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ABSTRACT

Background and Purpose: Sinus lift (SL) using cultured autogenous periosteal cells (CAPCs) combined with autogenous
bone and platelet-rich plasma (PRP) was performed to evaluate the effect of cell administration on bone regeneration, by
using high-resolution three-dimensional computed tomography (CT).

Materials and Methods: SL with autogenous bone and PRP plus CAPC [CAPC(+)SL] was performed in 23 patients. A piece
of periosteum taken from the mandible was cultured in M199 medium with 10% fetal bovine serum (FBS) for 6 weeks. As
control, 16 patients received SL with autogenous bone and PRP [CAPC(−)SL]. Three-dimensional CT imaging was
performed before and 4 months and 1 year after SL, and stratification was performed based on CT numbers (HUs)
corresponding to soft tissue and cancellous or cortical bone.

Results: The augmented bone in CAPC(+)SL revealed an increase in HUs corresponding to cancellous bone as well as a
decrease in HUs corresponding to grafted cortical bone. In addition, HUs corresponding to cancellous bone in the graft bed
were increased in CAPC(+)SL but were decreased in CAPC(−)SL. Insertion torque during implant placement was signifi-
cantly higher in CAPC(+)SL.

Conclusion: By promoting bone anabolic activity both in augmented bone and graft bed, CAPCs are expected to aid
primary fixation and osseointegration of implants in clinical applications.

KEY WORDS: cultured autogenous periosteal cell, sinus lift bone augmentation, three-dimensional computed
tomography

INTRODUCTION

The application of regenerative medicine is expected

to expand the clinical indications of dental implant

treatment and achieve a high level of functional and

aesthetic recovery. Conventionally, artificial bone grafts

made mostly of calcium phosphate or autogenous bone

grafts are used in alveolar bone regeneration. In recent

†Dental surgery staff and ††associate professor and †††assistant profes-
sor, Oral Implant Clinic, Niigata University Medical and Dental Hos-
pital, Niigata, Japan; *dental surgery staff and **professor & chairman
and ***associate professor, Department of Oral and Maxillofacial
Surgery, Niigata University Graduate School of Medical and Dental
Sciences, Niigata, Japan; ‡professor, Bioscience Medical Research
Center, Niigata University Medical and Dental Hospital, Niigata,
Japan; §associate professor, Division of Dental Pharmacology, Niigata
University Graduate School of Medical and Dental Sciences, Niigata,
Japan

Corresponding Author: Dr. Masaki Nagata, Department of Oral and
Maxillofacial Surgery, Niigata University Graduate School of Medical
and Dental Sciences, 2-5274 Gakkocho-dori, Niigata 951-8514, Japan;
e-mail: nagatam@dent.niigata-u.ac.jp

Conflict of interest statement
There are no conflicts of interests to declare.

The copyright line in this article was changed on 12 June 2015 after
online publication.

© 2015 The Authors. Clinical Implant Dentistry and Related Research
Published by Wiley Periodicals, Inc.
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 modifica-
tions or adaptations are made.

DOI 10.1111/cid.12356

1

Conflict of interest statement: There are no conflicts of interests to

declare.

707



years, however, the clinical applications of various stem

cells have been investigated in cell-based alveolar bone

regeneration.1

The periosteum is a cellular membrane that forms

the bony environment of bone tissue, and it mediates the

development, growth, and maintenance of mechanical

strength of bone as well as fracture healing. It is there-

fore a useful cell source for bone tissue engineering.2

Periosteal cells can be obtained from a shallow biopsy of

the oral mucosa or cranium, regardless of age, whereas

cells from dental pulp or umbilical cord can be obtained

once only. It has been suggested that periosteal cells

have higher osteoinductivity than bone marrow mesen-

chymal stromal cells.3 Furthermore, various allogeneic or

autogenous stem cells require genetic manipulation,

cell selection, subculture, and differentiation induction,

whereas cultured periosteal cells do not require any of

these procedures. The cultivation process is advanta-

geous in terms of ethics and is simple and safe. As

the periosteum contains cells that have osteogenic

potential, as well as peripheral stem cells that are capable

of differentiation into various types of cells, it could

be an appropriate source of cells for bone tissue

engineering.4–6

In 2007, a clinical study of cultured autogenous

periosteal cells (CAPCs) in alveolar bone regeneration

was started,7 and the procedure has been performed in

70 patients to date. This study used CAPCs with the

most promising scaffold of particulated autogenous

bone and platelet-rich plasma (PRP) for the purposes of

coagulation and facilitating angiogenesis in the graft.

