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Abstract: Objective: This study is to investigate possibility of usingcynomolgus monkeys as models to provide theo-
retical reference for maxillary sinus related scientific research of non-human primates. Methods: Cone bean CT 
(CBCT) scanning was performed in 20 sides of maxillary sinus from 10 cynomolgus monkeys. Measurements were 
conducted with the occlusal plane of bilateral maxillary first premolar to second molar as reference positions. The 
following distances were measured: from the corner of the anterior lower boundary in the lateral window of MSs to 
the anterior wall of the MS (d1); from the lower boundary to the maxillary sinus floor (d2); from the lower boundary 
to the top of alveolar ridge (d3); from the upper boundary to the top of alveolar ridge (d4); vertical window height (d5, 
d4-d3); anteroposterior window width (d6); the average thickness of the bone wall at anterior boundary (d7); the 
thickness of bone wall at 1/2 under the posterior boundary (d8); and the thickness of bone wall at the posterior up-
per corner of the window (d9). The mean value and standard deviation was then calculated. Results: No significant 
variations were found in the measured data of all individuals. And window position showed repeatability, suggesting 
a feasibility of the fenestration operation at the side wall of maxillary sinus. Conclusion: Cynomolgus monkey can be 
used for experimental model of lateral window approach.
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Introduction

Primates, similar to human beings, are recently 
used as animal models in research. Previously, 
maxillary sinus floor augmentation (MSFA) was 
studied by using short-tailed macaques [1-4], 
however, the reported studies are limited in sur-
gical methods and osteogenic efficiency, and 
did not mention detailed preoperative evalua-
tion for the maxillary sinus (MS) of experimental 
animals or anatomic analysis. Therefore, these 
previous studies could not determine whether 
the surgery is different from clinical particu- 
larity.

Cynomolgus monkeys (CM), as common experi-
mental animals in medicine, have a larger size 
and a skull size closer to human beings com-
pared with short-tailed macaques, and are 
applied for various medical experiments [5, 6], 
especially for the experimental model of cranio-
facial surgery [7-9]. In a research using Cone 
bean CT (CBCT) to study Japanese macaques, 

scholars have demonstrated the differences in 
MS among distinct subtypes of local monkey 
species, however, no exploratory analysis of the 
anatomical structures of the lateral wall of max-
illary sinus was performed [10]. Compared with 
other primates, CM has a potential to be an 
ideal animal model for MSFA due to their one 
litter per year, rapid reproduction, and abun-
dant quantity of experimental animals. However, 
no relevant studies on the evaluation of MSFA 
via lateral wall in CM by using cone bean CT 
(CBCT) have been reported so far. Therefore, 
the present study aims to elaborate the ana-
tomical structures of the maxillary sinus in CM 
by using CBCT scanning, and to explore the fea-
sibility of CM as an animal model in MSFA via 
the lateral window approach.

Materials and methods

Experimental animals

A total of 10 male CMs (age range, 8-9 years; 
weight range, 7.3-9.3 kilograms) provided by 
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Guang Dong Blooming-Spring Biological Tech- 
nology Development Co., Ltd in China, were 
enrolled in this study. The study received the 
approval from the Animal Experiment Ethics 
Committee of Southern Medical University and 
the Animal Experiment Ethics Committee of  
the Guangdong Laboratory Animals Monitoring 
Institute.

Animal anesthesia and posture preparation

Animal general anesthesia was performed with 
an intramuscular injection of 0.05 mg/kg atro-
pine, 0.5 mg/kg xylazine, and 10 mg/kg ket-
amine till a completely inactive state. In the 
standing position, the body was fixed in the 
special examination chair by using cotton ban-
dages, with the head forward and the mental 
region (namely the mandible) located in the 
examining table. The scanning detection was 
conducted by adjusting experimental animals 
to the occlusal plane of maxillary back teeth 
parallel to the ground and midline and interpu-
pillary line located with examination equip-
ment. After examinations, by an intramuscular 
injection of 1 mg/kg benzoxazole, the experi-
mental animals gradually regained conscious-
ness from eyes-open, the activity of the four 
limbs, to standing.

