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Abstract

Currently, steel implants are used for osteosynthesis of (comminuted) fractures and

intra‐articular bone defects. These osteosyntheses can sometimes be complicated

procedures and can have several drawbacks including stress shielding of the bone. A

bone glue might be a safe and effective alternative to current materials. Despite

numerous animal studies on bone adhesives, no such material is clinically applied

yet. We have conducted a systematic review to summarize the evidence in ex-

perimental animal models used in research on bone adhesive materials for trauma

and orthopedic surgery. Additionally, we analysed the efficacy of the different bone

adhesives for different experimental designs. A heterogeneity in experimental

parameters including animal species, defect types, and control measurements re-

sulted in a wide variety in experimental models. In addition, no standard outcome

measurements could be identified. Meta‐analysis on bone regeneration between

adhesive treatment and nonadhesive treatment showed a high heterogeneity and

no statistically significant overall effect (M: −0.71, 95% confidence interval [CI]:

−1.63–0.21, p = 0.13). Besides, currently there is not enough evidence to draw

conclusions based on the effectiveness of the individual types of adhesives or ex-

perimental models. A positive statistically significant effect was found for the ad-

hesive treatment in comparison with conventional osteosynthesis materials (M:

2.49, 95% CI: 1.20–3.79, p = 0.0002). To enhance progression in bone adhesive

research and provide valuable evidence for clinical application, more standard ex-

perimental parameters and a higher reporting quality in animal studies are needed.

Statement of Clinical Significance: Current materials restoring anatomical align-

ments of bones have several drawbacks. A (biodegradable) adhesive for fixating

bone defects can be a treatment breakthrough. Although numerous bone adhesives

have been researched, most seemed to fail at the preclinical stage. An overview in

this field is missing. This systematic review highlights the relevant parameters for

design of experimental bone adhesive studies. It demonstrates evidence regarding
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benefit of bone adhesives but also that the quality of reporting and the risk of bias in

studies need to be improved. The results will aid in designing better quality animal

studies for bone adhesive research with higher translational value.
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1 | INTRODUCTION

Osteosyntheses materials including pins and plates are commonly

implanted as treatment method for dislocated fracture care in

trauma and orthopedic surgery. The aim of these osteosynthesis is to

restore the anatomical alignment of the bones, to reduce the fracture

gap, and to provide mechanical stability thus facilitate early mobili-

zation and enhance patient recovery.1–3 However, the stiff materials

used in osteosynthesis devices can cause stress‐shielding of the

fractured bone, resulting in weakening of the bone and delayed bone

healing.4–7 In addition, application of screws for fixation of osteo-

synthesis devices creates new bone defects.3 On occasion, patients

complain about the steel implants and a new operation is needed to

remove the nondegradable fixation devices.8 These disadvantages

have led researchers to search for alternative fixation options, in-

cluding bone adhesive materials.

A bone glue or bone tape should form a sufficiently strong bond

with bone tissue to stabilize the bone defect long enough to allow

bone healing and even in compromised circumstances, for example,

bleeding, exudate formation and inflammation.9 These bond

strengths are often first evaluated by experiments on a mechanical

test bench with cadaveric bone. In addition, it is important that the

adhesive does not form a barrier for tissue growth and causes no

adverse biological effects. Ideally, the bone adhesive is biodegrad-

able, easy to apply and has a fast fracture healing with a short im-

mobilization time for the patient.9,10 These (long term) safety and

efficacy issues will have to be tested on in vivo animal models. When

designing these studies, attention should be paid to the type of an-

imal species (e.g., small or large animals), anatomical location (e.g.,

craniofacial or long bones) and type (e.g., burr hole or fracture) and

size of the defect. In addition, outcome measurements and techni-

ques can differ based on the type of research question and experi-

mental model. Since no standard experimental design is advocated

for animal studies on bone adhesive materials, the diversity in all

these parameters causes a high variety in experimental studies with

equivocal outcomes.

The aim of this systematic review is to summarize the evidence

in experimental animal models used in research on bone adhesive

materials for trauma and orthopedic surgery, identifying the most

appropriate experimental models for bone adhesive research, and

analysing the efficacy of the different bone adhesives on tissue re-

generation for the different experimental designs. We focussed on

bone adhesive materials that are used to bind bone tissue, bone graft

or tendon and that specifically adhere to bone tissue rather than

filling the bone defect. Outcomes of this systematic review can guide

future bone adhesive research with evidence‐based design and

model selection.

2 | MATERIALS AND METHODS

The full review protocol was registered on June 18th, 2018 in

PROSPERO11 under registration number CRD42018091831.

