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Abstract
Objectives The aim of this systematic reviewwas to assess the
efficacy of bioactive glass (BG) in bone regeneration for
implant site development procedures.
Material and methods The following specific question was
formulated with reference to Population, Intervention, Con-
trol, Outcomes (PICO): “In persons that undergo bone regen-
eration surgeries for implant site development, what histolog-
ical outcomes does the use of BG yield, alone or in combina-
tion with AB, compared to positive or negative controls?”.
Results The 1st phase of screening yielded 400 titles and
abstracts. A total of 12 studies reporting on the use of bioac-
tive glass were scrutinized for inclusion in the final analysis
and 5 studies were selected for qualitative synthesis of the
results. Data were divided into two categories: ridge preser-
vation (n=2) and sinus augmentation (n=3).
Conclusions Within the limitations of this review, it can be
concluded that (1) the combination of BG with AB chips in a
1:1 ratio is an efficacious treatment modality for direct sinus
augmentation, with histological results comparable to 100 %
AB. (2) When used for ridge preservation, BG yields a high
percentage of true bone regeneration. (3) Currently, no reliable

controlled studies report histological outcomes from the use of
BG in ridge augmentation procedures.
Clinical relevance Clinicians may consider BG bone substi-
tutes as efficacious alternatives for ridge preservation and
sinus augmentation surgical procedures. Further controlled
clinical studies are warranted to determine if bone-to-implant
contact is improved in BG-grafted sites versus controls.

Keywords Bioglass . Bioactive glass . Bone regeneration .

Bone substitutes . Dental implants . Systematic review

Introduction

The increasing desire for esthetic implant rehabilitation in
contemporary clinical practice has faced clinicians with the
challenge of creating adequate bone volume for ideal three-
dimensional implant placement [1]. Ridge resorption and
pneumatization of the sinus are among the most prevalent
factors that may lead to inadequate bone volume at the recip-
ient site [2–6]. The quest for restoratively driven implant
placement has given birth to a group of specialized surgical
techniques that can be summarized as “implant site develop-
ment” procedures [7]. The aim of these techniques is to
augment bone to enable functional loading of dental implants
[8]. Implant site development techniques include ridge pres-
ervation following tooth extraction, sinus augmentation in the
posterior maxilla, and horizontal and/or vertical ridge aug-
mentation for large bone defects, among others [9–11].

Bone graft materials that have been utilized in implant site
development surgeries include autogenous bone (AB), allo-
graft, xenograft, and alloplastic biomaterials [8, 12–14]. Each
graft category contributes to bone regeneration through dis-
crete mechanisms of action. The properties of each biomate-
rial can generally be characterized as being osteogenic,
osteoinductive, or osteoconductive [3, 15]. In spite of the
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availability of various types of bone graft materials, autoge-
nous bone is considered to be the gold standard, owing to its
osteogenic potential [16]. Among the remaining categories of
bone graft materials, the use of bioactive glass (BG) has been
extensively evaluated [17–21]. BG is a group of surface
reactive glass-ceramic biomaterials comprised of silica,
natrium and calcium oxides, and phosphoric salts [22]. This
alloplastic biomaterial was introduced in 1969 to provide a
bioinert alloplastic graft that would not elicit an inflammatory
response when implanted in living tissues [23, 24]. The ben-
efit of BG in comparison to other alloplastic bone substitute
biomaterials is its ability to elicit the response ofmesenchymal
cells through the ionic dissolution of soluble calcium, silica,
and phosphate [25]. Instead of solely having osteoconductive
properties, BG leads to osteoproduction as a consequence of
the rapid reactions on its surface [24–28].

The efficacy of BG in the treatment of periodontal defects
has been previously elucidated in the dental literature; the
highest level of evidence supports its use [29]. While the use
of BG biomaterials in implant site development surgeries has
been extensively documented and new forms of delivery for
this type of biomaterial have renewed interest in its use, no
systematic reviews of its efficacy for this indication have been
performed. Therefore, the aim of this review was to assess the
efficacy of BG alloplastic bone substitutes in bone regenera-
tion for implant site development. Assessment of new bone
growth as determined histologically was set as the primary
outcome. Safety outcomes and implant survival in grafted
sites were also assessed.

