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ABSTRACT

Background: Cell-based approaches, utilizing adult mesenchymal stem cells (MSCs), are reported to overcome the limita-
tions of conventional bone augmentation procedures.

Purpose: The study aims to systematically review the available evidence on the characteristics and clinical effectiveness of
cell-based ridge augmentation, socket preservation, and sinus-floor augmentation, compared to current evidence-based
methods in human adult patients.

Materials and Methods: MEDLINE, EMBASE, and CENTRAL databases were searched for related literature. Both obser-
vational and experimental studies reporting outcomes of “tissue engineered” or “cell-based” augmentation in =5 adult
patients alone, or in comparison with noncell-based (conventional) augmentation methods, were eligible for inclusion.
Primary outcome was histomorphometric analysis of new bone formation. Effectiveness of cell-based augmentation was
evaluated based on outcomes of controlled studies.

Results: Twenty-seven eligible studies were identified. Of these, 15 included a control group (8 randomized controlled trials
[RCTs]), and were judged to be at a moderate-to-high risk of bias. Most studies reported the combined use of cultured
autologous MSCs with an osteoconductive bone substitute (BS) scaffold. Iliac bone marrow and mandibular periosteum
were frequently reported sources of MSCs. In vitro culture of MSCs took between 12 days and 1.5 months. A range of
autogenous, allogeneic, xenogeneic, and alloplastic scaffolds was identified. Bovine bone mineral scaffold was frequently
reported with favorable outcomes, while polylactic—polyglycolic acid copolymer (PLGA) scaffold resulted in graft failure in
three studies. The combination of MSCs and BS resulted in outcomes similar to autogenous bone (AB) and BS. Three RCTs
and one controlled trial reported significantly greater bone formation in cell-based than conventionally grafted sites after
3 to 8 months.

Conclusions: Based on limited controlled evidence at a moderate-to-high risk of bias, cell-based approaches are comparable,
if not superior, to current evidence-based bone grafting methods, with a significant advantage of avoiding AB harvesting.
Future clinical trials should additionally evaluate patient-based outcomes and the time-/cost-effectiveness of these
approaches.
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Although autogenous bone (AB), with its osteo-
genic, osteoinductive, and osteoconductive properties, is
considered the “gold standard” for augmentation, its use
is limited by the need for additional harvesting proce-
dures and significant donor-site morbidity.” Recently,
“tissue engineering” or “cell-based” approaches have
been identified as promising alternatives to AB grafting.®
“Tissue engineering” generally refers to the harvesting of
multipotent stem cells from an autologous source (e.g.,
bone marrow) and their subsequent in vitro culture and
“expansion” to provide adequate numbers for clinical
application.” The triad of bone tissue engineering
involves the combination of osteogenic progenitor cells,
osteoinductive growth factors or signals, and osteocon-
ductive scaffolds."® Therefore, the combined product can
potentially replicate the properties of AB. The fourth
patient-based factor critical for success is vascularization
of the graft, which is essential for oxygenation and nutri-
tion of the implanted cells."" An alternative approach to
tissue engineering involves the use of fresh autologous
tissue containing stem cells, for “chair side” application,
without in vitro cultivation, thereby reducing additional
time and cost for patients (e.g., bone marrow aspirate
concentrate [BMAC®, Harvest Technologies, Munich,
Germany])."?

Adult mesenchymal stem cells (MSCs) offer the
greatest potential in tissue engineering for clinical appli-
cations — given their multipotency, (relatively) easy acces-
sibility, and predictable in vitro isolation and culturing
into desired cell types, including osteogenic progenitors."”
Although a majority of research related to MSCs and their
application has been in vitro and animal-model based,
recent studies have identified in vivo human applications
of MSCs for oral bone regeneration.®'

The aim of the present study was to systemati-
cally review the current literature on in vivo human
applications of cell-based approaches in alveolar bone
augmentation; and to specifically discuss the clinical
effectiveness of such approaches in vertical or horizontal
RA, GBR, SP, and SA.

MATERIALS AND METHODS
Study Design

A study protocol for a narrative literature review
was developed based on recommended methods."® The
focused “PICO” question was: “what are the character-
istics and effectiveness of cell-based approaches in RA,

GBR, SP, and SA in human adult patients in comparison
to conventional grafting procedures?” “Conventional”
grafting procedures were defined as those involving the
use of AB, bone substitutes, or a combination of the two.

