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Abstract
AIM: To investigate the effectiveness of mesenchymal 
stem cells (MSCs) in maxillary sinus augmentation 
(MSA), with various scaffold materials.

METHODS: MEDLINE, EMBASE and SCOPUS were 
searched using keywords such as sinus graft, MSA, 
maxillary sinus lift, sinus floor elevation, MSC and cell-
based, in different combinations. The searches included 
full text articles written in English, published over a 
10-year period (2004-2014). Inclusion criteria were 
clinical/radiographic and histologic/ histomorphometric 
studies in humans and animals, on the use of MSCs in 
MSA. Meta-analysis was performed only for experimental 
studies (randomized controlled trials and controlled 
trials) involving MSA, with an outcome measurement of 
histologic evaluation with histomorphometric analysis 
reported. Mean and standard deviation values of 
newly formed bone from each study were used, and 
weighted mean values were assessed to account for the 
difference in the number of subjects among the different 
studies. To compare the results between the test and 
the control groups, the differences of regenerated bone 
in mean and 95% confidence intervals were calculated.

RESULTS: Thirty-nine studies (18 animal studies and 21 
human studies) published over a 10-year period (between 
2004 and 2014) were considered to be eligible for 
inclusion in the present literature review. These studies 
demonstrated considerable variation with respect to 
study type, study design, follow-up, and results. Meta-
analysis was performed on 9 studies (7 animal studies 
and 2 human studies). The weighted mean difference 
estimate from a random-effect model was 9.5% (95%CI: 
3.6%-15.4%), suggesting a positive effect of stem cells 
on bone regeneration. Heterogeneity was measured by 
the I 2 index. The formal test confirmed the presence 
of substantial heterogeneity (I 2 = 83%, P  < 0.0001). 
In attempt to explain the substantial heterogeneity 
observed, we considered a meta-regression model with 
publication year, support type (animal vs  humans) and 
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follow-up length (8 or 12 wk) as covariates. After adding 
publication year, support type and follow-up length to 
the meta-regression model, heterogeneity was no longer 
significant (I 2 = 33%, P = 0.25).

CONCLUSION: Several studies have demonstrated 
the potential for cell-based approaches in MSA; further 
clinical trials are needed to confirm these results.

Key words: Mesenchymal stem cells; Maxillary Sinus; 
Sinus floor augmentation; Scaffolds; Bone regeneration
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Core tip: Cell-based approaches, utilizing adult mes
enchymal stem cells, may overcome the limitations of 
conventional bone augmentation procedures. The present 
review of the current literature aims to systematically 
review the available evidence on the characteristics 
and clinical effectiveness of cell-based maxillary sinus 
augmentation, compared to current evidence-based 
methods.
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INTRODUCTION
Implant dentistry is a successful treatment procedure, 
as demonstrated by more than 20 years of clinical 
evidence[1-3].

However, the edentulous posterior maxilla is often 
characterized by a lack of bone because of severe post-
extraction alveolar crest resorption coupled with age-
linked sinus pneumatization[4,5]. This anatomic limitation 
often dictates the need for reconstructive osseous 
surgery to re-establish adequate bone volume for 
implant positioning[4,5].

Accordingly, different augmentation approaches have 
been introduced to obtain more maxillary bone volume, 
placing various grafting materials in the maxillary 
sinus[6-9]. Nowadays maxillary sinus augmentation (MSA) 
has become a reliable, commonly used procedure to 
increase bone volume in the posterior maxilla[4,5,9,10].

Autogenous bone (AB) is still the best grafting 
material in bone reconstructive surgery, and MSA has
been originally carried out with it[10,11]. In fact, AB exhi
bits osteogenic and osteoconductive potential, since it 
contains living cells and growth factors[10-12]. However, 
additional surgical procedures are needed to harvest 
bone chips from other skeletal sites (intraorally or 
from the iliac crest); the available AB supply is limited, 
and morbidity at donor site is often a problem[11,12]. In 

addition, AB shows resorption patterns proportional to 
the quantity of harvested material, and this may results 
in a significant loss of grafted bone in large defect 
fillings over time[11,12].

To overcome these limitations, several osteocon
ductive materials have been used in MSA, such as 
autogenetic bone [allografts (AL)][13,14], xenografts [bovine 
bone mineral (BBM)][9,15,16], synthetic bone grafts [calcium 
phosphate ceramics (CPC)][4,17] or composite materials[18]. 
However, these bone grafting substitutes don’t contain 
living cells, so their healing times are longer than AB[12,19].

Bone tissue engineering (BTE) procedures may help 
lo overcome these limits[20]. According to BTE, a bone 
substitute should have biological and morphological 
features as similar as possible to AB, and the fabrication 
of the ideal bone graft requires the manipulation of three 
essential components: osteogenic cells, growth factors 
and osteoconductive scaffolds[20,21]. In particular, BTE 
aims to achieve bone augmentation without surgical AB 
harvesting from other donor sites, through the use of 
specific scaffolds seeded with osteogenic cells[12,19,21].

The aim of the present review was to evaluate 
the effectiveness of cell-based approaches in MSA, 
associated with various scaffold materials, in animals 
and humans.

MATERIALS AND METHODS
Study design
The protocol of this review is in accordance with Pre
ferred Reporting Items for Systematic Reviews and 
Meta-Analyses[22], the Cochrane Collaboration[23] and 
CheckReview[24] checklists. It was developed a priori, 
covering rationale, design of the study, focused question, 
inclusion/exclusion criteria, search strategy, data syn
thesis. The protocol was examined and refereed by 
researchers with experience in systematic reviews. The 
focused questions was: “What is the effectiveness of 
cell-based approaches in MSA, with different materials?”.

Inclusion and exclusion criteria
Most important study designs to address the focused 
question were randomized controlled trials (RCTs) and 
controlled trials. Although this, both experimental and 
observational studies (RCTs, controlled trials, case 
series, case reports and prospective cohort trials) were 
included in this review. Inclusion criteria were studies of 
BTE methods in MSA using different scaffolds, in animals 
and humans, with analysis using either radiographic 
or histologic/histomorphometric approaches. Exclusion 
criteria were studies where there was no information 
about the surgical team or the location (private practice/
hospital/university) where MSA was performed.

Search strategy
Systematic searches were performed in MEDLlNE, 
EMBASE and SCOPUS databases including full text 
articles published in English between October 2004 
and October 2014, presenting either radiographic or 
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histologic/histomorphometric evaluations. 
Keywords such as sinus graft, MSA, maxillary sinus 

lift, sinus floor elevation, mesenchymal stem cell (MSC) 
and cell-based, in different combinations, were used. 
Titles and abstracts were examined and then expert 
reviewers (Mangano FG and Colombo M) evaluated full 
text of publications extrapolating relevant information. 
Data extraction procedures affected title, authors, year of 
publication, type of study, cells and scaffold used, design, 
randomization/blinding if present, number of procedures 
performed, treatment phase, follow-up, radiographic 
and/ or histologic/histomorphometric outcomes, 
statistical findings, conclusions. In addition, the reference 
lists of included studies were hand searched.

Data synthesis
Experimental studies (RCTs/CTs) on MSA with an 
outcome measurement of histologic/histomorphometric 
evaluation were subjected to meta-analysis. Mean 
and standard deviation values of new bone formation 
were used; to overcome the differences of sample size 
between studies weighted mean was calculated. Test and 
the control groups values were compared by calculating 
the differences of bone gain in mean, and 95%CIs. 
Software package R version 2.14 (Package Metafor; 
Wolfgang Viechtbauer, Maastrich, The Netherlands) was 
used to perform all statistical analyses.

RESULTS
Result of search and included studies
Of the 325 eligible articles initially identified, 270 were 
excluded following assessment of the title and/or 
abstract. In total, 39 studies (18 animal studies and 21 
human studies) were eligible for inclusion in the present 
literature review (Figure 1). All these publications were 
issued between 2004 and 2014, and were variable with 
respect to study type, design, follow-up, and results.