Design of MSFA via the lateral window ap-
proach

As for the design of the lateral window approach, 
briefly, the mesiodistal diameter of maxillary 
second molars was taken as the mesiodistal 
distance of the window, and the occlusal plane 
over the maxillary first premolar to the second 
molar was considered as reference plane. The 
lower boundary was the projection line at 1.5 
mm above the molar root tip parallel to the ref-
erence plane and the upper boundary was the 
projection line at 1.5 mm below the infraorbital 
foramen parallel to the reference plane. The 
1/2 segment under the posterior boundary was 
the projection line through the contact point on 
the distoproximal surface of the maxillary sec-
ond molars and vertical to the reference plane, 
and the 1/2 segment above the posterior 
boundary presented a circular arc upwards and 
forwards to join with the upper boundary result-
ing from avoiding the zygomatic process. 

The measurement of the distance for each ani-
mal was shown in Figure 1 including the dis-

tance from the corner of the anterior lower 
boundary in the lateral window of maxillary 
sinus to the anterior wall of the MS (d1; a total 
of 2 data were measured at the left and the 
right side of MS respectively), the maximum 
distance from the lower boundary to the MS 
floor (d2; a total of 2 data were measured at the 
left and the right side of MS respectively), the 
distance from the lower boundary to the top of 
alveolar ridge (d3; a total of 4 data were mea-
sured at the left and the right mesiodistal max-
illary second molars respectively), the distance 
from the upper boundary to the top of alveolar 
ridge (d4; a total of 2 data were measured at 
the left and the right side of MS respectively), 
vertical window height (d5, d4-d3), anteropos-
terior window width (d6; the distance between 
the contact points on the mesiodistal surface 
of the maxillary second molars; a total of 2 data 
were measured at the left and the right side 
respectively), the average thickness of the 
bone wall at anterior boundary (d7; the thick-
ness of the bone wall from two end points of 
the anterior boundary to the midpoint of the 
anterior boundary was measured; a total of 6 
data were measured at the left and the right 
sides respectively), the thickness of bone wall 
at 1/2 under the posterior boundary (d8; the 
thickness of the bone wall from the lower end 
point of the posterior boundary to the midpoint 
of the posterior boundary was measured; a 
total of 4 data were measured at the left and 
the right sides respectively), and the thickness 
of bone wall at the posterior upper corner of the 
window (d9; the thickness of the bone wall at 
the front of the zygomatic arch of the upper 
boundary was measured; a total of 2 data were 
measured at the left and the right side 
respectively).

CBCT images

The examination was performed using cone 
beam computed tomography (NewTomVGi, 
Italy), Images of the maxillary sinus and sur-
rounding structures were acquired from each 
sample. The tomography specification applied 
was as follows: tube potential (kV) 110, tube 
current (mA) 3, high-resolution images cylindri-
cal areas 15×12 cm2, reconstruction time(s) 
<30, Voxel size (mm) 0.150, Exposure time(s) 
1.8. Image analysis was performed on the NNT 
Viewer version 5.5 (Installation package 5.5.0 
NewTom Cone Bean 3D Imaging) software, and 
on a multiplanar reconstruction window in 
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Figure 1. The measurement CBCT data of maxillary sinus in cynomolgus monkey. (A) from the corner of the anterior lower boundary in the lateral window of MSs to 
the anterior wall of the MS (d1); from the lower boundary to the maxillary sinus floor (d2); from the lower boundary to the top of alveolar ridge (d3); from the upper 
boundary to the top of alveolar ridge (d4); vertical window height (d5, d4-d3); anteroposterior window width (d6); the average thickness of the bone wall at anterior 
boundary (d7); the thickness of bone wall at 1/2 under the posterior boundary (d8); and the thickness of bone wall at the posterior upper corner of the window (d9). 
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which the axial, coronal, and sagittal planes 
could be visualized in 0.15 mm intervals. 

Statistical analysis

All data were entered into a database system 
and evaluated using SPSS version 17.0 (SPSS 
Inc., Chicago, IL, USA). All data in this study 
were presented as mean ± SD. Sample data 
were analyzed anonymously. Each case was 
assigned a resistration number before evalua-
tion to allow for explicit and anonymous att- 
ribution of the necessary information. Intra-
examiner agreement was determined by com-
paring two repeated measurements of 2 ran-
domly selected cross-sectional images. The 
data analysis was performed with descriptive 
statistics. 