As the use of the calcium phosphate-based bone substi-

tute often results in malassimilation of the graft, the

osteoinductive property of CAPCs is unclear when syn-

thetic bone substitute is used. Thus, the present clinical

study was designed to verify the positive effect of CAPCs

on bone regeneration by administering CAPCs with

particulated autogenous bone and PRP in sinus lift (SL)

maxillary augmentation.

Based on histological findings and successive high-

resolution three-dimensional computed tomographic

(CT) images in a preliminary study, it was proposed

that CAPCs promote high-quality bone regeneration

through the coordinated activation of bone formation

and resorption.7 Up to that point, other studies had

investigated cell-based bone regeneration using plane

radiographic images of the site of bone regeneration

or determined the volume using CT images,8–13 with

no qualitative characterization of the role of cells in

bone regeneration or time-dependent changes in bone

metabolism. To verify the clinical hypothesis that the

bone anabolic effect of CAPCs is exerted through acti-

vation of bone remodeling in the graft, high-resolution

three-dimensional CT analysis of the SL augmentation

area at three time points was conducted with an

increased number of patients. Insertion torque measure-

ments were also performed at the time of dental

implant placement to assess the actual clinical benefit of

CAPCs.

MATERIALS AND METHODS

Patients

Between April 2007 to July 2013 at 31 sites, 23 patients

with advanced atrophy of the maxillary alveolar ridge

and sinus floor participated in this clinical study of

alveolar bone engineering using a graft consisting of

autogenous cortical bone particles and PRP plus CAPC

[CAPC(+)SL] as pretreatment for implant placement

(Table 1). Patients did not have major organ failure,

metabolic disorder, or infectious disease, and all pro-

vided written informed consent. The reference group

comprised patients who did not consent to the use of

CAPCs or those who could not be given CAPCs because

of time constraints or failed CAPC culture, and they

were treated with SL augmentation using a graft consist-

ing of autogenous cortical bone particles and PRP

[CAPC(−)SL]. Some of the subjects in this study have

been reported in our previous study.7

The study protocol was approved by the Institu-

tional Review Board of the Niigata University Medical

and Dental Hospital and followed the Guidelines on

Clinical Research Using Human Stem Cells of the Japa-

nese Ministry of Health, Labour and Welfare. The study

was conducted in accordance with the World Medical

Association’s Declaration of Helsinki (2008 version).

Cultivation of periosteum and
grafting procedure

CAPCs were grafted in the operating room of Niigata

University Medical and Dental Hospital after prepara-

tion in the bioclean room of the Cell Processing Center,

as described in the previous work.7 Briefly, periosteum

was harvested from the molar region of the mandible

and placed into culture dishes with Medium 199

(Invitrogen, Carlsbad, CA, USA) containing 10%

fetal bovine serum (sourced in New Zealand, SAFC
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TABLE 1 Cases and Procedure

Sinus lift with cultured autogenous periosteal cells

Case Age Sex Method

Total

graft

(g)

Bone

particle

(%)

PRP

glue

(%)

Cultured

autogenous

periosteal cells (%)

Implant

position

Initial bone height of

sinus floor at the

minimum position (mm)

Insertion torque

(Ncm) at the

lowest position

1 52 Female R-SL* 5.6 36 41 23 #16–17 2.9 35

2 52 Female R-SL 4.0 24 49 28 #16–17 6.5 45

3 56 Female L-SL† 3.8 74 13 13 #26 2.2 35

4 62 Female L-SL 5.5 55 28 17 #26–27 0.8 35

5 59 Female R-SL 3.0 80 9 11 #16–17 1.2 20

6 67 Male L-SL 4.5 45 32 16 #26 5.6 35

7 55 Female Bi-SL‡ 8.5 48 37 15 #16–17, 26–27 Right: 2.2; Left: 1.3 Right: 35; Left: 15

8 60 Female Bi-SL 9.0 50 42 8 #16–17, 26–27 Right:0.7; Left:0.6 Right:20; Left:15