MSCs 
A stem cell is an undifferentiated cell with the capability 

to renew itself and to get a specific cell-phenotype if 
exposed to proper stimuli[25-28]. The more relevant stem 
cells types in clinical researches are embryonic stem 
cells (ESCs), typical of embryonic blastocyst, and adult 
stem cells, also defined as pluripotent MSCs[28-31].

ESCs have unlimited proliferation potential and are 
able, under appropriate inductive conditions, to produce 
all three germ layers cellular phonotypes[28-31]. ESCs 
can be cultured indefinitely in vitro for more than two 
years, with approximately 400 doubling cycles, without 
the loss of differentiation potential. They can be re-
implanted into a host embryo giving rise to progenies 
that differentiate into all kind of tissues[29-31]. Although 
their clinical potentials several issues remain to be 
addressed with ESCs[30,31]. The use of these cells, in 
fact, presents the potential risks of immunorejection or 
teratomagenesis[30]. Moreover, despite the pluripotency 
of ESCs, moral and legal controversies concerning 
their use for therapeutic and clinical application have 
encouraged to find the reservoirs of progenitor cells in 
adult tissues[28,32,33]. 

Adult stem cells or pluripotent MSCs, derived from 
different adult tissues, have a wide self-renewal and 
proliferation capability, whereas if correctly stimulated 
have the ability to differentiate into specific cell-lines[25-31]. 
Although MSCs display a finite life span and get into 
senescence faster than ESCs, current in vitro techniques 
allow to expand them in sufficient number for clinical 
uses maintaining the undifferentiated phenotype[25-31]. 
MSCs lack immunogenic or tumorigenic features[26-28]; 
moreover, there is no ethical or legal concern for the 
clinical use of MSCs[32]. For all these reasons, these cells 
can be used in cell-based approaches in bone regene
ration[25-31,33]. 

MSCs can be extracted from different tissues such as 
bone marrow [bone marrow stem cells (BMSCs)][25-31,34], 
periosteum (periosteal derived stem cells)[35], trabecular 
bone[36], adipose tissue [adipose stem cells (ADSCs)][37] 
or skeletal muscle[38], umbilical chord[39], amniotic 
fluid [amniotic fluid stem cells (AFSCs), and amniotic 
epithelial stem cells (AESCs)][40,41], skin [skin-derived 
stem cells (SDSCs)][42], dental pulp (dental pulp stem 
cells)[43,44], deciduous teeth [deciduous tooth stem cells 
(DTSCs)][45] and periodontal ligament [periodontal 
ligament stem cells (PDLSCs)][46].

The bone marrow aspirates (BMA), from the iliac 
crest of the pelvis, has always been considered the first 
source for MSCs[25-34]. The tibial and femoral marrow 
compartments are also available as alternative sources. 
Due to the morbidity and the operative difficulties of this 
procedure the possibility to harvest MSCs from other 
tissues, such as periosteum or maxillary tuberosity 
has become of interest[35,36]. At present, MSCs can be 
also achieved from adipose tissue by liposuction[37] or 
from the dental pulp[43,44]. The latter represents a very 
interesting option in the field of oral surgery[43,44]. 

As the number and the concentration of transplanted 
MSCs are critical to induce a significant clinical outcome, 
an adequate number of cells for cell culture/replication is 
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Potentially relevant articles identified 
and screened for retrieval:

Electronic searching and handsearching/
reference lists (n  = 325)

Full-text articles screening of potentially 
relevant studies for the review (n  = 55)

Manuscripts excluded on basis 
of title and abstract (n  = 270)

Excluded publications, not fulfilling 
inclusion criteria (n  = 16)

Manuscripts included in the review (n  = 39)

Figure 1  Flow chart of manuscripts screened trough the review process.
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scaffold, then the cell-scaffold composite is placed in 
differentiation medium to stimulate the shift into the 
osteoblastic phenotype, ready to be implanted into the 
site; MSCs can be replicated and differentiated directly in 
the 3D scaffold in vitro, and the cell-scaffold composite 
can be implanted after a maturation time; finally MSCs 
can be replicated and differentiated in vitro, and the cell-
scaffold composite can be incubated for a short time to 
prepare an injectable bone preparation. 

In all these strategies, the scaffold has a key role 
providing a substrate into which bone cells migrate, 
proliferate, differentiate and make new bone[55,56]. The 
scaffold should be characterized by specific physical 
structure and chemical composition in order to mimic the 
hierarchical architecture and biological functions of native 
extracellular bone matrix[55,56]. Native extracellular matrix 
offers a physical substrate for cells, but also a biological 
environment for cell adhesion and chemotaxis through 
specific ligands. Providing specific growth factor, bone 
matrix regulates cellular proliferation and function[55,56]. 
First generation biomaterials were designed promoting 
mechanical resistance and stability over time, bioinert
ness or biocompatibility; nowadays new generation 
scaffold materials are developed with biologically-inspired 
approach; these new materials should incorporate 
signals into the scaffold, to modulate proliferation and 
differentiation[55-57]. Architectural characteristics define the 
ultimate shape of the new tissue. Highly porous structures 
with many interconnection and with large surface areas 
related to volumes, can aid cell ingrowth and their 
diffusion throughout the scaffold as well as the passage of 
nutrients and waste products[55,57].

Angiogenesis is a pre-requisite for osteogenesis[57]. 
Accordingly, pore sizes in the range of 200-800 μm have 
good results in these situations: in fact, they stimulate 
osteoprogenitor and endothelial cells to migrate into the 
matrix. Endothelial cells produce the vascular vessels 
for new bone nourishment[55-58]. Surface roughness, 
surface energy and the presence of cell attachment sites 
all influence specific proteins expression, quantity and 
structural conformation which adsorb onto materials 
surfaces, modulating cells behaviours[55,57]. Finally, sub
strate degradation by matrix enzymes[57] is critical. The 
ideal material should incorporate controlled resorption, 
and the regenerated tissue should assume function while 
the scaffold is slowly degraded[55,57].

Scaffolds and stem cells: Animal studies
In total, 18 animal studies evaluating the histologic/
histomorphometric results obtained with MSCs combined 
with different scaffold materials were found in the 
literature[40-42,59-73]. Among these, one single study was 
on MSCs with allogeneic bone matrix (AL)[42], 6 studies 
were on MSCs with xenografts (BBM)[59-64], 10 studies 
were on MSCs with synthetic bone grafts (CPC)[40,41,65-71], 
and 2 studies were on MSCs with platelet-rich-plasma 
(PRP)[72,73].

AL (bone tissue from human cadavers), provides an 
osteoconductive scaffold which offers structural support 

needed. BMA represent a heterogeneous cell population; 
the amount of MSC is very small compared to that of 
hematopoietic cells and averaging 0.001%-0.01% of the 
total nucleated cells[47], thus requiring extensive in vitro 
separation steps and expansion. Moreover, the number 
of MSCs that can be collected is inversely correlated 
to patient age and to his/her systemic health state. 
Younger donors tend to provide higher yield of stem 
cells in the aspirate, and the age of the donor seems to 
be directly associated with detrimental effects in term of 
proliferation and differentiation, such as senescence[47]. 
Cell density varies with different skeletal sites of the 
donor: on average, human BMA yield 400 to 500 cells/
mL with an estimated total volume of 600 cc in the iliac 
crest[48]. 

