SCIENTIFIC REPLIRTS

Effect of titanium implants with
strontium incorporation on bone
“apposition in animal models:
. A systematic review and meta-
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This systematic review aims to assess the efficacy of titanium (Ti) implant surfaces with or without

. strontium (Sr) incorporation on osseointegration in animal experimental studies. An electronic search

: was conducted using databases of PubMed and EMBASE up to November 2016 to identify studies

. focusing on osseointegration of strontium-modified titanium implants following PRISMA criteria.

. The primary outcome was the percentage of bone-to-implant contact (BIC) around the implants with

. orwithout strontium-modified surface. Of the 1320 studies, 17 studies fulfilling the inclusion criteria

. were finally included. A random effect meta-analysis was conducted based on BIC in 17 studies, and

. the results demonstrated considerable heterogeneity (12=79%). A sensitivity analysis found that

. three studies using the same surface modification method were the major source of the heterogeneity.

. Therefore, exploratory subgroup analysis was performed. Subgroup one including 14 studies showed

. astandard mean differences (SMD) of 1.42 (95% Cl, 1.13-1.71) with no heterogeneity (I12=0.0%), while
subgroup two including the other three studies showed a SMD of 9.49.95% Cl, 7.51-11.47) with low

. heterogeneity (12=0.1%). Sr-modified implants in both subgroups showed significantly higher BIC

. than unmodified implants (P < 0.01). The results showed a statistically significant effect of Sr-modified

¢ titanium implant surfaces on osseointegration and bone apposition in animal models.

The long-term success of endosseous implant mainly depends on osseointegration, which is defined as a direct
: contact between living bone and implant in histological sections. Albrektsson et al. defined six factors as
. pre-requisites for the establishment of osseointegration, implant material, implant design, implant surface, status
- of bone, surgical technique and the implant loading condition’.

Nowadays, titanium and its alloys have been widely applied for fabricating endosseous implant devices such
as artificial knees, hip prosthesis and dental implants owing to its excellent biocompatibility, bio-inertness and
adequate mechanical properties?. The evolution of clinical protocols have not only shortened treatment time but
also expanded indications for implant therapy with significant progress of titanium surfaces. Physical, chemical,

. biological and topographical modifications have been proposed to accelerate bone healing and promote bone
formation attempting to reach a rapid, long-living implant anchorage®->. Currently, various studies have demon-
strated surface modification with inorganic metal elements such as magnesium (Mg), zinc (Zn), strontium (Sr)
incorporation could achieve rapid osseointegration and promote new bone formation®-.

Strontium(Sr) aroused great attention clinically since strontium ranelate (SrRan) had been proved to have sig-
© nificant effect on reducing the risk of fracture in osteoporosis patients®'’. Sr, an essential trace element in human
. body, has been reported to enhance the osseointegration in vitro and in vivo. In vitro studies have found that Sr
. ion stimulates osteogenic differentiation of mesenchymal stem cells (MSCs) by activating Wnt signaling'"'2. Sr

exerts an inhibitory effect on osteoclast activity and differentiation through the activation of RANK/RANKL
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Figure 1. Search flowchart.

pathway and expression of osteoprotegerin (OPG)!*!4. Moreover, the mechanism is believed to depend on the
results of angiogenesis and osteogenesis that Sr facilitates osteogenic differentiation of BMSCs as well as promotes
the angiogenic growth factors secretion, which can result in blood vessel formation'>'S. In vivo studies showed
that Sr could promote osseointegration both in Sr-loaded implants and via oral administration of SrRan®!”. In
addition, the beneficial effect on osteogenesis was also observed in Sr-enriched applications such as CaSiO3
ceramics'®, bioactive glasses' and bone cement®.

However, due to the high cost of animal studies, most of the sample sizes in previous studies were limited.
Moreover, the methods of adding Sr into implant surfaces varied. Meanwhile, limited high-quality evidence for
effect of Sr-modified implant on bone apposition was available. Thus, a systematic review is highly in demand for
evaluating the effect of Sr-modified titanium implants surface on enhancing osseointegration.