9 54 Male Bi-SL 11.7 56 38 6 #15, 26 Right: 3.4; Left: 2.9 Right: 40; Left: 40

10 45 Male R-SL 6.0 58 25 17 #16 2.7 35

11 70 Male Bi-SL 8.2 71 18 10 #16, 26 Right: 0.8; Left: 0.6 Right: 45; Left: 45

12 66 Female Bi-SL 6.2 64 32 4 #16–17, 26–27 Right: 1.9; Left: 2.5 Right: 15; Left: 35

13 68 Male R-SL 5.0 79 11 10 #16–17 1.6 20

14 59 Male R-SL 3.7 54 40 6 #16–17 3.9 35

15 53 Female R-SL 7.6 47 42 11 #15–16 0.9 15

16 61 Female Bi-SL 9.0 46 46 9 #15–16, 26 Right: 0.9; Left: 2.7 Right: 50; Left: 35

17 65 Male R-SL 3.4 44 51 5 #16 5.8 35

18 59 Female Bi-SL 10 42 50 8 #16, 26 Right: 2.9; Left: 4.3 35

19 40 Male R-SL 4.0 34 46 20 #16–17 2.1 25

20 63 Male R-SL 2.9 56 24 20 #16 8 35

21 49 Female Bi-SL 6.6 65 9 26 #16, 26 Right: 1.7; Left: 3.2 Right: 35; Left: 35

22 62 Male R-SL 7.7 39 51 10 #16–17 3.8 35

23 43 Female L-SL 5.8 33 57 10 #25–27 1.1 35

Sinus lift without cultured autogenous periosteal cells

Case Age Sex Method

Total

graft

(g)

Bone

particle

(%)

PRP

glue

(%)

Cultured

autogenous

periosteal cells (%)

Implant

position

Sinus floor thickness

(mm) at thinnest

position

Insertion torque

value (Ncm) at the

lowest position

1 35 Female R-SL(S)§ 2.2 67 33 — #16 8 35

2 50 Female R-SL 4.8 83 17 — #16–17 4.7 35

3 64 Male R-SL 3.0 65 35 — #16–17 4.8 35

4 74 Male L-SL(S) 4.9 61 39 — #26 7.5 35

5 59 Male L-SL(S) 1.8 56 44 — #26 8 15

6 70 Male Bi-SL 4.7 56 44 — #16,25–26 Right: 3.0; Left: 2.5 Right: 15; Left: 35

7 65 Male L-SL 3.0 57 43 — #16 5.5 35

8 69 Female R-SL(S) 3.5 54 46 — #16–17 5.5 30

9 49 Female R-SL 6.4 49 51 — #15–16 4.5 35

10 75 Male R-SL 0.9 50 50 — #16 1.5 15

11 41 Male L-SL 2.6 62 38 — #15–16 5.5 15

12 60 Male R-SL 4.9 53 47 — #16–17 1.2 5

13 74 Female R-SL(S) 3.0 50 50 — #16 6.2 35

14 62 Female R-SL(S) 3.8 47 53 — #16–17 5.9 15

15 68 Female R-SL 3.5 43 57 — #16–17 2.2 15

16 54 Female L-SL 2.2 60 40 — #26 7.1 20

*R-SL: right sinus lift.
†L-SL: left sinus lift.
‡B-SL: bilateral sinus lift.
§(S): simultaneous implant placement.
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Bioscience, Inc., Tokyo, Japan), 25 mg ascorbic acid

(Sigma Chemical, St. Louis, MO, USA), and antibiotics.

After 6 weeks of cultivation to allow outgrowth of

CAPCs, fragmented CAPC sheets were mixed with

autogenous cortical bone particles from the mandibular

ramus and PRP, and then graft materials coagulated by

CaCl2 solution were grafted onto the floor of the

maxillary sinus following the standard procedure of

maxillary SL bone grafting [CAPC(+)SL]. Detailed char-

acterization of the CAPC has been described in previous

studies.4–6 The graft material for the reference group was

prepared using the same procedure without CAPCs

[CAPC(−)SL] (Figure 1).