At present, using standard cell culture techniques, 
MSCs can be isolated and expanded with great efficiency, 
inducing to grow into multiple lineages if exposed to the 
appropriate culture conditions[25]. For in vitro separation 
and expansion, cultured MSCs undergo successive 
passages. Cells are cultured in a medium supplemented 
with autogenous serum or fetal bovine serum and 
growth factors[49]. MSCs have fibroblastic morphological 
features in a monolayer culture and tend to adhere to 
the tissue culture substrate[49]; changing the medium, 
non-adherent hematopoietic cells are discharged[28,50]. 
MSCs are identified by their adhesion to plastic and 
their expression of peculiar membrane epitopes (CD73, 
CD90, CD105), with a lack of expression of human 
leucocyte antigen-DR and the hematopoietic markers 
(CD14, CD34, CD38, CD45)[49,50]. Unfortunately, MSCs 
display finite life spans. Recent studies have shown that 
extensive in vitro proliferation can affect MSCs replicative 
potential and differentiation capability: long-term culture 
and sequential passages affect the quality of MSCs in 
that their proliferation rate decreases and gradually 
lose their progenitor properties due to senescence and 
telomere shortening[51]. Since MSCs undergo limited 
mitotic divisions in vitro, the number of passages in in 
vitro expansion should not exceed five[51]. The addition 
of fibroblast growth factor-2 to the culture medium 
can stimulate the proliferation of MSCs maintaining 
their osteogenic potential, keeping the cells in a more 
immature state[52]. 

Usually, the osteogenic differentiation is initiated 
by supplementing the medium with dexamethasone, 
ascorbic acid and beta-glycerolphosphate[53]. In addition, 
soluble signals like bone morphogenetic proteins (BMPs) 
such as BMP-2, BMP-6 and BMP-9 can be used[53,54].

Scaffold
Cells are usually seeded onto a three dimensional (3D) 
scaffold that guides their growth and proliferation[55]. 
At present, there are at least 4 different strategies for 
the delivery of MSCs into the recipient site: MSCs can 
be replicated and differentiated in culture, then seeded 
on a 3D solid scaffold that can be implanted, after a 
stabilization time to obtain cell adhesion; MSCs can 
be replicated in culture and seeded into the 3D solid 
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for vascular and perivascular tissues growth, and for 
osteoprogenitor cells migration from the adjacent 
environment[13,14,42]. In a study on minipigs, Kang et al[42] 
evaluated in vivo osteogenesis of SDSCs with scaffolds 
composed by allogeneic demineralized bone (AL) and 
fibrin glue. The animals were allocated in two groups: in 
one group, MSA was performed with SDSCs + AL/fibrin 
glue (test), while in the other group the scaffold without 
cells was used[42]. They observed better trabecular bone 
formation and osteocalcin expression with scaffolds 
seeded with SDSCs compared with controls [42]. The 
authors found that autogenous SDSC grafting with a 
AL and fibrin glue scaffold can provide an adequate 
alternative to bone grafting in MSA procedures[42]. 

BBM associated with bone marrow aspirate con
centrate (BMAC) could provide a substitute for AB to 
stimulate new bone formation[9,15,16,59-64]. Sununliganon 
et al[59] investigated the bone regeneration capacity of 
autologous BMAC mixed with BBM in MSA. Twenty-four 
white New Zealand rabbits were randomly subdivided 
into groups and when subjected to maxillary sinus 
floor elevation and augmentation with four different 
materials: saline solution, AB, BBM and BMAC + BBM[59]. 
Four MSA procedures were performed per each material. 
The animals were sacrificed at 2, 4 and 8 wk, and rates 
of new bone apposition in augmented surgical sites were 
evaluated; bone histomorphometry was also examined. 
Significant increase in the quantity of nucleated cells 
and colony forming unit-fibroblasts were confirmed 
in BMAC. MSCs in BMAC retained their in vitro multi-
differentiation capability. BMAC + BBM showed a similar 
benefit to AB in term of acceleration, since higher (though 
not significantly different) rates of mineral appositions 
in the early period were detected in BMAC + BBM and 
AB than BBM alone[59]. Furthermore, graft volume/
tissue volumes in BBM and BMAC + BBM resulted to be 
higher than in AB and saline solution. The results of this 
study suggest benefit in early bone formation in vivo 
using immediate autologous BMAC transplantation[59]. 
In a similar study, Yu et al[60] compared the potential of 
tissue-engineered bone derived from different stem cell 
sources for canine MSA. Bilateral MSA were performed in 
six beagle dogs and were randomly repaired with three 
graft types: BBM granules alone (n = 4), a complex of 
osteoblasts derived from BMSCs + BBM (n = 4), and a 
complex of osteoblasts derived from PDLSCs and BBM 
(n = 4). After 12 wk, the animals were sacrificed and 
fluorescent labeling, maxillofacial computed tomography 
(CT), scanning electron microscopy, and histologic/
histomorphometric analyses were used to evaluate new 
bone deposition, mineralization, and healing processes 
in the augmented area[60]. At the end of the study, the 
osteogenic capacity was greater with BMSCs + BBM and 
PDLSCs + BBM than with BBM alone[60]. The level tended 
to be higher with PDLSCs than with BMSCs; however, 
the difference was not statistically significant[60]. Oshima 
et al[61] investigated the in vivo osteogenic potential of 
a novel gabapentin-lactam (GBP-L) in MSA. Bilateral 
MSA in 10 adult sheep were conducted. BBM and MSCs 

combined with novel GBP-L were placed into the test 
sinus of each sheep; MSCs + BBM alone served as 
the control on the contralateral side[61]. The animals 
were sacrificed after 8 and 16 wk, and the amount 
of newly formed bone was analysed using histology/
histomorphometry. The histologic evaluation showed 
newly formed bone connected with the original bone 
in the control and test groups; however, the amount 
of newly formed bone was not significantly different 
between the test and control sites[61]. The authors 
concluded that the application of GBP-L did not induce 
faster new bone formation. However, GBP-L did not 
alter the multipotency of the MSCs or impair bone 
formation[61]. Jhin et al[62] evaluated the potential of 
BMP-2 gene-transduced BMSCs to facilitate osseous 
healing after MSA in rabbit. BMSCs derived from New 
Zealand white rabbits were cultured and some of these 
cells were transduced with BMP-2 (BMP-2/BMSCs) using 
an adenovirus vector. Then, BMSCs and BMP-2/BMSCs 
were seeded on a BBM scaffold. Twenty-seven animals 
were randomly allocated into three groups: MSA with 
BMSCs + BBM, MSA with BMP-2/BMSCs + BBM and 
MSA with BBM alone[62]. During all these procedures, a 
mini-implant was placed in the floor of each sinus[62]. 
Animals were sacrificed at 2, 4, and 8 wk after surgery, 
and new bone area and bone-to-implant contact (BIC) 
were evaluated histomorphometrically. The histomor
phometric evaluation revealed that at 2 and 4 wk, 
the BMP-2/BMSC group showed more new bone and 
higher BIC than the other two groups; however, at 8 
wk, there was no difference in new bone area or BIC 
among the three groups[62]. The authors concluded 
that BMP-2 delivery using BMSCs may result in earlier 
and increased bone formation in MSA; nevertheless, 
limitations in the stimulatory effect of BMP-2/BMSCs 
were evidenced in later healing stages[62]. Gutwald et 
al[63] compared the efficacy of mononuclear cells (MNCs, 
including MSCs) plus BBM with AB in MSA in sheep. 
Bilateral MSA were performed in 6 adult sheep. MNCs + 
BBM were mixed together and used into one sinus, AB 
in the other sinus[63]. After 8 and 16 wk, animals were 
sacrificed. Sites of augmentation were evaluated through 
radiographic and histological methods. After 8 wk, no 
difference in new bone formation was noticed between 
the two groups, but after 16 wk, sites grafted with MNCs 
+ BBM showed 29% of newly formed bone vs 16% in 
sites grafted with AB[63]. The authors concluded that 
MNCs combined with BBM have the potential to stimulate 
new bone formation in MSA[63]. Finally, in a similar study, 
bilateral MSA were performed in 6 adult sheep by the 
same group of authors[64]. BBM and MSCs were used in 
test side and only BBM in the contra-lateral control side 
of each animal[64]. Animals were sacrificed after 8 and 
16 wk. The regenerated areas were evaluated by CT, 
histology and histomorphometry. They observed that 
the newly formed bone was closely connected to BBM 
particles; furthermore its apposition was significantly 
faster in the test sides[64]. The authors concluded that 
mixture of BBM and MSCs could stimulate new bone 
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deposition in MSA[64].
Synthetic CPC such as porous hydroxyapatite (HA), 