2.1 | Search strategy

To identify as many in vivo animal studies as possible on bone ad-

hesive materials, a comprehensive and systematic search strategy

was performed in three databases; Pubmed, EMBASE (via Ovid) and

Web of Science, in December 2020. The search strategy combined an

“adhesive” search component containing synonyms for adhesive‐
related terms, with a component for “bone defect” or “bone‐tendon
rupture” (complete search strings in Supplements). Thereafter, the

search terms were combined with the SYRCLE animal filters de-

signed by Hooijmans et al.12 (PubMed) and De Vries et al.13

(EMBASE). An adapted version of the EMBASE animal filter was used

in the Web of Science database. In the EMBASE search, conference

abstracts and conference reviews were omitted. No restriction on

language or publication data were applied.

2.2 | Study selection and exclusion criteria

All articles were collected in Endnote (version X9.2; Thomson

Reuters) and duplicates were manually removed. Title and abstracts

were screened for relevance in the online tool Rayyan QCRI (Doha,

Qatar, http://rayyan.qcri.org) by two independent researchers (MvE

and FY, RFL or MI), using the following exclusion criteria: (1) no bone

or bone‐tendon defect; (2) no bone‐binding adhesive; (3) no in vivo

animal model; (4) no healthy animal model; (5) not an original study

(i.e., reviews or opinion letters). Studies were included where the

bone adhesive material (i) had (tissue‐specific) chemical and/or

physical bonding properties, (ii) was used to hold at least two pieces

of (artificial) bone or bone and tendon together, (iii) was applied on

the defect or recipient site and (iv) was not primarily used as a bone
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substitute or filling material. Selected studies were independently

screened based on full articles by at least two researchers (MvE, and

RFL or FY) with the additional exclusion criteria: (6) adhesive is used

as a scaffold or carrier for cells or biomolecules; (7) no outcome

measures regarding bone regeneration; (8) not used for trauma or

orthopedic surgery; (9) a case study. In all stages of the selection

procedure discrepancies between two reviewers were resolved by

discussion until consensus was reached. From all included articles,

references were screened for cross‐references and citations. Articles

not available or not translatable were excluded from this review.

2.3 | Study characteristics

General information from all included studies (author, year, country)

were registered. Animal model information (number of animals,

species, strain, age, sex, weight, location, and type of the defect),

intervention characteristics (type of adhesive, location defect,

treatment group and control intervention) and outcome character-

istics (time of evaluation, tissue regeneration and drop‐outs) were

extracted and listed in Table S1. Google Translate and/or native

speakers were used to retrieve study characteristics from articles in

languages other than English (e.g., Chinese, Japanese, and Russian).

2.4 | Quality assessment

To gain insight into the methodological quality of the included stu-

dies, the risk of bias was assessed according to an adapted version of

the Risk of Bias (RoB) tool for animal studies.14 The RoB of Russian

and Japanese articles was not assessed due to translating difficulties.

Two additional questions on reporting quality were added to the

tool: (1) Is it mentioned that the experiment was randomized?, and

(2) Is it mentioned that the experiment was blinded? All items about

internal validity (items 1–8 of the RoB tool) were scored. Two in-

dependent researchers (MvE and RFL) assessed the risk of bias by

using “high,” “low,” or “unclear” for all items. Discrepancies were

discussed until unanimity was reached. Considering the focus of this

review, we included the results of (bone) tissue regeneration for the

assessment.

2.5 | Meta‐analyses

Experiments with quantitative data on neo‐bone formation or bone

strength were included in meta‐analyses to visualize the effects of

the different animal models and bone adhesives. Distinction was

made between studies comparing adhesive with nonadhesive treat-

ment and with conventional methods as control treatment. Only

bone‐to‐bone fixation was included in the meta‐analysis. The stan-

dard error of the mean, the most conservative assumption, was

chosen when the presentation of data was not clearly stated in the

article. The outcome “reduced defect size” was converted to

“increased bone volume” to be used in the analysis. In studies where

outcomes at different time points were measured, the time of

highest effect was used in the analysis. Statistical differences be-

tween subgroups were only assessed when subgroups contained at

least three independent experiments per subgroup.

2.6 | Statistical analysis

The inverse variance method was used to pool continuous data from

independent measurements. The random‐effect model was used in

all analyses. Results were presented as standardized mean difference

with 95% confidence intervals. All analyses were performed with

Review Manager (version 5.3).

3 | RESULTS

3.1 | Description of included studies

The comprehensive search strategy yielded a total number of 6856

articles (2411 articles from PubMed, 2676 from EMBASE and 1769

articles from Web of Science), which where de‐duplicated and

screened on title and abstract for possible inclusion using predefined

criteria. 378 preclinical studies were screened in full text. Screening

reference lists revealed one extra study. In total, 65 articles were

included in this systematic review (Figure 1) of which 61 studies

were assessed for risk of bias. Seven articles described more than

one separate animal experiments, in the end 81 separate animal

experiments were reviewed.