Three-dimensional analysis of
augmented bone

High-resolution three-dimensional CT was performed

to investigate chronological changes in the preexisting

bone in the posterior maxillary alveolar process and in

the bone regenerated in the maxillary sinus floor of 23

SL patients (31 maxillary sinuses) treated with CAPC

and 16 control SL patients (17 maxillary sinuses)

without CAPC (Table 1). As in the previous study,7 CT

scans of the maxillary sinus region were conducted at

three time points: before treatment and at 4 months

(4M) and 1 year (1Y) after SL. Scans were acquired by a

64-multidetector CT scanner (Aquilion, Toshiba, Tokyo,

Japan) using the following protocol: 0.5 mm slice thick-

ness, 0.3 mm slice interval, and 21 helical pitch. High-

resolution three-dimensional CT images of the maxilla

were constructed from DICOM data. With the use of

Real INTAGE (Cybernet Systems, Tokyo, Japan), voxel

images covering the alveolar ridge and sinus of the

maxilla were constructed using three-dimensional coor-

dinates based on four anatomical landmarks: the ante-

rior nasal spine, posterior nasal spine, and bilateral

lowest ends of the pterygoid process of the sphenoid. In

each case, images were adjusted and unified by superim-

posing the three-dimensional coordinates.

Color mapping was applied to determine bone

quality based on bone density using Hounsfield units

(HU): voxels >50 HU were identified as bone with

D1, > 1,250 HU; D2, 850 to 1,250 HU; D3, 350 to 850

HU; D4, 150 to 350 HU; and D5, 50 to 150 HU.14

DICOM data were transformed into isotropic voxel

size, and augmented bone volume was calculated from

the number of voxels in the extracted images with HU

>50 as the total volume or 50 to 350 HU, 350 to 850 HU,

and >850 HU as the volumetric categories. The ratios

of augmented bone volumes at 4 months to 1 year

after grafting were determined to examine volume

changes.7,15

Measurement of insertion torque during
implant placement

Implant placement was performed 5 to 7 months after

SL. A torque wrench was used to measure insertion

torque (Ncm) at 30 sites in the CAPC(+) SL group and

at eight sites in the CAPC(−) SL group, where the

thickness between the alveolar crest and maxillary sinus

floor was 23 mm before bone augmentation. Implants

used in this study were Nobel Active (Nobel Biocare,

Zurich, Switzerland) and Straumann Standard Plus

(Straumann, Basel, Switzerland) implants.

Figure 1 Use of cultured autogenous periosteal cells in sinus lift bone augmentation.
Grafts were prepared by mixing cultured autogenous periosteal cells (CAPCs), platelet-rich plasma (PRP), and autogenous cortical
bone particles from the mandible. Control grafts were prepared by mixing PRP and mandibular autogenous cortical bone particles.
The grafts were used in sinus lift bone augmentation, and augmented bones and the surrounding tissue were analyzed in
three-dimensional computed tomography (three-dimensional CT) at different time points.
3D-CT = three-dimensional computed tomography; CAPC = cultured autogenous periosteal cell; PRP = platelet-rich plasma.
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Statistical analysis

Significance differences between the groups were ana-

lyzed using the Student’s t-test. p values <0.05 were

considered significant (SPSS 21.0, IBM Japan, Tokyo,

Japan).

RESULTS

Implant placement was successfully completed in all

patients. During the mean observation period of 3.9

years (range, 1.5–6.5 years), no adverse events such as

tumor formation, abnormal bone resorption, or implant

failure were observed. The initial bone height of the

maxillary sinus floor was 2.97 mm (0.6–8.0 mm) in the

CAPC(+)SL group because many patients had advanced

atrophy of the alveolar process due to tooth loss. This

was primarily the reason why these patients were

strongly encouraged to participate in this clinical study

of CAPCs as they represented challenging cases of bone

generation. In the CAPC(−)SL group, the mean bone

height was initially 4.46 mm (1.2–8.0 mm) due to the

relatively mild atrophy of the alveolar ridge. Therefore,

the control group was expected to have an advantage

over the experimental group with regard to bone aug-

mentation, and they may be regarded as being equiva-

lent to a “super control” (Table 1).