beta-tricalcium phosphate (beta-TCP) and biphasic 
combinations of these two are excellent bone alter
natives[40,41,65-71]. CPC are considered biocompatible, non-
immunological, osteoconductive (they act as scaffolds 
witch allow internal growth of vessels from neighbouring 
bone tissue)[40,41,65-71]. Zhao et al[65] investigated the effect 
of MSA with engineered bone constructs from DTSCs 
and CPC in goats. Eighteen bilateral maxillary sinuses 
of nine goats were randomly assigned into three groups 
(6 sinuses per group). In the first group, MSA was 
performed with DTSCs + CPC, while in the second and in 
the third group MSA was performed with CPC alone and 
AB, respectively[65]. All augmentation sites were analysed 
using CT, histology and histomorphometry. After 12 wk 
of healing, CT analysis evidenced that the volume of 
new bone with DTSCs + CPC was greater than that in 
the other two groups[65]. In addition, the histological/
histomorphometrical evaluation indicated that the DTSCs 
+ CPC compound significantly stimulated new bone 
formation and mineralization, when compared with CPC 
and AB alone[65]. The authors concluded that DTSCs can 
stimulate new bone formation and maturation in the 
maxillary sinus of goats, and that the engineered mixture 
of DTSCs and CPC should represent a possible substitute 
for MSA procedures[65]. Zhang et al[66] compared the 
bone formation capacity of ADSCs and BMSCs in a canine 
MSA model. Bilateral MSA were performed in nine beagle 
dogs using randomly three graft material combinations: 
BMSCs + CPC (n = 9), ADSCs + CPC (n = 9) and CPC 
alone (n = 9)[66]. After 6 wk, the animals were sacrificed 
and the histological/histomorphometric evaluation 
suggested that BMSCs might be more advantageous 
than ADSCs for fast bone regeneration in MSA[66]. 
Barboni et al[41] evaluated the bone regenerative property 
of AESCs seeded on a CPC synthetic bone substitute 
(fabricated using rapid prototyping techniques) in MSA in 
sheep. Two blocks of CPC, engineered with ovine AESCs 
or alone, were grafted bilaterally into maxillary sinuses of 
six adult sheep[41]. The sheep were randomly divided into 
two groups and sacrificed at 45 and 90 d after surgery. 
Micro-CT, morphological, biochemical and morphometric 
analyses were performed to evaluate tissue regeneration 
in the sinus explants. AESCs seem to influence positively 
scaffold integration and new bone deposition[41]. 
Engineered scaffolds, derived from explanted sinuses 
grafted with AESCs, displayed an accelerated process of 
angiogenesis; moreover, AESCs significantly promoted 
osteogenesis[41]. These results confirmed those of a 
previous study by the same group of authors[40] in which 
bilateral MSA was performed on eight adult sheep, in 
order to evaluate the bone regeneration process at 6 
and 12 wk after implantation of AFSCs combined with a 
magnesium-enriched HA/collagen-based scaffold (test) 
with the scaffold alone (control). In fact, the use of 
AFSCs increased bone apposition and promoted a faster 
angiogenesis[40]. The authors concluded that AFSCs may 
be a new, easily accessible source of MSCs to develop 

cell-based therapy for oral augmentation procedures: 
in fact, the osteoinduction of a biomimetic commercial 
scaffold may be significantly enhanced by these cells[40]. 

Zeng et al[67] evaluated the efficacy of BMSCs seeded 
on CPC, magnesium phosphate cement (MPC), and a 
calcium-MPC (CMPC), in MSA in rabbit. In test groups 
augmentation procedures were performed using BMSCs 
in addition to CPC, MPC, and CMPC; the same materials 
(CPC, MPC and CMPC), without cells, were used for 
surgical procedures as control[67]. In each group new 
bone formation was investigated histologically and by 
fluorochrome labeling at weeks 2 and 8 after MSA[67]. 
The authors found that CMPC cement could better help 
new bone formation and mineralization than CPC or 
MPC cements, and that the addition of BMSCs could 
further promote its osteogenic capacity significantly[67]. 

Zou et al[68] assessed the potential of BMSCs when 
combined with CPC in MSA in goats. They randomly 
allocated nine goats in three different groups: the first 
group received BMSCs + CPC, the second CPC alone 
and the third AB. Each animal underwent a bilateral MSA 
procedure. Implants were also placed in order to evaluate 
BIC[68]. After 12 wk, the histological/histomorphometric 
evaluations showed that the BMSCs + CPC composite 
could foster earlier bone formation and mineralization, 
and could preserve more volume and height after 
MSA[68]. In addition, BIC was significantly higher in the 
BMSCs + CPC group than in the other two groups. The 
authors concluded that BMSCs + CPC seems to be a 
good graft material for MSA, allowing faster healing in 
augmented sites and a better stability of implants[68]. In a 
study by Xia et al[69] 36 rabbits were randomly allocated 
in 4 groups, to test CPC scaffolds associated with recom
binant BMP-2 and BMSCs, in different combinations. 
Although the authors found no significant difference 
among groups for augmented height, histomorphometric 
analysis showed significantly less residual graft material 
and more new bone formation and mineralization in 
BMP-2/BMSCs + CPC than in other groups[69]. Based on 
these outcomes, they suggested that combining BMP-2/
BMSCs with CPC could enhance new bone formation and 
maturation as compared with BMP-2 + CPC or BMSCs + 
CPC[69]. In two different studies, Sun et al[70,71] evaluated 
the outcome of MSA with CPC and BMSCs in rabbits. In 
the first study[70] 16 MSA were performed bilaterally in 
8 animals and randomly grafted by BMSCs + CPC, CPC 
alone, AB and blood clot (4 sites per group). The animals 
were sacrificed 2, 4 and 8 wk after the surgery and 
studied histologically and histomorphometrically[70]. After 
8 wk, the authors observed a significantly higher amount 
of new bone in the test groups (BMSCs + scaffold and 
scaffold alone) than in control groups (AB and blood 
clot). An increase in bone height along time was found 
for the test groups, while control groups showed a 
constant decrease of augmented height[70]. Surgical 
sites augmented with BMSCs + CPC showed more bone 
than areas grafted with CPC alone, but this difference 
was not statistically significant. These results suggested 
that CPC could be used as a bone graft substitute in 
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bone augmentation procedures and that adding BMSCs 
to this material could successfully promote new bone 
formation in maxillary sinus elevation[70]. In a second, 
similar study[71] the same authors evaluated the effects 
of MSA by a tissue engineered bone composite with 
BMP-2 and EGFP gene modified BMSCs and CPC. In 
this study, eight rabbits were allocated in two groups 
(four rabbits per group), and subjected to bilateral MSA 
with two different materials: BMP-2/BMSCs + CPC 
(test) and EGFP/BMSCs + CPC (control)[71]. Histological/
histomorphometric evaluation was performed 2 and 4 
wk after surgery. The vertical bone gain was maintained, 
over all the experimental period, for both groups, while 
new bone volume increased over time for test group[71]. 
Four weeks after surgery, bone area in test group was 
significantly more than that in control group[71]. The 
authors concluded that BMSCs modified with BMP-2 
gene can stimulate new bone formation in MSA in rabbit 
animal model, and that CPC scaffold can be a valid vector 
for gene improved BTE[71]. 