Therefore, the aim of present review was to systematically analyze the scientific literature reporting the efficacy
of treating titanium surfaces with Sr on osseointegration of implants in animal experimental models. A parameter
frequently used to quantify osseointegaration is bone-implant contact rate (BIC). It is defined as the ratio between
the linear measurement of the surface of implant in direct contact with bone and the total length of the implant
profile. As a crucial parameter of histomorphometry, BIC was selected as the primary outcome in the present
review. In addition, the null hypothesis was no significant difference of osseointegration could be found between
Sr-modified implants and unmodified implants.

Results

StUdy selection. Electronic search showed a total number of 1760 titles, of which 835 titles and abstracts
were retrieved for possible inclusion after automatic duplication removed. After manual searching bibliographies
of the selected studies, 5 studies were added to full-text evaluation. 23 articles were selected for full text evalua-
tion. Three studies were excluded due to no Sr-only experimental group*~>’. Another three studies were excluded
because BIC was not reported®**?>. The final 17 studies**~*? were included in this systematic review. The search
pathway was showed in Fig. 1. An overview on details about experimental details per study was given in Table 1.

Risk of bias and quality assessment of included studies. The results of the risk of bias evaluation of
included studies were shown in Fig. 2. For items 9 and 10, 60% of included studies reported the experiment was
randomized at some level, while 29% reported blinding at any level during the study.

The ARRIVE criteria of included studies was shown in Table 2. The mean score of all studies was 17.2 (+1.98)
out of a maximum of 24. All studies reported adequate information concerning title, abstract, introduction,
ethical statement, species, surgical procedure, outcome evaluation, statistical analysis and results. Information
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Offermanns et al.*® | 30 OVX rats Smooth-Ti | magnetron sputtering process 6,12w Histomorphometry BIC BA
Zhang et al.?® 6 beagle dogs MAO-Ti micro-arc oxidation 6w Histomorphometry BIC BA
16 male New .
Fan et al.?® Zealand white SLA Ti HTP.Wlth 0.02mol/1 $r(OH), 8 H,0 3,6w RTT Histomorphometry | RTV BIC BA
) solution
rabbits
. . BIC BV/TV, Tb.N Tb.Th,
Dang et al.?® 28 female rats NT-40 cpTi HITP with 0'002 MSr(OH), 60 mL 12w pull-out test Micro-CT Tb.Sp, Tb.P.F maximal push-
solution. 200°C for 1 or 3h Histomorphometry
out force
ull-out test Micro-CT BIC BA BV/TV,Tb.N,Conn.D
Tao et al. 2016a 50 female OVX rats | HA-Ti electrochemical deposition 12w PH Tb.Th,Tb.Sp maximal push-
istomorphometry
out force
pull-out test Micro-CT BIC BA BV/TV, TbN,
Tao et al. 2016b 40 female OVX rats | HA-Ti electrochemical deposition 12w Hi Conn.D Tb.Th, Tb.Sp
istomorphometry :
maximal push-out force
Zhang et al.¥’ 36 female OVX rats | HA-SLA electrochemical deposition 4,8, 12w Histomorphometry BICBA
ull-out test Micro-CT BIC BV/TV, Tb.N, Tb.Th,
Lietal® 40 female rats Smooth-Ti | magnetron sputtering 12w 1121 Tb.Sp, maximal push-out
istomorphometry force
Offermanns et al.** | 30 female rats Smooth-Ti | magnetron sputtering process 4w Histomorphometry BIC BA
Andersen et al.** | 20 female rats Smooth-Ti | magnetron co-sputtering 4w Histomorphometry BIC BA
HT-Ti- . pull-out test Micro-CT BIC BA BV/TV, Tb.N, Tb.Th
36 , ,
Zhang et al. 12 adult beagle dogs 6AL4V plasma spray techniques 12w Histomorphometry maximal push-out force
10 male New HTP with mixed solution of SrO and
Park et al.® Zealand white SLActive Ti | NaOH dissolved in deionized water | 2w Histomorphometry RFA | BIC BAISQ
rabbits 180°Cfor2h
pull-out test Micro-CT BIC BV/TV, Tb.N, Tb.Th,
Yan et al.!! 30 adult rabbits HA-Ti micro-arc oxidation 4,12w . Tb.Sp, maximal push-out
Histomorphometry force
M. Ballo et al. 2012 | 20 male rats HA-Ti biomimetic process 14w Histomorphometry BIC BA
5 10 New Zealand . . L .
FUet al. White rabbits HA-Ti electrochemical deposition 1,4,8w Histomorphometry BICBA
. . . . BIC BABV/TV, Tb.N,
Lietal 20 female OVX rats | HA-Ti Sol-gel dip coating with S{(NO3)2 | 1, pull-outtest Micro-CT | o b T, Th, Tb.Sp, Tb.PF
solution Histomorphometry ;
maximal push-out force
Park et al.’” z,\};ﬁt‘z é‘iﬁiﬁ‘;d Ti-6Al-4V | Hydrothermal treatment 4w RTV Histomorphometry | BIC BARTV
Implants (n) z:ﬂ{ ?nt Dimensions, D X L Location of Implant Placement Implant Shape Sr-modified Implant Surface Characteristics
Ti (60) 1.6 x5 Tibia Cylindrical Ti-Sr-O layer 2000 nm micro-/nano-structures
Tialloy (12) NR Mandible NR Ti-Sr-O layer 1 um micro-/nano-structures
cp Ti (64) 4x8 Tibia/ Femur Screw Ti-Sr-O layer micro-/nano-structures
cp Ti(112) 3x6 Tibia/ Femur Screw Cylindrical | Sr-loaded nanotubes
Ti (80) 1.2x 15 Femur NR Sr-HA coatings micro-/nano-size
Ti (20) 1x20 Femur NR Sr-HA coatings micro-/nano-size
SLA Ti (72) 2X6 Tibia NR Sr-HA coatings micro-/nano-size
Ti implants (80) 1.5%x3 Femur Screw Ti-Sr-O layer 20-40 nm Sr-loaded nano-textured
Ti (60) 1.1x5 Femur NR Ti-Sr-O layer 1200 nm micro-/nano-structures
Ti (40) 1.1x6 Femur Rod Ti-Sr-O layer 1000 nm micro-/nano-structures
Ti-6A1-4V (48) 3x10 Femur Rod Sr-HT coatings nano/micron hierarchical structure
SLA Ti (20) 33x10 Femur Screw Ti-Sr-O layer micro-/nano-structures
cp Ti (120) 3.75%x6 Femur Rod Sr-HA coatings 32 um micro-/nano-size
cp Ti (80) 2x23 Tibia Rod Sr-HA coatings micro-/nano-size
Ti (20) 41x8 Femur Screw Sr-HA coatings
Ti (50) 1x12 Tibia Rod Sr-HA coatings 898 + 102 nm micro-/nano-size
Ti-6Al1-4V (64) 24x8 Tibia/ Femur Screw Ti-Sr-O layer 50 nm nanostructure