In both groups, regression of augmented bone was

observed on three-dimensional CT images acquired 1

year after SL compared with the images acquired 4

months after SL. In the CAPC(−)SL group, the three-

dimensional CT images of augmented bones taken at 4

months and 1 year after SL showed areas displayed in

blue that correspond to the range of bone density for

cortical bone (D1–2 of Misch’s [2008] classification).14

Because the D1–2 area does not exist in normal maxil-

lary cancellous bone, these areas were thought to

represent grafted autogenous mandibular cortical bone

particles that remained for a long period without

resorption (Figure 2, arrowheads). When entire aug-

mented bones were analyzed to compare the volumes

between 25 maxillary sinuses in the CAPC(+)SL group

and 15 maxillary sinuses in the CAPC(−)SL group

(Figure 3), no difference between the groups was

observed in the volumes at 1 year after SL relative to

those at 4 months after SL [73.3% vs. 73.2%, respec-

tively] (Figure 3A). However, stratification based on CT

numbers corresponding to soft tissue and cancellous

and cortical bone revealed a 27% increase in cancellous

bone (350–850 HU, corresponding to D3 of Misch’s

classification (Figure 3B, middle) [127.2% vs. 100.7%,

CAPC(+) and CAPC(−), respectively] and a 40%

decrease in cortical bone (3850 HU, corresponding to

D1–2; Figure 3B, right) in the CAPC(+)SL group [58.8%

vs. 98.7%, CAPC(+) and CAPC(−), respectively].14 This

suggests that CAPCs promote the resorption of the

Figure 2 High-resolution three-dimensional CT imaging of augmented bones in the maxillary sinus floor.
Sinus lift bone augmentation (SL) with CAPCs (CAPC[+], A) and without CAPCs (CAPC[−], B). Representative three-dimensional
CT images taken before (Pre Ope) and 4 months (4M after SL) and 1 year (1Y after SL) after SL are shown for both groups. The
density of the augmented bone is color-coded based on CT numbers in Hounsfield unit (HU) in accordance with Misch’s (2008)
classification: D1–2 represent cortical bone, D3 represents cancellous bone, and D4–5 represent soft tissue.9 In B (CAPC[−]), the
areas of D1 representing cortical bone are observed in three-dimensional CT images taken at 4 months and 1 year after SL
(arrowheads).
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autogenous cortical bone particles of the mandible at

the same time as bone formation in augmented bones.

SL causes changes in the metabolic processes in the

maxillary sinus floor that serves as the graft bed and in

the maxillary alveolar ridge. Although no change in the

exterior of the maxillary alveolar ridge was observed at 4

months after SL, the three-dimensional CT images indi-

cate bone resorption and an increase in soft tissue and

cancellous bone in the sinus floor adjacent to the graft

(Figure 4). Bone resorption appears to have been pro-

moted in the maxillary bone in the CAPC(−) SL group

(Figure 4B, asterisk), and a decrease in cancellous bone

Figure 3 High-resolution three-dimensional CT analysis of augmented bones in the maxillary sinus floor.
The volume (average % 1 SD) of augmented bone at 1 year after SL (1Y after SL) relative to those at 4 months after SL (4M after SL)
were compared between the CAPC(+) (n = 25) and CAPC(−) (n = 15) groups. The comparison was performed (A) using entire
augmented bones or (B) after stratification by CT number (HU) in accordance with Misch’s classification9: D1–2 represent cortical
bone, D3 represents cancellous bone, and D4–5 represent soft tissue. (A) The volume of the entire augmented bones at 1 year after
SL showed no difference in both groups. (B) Stratification based on CT numbers revealed an increase in D3 representing cancellous
bone, and a decrease in D1–2 representing cortical bone in the CAPC(+) group. *p < .05; Bar: standard deviation (SD).

Figure 4 High-resolution three-dimensional CT imaging of maxillary sinus floor and alveolar ridge.
The maxillary sinus floor and alveolar ridge in CAPC(+) (A) and CAPC(−) (B) patients were stratified based on the CT numbers
(HU) in accordance with Misch’s (2008) classification: D1–2 represent cortical bone, D3 represents cancellous bone, and D4–5
represent soft tissue.9 Images were taken before SL (Pre ope) and at 4 months after SL (4M after SL). (B) In the CAPC(−) group, a
significant increase in the CT numbers corresponding to soft tissue was observed in the maxillary sinus floor (asterisk) in contact
with augmented bone at 4 months after SL.
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(D3) and an increase in soft tissue (D4–5) were observed

even in the alveolar bone. Changes due to SL in the

volumes of maxillary sinus floor and alveolar ridge were

compared between 15 CAPC(+) maxillary sinuses and

seven CAPC(−) maxillary sinuses (Figure 5). When the

entire maxillary alveolar ridge was analyzed, no changes

in the volume were observed at 4 months after SL in

either group (Figure 5A). However, in agreement with

the macroscopic findings, stratification based on CT

numbers for soft tissue and cancellous and cortical bone

revealed an almost 40% increase in soft tissue (<350 HU

corresponding to D4–5 in Misch’s classification) but

almost a 30% decrease in cancellous bone (350–850 HU

corresponding to D3) in the CAPC(−) SL group

(Figure 5B).14 In the CAPC(+) SL group, although no

change was observed in soft tissue (D4–5), a 20%

increase in cancellous bone (D3) was observed at 4

months after SL. There was an almost 30% decrease in

cortical bone (D1–2) in both groups. These results indi-

cate the progression of cortical bone remodeling and

trabecular bone formation in the CAPC(+) SL group

and progression of osteolysis of cortical and trabecular

bone in the CAPC(−) SL group.

