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Histological and radiographic study of human edentulous and dentulous maxilla

Yukino Kamigaki, lwao Sato, Takashi Yosue

Short running title: Morphology of human maxilla

Abstract

Data on the bone trabecular structure and density of the edentulous regions of the first upper molars are
important for designing successful dental treatments, especially dental implants. However, no detailed
defined morphometric properties on the human maxilla are available at the immunohistochemical and
radiographic levels. Cone-beam computed tomography analysis and immunohistochemical observation
were applied to the maxillary first molar region of 91 cadavers (46 males and 45 females). The edentulous
maxilla can be classified into the following three forms: fully edentulous (FE), partially edentulous (PE),
and immediately edentulous (IE). Compared with the first molar dentulous (FMD) specimens, significant
differences in cortical bone height and bone density exist among IE, PE, and FE in maxilla (p<0.001).
According to histochemical observations, the positive CD31 reaction clearly described a large vessel of the
PE maxilla and small vessels of FMD and IE in maxillary sinus connective tissue. These structural issues
were clearly related to tooth extraction. These morphological and radiographic data describing the

edentulous region of the maxillary first molar might be useful for improving dental treatments.

Keywords: human alveolar bone, bone structure, bone density, CBCT, CD31
Introduction

Tooth extraction causes changes in the bone matrix of the maxilla. In general, the height of the buccal
wall tends to decrease and the bundle bone disappears leading to a reduced height and width of the residual
ridge (Schropp et al. 2003; Cardaropoli et al. 2003; Arau’jo and Lindhe 2005; Covani et al. 2010). Moreover,
internal structures, such as the trabecular bone of the maxilla, are strongly affected by tooth extraction.
Intrabone evaluation of the quality and the quantity of bone is among the factors affecting the success of
dental treatments, especially dental implants. Computed tomography (CT) provides a useful quantification

of bone density if expressed in Hounsfield units according to calibrated gray-level scale methods. Cone-
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beam computed tomography (CBCT) also has advantages in terms of cost, time, image resolution, and
radiation information. CBCT provides useful information regarding bone density characteristics in the form
of three-dimensional gray-scale images (Parsa et al. 2012). Lekholm and Zarb (Lekholm and Zarb 1985)
indicated four types of bone quality in anterior regions of the jaw: homogenous cortical bone (Type 1); a
thick layer of cortical bone surrounding a central part of dense trabecular bone (Type 2); a thin layer of
cortical bone surrounding dense trabecular bone of favorable strength (Type 3); and a thin layer of cortical
bone surrounding low-density trabecular bone (Type 4). However, it is difficult to adapt the Lekholm and
Zarb classification to the complex maxillary bone structure, which can be thin around the maxillary sinus.

A morphometric analysis includes various measurements, such as bone volumetric fraction, bone mineral
density of the cortical bone and trabecular bone, trabecular thickness, trabecular spaces, trabecular number,
and trabecular structure (Croucher et al. 1996; Muller et al. 1998; Cortet et al. 2004; Chappard et al. 2005;
Naitoh et al. 2010; de Oliveira et al. 2012; Blok et al. 2013; Dias et al. 2015; Gonzalez-Garcia and Monje
2013; Ibrahim et al. 2014; Parsa et al. 2015; Monje et al. 2015). In the maxilla, investigators have reported
on bone height and bone width (Pramstraller et al. 2011; Farina et al. 2011; Kopecka et al. 2012; Monje et
al. 2014). The characteristic features of bone morphology and histochemical structures differ in the
edentulous human maxilla (Razavi et al. 1995; Trisi and Rao 1999; Ulm et al. 1999). Bone biological
evaluation (immunohistochemistry and mRNA levels) differs between Types 1 and 2, according to the
Lekholm and Zarb classification, in human mandibular alveolar bone. Moreover, bone healing with
synostosis is a complex process involving an inflammatory response, angiogenesis, and osteogenesis
(Davies 2003; Donos et al. 2011). These specific biological properties of the maxillary bone may cause
difficulty in evaluating bone for dental implant treatments.