Inclusion and Exclusion Criteria

All studies with a minimum of five human adult patients
(>18 years) undergoing bone augmentation procedures
involving the use of human adult MSCs in the maxilla
or mandible to facilitate dental implant placement
were eligible for inclusion. Studies reporting both “tissue
engineered” and “chair side” or “non-cultured” cell-
based approaches were eligible for inclusion. Descriptive
studies (case series [n = 5] without a control group, con-
trolled cohort studies [CCs]) and experimental studies
(nonrandomized controlled trials [CTs] and random-
ized controlled trials [RCTs]) with at least 3 months
follow-up were included. Study design was determined
according to recent consensus.'® Individual case reports
and case series with <5 patients were excluded. Primary
outcome of interest was histomorphometric analysis
of the regenerated bone. Secondary outcomes were
radiographic and/or histological analyses, complica-
tions, failures, patient-reported outcomes (e.g., morbid-
ity), and implant survival rates.

Search Strategy

Electronic databases of MEDLINE (via PubMed),
EMBASE, and CENTRAL were searched for relevant
English-language literature up to and including March
2013. Key words such as “alveolar augmentation,” “ridge

»

augmentation,

>

guided bone regeneration,” “bone aug-

» <«

mentation,” “bone graft,” “tissue regeneration,” “sinus

augmentation,” “sinus floor elevation,” “sinus grafting,”

» «

“sinus lift,” “ridge preservation,” “socket preservation,”
“cell,” “stem cell,” “mesenchymal stem cells,” “bone
marrow, “cell based,” “tissue engineering,” and “tissue
engineered bone” were used in various combinations
using Boolean operators (“OR,” “AND”). Unpublished
literature was searched via the Google and Google
Scholar search engines. Additionally, the bibliographies

of all relevant studies and review articles were searched.

Study Selection

Titles and abstracts of the search-identified studies were
screened by both reviewers based on the inclusion cri-
teria and full texts of all eligible studies were obtained.
Differences in assessment of eligibility were resolved



by discussion. Full texts were independently reviewed
by both authors and final inclusion was based on the
aforementioned inclusion criteria.

Data Extraction

Two reviewers independently extracted data from the full
texts of included articles using specially designed forms.
Data were extracted on author(s), study design, nature of
the augmentation procedures, any additional procedures
performed, number of patients (in each group), presence
of a control group, source of MSCs, culture expansion
(time), growth factors, scaffolds, follow-up periods,
outcome measures, main results, complications and
patient morbidity. Although uncontrolled studies were
reviewed, the evidence for clinical effectiveness of cell-
based bone augmentation was evaluated based only on
outcomes of controlled studies. Descriptive summaries
of the studies were entered into tables and a qualitative
synthesis of evidence was planned. Any disagreement
between the reviewers at the stages of study selection and
data extraction was resolved by discussion. Full texts of
all abbreviations used are provided in Table 1.

Risk of Bias and Quality Assessment

Risk of bias in the included studies was evaluated by
both authors (as part of the data extraction process)
using the Cochrane Collaboration’s tool"” for random-
ized trials and adaptations of previously reported crite-
ria* for nonrandomized studies. Additionally, “source of
funding” and “reporting of complications” in all studies
was assessed. Based on the information provided in
the published reports, each of these criteria was scored
as either “yes,” “no,” or “unclear”; and based on fulfill-
ment of these criteria, studies were judged to be at a

2

“low;,” “moderate,” or “high” risk of bias. Any differences
in assessment between the reviewers were resolved by
discussion and consensus. Finally, based on the risk of
bias across studies in each group (randomized and non-
randomized), overall quality of the “body of evidence”
was judged to be “high,” “moderate,” “low,” or “very low”
using the Grades of Recommendation, Assessment,

Development and Evaluation (GRADE) approach.'®

RESULTS

Search Results and Study Characteristics

Of the 507 search-identified studies, 27 were finally
included in the review (Figure 1; Tables 2-5). Of these,
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TABLE 1 Abbreviations Used in the Text