Materials and methods

PICO question

Prior to initiation of a comprehensive review of the literature,
a research question was developed utilizing the Population,
Intervention, Control, Outcomes (PICO) principle [30]. “In
persons that undergo bone regeneration surgeries for implant
site development, what histological outcomes does the use of
BG yield, alone or in combination with autogenous bone,
compared to positive or negative controls?”.

Population Participants in the included trials must have been
healthy humans with at least one site where bone regeneration
was performed for implant site development. Bone regenera-
tion was defined as formation and growth of new bone based
on histological criteria.

Types of intervention The intervention of interest was bone
augmentation in procedures such as ridge preservation, ridge
augmentation, and sinus augmentation performed for implant

site development, with the use of bioactive glass (BG) alone as
a bone substitute or in combination with autogenous bone.

Control intervention Randomized control trials that used au-
togenous bone, allograft, xenograft, or no grafting material
(negative control) were included in the search. Since the use of
autografts, allografts, and xenografts is considered to be suc-
cessful in bone regeneration procedures, all the above bone
graft types were considered acceptable positive controls.

Outcome measures Histological and histomorphometric out-
comes assessing new bone growth were set as primary out-
come variables. Safety outcomes and implant survival in sites
grafted with BG were set as secondary outcomes.

Based on the above information, the following PICO ques-
tion was formulated: “In persons that undergo bone regener-
ation surgeries for implant site development, what histological
outcomes does the use of BG yield, alone or in combination
with autogenous bone, compared to positive or negative
controls?”.

Search strategy

A search of two individual electronic databases was per-
formed in duplicate and independently by two reviewers
(A.I., G.K.) according to the AMSTAR recommendations
for assessing the methodological quality of systematic reviews
[31]. The PubMed database of the US National Library of
Medicine and the Cochrane Central Register of Controlled
Trials (CENTRAL) were systematically searched for scientif-
ic articles published between January 1, 1990 and September
30, 2013. Electronic publications ahead of print were consid-
ered eligible for inclusion.

The electronic search was performed using the following
combination of keywords and MeSH terms: “bioactive glass”
or “bioglass” or “glass” and “bone augmentation” or “ridge
preservation” or “tooth socket” or “sinus lift” or “sinus aug-
mentation” or “ridge augmentation” and “histological.”

In addition to these databases, the following journals were
manually searched: Journal of Periodontology, Journal of
Clinical Periodontology, International Journal of Oral and
Maxillofacial Implants, International Journal of Periodontics
and Restorative Dentistry, Journal of Dental Research, Clin-
ical Oral Implants Research, Clinical Implant Dentistry and
Related Research, and Implant Dentistry.

Initial screening included assessment of the titles and ab-
stracts of articles potentially relevant to the PICO question.
The reason for exclusion of each article at this phase was
recorded. For the second phase of screening, full-text articles
of the remaining studies were obtained and scrutinized in light
of the inclusion and exclusion criteria of the study. Reasons
for exclusion were recorded. References in these articles were
further investigated for potentially relevant studies. Both the
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electronic andmanual searcheswere performed independently
and in duplicate, by two reviewers (A.I., G.K.). If a disagree-
ment between the two reviewers arose that could not be
resolved with discussion, the opinion of a senior reviewer
(G.R.) would be sought and considered definitive. Inter-
reviewer agreement was assessed using Cohen’s kappa coef-
ficient [32].

Selection criteria

In order to identify studies relevant to the specific PICO
question, the following inclusion and exclusion criteria were
set. To be included in this analysis, studies were required to (1)
be controlled clinical trials, (2) include human participants, (3)
be written in English, (4) report histological and
histomorphometric outcomes, (5) include at least 10 sites per
group, and (6) use BG alloplastic bone substitute alone or in
combination with autogenous bone.

Exclusion criteria were the following:

1. Case series, case reports, or reviews
2. Retrospective studies
3. Animal or in vitro studies
4. Studies published in languages other than English

Data extraction

Pre-specified data elements were identified from individual
studies independently by two reviewers (A.I., G.K.) and en-
tered into tables. One table included characteristics for each of
the included studies such as country of origin, study design,
randomization, masking, and information on the type of inter-
vention and study population characteristics. A second table
was used to extract data related to study outcomes. As previ-
ously mentioned, the primary outcome variable assessed was
the percentage of new bone growth in the grafted sites. Im-
plant survival in the healed sites was also recorded. Adverse
events associated with the use of BG were recorded as safety
outcomes.