Insertion torque values obtained during implant

placement reflected the state of bone formation in the

augmented bone. A comparison between the insertion

torque values of CAPC(+) SL and CAPC(−) SL groups

measured at the sites where the initial bone height of the

maxillary sinus floor was 23 mm revealed that insertion

torque was significantly higher in the CAPC(+) SL

group (Figure 6). These clinical findings reflect the

findings of rapid formation of new bone observed on

high-resolution three-dimensional CT resulting from

the addition of CAPCs.

DISCUSSION

Based on the findings of our preliminary study, we pro-

posed that CAPCs promote bone regeneration through

the activation of bone formation and resorption in a

coordinated manner.7 In the present study, we aimed to

verify this hypothesis by increasing the number of

patients and using high-resolution three-dimensional

CT for analysis. Due to the dual source scanning capa-

bilities, dual energy CT used in this study enables accu-

rate imaging of the morphology of the bone surrounding

dental implants, which is difficult to perform using con-

ventional CT. Qualitative analysis of bone by CT number

is conventionally thought to be difficult; however, with

the use of chronological changes in CT numbers and

accurate superimposition of three-dimensional images,

it is possible to qualitatively analyze bone formation and

resorption at the site of bone augmentation to reveal the

Figure 5 High-resolution three-dimensional CT analysis of maxillary sinus floor and alveolar ridge.
The volume (average % 1 SD) of maxillary sinus floor and alveolar ridge at 4 months after SL (4M after SL) relative to those before
SL (Pre ope) were compared between the CAPC(+) (n = 15) and CAPC(−) (n = 7) groups. The comparison was performed (A) using
entire augmented bones or (B) after stratification by CT number (HU) in accordance with Misch’s classification9: D1–2 represent
cortical bone, D3 represents cancellous bone, and D4–5 represent soft tissue. (A) No difference in the volumes of entire augmented
bones was observed between the CAPC(+) and CAPC(−) groups at 4 months after SL. (B) Stratification by CT number reveals an
increase in D4–5 representing soft tissue and in D3 representing cancellous bone in the CAPC(−) group and an increase in D3
representing cancellous bone in the CAPC(+) group. *p < .05; Bar: standard deviation.
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metabolic activity of bone regeneration.7,15 This feature

differentiates the current study from previous studies on

bone regeneration treatment.

The results of the prior study suggested that CAPCs

promote bone formation and resorption in a coordi-

nated manner.7 Thus, it was hypothesized that the bone

anabolic effect of CAPCs is due to the activation of both

osteoblastic bone formation and osteoclastic bone

resorption pathway. In agreement with this, the results

of the current study showed an increase in CT numbers

corresponding to cancellous bone and decrease in CT

numbers corresponding to cortical bone at the site of

bone augmentation 1 year after SL in patients treated

with CAPC(+)SL. This demonstrated that, together

with the histological findings in the prior study that

exhibited increased number of alkaline phosphatase-

immunopositive cells and tartrate-resistant acid phos-

phatase activity-positive cells in augmented bone of

CAPC(+) grafts,7 CAPCs induce bone augmentation

through the coordinated activation of the bone forma-

tion and resorption pathways (Figure 7).

We also conducted high-resolution three-

dimensional CT imaging of the graft bed, maxillary

sinus floor, and posterior maxillary alveolar ridge to

reveal changes induced by SL. With no nutrient vessels

running inside, the maxilla is supplied by the blood

vessels running below the periosteum or mucosa of the

maxillary sinus. Therefore, it is possible that the proce-

dure of SL triggers a critical situation in the maxilla. As

the three-dimensional images show, the transition to

soft tissue in the maxillary sinus floor was significant in

the CAPC(−)SL group (Figure 4), and this tendency

toward bone destruction was also consistently observed

in the comparisons of CT numbers after stratification

(Figure 5). On the other hand, not only was bone

Figure 6 Comparison of insertion torque.
During implant placement following SL, insertion torque was
measured at the sites where preoperative initial bone height of
the maxillary sinus floor was 23 mm, and data were compared
between the CAPC(+) (n = 30) and CAPC(−) (n = 8) groups.
Insertion torque was significantly high in the CAPC(+) group.
*p < .05; Bar: standard deviation.