Abbreviation Full Text

AB Autogenous bone

MSCs Mesenchymal stem cells

RA Ridge augmentation

GBR Guided bone regeneration

SP Socket preservation

SA Sinus-floor augmentation

CC Controlled cohort study

CT Nonrandomized controlled trial

RCT Randomized controlled trial

BMA Bone marrow aspirate

BMAC Bone marrow aspirate concentrate

BMSCs Bone marrow-derived mesenchymal stem
cells

PMSCs Periosteum-derived mesenchymal stem cells

AMSCs Alveolar bone-derived mesenchymal stem
cells

DPSCs Dental pulp stem cells

GFs Growth factors

PRP Platelet rich plasma

DBBM Deproteinized bovine bone mineral

PLGA Polylactic—polyglycolic acid copolymer

CaP Calcium phosphate

HA Hydroxyl-apatite

CT Computed tomography

VEGF Vascular endothelial growth factor

TGF-B Transforming growth factor — beta

BMP Bone morphogenic protein

NBF New bone formation

seven were related to RA,"”2 four to SP,?***2% and 21 to
SA. 1921232429746 Three studies'*"* reported outcomes of
MSC-application in both SA and RA, and one study* in
GBR, SP, and SA. One study”® reported the outcomes of
cell-based bone regeneration in mandibular third-molar
extraction sockets and was categorized as an SP study.
All studies related to SA reported the lateral augmen-
tation technique, except Yamada and colleagues™ who
reported the osteotome technique. Twelve studies were
uncontrolled case series. Fifteen studies included a
control group (or a split-mouth design), most of which
were in relation to SA (n =11). Among these were eight
RCTs, five CTs, and two CCs reporting on 296 patients
and 454 augmentation procedures (25 RAs, 88 SPs and
341 SAs). The results are presented hereafter under
two broad headings: characteristics of cell-based aug-
mentation techniques (controlled and uncontrolled
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Studies identified from electronic search
(n=507)

Studies excluded based on title / abstract
(n =470)
Reasons:

v

Studies considered for full-text analysis
(n=37)
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- Unrelated

- In vitro studies

- Animal model studies
- Case reports

Studies excluded based on full-text
(n=10)
Reasons:

v

v

Studies included in the review
(n=27)

Figure 1 Flowchart for study selection (n =number of articles).

evidence; Tables 2-5) and the effectiveness of these tech-
niques (controlled evidence; Tables 4 and 5) in bone
regeneration.

Characteristics of Cell-Based Approaches

Cells: Sources of MSCs. All but two studies reported
using autologous patient-derived adult MSCs. These

two studies*>*°

reported using a commercially prepared
“cellular allograft bone matrix” (Osteocel®, ACE Surgi-
cal Supply, Brockton, MA, USA) containing vital MSCs,
where graft preparation included rigorous micro-
bial and immunological testing. A majority of studies
reported using autologous cultured MSCs (bone
marrow-derived mesenchymal stem cells [BMSCs])
isolated from iliac crest bone marrow aspirate (BMA).
Four studies reported the use of fresh autologous bone

marrow, 19,22,27,45

while four others reported the use of
BMAC.*** No differences in augmentation outcomes
were observed when comparing BMAC and tibial BMA,
with the same scaffold.* Similarly, no differences were
reported when comparing the BMAC (“closed”, “chair
side”) method with the FICOLL® (“open”) method of
MSC isolation, using the same scaffold.”” One study™
reported isolating MSCs from the posterior mandibular
bone marrow. Mandibular periosteum-derived MSCs
(PMSCs) were frequently used.”***”** One study each
reported the use of alveolar bone-derived MSCs
(AMSCs)* and dental pulp stem cells (DPSCs).** The
duration between tissue harvesting and application in
the studies that reported cell culture expansion, that is,
the in vitro processing phase, was 12 days to 1.5 months.

- Individual case reports
- Case series < 5 patients

Signals: Growth Factors (GFs). One research group
reported the combined use of autologous platelet-rich
plasma (PRP) and BMSCs for RA, GBR, and SA.2"**%!
Two studies reported the use of PRP with allogeneic"
or autogenous® bone and MSCs. Autologous serum
derived from whole venous blood was commonly used
as a culture medium for MSCs. Use of other individual
GFs was not reported.

Scaffolds. A range of scaffolds was identified across the
included studies. The choice of scaffold was based on
previous in vitro and/or animal research, usually by the
same group. Autologous scaffolds used were bone (max-
illa,* mandible?®), PRP, and/or thrombin.?"***! Bone
substitute scaffolds most often used were deproteinized
bovine bone mineral (DBBM; Bio-Oss®, Geistlich
Biomaterials AG, Wolhusen, Switzerland) — either

348345 o1 in combination with AB.* Four studies

19,22,32,40

alone
reported the use of allogeneic bone scaffolds.
Other alloplastic scaffolds used were polylactic—
(PLGA; OralBone®,