The quality of all studies included in this systematic review
was independently assessed by the two reviewers assessed
utilizing criteria from the revised CONSORT (Consolidated
Standards of Reporting Trials) statement for evaluation of
randomized-controlled trials according to the protocol de-
scribed in a systematic review by Schwarz et al. (2008) [33, 34].

Results

The initial electronic search retrieved 395 scientific articles.
Additional manual search of the journals added 5 more

articles. After the first phase of evaluation, 388 articles were
excluded based on the title and abstract (inter-reviewer agree-
ment: κ=0.885). Reasons for rejection were (1) duplicates
(n=1); (2) non-English publications (n=25); 3) irrelevant to
the PICO question (n=199); (4) uncontrolled study design
(n=19); (5) animal and/or in vitro studies (n=144).

The complete text of the remaining articles was then re-
trieved for thorough examination. A total of 12 studies
reporting on the use of bioactive glass as a bone grafting
material were scrutinized for inclusion in the final analysis
[8, 18, 20, 21, 35–42]. Cross-search of the reference lists of
these articles did not add any studies. In this phase of selec-
tion, three articles were excluded due to lack of a control
group [20, 36, 37]. Furthermore, three articles were excluded
because of a lack of reported histomorphometric data [8, 18,
35]. One article was also excluded because it reported on less
than 10 sites in each study group [21]. (Table 1) A total of five
studies fulfilled the inclusion criteria and were included in this
systematic review [38–42]. (Inter-reviewer agreement: κ=
0.833) (Fig. 1)

Subdivision of included studies

Data were divided into two categories (ridge preservation and
sinus augmentation) based on the type of intervention studied.
None of the included studies investigated the use of BG
biomaterials in ridge augmentation procedures. One of the
five studies was a controlled clinical study [41], while four
were randomized controlled clinical studies [39, 40, 38, 42].
Three studies were assessed as having a high risk of bias [42,
40, 41], one as having a moderate risk of bias [39], and one as
having low risk of bias [38]. (Fig. 2) It has to be noted that all
the included studies presented adequate completeness of
follow-up and all had comparable group characteristics at
baseline. (Table 2)

Ridge preservation

Two studies investigated the use of a BG in ridge preservation
procedures [38, 42]. Froum et al. (2002) [38] utilized

Table 1 Studies excluded in the second phase of selection with reasons
for the exclusion of each study

Study Reason for exclusion

Stavropoulos et al. [20] No control group

Canullo and Dellavia [36] No control group

Clozza et al. [37] No control group

Kotsakis et al. [8] No report of histological data

Yilmaz et al. [18] No report of histological data

Camargo et al. [35] No report of histological data

Galindo-Moreno et al. [21] Less than 10 sites in each group
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particulate bioactive glass and found that when employed in
ridge preservation procedures, BG resulted in more new bone
formation than did areas grafted with demineralized freeze-
dried bone allograft (DFDBA). More specifically, new bone
formation was found in 59.5 % of areas grafted with BG, in
contrast to DFDBA and un-grafted areas that exhibited 34.7
and 32.4 % new bone growth, respectively [38]. In the same
study, the percentage of residual bone graft was 5.5 % when
BG was used, while it was 13.5 % in sites grafted with
DFDBA at 6 to 8 months post-surgery [38]. Mahesh et al.
(2013) [42] investigated ridge preservation using a pre-mixed
putty formulation composed of BG particles embedded in a

binder (NovaBone Dental Putty, NovaBone Products, LLC,
Alachua, FL). They found that 6 months post-grafting, BG
showed histologically more new bone and less residual bone
graft in comparison with an anorganic bovine xenograft (pos-
itive control) [42]. The use of putty BG resulted in 47.15 %
new bone formation and 17.40 % residual grafting material
[42]. The particulate bovine xenograft resulted in 22.20 %
new bone formation in the regenerated sockets, with 25.60 %
residual grafting material identified [42]. The authors also
noted that while at 4 months post-grafting, both biomaterials
showed comparable amounts of residual bone graft in the
sockets, at the 6-month point, the putty BG had a significantly