After tooth extraction occurs in the maxillary first molar region, the structural pattern can be classified
into four forms (Kennedy’s Classification): dentulous (FMD), fully edentulous (FE), partially edentulous
(PE) and immediately edentulous (IE) (Kennedy 1928). The PE has an apparent higher inadaptability than
that of the IE at the maxillary alveolar crest height in dental treatments, despite there being no histological
and morphological data for PE and IE using CT (Pramstraller et al. 2011; Sharan and Madjar 2008).
Moreover, previous reports indicated the difference in bone quality and quantity between the anterior and

posterior regions of the maxilla using micro-CT only (Monje et al. 2015; Bertl et al. 2015; Blok et al. 2013).
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Intrabone quality and quantity have not been evaluated in these edentulous forms. The intrabone
characteristics of various forms may affect the planning of dental implant treatments.

The maxillary first molar region is an important site of occlusion, which is maintained by implant
placement (Goto et al. 2012). Moreover, because the bone trabecular structure and density affect bone
volume, dental implant treatments have a major impact on prognosis clinical treatment (Martinez et al.
2001; Marquezan et al. 2012). For stabilization of the implant body after implantation, the relationship
between osseointegration and vascularization is known to be important (Civelek et al. 1995; Davies
2003). Vascularization is also important for dental implantation (Scardina et al. 2011). Vascularization is a
marker for osseointegration in dental implants. However, previous reports provided no information
regarding the localization of blood vessels and bone quality levels. Therefore, upon analyzing the
vascularization, we attempted to identify blood vessels using the vascular endothelial cell marker, CD31
(llan and Madri 2003; Pusztaszeri et al. 2006) to distinguish between fat cells and blood vessels in the
bone marrow.

We attempted to investigate the bone quality and quantity of these four forms in the maxillary first molar
region. Moreover, we also defined the morphometric properties of these four forms of bone quality using
immunohistochemistry and radiography to provide information regarding the location of blood vessels,
connective tissues, and fatty trabecular bone. These results provided useful information about the maxillary

structure and helped with the planning of dental treatments.

Materials and Methods
Specimen collection and grouping

Atotal of 171 specimens in 91 cadavers that were preserved in the Department of Anatomy of the Nippon
Dental University were used in this study. Forty-six male cadavers (59-93 years old; mean 78.8+ SD 8.29)
yielded 85 specimens; 44 specimens were from the right side, and 41 were from the left side. Forty-five
female cadavers (61-103 years old; mean 85.6+ SD 8.77) yielded 86 specimens; 43 specimens were from
the right side, and 43 were from the left side). The maxillary first molar region was investigated. Bone
disease, especially osteoporosis (Barngkgei et al. 2014), and partially damaged or already dissected maxilla

were excluded from our study. We assessed and classified the specimens based on the four forms of
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Kennedy’s Classification as follows: FMD, 17 males (8 right side, 9 left side) and 17 females (8 right side,
9 left side); IE, 11 males (5 right side, 6 left side) and 17 females (8 right side, 9 left side); PE, 26 males
(14 right side, 12 left side) and 22 females (12 right side, 10 left side) and FE, 31 males (17 right side, 14
left side) and 41 females (20 right side, 21 left side) (Fig. 1). The specimens were selected according to the
following inclusion criteria for alveolar bone (these criteria have resulted in long-term dental implant

success): height, more than 5 mm; width, more than 6 mm; and mesiodistal, more than 7 mm (Misch 2015).