Results

CBCT analyzation and measurement of maxil-
lary sinus

In order to measure the values of animals’ max-
illary sinus related to anatomy, CBCT was  
performed. Among the 20 sides of maxillary 
sinus of 10 animals, d1 ranged from 1.1 to 4.6 
mm (Figure 1A), d2 was 1.0 to 4.7 mm (Figure 
1B), with the mean value of 2.5±1.0 mm and 
3.1±1.1 mm (Table 1) respectively, indicating 
that the anterior and lower boundaries could be 

lected d6 data were of the most constant in all 
of data groups, which also supported the con-
venience subsequent operation. The thickness-
es of the lower 1/2 and upper points of poste-
rior boundary were 3.6±1.4 mm and 3.1±1.4 
mm (Table 1) respectively, and compared with 
the thickness of anterior boundary (1.9±0.9 
mm) (Table 1), the posterior boundary was 
thicker, however, it still could be dealt with 
uneventfully. Together, the measured data of 
CBCT indicated that the window place we 
designed was relatively repeatable.

Maxillary sinus membrane

All of the sections in 20 cavities could not catch 
the sinus membrane in CBCT. This was due to 
the film-like membrane tightly attached on 
bone walls, additionally, the minimal voxel size 
of the device was 0.15 mm and the thickness 
of membrane might be less than the min-size. 
To further investigate the situation of maxillary 
sinus membrane, applied anatomy of cranial 
bone was performed. Once exposed, direct-
viewing showed that the maxillary sinus mem-
brane was as thin as dragonfly wings samples, 
with small amount of bundle connective tissue 
and blood capillary, presenting a tight tension 
(Figure 2A). The sinus membrane thickened 
with tension decrease by separating from bone 
wall and lifting toward cavity (Figure 2B). To 

Table 1. Measurements data of maxillary sinus in cynomolgus monkey*

d1 d2 d3 d4 d5 d6 d7 d8 d9
2.5±1.0 3.1±1.1 11.5±1.5 21.5±1.3 10.0±2.3 8.2±0.4 1.9±0.9 3.6±1.4 3.1±1.4
*The distance (mm), mean ± SD.

Figure 2. Maxillary sinus surgery. A. After the bone window was opened, the 
thin mucosa displayed and showed high tension; B. After complete mucosal 
elevation, the maxillary sinus floor plate was exposed and mucosa tension 
decreased.

well separated. The length of 
d3 was between 8.2 and 14.5 
mm (Figure 1C), d4 was from 
19 to 23.3 mm (Figure 1D), 
and d5=d4-d3 ranged from 
6.55 to 13.3 mm, with the 
mean of 10.0±2.3 mm (Table 
1), demonstrating that the  
vertical height of the window 
could support the convenien-
ce subsequent operation. The 
mean of the window anterior-
posterior width defined as d6 
was 8.2±0.4 mm (Table 1), 
with the range of 7.7 to 9.2 
mm, resulting in the standard 
deviation of 0.4 mm. The col-
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sum up, the results argued that animal sinus 
membrane cannot be detected by CBCT and it 
lines on sinus cavity bone surface smoothly.

The relationship between maxillary sinus and 
adjacent anatomy structures

In order to avoid the complications as result of 
injuring the adjacent anatomy structures or 
teeth, relationship between maxillary sinus and 
adjacent anatomy structures was investigated. 
As illustrated in Figure 3, the sinus natural osti-
um almost locates on the top of inside wall of 
sinus to the outside wall of nasal cavity between 
distal part of the first molar and mesial part of 
the second molar drainage to middle nasal 
meatus in coronary section. Almost all tips of 
molar root protruded forward to sinus floor 
except 2 sides sinus in an animal, confirmed 
the anterior-posterior range of the maxillary 
sinus floor extending from the first to third 
molar (Figure 1C). In line with this, the designed 
window place is safe enough to avoid the com-
plications after surgery.

Three dimensional imaging of maxillary sinus

To further afford more information of practica-
bility of cynomolgus monkeys, the anatomical 
data was compared with that of human beings. 
Three dimensional images of cynomolgus mon-
key maxillary sinus cavity displayed as verte-
bral shaped hole cavity (Figure 4). Figure 5 
showed local reconstruction images of sinus 
cavity viewed from different angles. Briefly, the 
appearance of maxillary sinus in cynomolgus 
monkeys showed square circular. Measured 
imaging data of cynomolgus monkey and 
human maxillary sinus cavity diameter were 
23.3 mm and 28.7 mm (as shown in Table 2), 
and the anteroposterior diameter of cynomol-
gus monkey maxillary sinus was about 4/5 to 
that of human beings. In addition, the widths 
between buccal wall and nasal wall of maxillary 
sinus of the two species were 12.5 mm and 
16.2 mm, with the ratio close to 0.8. The height 
between the top wall and sinus floor of maxil-
lary sinus in cynomolgus monkeys and humans 
were 17.8 mm and 29 mm, with a ratio close to 
0.6, which was consistent with the body shape 
of the two species. Compared with the human 
beings, the ratio of longitudinal figure to trans-
verse shape in cynomolgus monkeys was obvi-
ously reduced, therefore, its maxillary sinus 
shape is seen as an overall reduction of the 
human maxillary sinus. From the angle stand-
point, the cleft of the maxillary sinus, located in 
the nasal side wall, is closer to the bottom of 
the maxillary sinus in cynomolgus monkeys, 
which, is more conducive to sinus drainage. As 
a result, it has much healthy maxillary sinus 
mucosa, and hence, no inflammatory thicken-
ing of the mucosa is seen by the 0.15 mm thick-
ness CBCT image. Collectively, the physiologi-
cal and anatomical characteristics of cynomol-
gus monkeys are close to that of humans.