Table 1. Characteristics of included studies. OVX: ovariectomized; Micro-CT: microcomputed tomography;
BIC: bone to implant contact; BA: bone area; MAO: micro-arc oxidation; RTT: removal torque test; RTV:
removal torque value; cpTi: commercially pure titanium; BV/TV: bone volume/total volume; Tb.Sp: trabecular
spacing; Tb.N: trabecular number; Tb.Th: trabecular thickness; Conn.D: the mean connective density; Tb.PF:
trabecular pattern factor; NT: nanotube; HTP: hydrothermal process; Sr: strontium; HA: hydroxyapatite; HT:
hardystonite; SLA: sandblasted acid-etched cp Ti: Commercially pure titanium; SLA: sandblasted acid-etched;
HA: hydroxyapatites; HT: hardystonite; NR: not reported.
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1.Was the allocation sequence adequately generated and applied?
2.Were the groups similar at baseline or adjusted for confounders?
3.Was the allocation adequately concealed?

4.Were the animals randomly housed during the experiment?
5.Were the caregivers and/or investigators blinded?

6.Were animals selected at random for outcome assessment?
7.Was the outcome assessor blinded?

8.Were incomplete outcome data adequately addressed?

9.Was it stated that the experiment was randomized at any level?

10.Was it stated that the experiment was blinded at any level?
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Figure 2. Risk of bias (RoB) measured using the Systematic Review Centre for Laboratory animal
Experimentation (SYRCLE) RoB tool, averaged per item.

regarding experimental animals housing conditions and study limitation were generally inadequate. Animals
were randomly allocated to different treatment groups in nine studies (53%). Moreover, five studies reported
blinding of assessors to test groups (29%). The 3Rs (in the results section) was not reported in any of studies.