CBCT analysis

Images of the maxillary first molar region were obtained using CBCT (AZ 3000CT; Asahi Roentgen
Industry, Kyoto, Japan). Cone beam scans were performed for the maxillary first molar region using a tube
potential of 85 kV, a tube current of 4 mA, and cylindrical data of 79 mme x 80 mm at high resolution
(voxel size 0.155x 0.155x 0.155 mm). Three-dimensional image observation was performed using
NEOPREMIUM software (Asahi Roentgen Industry, Kyoto, Japan). The images were observed to confirm
the identity of the median sagittal plane and the palatal plane as a reference plane. Then, the frontal section
was explored from the infrazygomatic crest for the IE, PE, and FE specimens; the FMD specimens were

explored from the center of the first and second molars (Fig. 1).

Analysis of bone structure

Measurements were assessed using ImageJ 1.48 (U. S. National Institutes of Health). On cross-sectional
images, the height (the maxillary first molar region from the bottom of the maxillary sinus to the oral
mucosa at a right angle to the palatal plane) was measured. The thickness of the cortical bone on the
maxillary sinus side and the thickness of the cortical bone on the oral mucosa side were measured (Fig. 2A).

We classified three types (S1-3) of bone structure in the first molar regions of the four forms of the
maxilla (FMD, IE, PE and FE) as follows: Type S1, a thin layer of cortical bone surrounding dense
trabecular bone of favorable strength (Lekholm and Zarb classification Type 3); Type S2, a thin layer of
cortical bone surrounding low-density trabecular bone (Lekholm and Zarb classification Type 4); Type S3,
very soft bone with few incompletely mineralized trabecular bones (IM) or large intertrabecular spaces

(LIS) (no type in the Lekholm and Zarb classification) (Fig. 3).The image was scored from Type S1 to S3

23



based on the bone structure of the cancellous bone (Fig. 3).

Analysis of bone density

Bone density was measured using ImageJ 1.48. Measurements were made of the cancellous bone area
(Fig. 2B-1). A reference bone block of 200 mg/cm? of hydroxyapatite was simultaneously scanned when
obtaining the CBCT images. Based on the reference bone block, all specimens were converted into binary

images (Fig. 2B-2).

Immunohistochemical methods

After washing four forms of the maxillary first molar regions (each form n=4) with PBS for 30 min at
room temperature, the specimens were decalcified with 10% EDTA-PBS for 21-36 days at 4°C. The
specimens were then washed with PBS for 30 min. The specimens were fixed using 70% alcohol and then
dehydrated using the normal method. That is, paraffin-embedded blocks and sections of human maxilla for
use in the immunohistochemistry experiments were obtained; 16 samples (four samples each of FE, PE, IE
and FMD; male mean age 80.4+ SD 7.61 years old) were obtained from Genostaff Co., Ltd. (Tokyo, Japan)
and decalcified. These samples were fixed with tissue fixative (Genostaff Co., Ltd. Tokyo, Japan),
embedded in paraffin using Genostaff’s proprietary procedures, and sectioned at 8 um. The tissue sections
were deparaffinized using xylene and rehydrated using a series of ethanol solutions in PBS. Endogenous
peroxidase was blocked using 0.3% H,0- in methanol for 15 min, followed by incubation with G-Block
(Genostaff Co., Ltd. Tokyo, Japan) and an Avidin/Biotin Blocking Kit (Vector SP-2001, Vector Laboratory,
CA., USA). The sections were incubated with 0.4 pug/ml of anti-CD31 antibody (1:500; Lab Vision Corp,
CA, USA,; catalogue number #RB-10333) at 4°C overnight. Rabbit immunoglobulin fraction (Dako X0936,
Takasaki, Japan) was used as a negative control. After washing with TBS, biotin-conjugated goat anti-rabbit
immunoglobulin (Dako, Takasaki, Japan) was added at 1:600 dilution, and the mixture was incubated for
30 min at room temperature, after which peroxidase-conjugated streptavidin (Nichirei, Tokyo, Japan) was
added for 5 min. Peroxidase activity was visualized using diaminobenzidine. The sections were
counterstained using Mayer's hematoxylin and eosin (Muto, Tokyo, Japan), dehydrated and then mounted

using malinol. The stained sections were evaluated under a microscope (DM-2500; Leica Microsystems,
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Germany).