Discussion

MSFA via the lateral window approach can 
achieve an effective bone augmentation, which 
facilitates the clinical extensive development of 
implant treatment for bone defects in the max-
illary posterior region [11-14], however, the 
exact osteogenesis mechanism within the lift-
ing space still needs further exploration [13-
15], especially the osteogenic capacity of the 
sinus membrane (SM) of raises different view-
points. In the study of short-tailed macaques 
[1], it has been observed that MSFA using the 
lateral approach combined with homochronous 

Figure 3. Bilateral maxillary sinus cleft was made 
from the posterior wall of the medial wall of the max-
illary sinus through the lateral nasal wall drainage to 
the nasal meatus.

Figure 4. Three-dimensional image reconstruction 
showed that maxillary sinus of cynomolgus monkey 
was inverted cone.
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implant placement leads to the presence of 
osteogenic properties in SM. In addition, a 
study on newly similar animals proposed that 
MSFA from lateral wall combined with homoch-
romous implant placement resulted in no new 
bone formation between SM and implants, 
which denied the osteogenic properties of SM 
[3]. However, it has been shown clinically that 
lateral wall MSFA combined with blood filling 
instead of grafting could obtain significant bone 
augmentation in the space maintained by blood 

tomical markers as reference as well as design-
ing accurate window location and size are pre-
requisites for successful open of the lateral 
bone window of the MS and separation and 
lifting of the SM. The anatomic structure and 
physiological functions of primates are almost 
in line with human beings, and is the optimal 
experimental model for the study of SM. 
However, the body shape and anatomical-mor-
phology characteristics of primates with differ-
ent subtypes present many similarities and dif-

Table 2. The maxillary sinus dimension compari-
sion between CM and Human (n=10)
dA-PdT-B dB-N V
Cynomolgus 23.3±1.1 17.8±1.8 12.5±1.6 4.1±0.90
Human 28.7±1.6 29.0±1.9 16.2±1.0 12.6±1.2

Note: d=
_
x ±sd (mm) V=

_
x ±sd (L); dA-P: the distance between 

anterior to posterior wall in maxillary sinus; dT-B: the distance 
between top to bottom in maxillary sinus; dB-N: the distance 
between buccal to nasal wall in maxillary sinus; V: volumn of 
maxillary sinus.

Figure 5. The highlightingmaxillary sinus three dimensional imagesof cynomolgus monkey from different views. 
Anterior (A), top (B), left (C) and right (D) views.

filling, supporting the osteogenic potential of 
SM [14]. Moreover, some scholars isolated 
stromal stem cells from SM with the ability to 
form bone-like tissue [15], and conducted a 
homochronous in vivo experiment on dogs 
revealing a weak osteogenic ability in SM as 
compared with the bone wall [16]. Obviously, 
there are still controversies on the osteogenic 
ability of SM after sinus lifting. 

MSFA by lateral wall is a standard experimen-
tal method for SM, and setting effective ana-
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ferences; thus imaging assessment is neces-
sary before model construction. In the present 
study, through CBCT scanning, MS showed a 
vertebral body cavity in three-dimension (Figure 
4), and sinus floor, extended from the lateral 
nasal wall towards the alveolar process, was a 
buccal thin bone plate covering the root sur-
face and adjacent to maxillary molar root tip. 
These characteristics were similar to human 
beings and therefore the results of the animal 
model will be more close to those in clinic. 
Additionally, maxillary second molars were 
taken as reference position and the occlusal 
plane from premolars to molars as reference 
plane, a lateral window approach above the 
molar root tip, below the infraorbital foramen, 
posterior to the front wall of maxillary sinus, 
and anterior lower to the zygomatic arch was 
obtained. This ensured the possibility for fur-
ther exploring the potential mechanisms of 
later osteogenesis in sinus.