F IGURE 1 Flow chart of search and screening process
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3.2 | Experimental models

3.2.1 | Animal models

Seven different animal species were studied of which rabbits were

most often used (56.8%), followed by rats (24.7%), dogs (9.9%), sheep

(4.9%), guinea pigs, miniature pigs, and mice (all three 1.2%)

(Figure 2). Strain, sex, and weight of the animals were mentioned in

63.0%, 56.2%, and 56.2% of studies, respectively. In most articles,

animal age was described using terms as “adult” or “grown up,” only

18 experiments (24.7%) reported exact age in weeks, months, or

years.

3.2.2 | Defect models

Defect models were categorized based on the anatomical loca-

tion of the created defects in: long bones (43.2%) (including fe-

mur, humerus, radius, tibia, and ulna), craniofacial sites (22.2%,

calvaria and zygomatic bones), condyles (21.0%), mandibula

(9.9%), scapula (1.2%), rotator cuff (1.2%), and ilium (1.2%)

(Figure 2). Altogether, sixteen different locations of bone defects

were used in the studies (Table S1). The different defect types

and treatment options depending on the anatomical location are

shown in Figure 3. For example burr hole defects (44.4%) where a

hole was created with a (trephine) burr, the bone fragment was

removed and the defect filled with the harvested bone tissue or

with autologous bone harvested elsewhere in the body or with

(artificial) bone particles. These defects were created in long

bones, condyles, mandible and in the craniofacial region. Cortical

perforations (4.9%) were only created in combination with au-

tologous graft fixation and always in the mandibula. The most

frequently used bone defects were osteotomies including com-

plete fractures (44.4%) and segmental fractures (4.9%), mainly

created in long bones. In addition to the bone‐bone defect, one

bone‐tendon rupture (1.2%) was included.

Over time, the long bone fracture model was the most common

experimental model used in bone adhesive research. In recent years

researchers opt more often for more challenging interventions in-

cluding non‐weight‐bearing craniofacial defects (Figure S2). Re-

commendations for the use of animal models are described in

Section 6.

3.2.3 | Defect reinforcement strategies

In seventeen experiments (21.0%), additional fixation or reinforce-

ment materials were used in the experimental groups, including ex-

ternal (1.2%) or internal metal fixation (12.3%), casts (3.7%), and

sutures (3.7%). The use of these materials was mostly dependent on

the location and type of defect; weight‐bearing defects were more

often reinforced than non‐weight‐bearing defects. In several long

bone fractures and defects, the adjacent long bone, for example,

radius/ulna was supporting the fractured bone or bone defect in

addition to the extra fixation and reinforcement materials.

F IGURE 2 Bar chart of animal species used in all included
experiments, split into different defect models. Other defect types
included scapula, ilium, and rotator cuff. Some experiment used more
than one animal species [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Bar chart of anatomical locations of created defects,
split into different types of defect. Other defect types included
scapula and ilium. Some experiment used more than one defect
model [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Bar chart of types of adhesive used in the included
studies, split into different types of defect. Some experiment used
more than one type of adhesive [Color figure can be viewed at
wileyonlinelibrary.com]

VAN ERK ET AL. | 627

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


3.2.4 | Effects of bone adhesives

Adhesives

Seven different categories of bone adhesive materials were

evaluated (Figure 4). The most used and earliest studied ad-

hesives were poly‐cyanoacrylate (CA, 44 experiments, 54.3%)

and fibrin glue (32.1%). Another category was the modified ce-

ments (7.4%), including modified methacrylate (four studies) and

calcium phosphate cement (two studies) which modification re-

sulted in an enhanced adhesion to bone tissue. Other adhesives

were polyurethane (1.2%), and adhesives of biological origin in-

cluding mussel adhesive protein glue (3.7%) and sandcastle glue

(1.2%). Poly‐cyanoacrylates were tested more frequently in long

bone defect models, whereas fibrin adhesives were mainly tested

in non‐weight‐bearing defects including condylar defects.

Control groups

In 59.3% of experiments, a control group was present in which

the model, defect type and intervention were similar to the ex-

perimental group except for the application of an adhesive. In

most publications without the use of a latter described control

groups, an active control group was included (in 16% of all ex-

periments) in which no adhesive but a conventional fixation

technique was used such as a K‐wire or plates and screws. In

studies without a control or active control group, the experi-

mental group was compared with no other group (4.8%), with a

group with both an adhesive and a metal implant (1.2%), with

another adhesive group (2.4%) or an empty defect (1.2%).