Statistical analysis
The differences in bone structure and density among the forms were assessed using Student’s test and
two-way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. Differences were considered

significant when p<0.05. The results are reported as the means + SD.

Ethics

The study was approved by the Human Research Committee of Nippon Dental University (no. NDU-
T2015-20). The human cadavers were obtained from a donor-based system using the guidelines included
with the Law Concerning Body Donation for Medical and Dental Education (the Body Donation Law) and

the Law Concerning Cadaver Dissection and Preservation (LCCDP).

Results
Analysis of bone structure

We examined the bone structure of the various forms according to Kennedy’s classification, bone
structure and height (the maxillary first molar region from the bottom of maxillary sinus to the oral mucosa,
at a right angle to the palatal plane), the thickness of cortical bone from the maxillary sinus side (TMS), the
thickness of cortical bone from the oral mucous side (TOM) and the percentage of the three bone types (S1,
S2, and S3). Figure 4A and 4E show that bone height did not significantly differ among the four forms. The
TMS of PE and FE was higher than that of FMD (p<0.001), and a significant difference in thickness was
observed between IE and PE or between IE and FE (p<0.001); in contrast, no significant difference was
found between FMD and IE or between PE and FE (Fig. 4B). The TMS values of PE and FE were high
compared to those of FMD and IE (Fig. 4B). TOM also showed a significant difference in thickness between
FMD and IE, between FMD and PE, between FMD and FE, between PE and FE (p<0.001), and between
IE and FE (p<0.01); in contrast, no significant difference was found between IE and PE (Fig. 4C). The
TOM of IE, PE, and FE were low compared to that of FMD (Fig. 4C). In Figure 4D, FMD and IE were

scored as Type S1 at a higher rate than were PE and FE. In contrast, PE and FE were scored as Type S3 at
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a higher rate. Height and TMS were not significantly different between males and females for all four forms
(Fig. 4E, F). In contrast, thickness differed more significantly between males and females in FMD in
comparison to the others (p<0.05) (Fig. 4G).

Moreover, no statistically significant difference was found between right and left bone structure and

density in the examined samples.

Analysis of bone density

We examined bone density in the various forms according to Kennedy’s classification. Bone density
differed significantly between FMD and IE, between FMD and PE, between FMD and FE, between IE and
PE, and between IE and FE (p<0.001); in contrast, bone density did not significantly differ between PE and
FE (Fig. 5A). The bone density of FMD was significantly lower than that of the other forms (p<0.001) (Fig.
5A). The bone density of males was higher than that of females for FMD and IE (p<0.01) in comparison to
the others (Fig. 5B).

Moreover, no statistically significant difference was found between right and left bone structure and

density in the examined samples.

Histochemical observation

After hematoxylin and eosin staining, the structure of the trabecular bone indicated various features in
the FMD, IE, PE and FE of the human maxilla (frontal section). At the maxillary sinus side, thin cortical
bone was found in FMD and IE; in contrast, thick cortical bone was found in PE and FE. In cancellous
bone, compacted trabecular bone with small bone lacunae and small amounts of bone marrow were found
in FMD and IE; in contrast, thin, elongated trabecular bone with large amounts of bone marrow were found
in PE and FE. In the bone marrow, few fatty-like cells were observed in FMD; however, in PE and FE,
many fatty-like cells were observed in the bone marrow of the maxilla. In the bone marrow of the FMD,
few adipose tissues were observed; in contrast, rich fatty-like cell layers were observed in the bone marrow
of PE and FE. At the oral mucosa side, thick cortical bone was found in FMD and IE; in contrast, thin

cortical bone was found in PE and FE (Figs. 6 and 7).
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Anti-CD31-positive vessels; their structure and localization in the four forms

