the structures
mentioned.

Adhesion phenomena and synechiae in the sinus might occur
after the removal of antrochoanal polyps (Al-Balas et al., 2020;
Kelles et al., 2014) and the surgical treatment of chronic sinus-
itis (Kende et al., 2019; McCoul et al., 2012) or oro-antral fistula
(Horowitz et al., 2016) and have been described as common minor
and underreported complications after sinus surgery (Bhatki &
Goldberg, 2009). Depending on the location, the synechiae may re-
main asymptomatic or create obstruction if they are located close to
the ostium of the sinus cavity. These phenomena were also observed
in the experiments included in the present study. The contact of two
layers of epithelium, such as the peritoneum, pleura, gastrointesti-
nal tract, or oral mucosa, is a normal condition in the human body.
However, inflammatory reactions due to infections or surgery may
create conditions for the formation of adhesions. Detachment from
the bone wall of the elevated mucosa and the consequent edema
that may reach the ostium might trigger the adhesion phenomenon
between the elevated and undetached mucosae when they are in
close contact.

In the present study, adhesions and synechiae formed en-
closed regions with probable tubular shapes. It may be argued that

Il? N —

ADHESION EVENTS

8 10
WEEKS OF HEALING

W Proximity M Fusion m Sinechiae

mucous produced by mucous glands and goblet cells might drain
toward the sinus cavity. However, if the two ends are closed, the
secluded space may lead to cyst formation or trigger infection and
sinusitis. Sinusitis is a well-described complication that might occur
after sinus floor elevation (Hsu et al., 2022), and the formation of
these secluded spaces should be considered as possible reason
for sinusitis, together with mucosal perforation and biomaterial
extrusion within the sinus cavity (Doud Galli et al., 2001; Testori
et al., 2020; Urban et al., 2012). The experiments included in the
present article were initially meant for other purposes, and the ad-
hesion phenomenon was discovered during histological evaluation.
To our knowledge, no data have been reported on adhesion phe-
nomena after maxillary sinus floor elevation; therefore, we believe
that it is important that the scientific community and clinicians are
aware of this phenomenon. These data might allow future studies
at the cellular and molecular levels.

In the two-dimension histological evaluation used in the present
study, only 10% of the occurrences were detected. The presence
of adhesion sites in humans after sinus floor elevation has not yet
been evaluated, but may still occur (Figure 1a-d). Currently, we can
only speculate on possible complications. Future analyses in humans
might reveal that no complications are associated with the presence
of close contact between the two mucosal layers. Moreover, even
though radiographic assessment might reveal contact between the
two mucosal layers, the presence of a true adhesion phenomenon
cannot be inferred. However, we can suggest taking into account the
phenomenon of adhesion and following patients for possible com-
plications after sinus floor elevation. Medico-legal issues should not
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be excluded if complications arise or if symptoms are referred by the
patients in the presence of adhesions (Figure 1a-d).

In the present study, all adhesion stages were more repre-
sented in the 2 weeks period, as documented by the higher number
of samples evaluated (Figure 7). Adhesion sites were still present
during the 10 weeks period. Even though the number of sites pre-
senting adhesion is too low to allow a strong interpretation, it is
suggested that the stage of “proximity” should be a reversible
situation that may allow the restoration of the two layers of the
sinus mucosa. However, the “fusion-” and “synechia stages” may
be irreversible.

The main limitation of the present study is related to the model
used, which presents a thinner sinus mucosa (Aimetti et al., 2008;
lida et al., 2017; Janner et al., 2011) and a faster rate of healing
(Botticelli & Lang, 2017) than in humans. Adhesions were not a fre-
quent finding in the large material evaluated (approximately 10%),
and the synechiae were too few to allow for proper analysis. The
results of the present study allowed the description of some healing
characteristics of adhesion between undetached and elevated sinus
mucosae. However, the cellular and molecular mechanisms underly-
ing this phenomenon require further investigation. Synechiae were
detected after 2weeks. During this period, several fusion stages
were also observed. Progression of later conditions toward a more
advanced stage cannot be excluded. An analysis of longer healing
periods should be included. Moreover, it should be taken into con-
sideration that close contact with the sinus mucosa of granules of
biomaterial may interfere with the adhesion phenomena as damage
to the sinus mucosa may occur. (Figure 8a,b; Kato et al., 2021; Miki
etal,, 2021).

In conclusion, close proximity or contact between the elevated
and undetached mucosae still adhered to the bony walls occasion-
ally observed after maxillary sinus floor elevation may encompass
hyperplasia of the epithelial cells and adhesion of the two layers of
the sinus mucosae, eventually resulting in synechiae. However, the
clinical implications of these adhesion phenomena remain unknown

and require further exploration.
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