Quality assessment

The quality of the included papers was assessed for all studies

except for two Japanese and two Russian articles. Figure 5 shows

the results of the risk of bias. Due to the poor reporting quality of

the majority of included papers, we also assessed two additional

reporting criteria (items 9 and 10, randomization and blinding);

31.1% of studies mentioned randomization and 13.1% mentioned

blinding. Randomization was reported more frequently in the last

decades as were blinding of the investigators and/or outcome

assessors (Figure 6A,B). Overall, the quality of reporting details

in bone adhesive research was poor and there seemed to be a

serious risk of bias.

Outcome measurements and follow‐up period

Several different, however not standardized, measurements were

used, of which qualitative descriptive histology, evaluating new

tissue formation and biological response in bone adhesive re-

search, was the most common technique in 67 experiments

(82.2%). This technique was used in combination with a quanti-

tative technique including histo(morpho)metry in 18 (21.9%),

with biomechanical tests in 11 (13.4%) or bone density mea-

surements in five experiments 4.9%) (Figure S4). There was no

consistency in follow‐up period reported, not even in experi-

ments with similar animal models and anatomical location of

defects. Recommendations for outcome assessments are de-

scribed in Section 6.

Effectiveness of bone adhesives compared to nonadhesive treatment

Meta‐analyses were performed assessing the effect of the bone ad-

hesive on bone regeneration. Two different treatments were com-

pared: (1) adhesive treatment fixating the bone fracture, fragment or

granules in the bone defect with an adhesive; (2) nonadhesive trea-

ment fixating the bone fracture, fragment or granules in the bone

defect without an adhesive or reinforcement material. The studies

were grouped per type of adhesive and the overall effect per sub-

group is showen in case of three or more independent comparisons.

Ten studies were included in the meta‐analysis on bone area and

bone volume outcomes (Figure 7A); three cyanoacrylate, four fibrin

glue and three studies with modified methacrylate. No significant

effect (M: −0.71, 95% confidence interval [CI]: −1.63–0.21, p = 0.13)

in bone area and volume was demonstrated comparing the adhesive

and nonadhesive treatment groups.

Six articles were included assessing the outcome bone strength

and density; one cyanoacrylate, two fibrin glue and three modified

methacrylate studies (Figure 7B). No statistically significant overall

effect in favor of one of the treatments was present (M: 0.25, 95% CI:

−0.49–0.98, p = 0.36).

Effectiveness of bone adhesives compared to conventional metal

fixation

Six experiments described conventional metal fixation treatment

compared to an adhesive treatment. These are visualized in two

separate forest plots (Figure 8). Three experiments, of which two in

one study, regarded cyanoacrylates with bone growth as primary

outcome. There was more bone regeneration in the adhesive groups

compared to the metal fixation groups with a significant overall ef-

fect in favor of the adhesive intervention (M: 2.49, 95% CI:

1.20–3.79, p = 0.0002, Figure 8A).

In the other three experiments, polycyanoacrylate, fibrin glue

and modified calciumphosphate cement fixation were compared with

conventional metal fixation treatment with bone strength as out-

come, showing also a significant effect in favor of the adhesive

fixation (M: 1.13, 95% CI: 0.26–2.01, p = 0.01, Figure 8B).

F IGURE 5 Risk of bias analysis. The risk of bias was analysed
using several signaling questions, using the SYRCLE's Risk of Bias

Tool. Depicted results are the answers for all studies per question
[Color figure can be viewed at wileyonlinelibrary.com]
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Adverse effects

Drop‐outs of animals were only reported in seven studies. Severe

adverse effects reported were severe inflammation, often linked

to the presence of adhesive material, tissue necrosis in the bone

graft, refractures and nonunions. Slight inflammatory reaction

was reported in experimental and control animals of almost all

studies. In several articles, a barrier effect was noticed caused by

the adhesive layer blocking effective bone regeneration.

F IGURE 6 (A) Percentage of studies in which randomization was reported in the article. (B) Percentage of studies in which blinding was
reported in the article [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 (A) Forest plot of the results of bone area or volume after adhesive treatment in comparison with nonadhesive treatment.
Random effect model was applied. (B) Forest plot of the results of bone strength after adhesive treatment in comparison with nonadhesive
treatment. Random effect model was applied

F IGURE 8 (A) Forest plot of the results of bone area or volume after adhesive treatment in comparison with metal fixation materials.
Random effect model was applied. Studies are subdivided per type of adhesive. (B) Forest plot of the results of bone strength after adhesive
treatment in comparison with metal fixation materials. Random effect model was applied. Studies are subdivided per type of adhesive [Color
figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

In this systematic review all experimental studies on bone adhesives

until December 2020 were analysed to summarize the available lit-

erature in bone adhesive research for trauma and orthopedic sur-

gery. The lack of standard model parameters including animal

species, strain, defect type, and intervention characteristics resulted

in a large heterogeneity in experimental models (Table S1).