Various anti-CD31-positive vessels were found in the FMD, IE, PE and FE of the human maxilla. At the
maxillary sinus side, several small (> 50 ume) oval vessels ("several” indicates between 2-3 and 50 vessels
per mm?3) were scattered in the thin connective tissue layer and the cortical bone of FMD and IE; in contrast,
many small and large (<300 umeg) vessels ("many" indicates <50 per mm?®) were present in the PE, and a
few small oval vessels (“few" indicates 2-3 per mm?®) were present in the FE. In the middle region of the
maxilla, many elongated and small oval vessels were found in the cancellous bone of all examined
specimens. Moreover, many elongated and small oval vessels were also found in the fatty layer of the
cancellous bone in IE, PE and FE (but not in FMD). At the oral mucosa side, many elongated and oval
vessels were found in the connective tissue layer and in the cortical bone of FMD and IE; in contrast, small

oval vessels were found in PE and FE (Figs. 8-11).

Discussion

According to the National Institute of Health (NIH) Consensus Development Panel, an indicator of "bone
strength™ is defined in terms of bone density and quality (NIH Consensus Development Panel 2001). For
dental treatment purposes, bone strength can be evaluated using non-invasive X-radiation, which provides
images of the alveolar bone and its volume, density and quality through CT and CBCT (White 2014). The
bone trabecular structure and density of the maxilla were maintained by prosthetic treatments in dental
implants. In addition, specific sutured connections with the frontal bone, zygomatic bone, and palatine bone
may lead to mechanical stress in the maxilla. Therefore, it is necessary to compare each defect form because
the balance is disturbed by defective teeth located in the maxilla.

In general, the maxilla adopts the shape of a triangular pyramid; the maxilla is complex and specific
compared with other skull bones in suture connections. The first molar region is located at the zygomatic
alveolar line portion and is susceptible to mechanical stress at the time of load (FE, PE and IE). In our
results, we found a significant difference between the edentulous and dentulous samples. Therefore, this

may be an important region for mechanical stress in occlusions.

Cortical bone structure observed in the four forms
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Cortical bone is structurally denser and stronger than cancellous bone, and the structural content is likely
to change under the influence of mechanical stress to constitute a bony circumference. In FMD, the cortical
bone at the oral mucosa side can form a thick and compact structure that can support the teeth. On the other
hand, the FE and PE of the cortical bone at the maxillary sinus side become thicker to maintain the strength
of the entire skull through forming connective tissue with the suture between the maxilla and the frontal
bone, zygomatic bone and palatine bone. Moreover, the decrease in the thickness of the cortical bone at the

oral mucosa side in FE and PE may be due to bone absorption, which was caused by tooth loss.

Cancellous bone structure observed in the four forms

Mechanical stress may affect cancellous bone more than cortical bone (Billezikian et al. 1996). Therefore,
the structure of cancellous bone is believed to be greatly susceptible to the mechanical strength of the bone.
In FMD, the thick trabecular bone cortex adopts the form of a thick, compacted, layered plate, with
mechanical vertical occlusal forces, torsion, lateral movement, mechanical stress, and tensile strength due
to the muscles, which likely cause each force. Mechanical stress due to occlusion was considered a force
applied to the trabecular bone in the cancellous bone, where the bone structure is dispersed. The survival
rate of dental implants in IE are higher than those in FE and PE (Pabst et al. 2015). Previous reports have
shown that PE is less adaptable than IE, although no histological and morphological data have been obtained
for PE and IE using CT (Pramstraller et al. 2011; Sharan and Madjar 2008). Compared with FE and PE, IE
was found in this study to be more adaptable when dental implant treatments are performed; these findings
were obtained not only radiologically using CBCT but also histochemically. Compared with FMD, the bone
structure of IE was shown to have a slightly thin, layered plate structure, and compacted trabecular bone
was found in the bone marrow. In PE, thin trabecular bone, which was found to have high bone density
despite the contrary histologic findings, was mostly present; this probably occurred because the trabecular
bone was differently structured from the FMD. Most of the thin structure of the trabecular bone was
arranged at right angles to the palatine in the bone marrow. This specific bone marrow structure suggested
that the upper direction of the force in the centrifugal dentition maintained pressure on the cancellous bone.
These cancellous bone trabecular structures are considered to avoid stress from the occlusion load. If the