Finally, in a split-mouth controlled study on eight 
minipigs, Pieri et al[72] investigated whether BMSCs 
and PRP loaded on a HA substrate can influence bone 
formation and BIC in MSA, when compared to HA 
scaffold alone. Bilateral MSA procedures were performed 
in eight minipigs: each animal received BMSCs + PRP 
+ HA in one sinus (test) and HA alone in the other 
(control)[72]. In addition, distal to the augmented site, one 
endosseous implant was placed per sinus, to evaluate 
BIC. The animals were sacrificed 12 wk after surgical 
procedures. Block sections of the implant sites were 
extracted and prepared for histologic/histomorphometric 
analysis. The histomorphometric observations revealed 
statistically significant increase both in bone quantity 
and in the BIC for the test sites[72]. This study showed 
that the use of BMSCs and PRP with a HA scaffold can 
significantly promote bone growth in MSA techniques, 
and can enhance the osseointegration of endosseous 
dental implants positioned in the augmented sites, 
in comparison with HA alone[72]. In another, similar 
study, Ohya et al[73] evaluated the outcomes of BMSCs 
associated with PRP vs particulate cancellous bone and 
marrow (PCBM) with PRP. Bilateral MSA procedures 
were performed in 18 adult Japanese white rabbits. 
Each rabbit received BMSCs + PRP in one sinus (test) 
and PCBM + PRP in the other (control)[73]. The animals 
were sacrificed at 2, 4, and 8 wk after surgery, and 
histological/histomorphometric evaluation was executed. 
Both test and control sites displayed newly formed bone 
and neovascularization at 2 and 4 wk in histological 
preparations; at 8 wk, authors observed large areas 
of fatty marrow inside lamellar bone in both sites. The 
analysis of bone volume and augmented height did not 
highlight any significant differences between BMSCs 
+ PRP and PCBM + PRP groups. On the other hand, 
significant differences in bone volume and augmented 
height between 2 and 8 wk in PCBM + PRP or BMSCs 
+ PRP groups were found, as well as in bone volume 
between 4 and 8 wk in the PCBM + PRP group[73]. The 

authors concluded that the use of a BMSCs + PRP 
compose could give good outcomes in osteogenesis 
and bone volume gain comparable to that achieved by 
particulate cancellous bone in MSA[73]. 

The histologic/histomorphometric results of all these 
animal studies are reported in Table 1.

Scaffolds and stem cells: Human studies
In total, 21 human studies evaluating the histologic/
histomorphometric results obtained in MSA with MSCs 
combined with different scaffold materials were found 
in the literature[74-95]. Among these, 2 studies were on 
MSCs with allogeneic bone matrix (AL)[74,75], 9 studies 
were on MSCs with xenografts (BBM)[77-85], 2 were on 
MSCs with synthetic grafts (CPC)[86,87], 6 were on MSCs 
with synthetic polymers [polylactid-co-glycolic acid, 
(PLGA)][88-93], and 2 were on MSCs with PRP[94,95].

A commercially available AL containing native MSCs 
has been clinically used for MSA in 2 different studies[74,75]. 
McAllister et al[74] evaluated the bone formation following 
MSA using an AL containing native stem cells. After a 
healing period of 4 mo, biopsy and histologic evaluation 
were performed. The histologic and histomorphometric 
evaluation for the five cases reported revealed a high 
percentage of vital bone content, after a relatively short 
healing period[74]. A recent clinical study by Gonshor 
et al[75] evaluated bone formation in MSA sites using 
either an AL cellular bone matrix containing MSCs or 
a conventional AL. Statistically significant difference 
were found between the two groups, in terms of vital 
and residual bone content, using histomorphometric 
comparison[75]. In AL, cryopreservation is used to 
maintain cell viability and multipotential characteristics[75]. 
This might help the healing process stimulating bone 
formation directly from within the graft material, allowing 
earlier and larger quantity of available vital bone[74,75]. 
However, there is a high level of uncertainty around 
the possibility of iatrogenic transmission of prion or 
viral infections with AL, due to a lack of evidence-based 
research on this problem[76].

BBM has excellent osteoconductive properties[9,15,16] 
and the encouraging results emerged from pre-clinical 
studies[59-64] have led to the clinical use of this material in 
MSA, with the cell-based approach[77-85]. Unfortunately, 
however, human studies[77-85] on MSCs + BBM have not 
confirmed the excellent outcomes originally emerged 
from animal studies. In a recent clinical study on implant 
survival after MSA, Duttenhoefer et al[77] concentrated 
MSCs with either Ficoll (control group, n = 6 sinus) or 
BMAC (test group, n = 12 sinus) and transplanted in 
combination with BBM. 50 dental endosseous implants 
were positioned with other surgical procedures (17 
Ficoll/33 BMAC) and loaded after 4 mo. At the end of 
the study, implant survival of the Ficoll group was 100% 
compared with 93.4% survival of the BMAC group; 
however, both cell isolation methods were found to be 
efficient because the difference between the groups 
was not statistically significant[77]. In a randomized, 
controlled, split-mouth design study by Rickert et al[78], a 
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Table 1  Histomorphometric results of the animal studies included in the review

Ref. Animal model Study design Histomorphometry (% of newly formed bone) 

Kang et al[42] Minipig SDSCs + AL NR
AL alone NR

Sununliganon et al[59] Rabbit BMSCs + BBM 59.2 ± 2.1 (4 wk)
55.9 ± 3.6 (8 wk)

BBM alone 54.3 ± 2.8 (4 wk)
51.5 ± 2.6 (8 wk)

AB NR 
Saline solution NR

Yu et al[60] Dog BMSCs + BBM NR 
PDLSCs + BBM NR

BBM alone NR
Oshima et al[61] Sheep BMSCs + GBP-L + BBM  17.0 ± NR (8 wk)

   23.0 ± NR (16 wk)
BMSCs + BBM  18.0 ± NR (8 wk)

   23.0 ± NR (16 wk)
Jhin et al[62] Rabbit BMP-2/BMSCs + BBM 12.6 ± 2.8 (2 wk)

29.3 ± 4.6 (4 wk)
25.7 ± 3.8 (8 wk)

BMSCs + BBM   6.2 ± 2.6 (2 wk)
25.7 ± 2.8 (4 wk)
27.7 ± 8.2 (8 wk)

BBM alone   4.2 ± 2.0 (2 wk)
15.1 ± 2.9 (4 wk)
22.7 ± 3.3 (8 wk)

Gutwald et al[63] Sheep MNCs + BBM                               19.0 ± 11 (8 wk)
 29.0 ± 12 (16 wk)

AB                               20.0 ± 13 (8 wk)
                              16.0 ± 6 (16 wk)

Sauerbier et al[64] Sheep MSCs + BBM NR
BBM alone NR

Zhao et al[65] Goat DTSCs + CPC   41.8 ± 6.2 (12 wk)
CPC alone   30.1 ± 8.0 (12 wk)

AB     23.0 ± 10.2 (12 wk)
Zhang et al[66] Dog BMSCs + CPC NR

ADSCs + CPC NR
CPC alone NR

Barboni et al[41] Sheep AESCs + CPC NR
CPC alone NR

Berardinelli et al[40] Sheep AFSCs + MgHA/collagen NR
MgHA/collagen alone NR

Zeng et al[67] Rabbit BMSCs + CPC 11.7 ± 1.8 (2 wk)
25.4 ± 3.4 (8 wk)

CPC alone   5.9 ± 1.4 (2 wk)
20.5 ± 3.6 (8 wk)

BMSCs + MPC   5.1 ± 1.7 (2 wk)
13.5 ± 3.5 (8 wk)

MPC alone   4.0 ± 1.2 (2 wk)
  6.5 ± 2.0 (8 wk)

BMSCs + CMPC 12.7 ± 1.9 (2 wk)
30.9 ± 3.1 (8 wk)

CMPC alone   6.8 ± 1.3 (2 wk)
25.5 ± 4.1 (8 wk)

Zou et al[68] Goat BMSCs + CPC   35.6 ± 9.4 (12 wk)
CPC alone   22.4 ± 4.2 (12 wk)

AB   28.2 ± 8.0 (12 wk)
Xia et al[69] Rabbit BMSCs + rhBMP-2/CPC 17.9 ± 4.3 (2 wk)

30.5 ± 5.7 (4 wk)
42.2 ± 4.0 (8 wk)

BMSCs + CPC 13.9 ± 2.5 (2 wk)
21.8 ± 4.4 (4 wk)
28.7 ± 3.7 (8 wk)

rhBMP-2/CPC 12.8 ± 3.0 (2 wk)
18.9 ± 2.6 (4 wk)
31.1 ± 4.5 (8 wk)

CPC alone   8.0 ± 2.0 (2 wk)
12.2 ± 3.1 (4 wk)
22.7 ± 5.7 (8 wk)