Additionally, the efficacy of the different bone‐binding materials on

tissue regeneration was presented in Forest plots to visualize the

available evidence. Few studies included quantitative results on tis-

sue regeneration eligible for meta‐analyses, complicating cross‐study
comparisons for effectiveness of adhesives and experimental models.

Bone adhesive treatment was superior to conventional metal os-

teosynthesis, while no significant difference (M: −0.71, 95% CI:

−1.63–0.21, p = 0.13) regarding bone regeneration was found in the

comparison between adhesive and nonadhesive treatments.

The lack of standard parameters is a general problem in bone re-

search previously described.15–17 Not one single animal model is suitable

for all research purposes and in all research phases.15 However, standard

measurements in a selected number of appropriate and validated models

could have improved the comparability and prevented unnecessary re-

petition of animal studies, for example, by making use of clinically re-

levant and previously used in vivo models and interventions. In addition,

a relevant and accurate timepoint for the assessment of bone tissue at

which differences between the groups is expected, must be chosen as

well as quantitative outcome measurements and the presence of a

control and/or active control group. In Section 6, recommendations are

further explained.

Seven different animal species and an unknown number of

strains were used in the experiments. Due to anatomic, biochemical,

and gene expression differences, results in fracture healing studies

among different animal species are difficult to compare and results

may even conflict when using the same defect model.18 Small animal

species including rabbits have dominated the bone adhesive re-

search, similar to other research on musculoskeletal and hard tissue

regeneration,19 even though these animal models are less predictive

to the human clinical situation than larger models including goat and

horses.20 Advantages of using rabbits are their early skeletal ma-

turity and the high rate of secondary bone remodeling compared to

larger animal models and rodents.19,21 Rats are increasingly used

replacing rabbits for the last two decades both in bone adhesive

research and in other research fields.22 Rodent species including the

rat have reduced maintenance costs, less handling difficulties and a

short reproductive cycle compared to large animals,19 but the bone

structure differs in that it does not include Haversian systems.18

Remarkably, mice models are rarely used in bone adhesive research

while they are widely used in biomedical research and even in studies

on fracture repair.23 This might be explained by the small skeletal

size of the animal which can hinder the application of a bone

adhesive.17

Four broad main categories according to the anatomical location

of the defect could be distinguished in the included studies, for

example, mandible, condyle, craniofacial and long bones. The latter

category has been used since the 1960s for its translational value,

however has the drawback that the defects are weight‐bearing and

often need additional reinforcement materials such as pins and

screws. These (stiff) reinforcement materials can cause differences in

loading patterns, affecting the quantity and quality of the newly

formed bone thus skewing study outcomes.24 We therefore suggest

starting exploring the bone adhesive capacities of new material in

non‐weight‐bearing defects, such as cranial burr hole defects, before

taking the next step toward more complicated weight‐bearing de-

fects in a larger animal model such as sheep.

Although comminuted fracture repair is a main application for a

bone adhesive, less than half of the publications used a model re-

presenting comminuted fracture. One of such models was the burr hole

defect model filled with grinded bone graft or granules which was used

both at load bearing and nonload bearing locations and was used to

evaluate the capacity to hold small bone fragments together. Another

model, however barely described in bone adhesive literature, is when the

guillotine is used for fracturing with dislocation of bone parts. In almost

all included publications, the defect was created with an electrical burr/

saw, resulting in minimal fracture dislocations,23 or the technique was not

mentioned. Since we expect that the repair of small bone fragment and

nonload bearing comminuted fractures benefit most of an adhesive, we

recommend to focus on these clinically relevant animal models in bone

adhesive studies.

We included only one tendon‐bone study in this review. Most

tendon‐bone studies were excluded due to the use of cements for

anchoring rather than gluing the tendon tissue to bone.25–27 Ap-

parently, fixation of tendon‐bone defects requires different materials

than those used for bone adhesion.

The limited evidence that is currently available shows high

heterogeneity and allows only small meta‐analyses and barely any

subgroup analysis. For example, the effectiveness of individual ad-

hesives could not be determined in subgroup analyses. All adhesives

included, the meta‐analyses demonstrated more bone regeneration

in the adhesive compared to the metallic fixation treated animals.