lateral direction of the trabecular bone pressure is lost, then the vertical direction of force is maintained in
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the trabecular bone structure until bone marrow is lost. In the FE and PE, primarily thin trabecular bones
were observed histologically. These thin trabecular bones were different from the bone structure of the
FMD and IE. Through the loss of teeth, the occlusal pressure becomes weaker than the pressure on the
adjacent palatine bone and other bones. In particular, in the FE, very thin trabecular bone is clearly shown

to be weakened in response to the longitudinal force of occlusion.

Bone density in the four forms
In our results obtained using the modified CBCT methods, bone density was significantly lower in the
FMD than in the other forms. This result is consistent with previous reports (Muller 2003; Wirth et al. 2011,
de Oliveira 2012). In our results, bone density and trabecular structure were by evaluating bone structure
and strength. The standard bone density and this evaluation are indicators of bone that can be commonly
used in implant treatments to repair tooth defects during dental treatment (Naitoh et al. 2010). Moreover,
edentulous forms, such as the IE, PE and FE, were shown to have higher bone density than the FMD. In
particular, FE trabecular bone was thin; evaluation of bone using this method as the only indicator of bone
density is difficult because the trabecular structure of cancellous bone is small, and the trabecular bone is
thin.
In our results, a gender difference was found regarding bone density and the bone structure of the FMD
and IE. This difference may relate to different mastication forces used by males and females in the human
maxilla, although no difference was found histochemically. Further study of these gender differences is

warranted.

Blood vessels in the four forms

Blood vessel morphology may affect the different forms of bone quality during remodeling. Marrow fat
cells act as spacers between hematopoietic cells and bone tissue and function in lipid metabolism and energy
storage. It has been suggested that bone marrow fat cells suppress the hematopoietic function to support
hematopoiesis and bone metabolism (Lee and Karsenty 2008; Naveiras et al. 2009; Lecka-Czernik 2012;
Krings et al. 2012). In our results, more large blood vessels were observed in the maxillary sinus mucosa

around the connective tissues of the PE compared with those of the FMD and IE. The blood vessels were

29



subjected to anti-CD31 immunohistochemical staining, which helped to distinguish between marrow
adipose tissue and blood vessels. Fat is important for bone quality, as shown in previous reports (Beresford
et al.1992; Wang et al. 2016). In our results, FMD and IE appeared higher in quality compared to PE and

FE. This might contribute to the adaptability of the IE forms in dental implants compared to PE and FE.

Conclusion

We analyzed the bone structure and density of the cortical and cancellous bone between the dentulous
and edentulous first molar regions of the maxilla. The analysis was also performed for four forms of bone
trabecular structure and density; FMD, IE, PE and FE. A specific and significant difference was found
between the FMD forms and the edentulous groups in terms of bone trabecular structure and density.
Moreover, vascularization in the connective tissue layer beneath the maxillary sinus mucosa and adipose
tissue are important marker for the bone of the maxilla. This evaluation of bone structure and density may

contribute to the knowledge base for dental implant treatments.
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Figure Legends

Fig. 1 CBCT image of the four forms in human maxilla

Schema of four forms of the maxillary first molar region based on the modified version of Kennedy’s