Bone to implant contact. Allincluded studies measured the effect on BIC around implants with or without
Sr-enriched surface. A random effect meta-analysis was conducted based on BIC in 17 studies, and the overall
results demonstrated considerable heterogeneity (I> =79%). A sensitivity analysis found that three studies using
the same surface modification method were the major source of the heterogeneity. Therefore, exploratory sub-
group analysis was performed. The subgroupl including 14 studies showed a standard mean differences (SMD)
of 1.42 (95% CI, 1.13-1.71) with no heterogeneity (I>= 0.0%), while subgroup2 including the other three studies
showed a SMD 0f 9.49 (95% CI, 7.51-11.47) with low heterogeneity (I* =0.1%) (Fig. 3). The Sr-modified implants
in both subgroups showed significantly higher BIC than unmodified implants (P < 0.01). However, high publica-
tion bias was found in the present study. (Begg, p=0.039; Egger, p=0.000) (Fig. 4.).

Bone arearatio. 14 of 17 studies?®2%30-3437-42 ca]culated the percentage of new bone area (BA) of peri-implants.
No meta-analysis could be conducted due to the considerable heterogeneity. 10 studies reported that significant
higher bone area could be observed around strontium modified implants than those implants without strontium
incorporation. However, no significant difference in bone area was reported in other four studies**3742,

Micro-CT evaluation and biomechanical test. Micro-computed tomography (micro-CT) evaluation
was performed in seven of included studies®*1*>%4-36, In quantitative assessment, four studies®~*>*% showed
Sr-enhanced implants demonstrated stronger effect on all micro-CT parameters including bone volume per total
volume (BV/TV), 3D bone distribution such as trabecular number (Tb.N), thickness (Tb.Th), and/or spacing (Tb.
Sp) and/or the connective density (Conn.D) than control implants, while other three studies found no statistically
significant changes in some parameters.

Nine of included studies?®?*313234-38 reported the results of biomechanical test including pull-out test or
removal torque testing. All studies revealed a significant increase in implant fixation, with removal torque value,
the maximal push-out force and/or the ultimate shear strength markedly raised compared to control groups.

Discussion
The primary finding of this meta-analysis was that Sr-modified implant surfaces significantly increased the per-
centage of BIC. Therefore, the null hypothesis should be rejected.

To our knowledge, this is the first systematic review to assess the effect of Sr-modified implants on enhanc-
ing osseointegration and bone apposition in animal experimental studies. To quantify the potential effect of
Sr-containing surfaces on peri-implant bone apposition, a meta-analysis of BIC was performed. Overall, the
results of subgroup meta-analysis revealed that titanium implants with strontium incorporation demonstrated
significantly better BIC than unmodified implants in small (rats, rabbits) and large (dogs) animals. The result
verified the expectation in vitro studies that the Sr-containing titanium surface is expected to shorten bone heal-
ing period and enhance implant osseointegration**4. Similarly, this result was in agreement with studies for
appraising the efficiency of Sr-modified magnesium (Mg) based implant*>. In these studies, Sr-enriched implant
showed significantly higher percentage of BIC than that of pure Mg or Mg alloy based implant.

It is worth mentioning that subgroup two reported Sr-modified surfaces had significant effect on BIC and the
difference between implants with and without strontium incorporation was more significant than that in sub-
group one. The identical electrochemical deposition process was applied to incorporate strontium-substituted
hydroxyapatite (Sr-HA) into surface in these three studies indicating the heterogeneity may be caused by method of
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1 | Title 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Abstract

2 | Species 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 | Key finding 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Introduction

4 |Background 1, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
information

5 | Reasons for 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 1 0
animal model

6 | Hypothesis 1 1 1 1 0 1 0 1 1 0 1 0 1 0 1 0 1
Methods

7 |Ethical 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
statement

g | Randomization |, 0 0 1 0 0 1 1 1 1 1 0 1 1 0 1 0
of animal

g |Blindingof 1, 1 0 0 1 1 0 0 0 0 1 0 0 0 0 1 0
assessor

10 | Anaesthesia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

11 | Antibiotics 1 0 1 0 0 0 1 1 1 1 0 0 1 1 0 1 1

12 | Analgesia 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0

13 | Surgical 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
procedure

14 | Reporting 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
species

15 | Housing 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0
conditions

16 |Implant 1 1 0 1 1 0 1 0 1 1 0 0 1 0 0 1
randomization

17 | Statistical 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
methods
Results