34,37-39

polyglycolic acid copolymer

BioTissue Technologies, Freiburg, Germany),
hydroxyl-apatite (HA),” biphasic hydroxyl-apatite/
B-tricalcium phosphate (HA/B-TCP),” fibrin glue,”

collagen sponge,* and gelatine sponge.”®

Effectiveness of Cell-Based Approaches

Risk of Bias and Quality of Controlled Evidence. Risk
of bias was evaluated separately for randomized and
nonrandomized studies (Table 6). Among the random-
ized trials, most studies (n =5/8) appeared to be at a
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moderate risk of bias (range: moderate to high), while
most nonrandomized studies (n =5/7) were judged to
be at a high risk of bias (range: moderate to high). Based
on these assessments, the overall quality of the “body of
evidence” for clinical effectiveness of cell-based bone
augmentation using the GRADE approach was judged
to be low (range: very low to moderate); the recom-
mended interpretation for which is “further research is
very likely to have an important impact on our confi-
dence in the estimate of effect and is likely to change the
estimate”'®

Outcomes of Controlled Studies. All studies reported
radiographic (conventional or computed tomographic),
histological, and/or histomorphometric (percentage of
new bone formation) outcomes. For histological assess-
ments, bone core biopsies of the augmented sites were
obtained at the time of implant placement after a speci-
fied healing period (range 6 weeks to 8 months).

RA and GBR - Histological/Histomorphometric Out-
comes: Nagata and colleagues® reported significantly
greater alkaline phosphatase and tartrate resistant acid
phosphatase activity of regenerated bone tissue in the
test (PMSCs + AB + PRP) compared with control sites
(AB alone), 4 months after RA (p <.001), suggesting
greater recruitment of both osteoblasts and osteoclasts
to the regenerating bone tissue in the test sites. da
Costa and colleagues™ reported significantly greater
new bone formation 6 months after RA using an
allograft mixed with autologous BMA compared
with RA with solely allograft (60.7 + 16.18% vs 41.4 +
12.5%; p=.019).

Radiographic Outcomes: One study* reported signifi-
cantly greater increase in mean bone width 6 months
after RA. with an allograft mixed with autologous BMA
compared with RA with solely allograft (4.6 £ 1.43 mm
vs 2.15 1 0.47 mm; p =.002).

SP — Histological/Histomorphometric Outcomes: Pele-
grine and colleagues® reported no significant differ-
ences in sockets augmented with BMA or those allowed
to heal only with a blood clot (45.47£7.21% vs
42.87 £ 11.33%; p = .36) after 6 months. Kaigler and col-
leagues® reported no significant differences in the ratio
of “regenerated bone area to tissue area” (%) between
the test (BMSCs in gelatine sponge) and control sites
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(sponge alone) at 6 weeks (28.8 £ 9.1% vs 19.6 £ 4.2%;
p=.09) and 12 weeks (35.2+£8.9% vs 35.1+3.2%;
p=.49). d’Aquino and colleagues® reported well-
organized and vascularized bone with a lamellar archi-
tecture surrounding Haversian channels in test sites
(DPSCs in collagen sponge) after 3 months; compared
with control sites (sponge alone) which demonstrated
immature bone, incomplete Haversian channels and
evidence of bone resorption.

Radiographic Outcomes: d’Aquino and colleagues™
and Kaigler and colleagues®® reported “significantly”
better radiographic bone regeneration in test than
control sites up to 3 months postoperatively. Kaigler
and colleagues®™ reported greater radiographic bone
fill (%) of the extraction defect in the test group after
6 weeks (78.9% vs 55.3%; p =.01), but similar results
in the two groups after 12 weeks (80.1% vs 74.6%;
p=.28).

SA — Histomorphometric Outcomes: In a split-mouth
CT, Mangano and colleagues® reported lesser mean
regenerated bone in the test (BMSCs + PLGA; 37.32 +
19.59%) than control sites (calcium phosphate alone;
54.65+21.17%), 6 months after SA in five patients.
Two RCTs compared SA using either BMAC with
Bio-Oss (test) or AB with Bio-Oss (control).*"** Rickert
and colleagues*' reported significantly greater new bone
formation in the test (17.7 £7.3%) than control sites
(12.0 £ 6.6%; p = .026); while Sauerbier and colleagues*
identified no significant differences between the groups
(12.6 £ 1.7% vs 14.3 £ 1.8%; p=.333) 3 to 4 months
after SA. However, remnant Bio-Oss was significantly
greater in the test group of the latter study (31.3 £2.7%
vs 19.3 £2.5%; p <.0001). A third RCT* reported no
significant differences in the ratio of augmented bone-
density to pristine bone-density, between the test
(AMSCs + AB/Bio-Oss; 0.48) and control groups (AB/
Bio-Oss alone; 0.73; p = .63), 4 months after SA.