Classification: A, first molar dentulous; B, intermediately edentulous; C, partially edentulous; and D, fully
edentulous (Kennedy 1928). Frontal view cross-sectional images were acquired for the four forms (E-H)
(E, male, 80 years old; F, male, 80 years old; G, female, 79 years old; H, female, 97 years old). VP, vertical

line at a right angle to the palatal plane (solid line); PP, horizontal line parallel to the palatal plane (dotted

line) (Bar=5 mm).
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Fig. 2 Bone density and structure in the four forms in human maxilla
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Fig. 2A shows a measurement point on a CBCT image. The center line is defined 1.5 mm (h1) above the
tip of the maximum alveolar crest. Height was defined as the minimum bone border of the maxillary sinus
side and the bone border of the oral mucosa side at the center line. Lines defining the thickness of the
cortical bone at the maxillary sinus side (TMS) and the cortical bone at the oral mucosa side (OM) are
shown. In Fig. 2B, the examined area includes a horizontal length of 4 mm (h2) (both line 2 mm in width
from the center line). Images of cancellous bone (white square area, see Fig. 2A), as analyzed using Image
J 1.48 software, are shown. The bone density of the cancellous bone was calculated using the ratio of an
area of more than 200 mg/cm?® of HA. Bc, buccal side; MS, maxillary sinus; Pa, palatal side, B1, CBCT

image; B2, modified software image.

Fig. 3 Classification of cancellous bone in human maxilla
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Cancellous bone structure was classified using the modified version of the Lekholm and Zarb
classification. Cancellous bone (CaB) was classified into three bone structure categories: coarse (Type S1)
(A, first molar dentulous (FMD), female, 73 years old; B, FMD, male, 72 years old; C, FMD, male, 64
years old; and D, FMD, male, 80 years old); fine (Type S2) (E, partially edentulous, male (PE), 77 years
old; F, fully edentulous (FE), male, 78 years old; G, FE, male, 84 years old; and H, FE, male, 73 years old);
and very soft bone with few incomplete mineralized trabecular bones (IM) and large intertrabecular spaces
(LIS) (Type S3) (I, PE, female, 89 years old; J, FE, female, 86 years old; K, FE, female, 96 years old; and

L, FE, male, 92 years old).

Fig. 4 Bone structure in the examined human maxilla
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Fig. 4A, height of the maxillary bone (see Fig. 2A); Fig. 4B, TMS (see Fig. 2A); Fig. 4C, OM (see Fig.
2A); Fig. 4D, classification of cancellous bone structure (D, coarse (Type S1): black zone; fine (Type S2):
slanted; IM and LIS (Type S3): white zone) (see Fig. 3); Fig. 4E, gender difference in the of height of the
maxillary bone; Fig. 4F, gender difference in TMS; and Fig. 4G, gender difference in OM (E-G, male: black

zone; female: white zone). *: p<0.05, **: p<0.01, ***: p<0.001.
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Fig. 5 Bone density in the examined human maxilla
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Fig. 5A, bone density of the maxillary bone (see Fig. 2C). Fig. 5B, gender difference in maxillary bone

density (B, male: black zone; female: white zone). **: p<0.01, ***: p<0.001.

38



Fig. 6 Histochemical image (HE staining) of the first molar dentulous (FMD) and immediately edentulous

(IE) human specimens

The maxillary sinus (MS) mucosa (MSM), oral mucosa (OM), and cortical bone (CoB) specimens are of
almost the same thickness in FMD and IE (Figs. 6A and F). Moreover, the CoB structure is also identical
between FMD and IE (Figs. 6B and G). Few fatty-like cells were observed in the bone marrow (BM) of
FMD (Fig. 6C). Various forms including small and large bone marrow pockets were scattered in the CoB

and cancellous bone (CaB) in both regions (Figs. 6C, D, Hand I).
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Figs. 6A and F show the MS side layer; Figs. 6B and G show the CoB (MS side); Figs. 6C and H show the
CaB; Figs. 6D and | show the CoB (OM side); Figs. 6E and J show the OM side layer, Figs. 6A-E: FMD;

Figs. 6F-J: IE (Bar=200 pm).