1g | Results 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
reported
Standard error/

19 | confidence 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
interval
Discussion

20 | Interpretation |1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

21 | Study 0 0 1 0 1 1 1 1 0 0 0 0 1 1 0 1 1
limitations

22 |3Rsreported |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

23 | Relevanceto 0 1 1 0 0 1 0 1 0 1 0 1 0 0 1 0

umans
24 | Funding 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1
Total score 18 16 18 18 18 19 18 18 18 15 18 13 18 16 13 21 17

Table 2. Checklist of ARRIVE criteria reported by the included studies.

surface modification. It has been reported that an electrochemical process can produce a homogeneous 2- to approx-
imately 3pm HA coating and nano-hydroxyapatite (nano-HA) on the metallic substrate surface?’. Yang et al.*8
reported that significant superiority of osseointegration and bone apposition was found when electrochemical
deposition method was used. However, it is difficult to determine the best surface modification methods due to
the limited information.

New bone area plays an important role in evaluating the osteoconductive property of biomaterials. The new
mineralized bone tissue area inside all the implant threads was measured to evaluate the percentage of bone area.
Several studies have demonstrated that Sr-containing biomaterials could increase new bone apposition. Studies
for evaluating Sr-incorporated bioactive glass scaffolds and bone cement in impaired bone found that materials
were covered by more new bone than unmodified groups*-*. In this review, ten studies using rat animal model
reported significantly higher BA in Sr-modified implants than unmodified implants, while the other four stud-
ies used rabbit animal model reporting no significant difference in BA. The difference may be attributed to the
different animal model, which implies different dynamics of bone formation especially in early healing inter-
vals®!. Therefore, additional preclinical and clinical studies should be performed to assess the effect of Sr-modified
implant on bone apposition and osseointegration.
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Study %
ID SMD (95% ClI) Weight

1
Li (2010)

Park (2010)
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Andersen (2013)
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Zhang (2015) —— 1.38 (0.06,2.69) 6.25
Offermanns (2016) -~ 1.26 (0.47,2.06) 7.39
Zhang (2016) -t 1.23 (-0.05,2.52) 6.33
Fan (2016) — 1.91(0.67,3.16) 6.42
Dang (2016) —— 1.55(0.39,2.70) 6.61
Li (2016) e 1.07 (0.11,2.02) 7.07
Subtotal (I-squared = 0.0%, p = 0.538) O: 1.42(1.13,1.71) 92.34
: |
2 |
FU (2012) '
Tao (2016a) i
Tao (2016b) i
Subtotal (I-squared = 0.1%, p = 0.368) '
1
1
o

—_— 8.67 (5.55,11.80) 2.94
—_— 8.84 (5.66, 12.02) 2.87
———— 12.27(7.94, 16.60) 1.85
<> 9.49 (7.51,11.47) 7.66

Overall (l-squared = 79.0%, p = 0.000) 2.13(1.46,2.80) 100.00

I
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I I
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Figure 3. Forest plots of bone to implant contact (BIC).

g's funnel plot with ps idence limits

The 3-D micro-CT image clearly provides the information of bone-implant interface and trabecular micro-
structure of peri-implant bone tissue from both qualitative and quantitative perspectives. Seven included stud-
ieg?31,3234-3638 performed CT evaluation and four of them showed significantly improved BV/TV, Tb.N, Tb.Th,
Tb.Sp and/or Conn.D. Other three studies found the parameters of CT evaluation were partially improved by
Sr-modified titanium surface. Possible reasons that cause the disparity could be the different surface topography
and Sr concentration of titanjium implant surfaces. Furthermore, biomechanical testing further demonstrated a
significant increase in implant fixation. It was apparent to be verified by the improved trabecular bone microar-
chitecture together with increased BIC and BA around the implant.