Figure 7 Illustration based on the three-dimensional CT analysis results of changes in the augmented bone and the graft bed of
maxillary sinus floor.
In the CAPC(+) group, both bone formation and resorption are activated, causing new bone formation as well as remodeling of the
cortical bone particles in the augmented bone. In contrast, the induction of cells is sparse in the CAPC(−) group, showing that either
bone formation or resorption is not fully activated in the augmented bone. Furthermore, in the maxillary sinus floor and maxillary
alveolar bone, destruction of trabecular bones advances. 4M after SL = 4 months after SL; CAPC(+) = SL with cultured autogenous
periosteal cells; CAPC(−) = SL without cultured autogenous periosteal cells; Pre ope = before SL.
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destruction inhibited in the maxillary sinus floor of the

CAPC(+)SL group, the level of cancellous bone was also

increased. These findings indicate that CAPCs also

benefit post-SL maintenance of the maxillary sinus floor

and alveolar ridge.

Implant insertion torque clinically reflects the

density and thickness of trabecular network and sup-

portive bone height at the implant placement site. Thus,

the proposal that CAPCs promote ossification of the

graft as well as maintenance of the graft bed in an inte-

grated fashion (Figure 7) was thought to be supported

by the finding of improved insertion torque at the time

of implant placement (Figure 6). The beneficial effect

of cell administration on insertion torque at implant

placement has also been shown in a study of SL with

mesenchymal stem cells in experimental animals.16

Good primary fixation is an important factor in the

osseointegration of implants,17 and the waiting time

after the bone graft for implant placement is generally

dependent on the bone integrity of the augmented site.

Although the optimal timing of implant placement is

traditionally considered to be 4 to 8 months after SL

with an autogenous bone graft,18 implant placement in

the present study was performed provisionally 5 to 7

months after maxillary augmentation in SL. Due to the

promotion of bone assimilation by CAPCs, it is possible

to shorten the waiting period after bone augmentation.

Early placement and early loading of dental implants

are also beneficial for the morphological maintenance

of regenerated bones.19 Although this study employed

autogenous bone as graft material that provided the

most stable result, morbidity caused by bone harvesting

is a serious burden for patients. Combined use of CAPCs

with a fully synthetic bone substitute that exerts

osteoinductive activity would be required to reduce

treatment duration and morbidity, as well as a good

treatment outcome in the future.20

The biological mechanism of the osteogenesis-

promoting effect of CAPCs was not fully investigated.

The osteogenic property of CAPCs is characterized by

expression of bone tissue-related molecules such as

BMP2, RUNX2, RANKL, and VEGF, and CAPCs also

exhibit the properties of peripheral stem cells.4,6 There-

fore, it is possible that CAPCs promote bone formation

by mobilizing both osteoblastic and osteoclastic cells as

well as facilitating angiogenesis at the graft site. Bone

biopsy of the augmented bone that had received CAPC-

combined graft revealed abundant growth of CAPC-like

cells.7 It is necessary to conduct a detailed study to deter-

mine whether grafted CAPCs induce bone tissue forma-

tion by releasing bone-related cytokines or whether

CAPCs directly grow and differentiate into various type

of cells in the grafted site.

CONCLUSION

A clinical study of cell-based bone regeneration should

be conducted only after careful consideration of its

potential and practical applications because of the costs

of environmental and quality management as well as

technological obstacles. However, studies investigating

the efficacy of cell-based bone regeneration therapy and

research of its practical use should be continued as

future technological innovations in cell therapy and

improvement of social infrastructure are achieved.

Because of the multidimensional efficacy in bone

healing, further studies are needed to investigate the

significance of bone regeneration therapy in the regen-

eration of alveolar bone with severe atrophy in implant

therapy.7,8,21 In addition, its use as a novel treatment for

refractory bone-related diseases such as excessive jaw

bone loss due to tumor or injury,22 and for osteonecrosis

and abnormal bone metabolism – for example, osteone-

crosis and radiation osteomyelitis associated with drugs

regulating bone metabolism – should be investigated.
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