However, these conclusions must be interpreted with caution as only

three independent experiments were eligible for inclusion in this

analysis. Hochuli et al. and Salata et al. reported less resorption of

grafts fixed with adhesives compared to grafts fixed with metal de-

vices.28,29 The reduction in bone resorption might be due to the

application of the adhesive material; hen the adhesive is applied on

the complete defect area and thus on a large surface, a better graft

stability is created in contrast to the application of a single screw or

pin. More stability and smaller gap sizes may lead to less micro-

movements and more angiogenesis, and subsequently less graft re-

sorption and an increase in bone healing.28,30 In addition, it is

suggested that a negative internal pressure exerted by screw fixation

on the bone graft can also contribute to resorption of the graft.28,31

These findings indicate potential for adhesive treatment as an al-

ternative to current metallic osteosynthesis materials.

Various techniques were applied for measuring outcomes,

making it challenging to compare studies in the meta‐analyses.
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Despite the qualitative nature, histology seems an important tech-

nique, used in most studies on bone regeneration assessment. In

contrast, biomechanical analysis was only performed in eleven

(13.4%) in vivo studies included in this review (Figure S4). This is

surprising given the fact that biomechanical measurement is fre-

quently used in ex vivo and in vitro experiments and is a required

test by regulatory authorities for a new bone fixation material or

agent.9,32 The development of new and more advanced techniques

such as computed tomography scans, magnetic resonance imaging,

and histo(morpho)metrical measurements has contributed to the

diversity in reported diagnostic techniques in this study field. These

quantitative outcome measurements are highly recommended for

bone regeneration assessment and better allows cross‐study com-

parisons than qualitative measurements. The high variety of techni-

ques that are used for the measurement of regenerated bone and its

advantages and disadvantages has been described in more detail by

Guda et al.33

Seven different main bone adhesives with a large number of

subtypes were included in this systematic review. Since the definition

of an adhesive is rather vague,34,35 we chose to limit our review to

products with a “real” binding capacity to bone tissue rather than

mechanical interlockings, that are applied on the bone defect surface.

Consequently, studies on products with minimal adhesive properties

to bone tissue and products that are used to fill bone defects or as

bone substitutes were excluded. This approach is different from

other reviews on bone adhesives 9,10,36–39 and is a more focussed

and more specific review on the beneficial and adverse character-

istics of animal models and bone‐bonding materials in general.

The potential bias in the included studies in the review may have

introduced an overestimation of the results of the meta‐analyses.
The quality of included studies is one of the main factors affecting

the reliability of the results of this review. The risk of bias showed

that many articles lacked (proper) reporting of important details of

the experimental set‐up. It is possible that these studies were cor-

rectly performed and only the reporting of details was not adequate.

Although the quality of reporting improved over time, only a small

number of papers mentioned randomization and/or blinding details

(Figure 6A,B). Randomization of the animals and blinding of the re-

searchers and outcome assessors proved to be important in experi-

mental studies since nonrandomized studies can overestimate the

effect of the treatment.40,41 The poor reporting quality is a structural

problem in preclinical studies not only regarding bone adhesive re-

search. Several systematic reviews on animal studies have found low

proportions of reporting randomization, allocation concealment and

blinded outcome assessment.40–42 Improvement of reporting trans-

parency of in vivo studies can for instance be achieved by using the

ARRIVE Guidelines Checklist.43

To our knowledge, this is the first systematic review on bone

adhesives and the first review on animal models for bone adhesive

materials. Previously reviews were narrative and focussing on the

bone adhesives, not on in vivo studies and different animal mod-

els.9,10,36,38,39,44,45 We also summarized previous literature and as-

sessed the reporting quality of the papers. This makes this review

more complete and valuable for the design of future animal studies

having translational impact. The review has also limitations. Only few

studies presented quantitative data suitable for inclusion in the

meta‐analyses precluding sub‐analyses. Analyses of similar experi-

mental models would have provided stronger evidence supporting

recommendations for a bone adhesive. Instead, we had to pool all

results independent of animal species, defect types, and interven-

tions, despite the knowledge that bone healing is dependent on the

animal species,46 location of the defect (intramembranous bone

healing for skull and mandible, enchondral bone healing in long

bone fractures) 47 and the use of osteosynthesis materials.3 Due to

the lack of consistency in evaluation times and the variety in bone

growth rate in different animal species, we could not conclude on the

optimal follow‐up time for assessing the efficacy of a bone adhesive.

This is aggravated by the decision we had to make analysing only the

time with the highest measured effect per experiment, since no

consistency in time points was present. Because of the hetero-

geneity, the meta‐analyses were only used to explore potential ef-

fects of bone adhesive treatment in comparison with nonadhesive

treatment, rather than confirming the effects of the different

adhesives.