All the included studies reported that the improved implant osseointegration and bone apposition was attrib-
uted to the released Sr ions and modified surface topography. Actually, the exact mechanism regarding bone
remodeling effect of Sr has not been clearly understood. Recently, it has been suggested that the possible mech-
anism of Sr relies on the calcium-sensing receptor (CaR) which is expressed in several types of pre-osteoblastic
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cells and bone marrow stromal cells®?. Through a CaR-mediated mechanism, Sr is reported to increase bone
apposition by promoting pre-osteoblastic cell proliferation and differentiation, reducing osteoclast differentiation,
enhancing matrix mineralization®>**. In addition, the surface topography changed by strontium incorporation
process also contributed to bone-implant integration. Three of included studies revealed that micro/nanoscale
topography enhanced new bone apposition and osseointegration of Sr-modified implants or had a synergistic
effect with released Sr ions?**>%, Hence, in-depth investigations are required to isolate the pure and independent
effect of strontium or surface topography on improving bone-implant integration.

The present systematic review had several limitations. Firstly, the follow-up of included studies ranged from
1 week to 12 weeks, so it remained unclear whether the osseointegration of Sr-incorporated Ti implants would
be a stable anchorage, which could contribute to their long-term survival. Secondly, high publication bias (Begg,
p =0.039; Egger, p=0.000) was found in Begg’s and Egger’s test. Therefore, the results need to be interpreted
with caution. Thirdly, none of the implants included in the present study were loaded. Thus, future studies should
evaluate the effect of Sr-incorporated Ti implants under loading conditions.

Conclusion

Based on available evidence so far, it can be concluded that Sr-modified titanium implants could enhance osseo-
integration and new bone formation of peri-implant area in animal models. Nonetheless, future clinical investi-
gations are needed to verify the safety and effectiveness of Sr-modified implants.

Methods
PICO. According to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines®™, a specific question was identified based on the Participants, Interventions, Control, Outcomes
(PICO) principle. The focused question was, “Does incorporating strontium into titanium implant surfaces influ-
ence the osseointegration?”

(P) Participants: Subjects received endosseous implantation.

(I) Interventions: Implants with strontium incorporation.

(C) Control: Implants without strontium incorporation.

(O) Outcome: BIC, BA and results from biomechanical test and micro-CT evaluation.

Search strategy and study selection. Databases of PubMed and EMBASE were searched up to November
2016 for relevant articles published, using search terms “strontium’, in combination with “osseointegration’, “bone
apposition’, “osteogenic’, “osteogenesis”, “new bone formation”, “bone to implant contact” and “bone regenera-
tion”. Additionally, bibliographies of the selected studies and relevant review articles were also scrutinized for
cross-references. Titles and abstracts of searches were initially screened by two authors (SJY, LY). Uncertainty in
the determination of eligibility was resolved by discussion. Two authors reviewed full-text articles independently

and final inclusion was based on the inclusion criteria.
Inclusion and exclusion criteria. The inclusion criteria for the study selection were:

1. Studies regarding titanium implants modified with strontium;
2. Studies reporting the percentage of bone-to-implant contact of Sr-modified and unmodified implants;
3. Studies with a minimum of 3 implants/group;

The exclusion criteria for the study selection were:

1. In vitro studies;
2. Studies assessing the combined effect of Sr and other inorganic elements (e.g. Ag, phosphate) modified sur-
face without strontium-only test group.

Risk of bias and quality assessment. The risk of bias (RoB) of included studies was assessed using the
SYRCLE RoB tool for animal studies®. The tool, which aims to assess methodological quality, was adapted to
appraise bias in animal studies. RoB was evaluated by providing a response of “high’, “low” or “unclear” in each
of the 10 items. As reported in a previous review, a modified RoB tool was used in which items 9 and 10 were
adjusted to include information on whether the experiment was randomized or blinded at any level (Fig. 2.).

Reporting quality of the included studies was assessed based on a modified ARRIVE guidelines in which a
checklist of 24 items was included®. Each item was judged as “0” (not reported) or “1” (reported). The total score
of each of included studies was also recorded (Table 2).