Radiographic Outcomes: Sauerbier and colleagues*
reported significantly greater augmented bone volume in
test (BMAC + Bio-Oss; 1.74 £ 0.69 ml) than control SA
sites (AB + Bio-Oss; 1.33+£0.62 mL; p=.02) after 3
to 4 months. Hermund and colleagues* observed no
significant differences between cell-based (AMSCs +
AB + Bio-Oss) and control groups (AB + Bio-Oss) in
graft height reduction over 2.5 years (10% vs 13%;
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p=.18). A more recent RCT* found no significant dif-
ferences in the graft-volume reductions 6 months after
SA with solely Bio-Oss or Bio-Oss supplemented with
tibial BMA or iliac BMAC. Nagata and colleagues™
reported approximately 70% reduction in graft volume
of SA sites after 1 year, with no significant differences
between the test (PMSCs+ AB+ PRP) and control
groups (AB alone, p >.05). Zizelmann and colleagues®
reported graft volume reduction as high as 90% in the
test (PMSCs + PLGA) compared with 29% in control SA
sites (solely AB) after 3 months.

Complications and Patient Morbidity. Most studies
reported an uneventful clinical course with no major
complications either during the harvesting of MSCs, or
the augmentation procedure. Harvesting of MSCs, both
extra-oral and oral, was reported to be well tolerated by
patients with minimal morbidity. Minor procedural
complications such as wound dehiscence and sinus
membrane perforations occurred, but healed unevent-
fully with standard treatments.

In one study, harvesting of mandibular retromolar
bone resulted in inferior alveolar nerve injury in one
patient and infection of the site in two patients, both
of which healed with standard care.** Filho Cerruti
and colleagues” reported the failure of one SA graft
(infection) and one RA graft (nonintegration) using
BMA in allograft scaffolds. Three other studies reported
no major complications using a cellular-allograft

7240 or allogeneic bone scaffold.”” Three studies

matrix
reported significantly unfavorable outcomes 3 months
after SA with PMSCs in PLGA-scaffolds, which necessi-
tated secondary augmentation procedures.”**”” Kaigler
and colleagues®™ reported a greater need for secondary
grafting procedures after SP (during implant placement)
to compensate for implant thread exposure, in extraction
sites augmented with collagen sponge alone compared

with sites augmented with collagen sponge and BMSCs.

Implant Survival. Implant “survival” in most studies
reporting this outcome was defined as the presence of a
clinically functional and successfully osseointegrated
fixture, without mobility or signs of infection.

Uncontrolled studies: Four studies reported 100%
implant survival 1 to 5 years after RA and 11 studies
reported 93% to 100% implant survival up to 5 years
after SA, using cell-based approaches.

Controlled studies: One RCT* reported 100% implant
survival in both groups, 1 year after conventional
and cell-based SP. Another RCT* reported two
implant failures (89.47% survival) during the healing
period after cell-based SA, but 100% survival of the
remaining implants up to 2.5 years. Voss and col-
leagues® reported lower implant survival in the cell-
based SA group (90.67%) than the control (AB) group
(99.45%) after at least 24 months. No studies reported
significant differences in long-term implant survival
between cell-based and conventional augmentation
methods.

DISCUSSION

Although AB is considered the “gold standard” for
regeneration, its use is limited by the need for additional

harvesting procedures and donor-site

47

significant
morbidity.” Allogeneic bone grafts are associated
with the risk of infection, disease transmission, and
immune-rejection, while osteoconductive bone substi-
tutes (xenografts, alloplasts) require extended healing
times (5-9 months) for optimal bone formation.***
Therefore, the goal of regenerative science is to iden-
tify minimally invasive techniques using biomaterials
which possess the osteogenecity of AB, but avoid
the need for harvesting and prolonged healing
periods. Tissue-engineered and cell-based approaches
have been identified as “platinum standard” alterna-
tives® which fulfill the aforementioned criteria and can
provide patients with “personalised autologous bone
grafts”’!

From a clinical viewpoint, large-scale application of
cell-based regenerative approaches can be envisaged if a
ready, reliable, and reproducible source of autologous
stem cells is identified, that is, the cells should be
“readily” accessible with minimal invasiveness and
patient morbidity; should possess the ability to be “reli-
ably” isolated and cultured in vitro into desired cell
types including osteogenic progenitors; and should be
“reproducible” for use in multiple clinical indications.
In this regard, adult MSCs offer the greatest potential for
cell-based bone regeneration."”