5 | CONCLUSIONS

This systematic review highlights the absence of standard models

and measurements for bone‐binding materials and the poor to

moderate quality of animal research in this field. This complicates

comparing study outcomes across literature and obtaining evidence

that can be translated to the clinic. Additionally, the body of cur-

rently available evidence is too small to draw strong conclusions

from meta‐analyses on the effectiveness of the individual adhesives

or experimental models. This systematic review did however, pro-

vided an objective overview of the availability and quality of evi-

dence, and identifying knowledge gaps. It succeeded in identifying

the main parameters for designing future animal studies in bone

adhesive research and for testing new products. It is recommended

to improve standardization in experimental models and outcome

measurements to better evaluate the safety and efficacy of the

materials and to achieve more clinical impact.

6 | RECOMMENDATIONS

6.1 | Animal model

The choice of the size of the animal species is dependent on the

study aim and outcomes defined; small animal species are re-

commended for “mechanism” studies and studies on safety and

biological response with respect to the applied adhesive. Large ani-

mal species are recommended for efficacy studies before clinical

testing. In addition, it is recommended to choose skeletally mature

animals and ensure that the number of animals is properly powered.
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6.2 | Defect

The type and location of the defect are strongly dependent on the

characteristics and the purpose of use of the tested product. The location

of the defect influences the need for additional fixation materials to

reinforce the bone defect for example an oblique fracture in a weight

bearing bone. Moreover, it also determines the outcome measures since

biomechanical testing on cranial defects is difficult to perform.

6.4 | Control group

Relevant control group(s) (e.g., preferably a nonadhesive group and/

or the gold standard fixation material in clinical use) is/are manda-

tory for proper conclusions on the efficacy of the tested material.

6.5 | Follow‐up period

The right period chosen is dependent on the rate of bone growth

that differs per animal species.48 The optimal time of measurement

(s) should be halfway the healing process, since differences between

the experimental and control groups at the beginning and end of the

bone regeneration process may not be detected (yet). Sometimes, a

long term study is recommended to allow for valid conclusions re-

garding the biocompatibility of a biomaterial.49

6.6 | Outcome measurements

Relevant outcome measures should be considered such as listed in

the article from Guda et al.33 Preferably choose at least one quan-

titative outcome measure, and a combination of an imaging techni-

que, a biomechanical analysis and a histological assessment.

6.7 | Blinding and randomization

Proper randomization and blinding are essential because non-

randomized and nonblinded studies can largely overestimate the

effect of the treatment.40,41

6.8 | Reporting

All relevant baseline characteristics, procedure characteristics and

results should be described in detail in the experimental paper. The

ARRIVE Guidelines Checklist is very useful when writing the article.

ACKNOWLEDGMENTS

The authors wish to thank On Ying Chan (Medical library, Radboud

University) for her assistance in developing the search strategy for

the review. In addition, we thank Merith Idema for her help with the

title and abstract screening of the articles, and Roger Lomme for his

help with the translation of the German articles. Shinji Takemoto and

Ivan Bernar are greatly acknowledged for their help with the

screening and translation of the Japanese and Russian studies, re-

spectively. This study was supported by the Netherlands Organiza-

tion for Scientific Research (NWO, Grant No.: 14435) and GATT

Technologies. Rosa P. Felix Lanao is employee of GATT Technologies.

Sander C.G. Leeuwenburgh and Harry van Goor are Scientific

Advisors of GATT Technologies. For Machteld van Erk, Judith van

Luijk, Fang Yang, María Sánchez‐Fernández and Erik Hermans no

financial interest exist.

AUTHOR CONTRIBUTIONS

Machteld van Erk designed the study, analyzed the data and wrote

the manuscript. Judith van Luijk, Fang Yang, and Rosa P. Félix Lanao

contributed to the research design, acquisition, analysis, and inter-

pretation of the data and critically revised the manuscript. Sander

C. G. Leeuwenburgh, María J. Sánchez‐Fernández, and Erik Hermans

wrote and critically revised the manuscript. Harry van Goor designed

the study, was involved in data interpretation and discussion of the

research progress, wrote the manuscript and approved the final

version. All authors were involved in drafting the paper, and have

read and approved the final submitted manuscript.

ORCID

Machteld Van Erk http://orcid.org/0000-0002-4339-0251

Judith Van Luijk https://orcid.org/0000-0001-5253-9145

Fang Yang http://orcid.org/0000-0002-4022-7643

Sander C. G. Leeuwenburgh https://orcid.org/0000-0003-

1471-6133

Harry Van Goor https://orcid.org/0000-0003-0323-4876

REFERENCES

1. Klein P, Schell H, Streitparth F, et al. The initial phase of fracture

healing is specifically sensitive to mechanical conditions. J Orthop
Res. 2003;21:662‐669.