In the past, some scholars performed a maxil-
lary sinus augmentation via the lateral window 
approach in rhesus monkeys [17], from a win-
dow with a small area gradually enlarging to a 
rectangular window with a width of 10 mm and 
a length of 5 mm. The same as rhesus mon-
keys, CMs applied in this study are belonging to 
primates, however, CMs had a smaller body 
shape and slightly different window from CBCT 
data compared with that of rhesus monkeys. 
The anterior boundary was 2.5±1.0 mm from 
the front wall of sinus, the lower boundary 
above root tip was about 1.5 mm and 3.1±1.1 
mm from the sinus floor at most, the upper 
boundary adjacent to the infraorbital foramen 
was about 1.5 mm, and the posterior boundary 
was adjacent to the zygomatic process, there-
fore, further range enlargement was relatively 
limited. Moreover, the detection values were 
maximum boundaries within the operable ran- 
ge and if there were experimental devices to be 
placed into the sinus cavity during surgery, the 
operation should be performed within this mea-
suring range. This would ensure successful and 
complete SM lifting with windowing, and favor 
the observation of experimental results.

Previously, a team reported a study on capu-
chin monkeys with a window width of 10 mm 
and a height of 6 mm [1]. Homochronous place-
ment of implant during augmentation by lateral 
window and presurgerical evaluation of window 
design using CBCT were performed. This dem-

onstrated the necessity of three-dimensional 
imaging examination before this kind of experi-
ments, however, there was no further descrip-
tion of imaging data in this study. Subsequently, 
this team reported a window area (width, 8 mm; 
height, 6 mm), which is similar to their previ-
ously described study, and no presurgerical 
imaging examination was performed [2, 18]. 
During the same period, other research group4 
also reported a window design with same area. 
The window values in the MSFA through the lat-
eral window access of the above primates are 
similar; in our present study, definition was con-
ducted only in reference anatomic landmarks 
but not in values for window design. Our mea-
suring results of 10×8.2 mm support previ- 
ous experiments, and meanwhile significantly 
enhance the prejudgment of operative proce-
dure for experimenters. The imaging data of 
d1=2.5±1.0 mm and d2=3.1±1.1 mm in this 
study demonstrated the feasibility of window 
design. The osteogenesis of SM can also be 
observed from 4 surfaces: the mesial, distal, 
inner, and the top for comparisons. The mea-
suring data of the bone wall thickness of the 
anterior boundary was 1.9±0.9 mm, the 1/2 
segment under the posterior boundary was 
3.6±1.4 mm, and the posterior upper corner of 
the window was 3.1±1.4 mm, suggesting that 
the thickness of the bone wall of the maxillary 
sinus was moderate and was suitable for suc-
cessful windowing operation. In addition, imag-
ing examination revealed that the bone wall of 
the window tend to be thinner towards the cen-
ter, therefore reduced window area was more 
helpful to windowing operative procedure. It is 
recommended that the windowing procedure 
can be performed from a small window in the 
center and gradually enlarge outwards. In addi-
tion, a complete windowing with a direct deter-
mination of eventual boundaries of the window 
is also suggested.

The distance from the lower boundary to the 
top of alveolar ridge and the distance from the 
upper boundary to the top of alveolar ridge in 
this study suggested an effectiveness of the 
selection of anatomic reference structure. The 
data of vertical window height and anteroposte-
rior window width implicated a good repeatabil-
ity of window design. A high repeatability was 
found in experimental operation according to 
this method of window design. Moreover, after 
opening the square-round-shaped bone win-
dow, the tight SM was exposed and separated 
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along the maxillary sinus floor and the anterior 
wall. And thereby osteogenic space was obtain- 
ed with complete lifting, revealing the lifted SM 
inner side within the window and the smooth 
bone surface of maxillary sinus floor.

Conclusion

In summary, setting maxillary second molars of 
CMs and the occlusal plane of maxillary premo-
lars and molars as references facilitated the 
assessment of the anatomical structures of the 
maxillary sinus. Determining lateral window 
approach of the maxillary sinus with molar root 
tip, infraorbital foramen, and zygomatic arch 
contributed to operability and repeatability in 
maxillary sinus floor augmentation. All designs 
were confirmed by CBCT analyzation and mea-
surement. Therefore, CMs can be used to con-
struct an ideal experimental model for maxil-
lary sinus floor augmentation via the lateral 
window approach.
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