Sun et al[70] Rabbit BMSCs + CPC 21.0 ± 2.6 (2 wk)
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bilateral MSA procedure was executed in 12 edentulous 
patients. At random, one side was treated with BMSCs 
+ BBM (test side) and the other with BBM mixed with 
AB (control side)[78]. Three to four months after MSA, 66 
implants were placed. Implant survival, plaque, gingival, 
and bleeding indices, probing depth, and peri-implant 
radiographic bone levels were assessed at baseline and 
1 year after functional loading. During osseointegration, 
3 implants failed on the test side and no implants failed 
on the control side, resulting in 3-mo survival rates of 
91% and 100%, respectively. No other implants were 
lost after 1 year of functional loading[78]. Even if the two 
reconstructive techniques were reliable in providing new 
bone for implant placement in the posterior maxilla, 
a higher implant failure rate was reported in MSA 
procedures with BMSCs + BBM[78]. In a radiographic 
study, Kühl et al[79] investigated BMA and BMAC influence 
on graft materials stability when added to BBM within 
the first 6 mo after MSA. Using a 3D reconstruction 
software, CT data of 13 patients undergoing bilateral 
MSA in a split-mouth study, were processed to evaluate 
graft volumes 2 wk after the sinus lift procedure and 
6 mo later[79]. The comparison between volumes at 2 
wk and 6 mo showed a statistically significant decrease 
in all single groups between 15% and 21%. However, 
changes in volumes between the different groups 
were not statistically significant[79]. Since an evident 
decrease in graft volume over the first 6 mo of healing 
has to be expected, over-augmentation of the sinus 
is recommended with this cell-based approach[79]. In 
an interesting slpit-mouth design study, Wildburger 
et al[80] evaluated early bone formation in BBM sinus 

grafts using also BMSCs in test group, after 3 and 6 mo. 
Seven patients, with a posterior maxilla characterized 
by atrophic bone, were included in this study[80]. In 
test side, augmentation procedures were performed 
with BMSCs mixed to BBM; control sides were grafted 
using pure BBM. At 3 and 6 mo, biopsies of augmented 
sites were taken[80]. The histologic/histomorphometric 
evaluation found no significant difference in new bone 
formation between the test and control group[80]. These 
results confirmed those of a previous multicentric, 
controlled study by Sauerbier et al[81]; they found that 
BMAC + BBM or a mixture of AB + BBM, used in sinus 
augmentation, give similar new bone formation values, 
after 3-4 mo of healing. However, these outcomes are 
partially in contrast with those of a previous histologic/
histomorphometric study[82], where adding MSCs to BBM 
leaded to more new bone formation compared with BBM 
combined with AB. In this study, Rickert et al[82], in fact, 
described how BMSCs seeded on BBM particles could 
bring sufficient volume of new bone to allow clinicians 
to place endosseous implants with a comparable timing 
regarding to the use of AB or a mixture of AB + BBM. 
The slow resorption rate of BBM permits an adequate 
bone integration before scaffold resorption[81-83]; however, 
the rate of non-mineralized material is generally high, 
even 6 mo after augmentation procedure[81-83]. Finally, 
Fuerst et al[84] examined the 12-mo histologic/histomor
phometric and radiologic outcomes after MSA with 
autogenous culture-expanded bone cells and BBM. In 
total, 22 sinuses of 12 patients were grafted with AB 
cells seeded on BBM. Six months after MSA, during 
endosseous implants (n = 82) placement procedures, a 

  23.4 ± 3.0 (4 wk)
    35.3 ± 10.5 (8 wk)

CPC alone   19.2 ± 2.2 (2 wk)
  22.9 ± 2.1 (4 wk)
  19.5 ± 2.4 (8 wk)

AB   34.7 ± 7.1 (2 wk)
  28.7 ± 5.8 (4 wk)

NR (8 wk)
Blood clot NR (2 wk)

  17.5 ± 3.3 (4 wk)
  13.8 ± 4.0 (8 wk)

Sun et al[71] Rabbit BMP-2/BMSCs + CPC   21.2 ± 2.1 (2 wk)
  31.9 ± 2.2 (4 wk)

EGFP/BMSCs + CPC   18.9 ± 1.9 (2 wk)
                            23.19 ± 1.9 (4 wk)

Pieri et al[72] Minipig BMSCs + PRP + HA     42.5 ± 7.0 (12 wk)
HA alone     18.9 ± 0.9 (12 wk)

Ohya et al[73] Rabbit BMSCs + PRP   29.1 ± 4.4 (2 wk)
  24.1 ± 3.6 (4 wk)
  20.9 ± 4.1 (8 wk)

PCBM + PRP   35.0 ±  5.2 (2 wk)
  28.6 ± 3.4 (4 wk)
  20.6 ± 4.0 (8 wk)

SDSCs: Skin-derived stem cells; AL: Allograft; NR: Not reported; BMSCs: Bone marrow stem cells; BBM: Bovine bone 
mineral; AB: Autogenous bone; PDLSCs: Periodontal ligament stem cells; GBP-L: Gabapentin-lactam; MNCs: Mononuclear 
cells; DTSCs: Deciduos tooth stem cells; CPC: Calcium phosphate ceramics; AESCs: Amniotic epithelial stem cells; AFSCs: 
Amniotic fluid stem cells; Mg/HA: Magnesium/hydroxyapatite; MPC: Magnesium phosphate cement; CMPC:  Calcium-
magnesium phosphate cement; Rh-BMP-2: Recombinant human bone morphogenetic protein 2; PRP: Platelet rich in plasma; 
HA: Hydroxyapatite; PCBM: Particulate cancellous bone and marrow; ADSC: Adipose stem cell.
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biopsy was taken from each sinus[84]. The percent newly 
formed bone was determined on undecalcified histologic 
preparations. Graft stability was estimated using dental 
CT scans after MSA (CT 1), after implant insertion 
(CT 2) and after implant uncover (CT 3)[84]. Despite a 
considerable reduction of the graft volume along time, 
AB cells and BBM provided an adequate bone volume, 
which permitted implant placement and tolerated 
functional loading[84].

Synthetic porous CPC ceramics can support new 
bone apposition by MSCs in vivo[86,87]. Osteoconductive 
scaffolds such as HA and beta-TCP have the ability to 
attract fibronectin and vitronectin, which are ligands 
for the integrin family of cell adhesion receptors; these 
proteins mediates adhesion of MSCs and osteoblast 
precursors[20,21,86,87]. In addition, HA/beta-TCP degradation 
products may favour an alkaline microenvironment 
and provide calcium and phosphate ions requested for 
the mineralization of extracellular matrix phases during 
ossification process[20,2186,87]. Finally, microporosity of 
synthetic CPC (given by pores with a controlled size, 
communicating through interconnections) supports 
angiogenesis[20,21,86,87]. Blood vessels carry cells and 
soluble signals that promote new bone apposition[86,87]. 
In a recent study by Shayesteh et al[86], CPC has been 
used in combination with BMSCs in MSA. Six patients 
underwent MSA with BMSCs + HA/beta-TCP. Three and 
twelve months after MSA, a radiographic evaluation was 
performed[86]. In total, 30 fixtures were inserted and 
a biopsy was taken from each implant site. Prosthetic 
rehabilitation were delivered after 4 mo. Clinical success
ful implant rate was 93% (28 implants over 30)[86]. 
Histologic evaluation showed several areas of osteoid and 
bone formation without any inflammatory cell infiltration. 
Mean bone regenerate was 41.34%. No complications 
were clinically observed. Mean bone height was 12.0 
mm 10.0 mm, 3 and 12 mo after MSA, respectively[86]. 
The authors concluded that sinus grafting with HA/beta-
TCP seeded with BMSCs can offer reliable results[86]. A 
previous study by Smiler et al[87] evaluated the effect of 
bone marrow aspirate added to xenografts or alloplast 
graft matrix scaffold (beta-TCP) to enhance bone 
formation in MSA. Clinical procedures involved harvesting 
four cc of bone marrow aspirate from the anterior iliac 
crest; these materials were seeded on matrix scaffold 
before sinus augmentation operations. Seven graft sites 
were evaluated in five patients; various MSA techniques 
were performed such as particulate onlay graft of the 
maxilla via a tunneling procedure, and particulate 
onlay graft of the maxilla stabilized with titanium mesh. 
Biopsies at 4 mo showed, in beta-TCP scaffolds, 40% a 
newly formed bone completely vital[87]; there was 57% 
of interstitial material and 3% of residual graft scaffold[87]. 
With these histological preparations, the authors 
presented evidence that stem cells aspirated from bone 
marrow and seeded onto beta-TCP scaffolds can be 
a useful method to obtain new bone in augmentation 
procedures[87]. 