BMSCs are reportedly the most widely investigated
and used adult MSCs.”' BMSCs, combined with various
scaffolds, were also used in a majority of studies
included in this review. Patients’ iliac crest was the most
frequently reported source for autologous BMSCs and
the harvesting procedure was generally well tolerated.



All studies, using autologous BMSCs for RA, GBR, SP,
and SA reported favorable outcomes. However, Meijer
and colleagues® could identify de novo bone formation
(osteogenesis) in only one of five patients after RA with
BMSCs in an HA scaffold. The authors attributed the
unfavorable outcome to possibly insufficient vascular-
ization of the graft, which might have led to cell death
soon after implantation. Recently, the addition of
angiogenic growth factors such as vascular-endothelial
growth factor (VEGF) to the MSC-scaffold construct
has been proposed to promote early vascularization of
the graft.”

BMAC is a recognized method for isolating the
mononuclear fraction of cells (MNC) from autologous
bone marrow.” Bone marrow MNC mainly consist of
stem cells of two lineages — hematopoietic (HSCs) and
nonhematopoietic mesenchymal or stromal stem cells
(MSCs). Concentration of MSCs, capable of osteogenic
differentiation, in bone marrow is reported to be limited
and therefore in vitro isolation and “culture expansion,”
to reach a “clinically significant” number, is recom-
mended prior to clinical application.”” During this
procedure the MSCs can also be directed toward differ-
entiating into desired lineages, for example, osteoblasts.
However, the procedure requires a highly sterile “Good
Manufacturing Practice” facility and involves signifi-
cantly added time and costs.” BMAC is reported to be a
time- and cost-effective “chair side” method to predict-
ably isolate MNC including MSCs in sufficient numbers
for clinical application in bone regeneration.'> These
findings were supported by two RCTs in our review,
which reported greater*’ or comparable** bone forma-
tion in sinuses augmented with BMAC and Bio-Oss
compared with those with AB and Bio-Oss.

Use of MSCs from the mandibular periosteum
(PMSCs) was also frequently reported. Although
several in vitro and animal studies have confirmed
the osteogenic potential of PMSCs, harvesting is
reported to be invasive and the quantity of tissue
required for predictable regeneration is unknown.™
Only one study each reported the use of alveolar
(tuberosity) bone cells (AMSCs)** and DPSCs* for SA
and SP, respectively. Moreover, no studies reported the
use of gingival or mucosal stem cells, both of which
have been reported to possess a high potential for
osteogenic differentiation.”"*

Two studies reported the successful use of a cellular-
allograft matrix prepared from cadaveric bone contain-
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ing vital MSCs (Osteocel), suggesting the potential for
application of adequately processed and secured alloge-
neic MSCs in bone augmentation.’*" This could elimi-
nate the need for bone marrow biopsy and other tissue
harvesting which might add to the procedural burden
and induce some patient morbidity.”>*’

Another essential component of tissue engineering
is the scaffold used to deliver MSCs to the regeneration
site. The scaffold should provide a supporting frame-
work for cell colonization, migration, growth, differen-
tiation, and ultimately growth of the regenerating
tissue.”® Requirements of an ideal scaffold are reported
to be: (1) biocompatibility and osteoconductivity; (2)
mechanical properties similar to host bone; (3) suffi-
cient porosity to allow vascular in-growth; and (4) pre-
dictable in vivo resorbability.® A range of autologous,
allogeneic, xenogeneic, and alloplastic scaffolds was
reported across the included studies. DBBM (Bio-Oss)
was used as a scaffold for MSCs in five controlled SA
studies with favorable outcomes — indicating that it pro-
vides adequate osteoconductivity, porosity for vascular
in-growth, and stability for cell proliferation.” On
the other hand, PLGA scaffolds yielded less than favor-
able outcomes in three studies.””*”* Mangano and
colleagues® reported that the rapid resorption rate of
PLGA scaffolds did not provide the mechanical stability
to promote cellular activity, and highlighted the need
for scaffold-material development. However, the “ideal”
and MSC-scaffold combination
remains to be found. A trend toward the development

scaffold material

of polymer—ceramic “composite” scaffold materials
has recently been identified, and the addition of various
GFs (VEGE, TGF-f3, BMP, etc.) to enhance the regenera-
tion potential of scaffolds by inducing osteogenesis and
vascularization has been suggested.”