Fig. 1 Flowchart of the stages of
the present systematic review
based on PRISMA guidelines

Fig. 2 Risk of bias graphical
presentation of included studies
based on the recommendations of
the Cochrane Handbook for
Systematic Reviews of
Interventions
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less percentage of residual graft and a greater amount of bone
regeneration [42]. Overall, the percentage of new bone growth
in sockets grafted with BG ranged from 47.15 to 59.5 % with
5.5 to 17.40 % residual graft after 4–8 months of healing [38,
42]. (Table 3)

Sinus augmentation

The remaining three studies investigated the use of BG in
sinus augmentation surgery [39–41]. Tadjoedin et al. (2000)
[39] performed bilateral sinus lift surgery in 10 patients. One
side received autogenous bone, and the other side was grafted
with a 1:1 mixture of autogenous bone and BG. After
6 months, the areas grafted with the autogenous/BG mixture
exhibited 38.07 % new bone formation and 6.95 % residual
graft material [39]. The contralateral positive control sides
showed 43.65 % new bone and 5.47 % residual grafting
material [39]. In one of the 10 patients, the sites were re-
entered at 16 months following sinus surgery. In the side
grafted with the autograft/BG mixture, new bone formation
was estimated at 44.48 % and residual material at 3.81% [39].
In the side grafted solely with autogenous bone, the percent-
age of new bone formation was 45.07 %, and the fraction of
residual grafting material was 4.07 % [39].

Turunen et al. (2003) [40] augmented the posterior com-
partment of 17 maxillary sinuses with a 1:1 mixture of BG
granules and AB chips harvested from the iliac crest. The
anterior part of the same sinus and the contralateral sinus
served as positive controls. Control sites were filled with AB
chips alone. At 5–8 months, new bone was found in 26 % of
the test sites and 25 % of the control sites [40]. At 12–
15 months, the percentage of new bone had increased to
29 % in the test sites but remained at 25 % at the control sites
[40]. Residual grafting material was only reported for the test
group: 34 % at 5–8 months and 31 % at 12–15 months [40].
One adverse event associatedwith the sinus augmentationwas
noted in a single patient. Infection of the autograft donor site
and both sinus cavities developed 1 week post-surgery. The
infection was treated with systemic antibiotics. Three weeks
post-operatively, 2–3 ml of the infected bone was removed
carefully from the posterior part of the osteotomy opening of
both the sinuses [40]. As a result, the most posterior implant in
the control group had to be inserted into the planned biopsy
area, precluding the biopsy procedure. In another patient,
seroma of the donor site was also noted that was not associated
with the sinus procedures [40]. No clinical complications
during the clinical follow-up period occurred in other patients.

Scarano et al. (2006) [41] compared the histological and
histomorphometrical data after maxillary sinus augmentation
with nine different biomaterials in 94 patients. The biomate-
rials employed included bioactive glass, autogenous bone,
DFDBA, calcium carbonate, polymer of polylactic and
polyglycolide acids, bovine-derived bone and peptide,

calcium sulfate, bovine deproteinized bone/xenograft, and
hydroxyapatite. This was the only study identified that evalu-
ated BG as the sole grafting biomaterial in a sinus. The BG test
areas exhibited 31 % new bone and 18 % residual material at
6 months [41]. In the areas grafted with autologous bone, the
percentage of new bone was 40.1 %, while the various types
of biomaterials used in this study yielded high percentages of
new bone formation ranging from 29 % for DFDBA to 39 %
for calcium carbonate and bovine xenograft, respectively [41].
The authors reported that a total of six implants failed, includ-
ing one that was inserted in a sinus augmented with calcium
carbonate, one with autologous bone, one with DFDBA, two
with BG, and one with hydroxyapatite [41]. There was not any
association between the type of graft and implant failure. No
further complications were reported in this study. Overall, the
percentage of new bone growth in sinuses grafted with BG
ranged from 26 to 38.07 % with 18 to 34% residual graft after
4–15 months of healing [38, 42]. (Table 3)

Discussion

Autogenous bone grafting was almost exclusively employed
for bone regeneration during the dawn of implant dentistry,
but patient demands for minimally invasive surgeries have led
to the use of bone substitutes such as BG for oral surgical
procedures [16, 43, 29]. To the authors’ knowledge, the pres-
ent systematic review is the first to evaluate the efficacy of BG
for bone regeneration in such procedures. Using a systematic
methodology, comprehensive evaluation of controlled studies
that assessed the outcomes of ridge preservation and sinus lift
surgery, utilizing BG as a grafting material was performed.