Synthetic polymeric materials are an interesting 

category of materials. PLGA copolymer and its homo
polymer derivatives have been considered for potential 
use in bone reconstruction procedures. MSCs have 
been associated to PLGA in MSA[88-93]. MSCs were 
isolated from periosteum, re-suspended and cultured; 
the suspension was soaked in polymer fleeces and 
the cell-polymer association were used in MSA[88-93]. 
Under specific conditions, periosteum-derived, tissue 
engineered bone grafts showed typical osteogenic 
differentiation characteristics such as: expression of 
alkaline phosphatase activity, bone gene expression and 
mineralization[93]. Trautvetter et al[88] performed MSA 
with simultaneous dental implant placement; they used 
an autologous tissue-engineered periosteal bone grafts 
based on bioresorbable PLGA scaffolds. Ten patients were 
radiologically assessed 5 years after MSA; in addition, 
histologic evaluation was performed[88]. The authors 
reported excellent outcomes after only 4 mo from 
surgical procedure; they observed significantly greater 
bone height over the 5-years follow-up observation 
period. Furthermore histological preparation from 
bone biopsies of two patients six months after surgery 
showed trabecular bone with osteocytes and active 
osteoblasts[88]. Accordingly, the authors concluded 
that the use of autologous periosteal bone grafts with 
simultaneous dental endosseous implants placement is 
a valid procedure, with excellent clinical, radiographic 
and histologic outcomes[88]. Although this clinical study[88] 
and those of previous researches[89,93] have reported 
that the newly formed bone provided by augmentation 
procedures, using tissue engineered bone grafts, allowed 
proper initial stability for dental implant placement[89,90], 
the degradation rate of the PLGA scaffold may be too 
fast to maintain an optimal substrate to support bone 
formation[90-92]. This was evidenced by a recent MSA 
study, where AB transplants from the iliac crest were 
compared with tissue engineered grafts (BMSCs loaded 
on PLGA scaffolds): this research showed considerable 
graft resorption (approximately 90%, in a 3 mo 
observation period) and less mineralization density in the 
sites augmented with tissue engineered bone[92]. Two 
other comparative studies revealed that coral-derived 
HA[90] and AB[91] show greater volume maintenance 
than PLGA scaffolds cultured with MSCs. These studies 
showed that the significant resorption of the PLGA grafts 
may be an important problem in the clinical scenario, 
with potential failure of augmentation particularly in 
large areas[90,91]. The fast resorption rate of the PLGA, 
in fact, represents an unfavourable factor for bone 
regeneration, making it impossible to provide mechanical 
stability to MSCs transplanted in the augmentation site. 
Osteoblasts must adhere to a stable structure to produce 
a new bone matrix that will be interested by consequent 
mineralization and maturation processes. In this way, 
a too fast and extended degradation of the supporting 
scaffold determines an instability of augmented area 
and then the probably failure of bone regeneration 
because of the collapse of newly formed, immature bone 
matrix[90,91]. Supply of oxygen and nutrients is essential 
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to cells embedded within large cell-polymer constructs, 
in order to sustain their survival and proliferation[89-92]. 
In addition, PLGA resorption generates a low pH that is 
detrimental to osteoblasts[89-92]. 

Finally, two different clinical studies used an injectable 
tissue engineered bone, composed by BMSCs and PRP, 
to conduct MSA[94,95]. In a recent study, Yamada et al[94] 
evaluated the effects of an injectable tissue engineered 
bone on osteotome technique with simultaneous implant 
placement. Injectable bone, composed of BMSCs and 
PRP, was used as bone graft in 23 cases of MSA[94]. The 
osteotome technique was used[7]: after dental implant 
sites were pre-prepared with pilot drills and/or using 
the osteotomes, the injectable bone was inserted and 
then endosseous implants were placed. The bone 
regeneration technique was effective, as the lift-up 
bone height by injectable bone using BMSCs showed 
an increase of 6.1 ± 1.5 mm; the authors concluded 
that the application of injectable bone using osteotome 
technique can stably predict the success of bone 
formation and dental implants, providing also minimally 

invasive cell therapy[94]. These results confirmed those 
of a previous study by Ueda et al[95] in which the height 
of mineralized tissue after 2 years showed a mean gain 
of 8.8 mm compared to pre-operative values. However, 
more studies are needed to understand the efficacy of 
injectable bone as a graft for MSA: this material has poor 
compressive and tensile strength[94]. 

The histologic/histomorphometric results of all these 
human studies are reported in Table 2.

In vivo experiment meta-analysis 
A meta-analysis of 9 studies (7 animal and 2 human 
studies) was performed to give a quantitative estimate of 
the mean difference of the newly formed bone between 
the two groups (stem cells + scaffold vs scaffold alone). 
We considered the mean difference in % newly formed 
bone at 12 wk as it was the most frequently reported 
time period; the latest examination period was at 8 wk 
in 4 studies, all of them on animals. All the analyses 
were conducted using Package Metafor (R version 
2.14). The weighted mean difference estimate from a 

Table 2  Histomorphometric results of the human studies included in the review

Ref. Patients Study design Histomorphometry (% of newly formed bone) 

McAllister et al[74]    5 5 MSA: MSCs + AL   33.0 ± NR (16 wk)
Gonshor et al[75] 18 18 MSA: MSCs + AL 32.5 ± 6.8 (12 wk)   

8 MSA: AL   18.3 ± 10.6 (12 wk)
Duttenhoefer et al[77] 11 12 MSA: BMAC + BBM NR

6 MSA: Ficoll + BBM
Rickert et al[78] 12 12 MSA: BMSCs + BBM NR

12 MSA: AB + BBM
Kuhl et al[79] 13 13 MSA: BMA + BBM NR

13 MSA: BMAC + BBM
Wildburger et al[80]   7 7 MSA: BMSCs + BBM   7.4 ± 4.1 (12 wk)

13.5 ± 5.4 (24 wk)
7 MSA: BBM 11.8 ± 6.2 (12 wk)

13.9 ± 8.5 (24 wk)
Sauerbier et al[81] 26 34 MSA: BMAC + BBM 12.6 ± 1.7 (12 wk)

11 MSA: AB + BBM 14.3 ± 1.8 (12 wk)
Rickert et al[82] 12 12 MSA: BMSCs + BBM 17.7 ± 7.3 (14 wk)

12 MSA: AB + BBM 12.0 ± 6.6 (14 wk)
Schmelzeisen et al[83]   1 2 MSA: BMAC + BBM   26.9 ± NR (12 wk)
Fuerst et al[84] 12 22 MSA: BMSCs + BBM   17.9 ±  4.6 (24 wk)
Beaumont et al[85]   3 6 MSA: PDSCs + BBM NR
Shayesteh et al[86]   6 6 MSA: BMSCs + HA/beta-TCP   41.3 ± NR (24 wk)
Smiler et al[87]   4 2 MSA: BMSCs + beta-TCP   40.0 ± NR (16 wk)

1 MSA: BMSCs + BBM   13.0 ± NR (16 wk)
1 MSA: BMSCs + HA   31.0 ± NR (16 wk)

Trautvetter et al[88] 10 10 MSA: PDSCs + PLGA NR
Mangano et al[89]   1 1 MSA: PDSCs + PLGA 28.8 ± NR
Voss et al[91] 35 50 MSA: PDSCs + PLGA NR