Although clinical evidence for the use of GFs
and PRP in alveolar augmentation is limited, the addi-
tion of these products is reported to accelerate bone
regeneration by enhancing angiogenesis, and induc-
ing cell proliferation and differentiation.®'™* Although
supplementation of graft materials with GFs was not
reported in any of the included studies, most studies
used BMA as a source for MSCs — which is also recog-
nized as a rich source of GFS, especially VEGE, TGF-p3,
and BMP.** Only one study™ reported the combination
of PMSCs, AB, and PRP to have a significantly superior
osteogenic response in the regeneration sites compared
with the use of solely AB. However, the efficacy of PRP
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or GF addition to cell-based constructs remains to be
determined in future RCTs.

Because the primary outcome in most controlled
studies was assessment of short-term bone regeneration,
only three studies reported comparative implant sur-
vival data. No significant differences were observed
in the short-term (1-3 years) survival of implants
placed in cell-based and conventionally augmented sites.
However, uncontrolled studies reported values ranging
from 93% to 100% (3 months to 6 years) after cell-based
augmentation, which are comparable with survival rates
after conventional grafting procedures.®>*

Another outcome of interest in the review was the
rate of complications and patient morbidity associated
with cell-based grafting. Most studies included a state-
ment regarding the occurrence or absence of com-
plications in their study groups (Table 6). No major
complications or adverse events were reported in rela-
tion to either the harvesting (including BM aspiration)
or the use of MSCs, although no studies explicitly
reported the method of assessing complications (pati-
ent reported or clinician reported). Graft failure was
reported in some studies but was mainly attributed to
properties of the scaffold material (e.g., rapid resorption
of PLGA).

Effectiveness of Cell-Based Approaches:
Summary of Evidence

The effectiveness of bone regeneration techniques can
be best evaluated using a controlled study design, ideally
with a “gold standard” (AB) control group and “gold
standard” (histomorphometric) comparison of out-
comes.®”® Recent analyses of histomorphometric data
have identified a comparable proportion of new bone
formation using solely AB or a combination of AB and
bone substitutes (e.g., Bio-Oss), when allowing for a
healing period of 5 to 9 months.***>%

Supplementing bone substitutes with MSCs and/or
GFs is hypothesized to accelerate new bone formation
(NBF) by replicating the properties of AB, allowing
early implant placement. In our review, nine controlled
studies compared histomorphometric “new bone
formation” of cell-based and conventional grafting
procedures (Table 7). SA with BMAC in Bio-Oss
resulted in significantly greater”' or comparable* NBF
compared to a combination of AB and Bio-Oss, after 3
to 4 months. The effect was attributed to the presence
of native MSCs in the BMAC. However, the addition of

AMSC:s to the combination of AB and Bio-Oss failed to
demonstrate a significant benefit.** Therefore, it may
be hypothesized that the addition of MSCs can
improve the regenerative potential of Bio-Oss but will
have little additional effect on a combination of AB
and Bio-Oss. However, a significant advantage of
the cell-based approach is avoiding the need for AB
harvesting.

Another important factor in bone augmentation,
especially SA, is the volumetric stability of the graft over
time.”’ The addition of Bio-Oss to AB is reported to
provide additional stability, as augmentation with solely
AB is characterized by unpredictable resorption.® Fuerst
and colleagues™ reported a 39.24% reduction in graft
volume 1 year after SA with bone MSCs and Bio-Oss,
which is comparable to the resorption rate of AB + Bio-
Oss. Sauerbier and colleagues* reported significantly
greater bone volume in sinuses augmented with Bio-Oss
supplemented with BMAC compared to augmentation
with AB and Bio-Oss, after 3 to 4 months. However, a
more recent RCT* found no significant differences in
graft volume reductions 6 months after SA with solely
Bio-Oss or Bio-Oss supplemented with tibial BMA or
iliac BMAC. Therefore, it can be hypothesized that the
addition of BMAC or BMSCs to Bio-Oss may not alter
its resorption rate but may improve its short-term (3-6
months) volume stability in comparison with a combi-
nation of AB and Bio-Oss. However, future well-
designed RCTs are required to confirm these findings in
the long term.

CONCLUSIONS

The following conclusions are based on the reviewed
evidence from 15 controlled studies involving few
patients, considerable heterogeneity, and a moderate-to-
high risk of bias, and must therefore be interpreted with
caution.