Data extraction. Two independent reviewers (SJY, LY) extracted data from the full-texts of selected articles.
General information, animal parameters (total number, species), methods of strontium incorporation, evaluation
time points, analysis methods and outcomes and implant parameters (total number, material, length, diameter,
shape, location and surface characteristics of test and control implants) were retrieved. The primary outcome and
secondary outcomes were extracted (Tables 3 and 4). If data were only expressed graphically, numerical values
were requested from the authors, and if a response was not received, digital ruler software was used to measure
graphical data (Image], National Institutes of Health, Bethesda, MD).
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BV/TV (%) [16.7+0.8 |15.9+0.2 238+1.2 40.2+£2.4* 23.8+1.2 28.6+1.2% 36.4+3.6 39.84+5.3*% |27.0+6.2 43.2+6.4%* 38.6+2.9 42.443.3%* 24.7+£49 42.9+6.7*
?rflﬂ—l) 41+0.1 43+0.0 2262+7.3 503.9+15.4% |2262+7.3 382.2413.8% |3.3+0.2 3.8+0.2 21+04 3.7+0.6%* 28+03 3.2.£02 23+04 4.9+0.7%*
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Conn.D « ¥ «
(mm-3) NR 25.19+1.1 |42.97+24 2519411 |29.03%+1.1 NR NR NR 259+3.8 |403+6.7
TbPF 13.54+0.3 |11.240.5%* | NR NR NR NR NR NR

(mm-1)

Number of

implants/ 4 9 10 10 6 12 10

group

Table 3. Micro-CT values of included studies. C: control group; T: test group; BV/TV: bone volume/total volume;
Tb.Sp: trabecular spacing; Tb.N: trabecular number; Tb.Th: trabecular thickness; Conn.D: the mean connective
density; Tb.P.F: trabecular pattern factor; NR: not reported; Data were expressed as mean = SD; *p Value < 0.05;
**p Value < 0.01.

Offermanns etal” | 2016 |15 652+10.4 |782+9.6° |23.8+42 |446+94° |NR

Zhang et al. 2016 |6 496465 |587+7.1% |295+86 |608+103 |NR

Fan et al. 2016 |8 64+5.9 77.1£7.0" | 63+6.5 0.8+1.7 *41.1+82 | %56.8+18.6"
Dang et al. 2016 |8 59.5+3.2 [63.2+0.1° |NR 10.8+1.2 24.6+2.4"
Tao et al. 2016a |10 172420 |37.1423" 183409 |[33.7+21° |121.24+114 |168.9+22.2"
Tao et al. 2016b | 10 346407 |625+3.0° |313+0.8 [47.32+23" |1263+123 |[219.5+21.8"
Zhang et al. 2015 |6 51+6.6 58.6+2.9" |286+62 |445+9.7° |NR

Lietal. 2015 |10 397460 |46.1+55 |NR 108.94+46.5 ‘ 136.9+21.7
Offermanns etal* | 2015 |12 278417 |456+22" |17.8422 |244+78 |NR

Andersen et al. 2013 |5 0£1.2 184+14.3" | 0£5.1 22+73" NR

Zhang et al. 2013 |6 37487 512491 |406+57 552498 |229.08+59.0 ‘ 388.844100.5"
Park et al. 2012 |10 754454 | 84.6+51" |57.3+94 |60.9+10 NR

Yan et al.¥ 2012 |12 58.8+4.7 |651+49" |NR 119.23+3.9 ‘ 142.314+9.6°
M. Ballo et al. 2012 |10 2644107 |3574+12.9° | 257429 |329493° |[NR

FU etal. 2012 |10 722+12.8 | 877428 |93+05 9.8+1.5 NR

Park et al. 2010 |7 4734104 | 60.14£10.2" |46.7+£10.7 |46.6+6.5 *1.64+0.9 *2.6+1.2°
Liet al. 2010 |10 425441 |63+67 252422 |42.73+43° |387+53 80.2£9.9"

Table 4. Bone-to-Implant Contact (BIC) Values. Values are shown as mean + SD; *values are presented as
median value + interquartile range; BIC, BA values in %; pull-out test values in N; % removal torque testing

values in Ncm; *p Value < 0.05; **p Value < 0.01; NR: not reported.

Statistical analysis. The primary and secondary outcomes were present in descriptive statistics. The stand-
ardized mean differences, together with 95% confidence intervals, were analyzed using random-effect model.
Heterogeneity was tested using the I statistic to describe the proportion of total variation. Values of 25, 50 and
75% were regarded as low, moderate and considerable heterogeneity, respectively®”. When the value was >50%,
qualitative analysis was conducted. A forest plot was generated, and heterogeneity was calculated by use of the
statistical software package STATA (v11.0; StataCorp, College Station, TX). A p value < 0.05 was considered to
indicate statistical significance, unless specified otherwise.

Potential publication bias was assessed using Begg’s funnel plots and Egger’s test at the p < 0.10 level of
significance.
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