Fig. 7 Histochemical image (HE staining) of the partially edentulous (PE) and the fully edentulous (FE)

human specimens

The maxillary sinus (MS) mucosa (MSM) layer including large vessels of the PE specimen is thicker
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that of the FE specimen (Figs. 7A and F). The cortical bone (CoB) layer of MS side has thick, variously
small and large bone marrow pockets in PE and FE (Figs. 7B and G), unlike that of the FMD and IE (Figs.
6B and G). Moreover, the cancellous bone (CaB) includes small and thin trabecular bones, which were
scattered in the CaB (Figs. 7C, D, H and I). The cortical bone (CoB) layer of MS side has thin (Figs. 7D
and me). The oral mucosa (OM) with epithelial layers of different thickness is found in the PE and FE (Figs.
7E and J) and is unlike the FMD and IE (Figs. 6E and J).

Figs. 7A and F show the MS side layer; Figs. 7B and G show the CoB (MS side); Figs. 7C and H show the
CaB; Figs. 7D and | show the CoB (OM side); Figs. 7E and J show the OM side layer, Figs. 7A-E: PE;

Figs. 7F-J: FE; BM, bone marrow; FL, fatty layer (Bar=200 pum).

Fig. 8 Immunohistochemical staining using anti-CD31 and HE staining of serial sections in the first molar

dentulous (FMD) human specimen
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CD31-positive small (< 50 um¢) and intermediate (approximately 100 pmd) vessels (arrows) were found
in the connective tissue of the maxillary sinus (MS) mucosa (MSM) side (Figs. 8A and D). Small vessels

were found in the bone marrow (BM) of the cortical bone (CoB) (Figs. 8A and D). In the cancellous bone
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(CaB), various CD31-positive small and large (>300 um¢) vessels (arrows) were observed in the BM (Figs.
8B and E). Numerous small oval and large elongated vessels (arrows) were localized at the oral mucosa

(OM) side of the connective tissue (Figs. 8C and F). A-C: anti-CD31 staining; D-F: HE staining (Bar=100

pm).

Fig. 9 Immunohistochemical staining using anti-CD31 and HE staining of serial sections in the immediately

edentulous (IE) human specimen.

Small and intermediate CD31-positive vessels (arrows) were found in the connective tissue at the
maxillary sinus (MS) mucosa (MSM) side (Figs. 9A and D). Small vessels were found in the bone marrow
(BM) of the cortical bone (CoB) (Figs. 9A and D). Various CD31-positive small and large vessels (arrows)
were found in the bone marrow of cancellous bone (CaB) (Figs. 9B and E). Moreover, numerous small and
elongated CD31-positive vessels (arrows) were localized at the oral mucosa (OM) side of the connective

tissue (Figs. 9C and F). A-C: anti-CD31 staining; D-F: HE staining (Bar=100 pm).
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Fig. 10 Immunohistochemical staining using anti-CD31 and HE staining of serial sections in the partially

edentulous (PE) human specimen
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Large elongated CD31-positive vessels (arrows) were found at the maxillary sinus (MS) mucosa (MSM)
side of the connective tissue (Figs. 10A and B). Small CD31-positive vessels (arrows) were found in the
fatty bone marrow (BM) around elongated thin CaB (Figs. 10B and E). Moreover, small CD31-positive
vessels (arrows) were localized at the oral mucosa (OM) side of the connective tissue (Figs. 10C and F). A-

C: anti-CD31 staining; D-F: HE staining (Bar=100 pm).

Fig. 11 Immunohistochemical staining using anti-CD31 and HE staining of serial sections in the fully

edentulous human specimen
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Small CD31-positive vessels (arrows) were found at the maxillary sinus (MS) mucosa (MSM) side of the
connective tissue (Figs. 11A and B). Elongated small and large, CD31-positive vessels (arrows) were
localized in the fatty bone marrow (BM) of small CaB (Figs. 11B and E). Small CD31-positive vessels
(arrows) were scattered at the oral mucosa (OM) side of the connective tissue (Figs. 11C and F). A-C: anti-

CD31 staining; D-F: HE staining (Bar=100 pm).
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