1. Alveolar bone augmentation using cultured autolo-
gous adult MSCs, or noncultured tissues containing
MSCs (e.g., BMA or BMAC), in combination with
osteoconductive bone substitute scaffolds (e.g., Bio-
Oss) appears to be safe, predictable, and compa-
rable with current evidence-based grafting methods
(e.g., AB + Bio-Oss) in terms of clinical effective-
ness (bone regeneration).

2. A significant advantage of this approach is the
avoidance of AB harvesting.



e31

Review of Cell-based Bone Augmentation

"[BAISIUT DUIPYUOD 9466 ‘TD %S6 UONBIAIP PIepUe)S (S SUONRULIO} au0q Mau drnawoydiowolsty JgN mede-[AxorpAy vH owdjodod poe orjooL[34jod—-onoeidjod ‘vo1d
{[erouruu auoq auraoq pazrujordap ‘NI Quoq snousSoine ‘qy Qlenunuod 2eirdse molrew auoq DVING elidse morrewr auoq ‘YN el P[0NU0d I elI} PI[[OIU0D PIZIWOpULI Ty
"(60" > d) 2dua1a331p JURdYIUSIS A[[RonISIIeIS,

1BIPOIN T'TTF9FS SA S'61 F €L€ ds F uesy sypuowr 9 (o1) ¢ eeLD VH VO1d + SOSING
Y3ty «(97=TT) ST sA (15—0€) 8¢ (8uer) ueIpIN sypuour 8—9 (L1) 11 0eID wddaa Xuewr uaBe[[o)) + SOSIWJ
9JeIOPON (62-01) 6'61 SA (27T-8) S'ST (ID %06) @n[ea pajewnsy sypuow ¢ (81) 11 LD NGdd + OVING NG + SOSING
21eIPOIN (L€-17) ST sA (0F—€7) 0€ (ID %S6) UBIpaN syiuout 3 (07) 0T ne):t Ndga +qav NAd + gV + SOSIV
AELIPON STFETVISALTFOUI ds F uea]N sypuowt y—¢ Amvv 9T w»LOd Wddda +dv Nddd + ODVING
91eIdPOIN XO9OFOTISACLFLLI ds F uerpaN sypuow H—¢ (To) 11 wlOY wdaaa + av NGdd + OVING
ySiH X901 F €8T SAGIFGTE dS FURIPI  SYIUOW F—¢ (12) 1 LU yeiSo[[e L2108 YeaSo[[y ur sOSIN

VAS
3)eIPOIN CITFSTFSATLFV S ds F uerpsy syjuowr 9 (0€) €1 Ao 10> poo[g VIND

TEFTSESAG8FTSE SPIM 71 a3uods

3)eIdPOIN TYF961SAT6F88T ds F uedy YoM 9 (¥2) ¥t s LOY auneps P08 a3uods aunePn + sOSING

ds
ysty XSTLFV TP SA 19T F £°09 ds F uesy sypuow 9 (01) 01 =104 yea3oe L2108 Ye13o[y + VING

Vi

selg Jo siy ]041u0) SA 153 (%) 49N Sy nsay dn-mojjo4 (seinpadoud) ubisaq dnoup |os3u0) dnoup (3s81) paseg-||9D

palewiysy sjusalled

$3IpN1§ P3[|0J3U0D PapNPU| 8Y) WOy SBW0INQ d1idwoydiowolsiy Jo Alewwns 7 379vL




e32

Clinical Implant Dentistry and Related Research, Volume 17, Supplement 1, 2015

Bone marrow appears to be the most “ready” and
“reliable” source of MSCs for bone regeneration.
BMAC seems to be a feasible alternative to avoid
additional time and costs associated with in vitro
cell culture. Periosteum, alveolar bone, and dental
pulp represent potential intraoral MSC sources.
DBBM (Bio-Oss) appears to be a reliable scaffold to
deliver and support MSCs. The efficacy of PLGA
scaffolds has been questioned due to a rapid resorp-
tion rate.

Addition of PRP to the cell-scaffold construct may
enhance bone regeneration. The role of growth
factors, especially BMP and VEGE, is unknown,
although early vascularization of the graft is
reported to be critical for cell survival and success.
The comparative evidence for other outcomes such
as long-term volumetric graft stability and implant/
cell-based
noncell-based approaches is presently insufficient.

restoration survival between and
Future well-designed and adequately powered
RCTs should evaluate the long-term efficacy and
patient-based outcomes (morbidity, time-/cost-
effectiveness) of cell-based approaches for alveolar
bone regeneration, in relation to existing evidence-

based methods.
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