Published studies that reported various primary outcomes
following the use of BG in sinus augmentation and ridge
preservation procedures were available [39, 40, 38, 21, 18,
20, 36, 37, 35, 42, 41]. No controlled studies reporting histo-
logical outcomes of ridge augmentation procedures with the
use of BG were available in the literature during the search.
Only studies that reported histological and histomorphometric
data were included [37–42, 36]. The decision to include
histological and histomorphometric data as outcomes of inter-
est in the present review was made as those seemed to be the
most appropriate surrogates for true bone regeneration. Stud-
ies excluded from this review reported on clinical outcomes
including dimensional alterations of grafted sites and short-
term implant success data [8, 18, 35]. Albeit clinically impor-
tant, these outcomes lack information on the true regenerative
potential of a bone graft biomaterial. Inclusion of controlled,
histological studies enabled direct comparison of the physio-
logic behavior of BG to grafts harvested from living donors.

Taodjedin et al. (2000) [39] indicated that a 1:1 mixture of
autogenous bone/BG particles seems a promising alternative
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to autogenous bone alone. BG particles in combination with
autogenous bonewere found to yield a bone percentage higher
than that found in the non-atrophic maxilla of control patients.
New bone formation increased rapidly within 2 months, from
29 % at 4 months to 38 % at 6 months, while bone formation
in the autogenous bone group increased only slightly with
time [39]. Therefore, there may be an indication for increased
healing time in sites grafted with BG. Turunen et al. (2004)
[40] also showed that BG granules can be used together with
AB chips for sinus floor augmentation procedures, decreasing
the need for harvested autograft. Their study included an
interesting design, with the authors filling one compartment
of a sinus cavity with autogenous bone chips and the remain-
ing compartment with a 50–50 combination of autograft chips
and BG particles. The contralateral sinus also served as pos-
itive control in each patient. Results showed that vital bone
percentage in both groups was directly comparable at 21–
34 weeks (BG: 25.7 %, autogenous: 25.1 %) and at 49–
62 weeks (BG: 28.8 %, autogenous: 25.1 %) [40]. Histolog-
ical analysis consistently showed residual BG particles in
intimate contact with vital bone, which was verified by evi-
dence from energy-dispersive x-ray analysis suggestive of
bone bonding to the BG particles. When the percentage of
bone and BG particles in intimate contact with the bone was
calculated, it reached 34 % in the grafted sites [40].

In ridge preservation surgeries, alloplastic grafting mate-
rials are considered to act as osteoconductive, providing a
scaffold for bone regeneration in the socket. Beyond that,
however, bioactive glass has been shown in vitro to have a
positive effect in the stimulation of stem cells that can enhance
bone regeneration [44, 29, 45]. Mahesh et al. (2013) [42]
performed a clinical study comparing the rate of bone regen-
eration in post-extraction sockets grafted with either a putty
bioactive glass biomaterial or a particulate bovine xenograft.
Results showed a significantly greater percentage of bone
formation for the bioactive putty and also found an increased
rate of bone formation during the 4- to 6-month post-operative
period, in comparison with the xenograft [42]. The authors
attributed this to the osteostimulative properties of bioactive
glass [42, 23]. The clinical implication of the increased rate of
bone formation in sites grafted with a putty BG was investi-
gated by Kotsakis et al. (2014) [8]. The authors performed
ridge preservation in a xenograft group and a BG group and
found that the primary stability for implants placed 5 to
6 months post-extraction in sockets grafted with BG putty
was significantly greater than in the xenograft group [8].
Implant survival in the BG putty group was 100 % after 1 year
[8]. Thus, there may be merit in exploiting the increased rate
of bone regeneration observed in extraction sites treated with
BG biomaterials to reduce treatment time. Froum et al. (2002)
[38] also noted a positive effect of BG in bone healing in
extraction sockets. At 6 to 8 months post-extraction, sites
treated with BG demonstrated 59.5% new bone growth, whileT
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sockets treated with DFDBA had 34.7 % new bone [38]. This
difference was partially attributed by the authors to the com-
mon histological finding of new bone growth in the internal
pores of BG particles [38]. Pore configurations of alloplastic
biomaterial scaffolds have been shown to play a major role for
new bone formation in vivo. Klein et al. (2009) investigated
the visualization and quantification of these pore properties
[46]. They found that scaffolds with a high ratio of pores
>250 μm might be suitable for larger, voluminous defects,
whereas scaffolds with predominantly small (>60 μm) and
intermediate (60–250 μm) pores might rather meet the re-
quirements of smaller lesions. Since the bioactive glass that
was utilized in most studies had large pores, this could explain
the results of Froum et al. (2002) for lesions of the size of an
extraction socket.