63 MSA: AB
Mangano et al[90]   5 5 MSA: PDSCs + PLGA   37.3 ± 19.5 (24 wk)

5 MSA: HA   54.6 ± 21.1 (24 wk)
Zizelmann et al[92] 20 14 MSA: PDSCs + PLGA NR

17 MSA: AB
Schimming et al[93] 27 27 MSA: PDSCs + PLGA NR
Yamada et al[94] 23 23 MSA: BMSCs + PRP NR
Ueda et al[95]   6 6 MSA: BMSCs + PRP NR

MSA: Maxillary sinus augmentation; MSCs: Mesenchymal stem cells; AL: Allograft; NR: Not reported; BMAC: 
Autologous bone marrow aspirate concentrate; BBM: Bovine bone mineral; BMSCs: Bone marrow stem cells; AB: 
Autogenous bone; BMA: Bone marrow aspirate; PDSCs: Periosteal derived stem cells; HA/beta-TCP: Hydroxyapatite/
beta-tricalcium phosphate; PLGA: Polylactid-co-glycolic acid; PRP: Platelet rich in plasma. 
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random-effect model was 9.5% (95%CI: 3.6%-15.4%), 
suggesting a positive effect of stem cells on the bone 
re-growth (Figure 2). Heterogeneity was measured by 
the I2 index. The formal test confirmed the presence 
of substantial heterogeneity (I2 = 83%, P < 0.0001). 
In an attempt to explain the substantial heterogeneity 
observed, we considered a meta-regression model with 
publication year, support type (animals vs humans) and 
follow-up length (8 or 12 wk) as covariates. After adding 
publication year, support type and follow-up length to 
the meta-regression model, heterogeneity was no longer 
significant (I2 = 33%, P = 0.25). 

DISCUSSION
The finding that adult MSCs can be manipulated in 
vitro and subsequently form bone in vivo provides new 
therapeutic strategies for bone regeneration in dentistry. 

Several researches have demonstrated that MSCs 
can be used in MSA: controlled experimental and clinical 
studies showed higher bone regeneration applying 
MSCs compared with controls. However, further clinical 
trials, which clearly demonstrate benefits of cell-based 
approach compared to conventional treatments are still 
needed: these studies should evaluate patient-based 
outcomes, including the time and cost-effectiveness of 
cell-based approaches.

In the future, the use of stem cells seeded on 
appropriated scaffold materials will dictates advances in 
bone regeneration: as a consequence, improvements 
upon current therapeutic strategies will depend on 
innovations in material science. It will be mandatory to 
search for appropriate scaffolds for MSCs, with adequate 
resorption rate and osteoconductive surface, over which 
new bone formation can occur. 

The merger between these two disciplines - stem 
cell research and scaffold engineering - will draw the 
future of regenerative medicine. 
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COMMENTS
Background
Adult mesenchymal stem cells (MSCs) that can be obtained from several 
tissues represents the new frontier for bone regeneration, due to their proven 
ability to differentiate into functional osteoblast, capable to produce new bone. 
Maxillary sinus augmentation (MSA) enables rehabilitation with oral implants in 
the posterior maxilla. Fresh autogenous bone (AB) has been always considered 
the gold-standard for MSA, but limited availability and donor-site morbidity 
reduce its application. Several osteoconductive scaffolds, such as allografts, 
bovine bone mineral and synthetic bone grafts (calcium phosphate ceramics) 
have been used in MSA with clinically successful results, but these materials 
do not have cells and require more time for healing. The science of bone tissue 
engineering (BTE) aims to overcome this problem, as it promises to obtain 
bone regeneration through the use of scaffolds seeded with osteogenic cells, 
without harvesting AB from other anatomical sites.
Research frontiers
According to BTE, a bone substitute should possess the same biological and 
structural properties as native bone, and the fabrication of the ideal bone graft 
requires the manipulation of three essential elements: scaffold, growth factors 
and osteogenic cells. BTE is a multidisciplinary science, based on harvesting 
of living cells that are expanded and differentiated in laboratory, then seeded 
on an appropriate scaffold, capable to mimic the structures and physiological 
behaviour of natural tissues. Ultimately, these “engineered scaffold” are 
implanted in patients. In this context, cells are the basic unit for the regeneration 
strategy. Several cell types have been investigated for their application in bone 
regeneration: MSCs can be a suitable for this aim. The authors’ present review 
aimed to investigate the effectiveness of MSCs in MSA, with differents scaffold 
materials, in animals and humans.
Innovations and breakthroughs
In total, 39 studies (18 animal studies, 21 human studies) published over a 
10-year period (between 2004 and 2014) were included in our present review; 
these studies were variables with respect to type, study design, follow-up, and 
results. Meta-analysis was performed on 9 studies (7 animal studies and 2 
human studies): the weighted mean difference estimate from a random-effect 
model was 9.5% (95%CI: 3.6%-15.4%), suggesting a positive effect of MSCs 

First author, year Mean difference (95%CI)
Studies on animals
   Pieri et al [72], 2008 23.6 [18.7, 28.5] 
   Sun et al [70], 2008* 15.8 [0.9, 30.7] 
   Zou et al [68], 2012 13.2 [1.5, 24.9]
   Zeng et al [67], 2012* 4.9 [-0.7, 10.5]
   Jhin et al [62], 2013* 5.0 [-5.0, 15.0]
   Zhao et al [65], 2014 11.7 [3.6, 19.8]
   Sununliganon et al [59], 2014 4.4 [-1.8, 10.6]
   RE Model, animals 11.1 [5.0, 17.2]

Studies on humans
   Gonshor et al [75], 2011 14.2 [6.2, 22.2]
   Wildburger et al [80], 2014 - 4.4 [-9.9, 1.1]    
   RE Model, humans 4.7 [-13.6, 22.9]

Difference in regenerated bone (%)

RE Model, all studies                                                                                9.5 [3.6, 15.4]

Stem cell -                  Stem cell +

-50.0          -25.0           0.0           25.0           50.0

Figure 2  Differences in regenerated bone between test and control groups from meta-analysis. RE: Reference.
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on bone regeneration. These results are similar to those of previous reviews of 
the literature on the same topic, where a positive influence of MSCs on bone 
regeneration was evidenced. 
Applications
The use of scaffolds seeded with MSCs seems to represent a safe and 
successful treatment procedure to achieve bone regeneration in MSA. In the 
coming years there will be a further, huge flood of new studies on MSA with 
MSCs. Accordingly, dental professionals/surgeons need to change the way 
they think and work, to adapt to a new challenging scenario that is increasingly 
driven by the fascinating concepts of BTE. BTE will change the world of 
dentistry, changing patients’ expectations towards dental treatments: waiting to 
adopt or integrate these new techniques would leave oral surgeons decades 
behind.
Terminology
MSA is a surgical procedure to increase the amount of bone in the posterior 
maxilla by sacrificing some of the volume of the maxillary sinus. In case of 
tooth/teeth loss (due to caries, periodontal disease or traumatic injury) the 
alveolar process undergoes remodelling, usually losing both height and width; 
in addition, the floor of the sinus gradually becomes lower. This represents 
a problem for the correct placement of dental implants, which rely on 
osseointegration. The aim of MSA is to graft extra bone into the maxillary sinus, 
in order to support dental implant. BTE is a new science that combines cells, 
materials and growth factors, with the aim to obtain bone regeneration in the 
clinical field. While most definitions of tissue engineering cover a broad range 
of applications, in practice the term is closely associated with applications that 
repair or replace portions of or whole tissues (i.e., bone, BTE: science that aims 
to achieve bone regeneration, without harvesting AB from other anatomical 
sites, through the use in combination of scaffolds, osteogenic cells and soluble 
signals).  
Peer-review
Several studies have reported the potential for cell-based approaches in MSA; 
however, most of these are animal studies. Accordingly, further clinical studies, 
which clearly demonstrate benefits of cell-based approach compared to 
conventional treatments are still needed. 
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