Overall, the use of BG in implant site development surger-
ies seems to be safe and effective. No BG-specific adverse
events were noted in the included studies. All evaluated BG
materials in the included studies appeared to be biocompati-
ble, and there were no reports of allergies or other immuno-
logic reactions, abscess formation, or rejection of the grafting
materials. From a histological point of view, BG seems to
have the potential to promote bone regeneration, does not
evoke an inflammatory infiltrate or fibrous encapsulation,
and resorbs in a timely manner, leaving only a small percent-
age of residual graft in the site after 6 months of healing [26,
42, 38].

The use of BG in combination with autogenous bone offers
some advantages in sinus augmentation. BG has
osteoconductive properties; it acts as a scaffold that is essential
for bone remodeling and it allows the volume of the graft to be
at least doubled, avoiding the need to harvest large amounts of
autogenous bone [39, 40]. The combined use of BG granules
with autogenous bone chips for augmentation of the maxillary
sinus floor diminished the amount of bone needed for aug-
mentation and resulted in the same quantity of bone as when
autogenous bone chips alone were used [39]. In the only study
in which BG was used alone for sinus augmentation, results
were very similar to the combination of autogenous bone
alone, with the mean bone percentage in the regenerated sites
being 38 % [41]. These findings are commensurate with the
results of a recent systematic review that investigated the
efficacy of bone substitutes as compared to autogenous bone
in alveolar bone regeneration, whereby the authors concluded
that there is a lack of evidence that autogenous bone is
superior to bone substitutes [47].

A limitation of the present review lies in the multiple
confounding variables that were identified in the included
studies. Variables such as the pre-operative height of the
residual bone prior to sinus augmentation, timing of implant
placement, number of remaining socket walls prior to grafting,
and combination of BG with autogenous bone resulted in a
heterogeneity of the included studies that, combined with the

small number of studies, did not allow for meta-analysis.
Nonetheless, a systematic review is a qualitative evaluation
of the literature that yields the highest level of evidence and a
meta-analysis based on the currently available information
could not be justified. Further research following implant
placement in treated and control sockets is warranted to de-
termine if bone/implant contact is improved in BG-filled
versus unfilled sockets. Well-designed studies with more sites
are indicated to determine if the increased vital bone found in
BG-treated sockets translates into more implant/bone contact
in humans.

Conclusions

Within the limitations of this review, it can be concluded that:

1. The combination of BG with autogenous bone chips in a
1:1 ratio is an efficacious treatment modality for direct
sinus augmentation, with histological results comparable
to 100 % autogenous bone. A healing time of at least 5 to
6 months is indicated. The use of BG as the sole bioma-
terial for sinus augmentation seems promising, yet limited
information is available for this indication.

2. When used for ridge preservation, BG yields a very high
percentage of true bone regeneration. There may be an
added benefit in allowing 6 months for healing instead of
4, in terms of bone regeneration and reduction of the
percentage of residual bone graft.

3. Currently, no reliable controlled studies report histologi-
cal outcomes from the use of BG in ridge augmentation
procedures.

Conflict of interest The authors report no conflict of interest to this
study.
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