2. Sonderegger J, Grob KR, Kuster MS. Dynamic plate osteosynthesis

for fracture stabilization: how to do it. Orthop Rev. 2010;2:e4.

3. Chiu WK, Vien BS, Russ M, et al. Towards a non‐invasive technique for

healing assessment of internally fixated femur. Sensors. 2019;19(4):857.

4. Prasad K, Bazaka O, Chua M, et al. Metallic biomaterials: current

challenges and opportunities. Materials. 2017;10(8):884.

5. Hofmann GO. Biodegradable implants in traumatology: a review on

the state‐of‐the‐art. Arch Orthop Trauma Surg. 1995;114:123‐132.
6. Al‐Tamimi AA, Quental C, Folgado J, Peach C, Bartolo P. Stress

analysis in a bone fracture fixed with topology‐optimised plates.

Biomech Model Mechanobiol. 2020;19:693‐699.
7. Ganesh VK, Ramakrishna K, Ghista DN. Biomechanics of bone‐

fracture fixation by stiffness‐graded plates in comparison with

stainless‐steel plates. Biomed Eng Online. 2005;4:46.
8. Endres K, Marx R, Tinschert J, et al. A new adhesive technique for

internal fixation in midfacial surgery. Biomed Eng Online. 2008;7:16.
9. Farrar DF. Bone adhesives for trauma surgery: a review of chal-

lenges and developments. Int J Adhes Adhes. 2012;33:89‐97.
10. Sánchez‐Fernández MJHH, Félix Lanao RP, Van Erk M,

Van Hest JCM, Leeuwenburgh SCG. Bone‐adhesive materials:

632 | VAN ERK ET AL.

http://orcid.org/0000-0002-4339-0251
https://orcid.org/0000-0001-5253-9145
http://orcid.org/0000-0002-4022-7643
https://orcid.org/0000-0003-1471-6133
https://orcid.org/0000-0003-1471-6133
https://orcid.org/0000-0003-0323-4876


clinical requirements, mechanisms of action, and future perspective.

Adv Mater Interfaces. 2019;6:6.
11. Research NIfH. 2018. PROSPERO. https://www.crd.york.ac.uk/

prospero/display_record.php?RecordID=91831

12. Hooijmans CR, Tillema A, Leenaars M, Ritskes‐Hoitinga M. Enhancing

search efficiency by means of a search filter for finding all studies on

animal experimentation in PubMed. Lab Anim. 2010;44:170‐175.
13. De Vries RB, Hooijmans CR, Tillema A, Leenaars M, Ritskes‐Hoitinga

M. A search filter for increasing the retrieval of animal studies in

Embase. Lab Anim. 2011;45:268‐270.
14. Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes‐

Hoitinga M, Langendam MW. SYRCLE's risk of bias tool for animal

studies. BMC Med Res Methodol. 2014;14:43.
15. Angius D, Wang H, Spinner RJ, Gutierrez‐Cotto Y, Yaszemski MJ,

Windebank AJ. A systematic review of animal models used to study

nerve regeneration in tissue‐engineered scaffolds. Biomaterials.
2012;33:8034‐8039.

16. De Misquita MR, Bentini R, Goncalves F. The performance of bone

tissue engineering scaffolds in in vivo animal models: a systematic

review. J Biomater Appl. 2016;31:625‐636.
17. Li Y, Chen SK, Li L, Qin L, Wang XL, Lai YX. Bone defect animal

models for testing efficacy of bone substitute biomaterials. J Orthop
Translat. 2015;3:95‐104.

18. Nunamaker D. Èxperimental models of fracture repair. Clin Orthop
Relat Res. 1998;355S:S56‐S65.

19. Neyt JG, Buckwalter JA, Carroll NC. Use of animal models in mus-

culoskeletal research. Iowa Orthop J. 1998;18:118‐123.
20. De Vries RB, Buma P, Leenaars M, Ritskes‐Hoitinga M, Gordijn B.

Reducing the number of laboratory animals used in tissue en-

gineering research by restricting the variety of animal models. Ar-

ticular cartilage tissue engineering as a case study. Tissue Eng Part
B Rev. 2012;18:427‐435.

21. Wancket LM. Animal models for evaluation of bone implants and

devices: comparative bone structure and common model uses. Vet
Pathol. 2015;52:842‐850.

22. Esteves PJ, Abrantes J, Baldauf HM, et al. The wide utility of rabbits

as models of human diseases. Exp Mol Med. 2018;50:66‐10.
23. Haffner‐Luntzer M, Kovtun A, Rapp AE, Ignatius A. Mouse models in

bone fracture healing research. Curr Mol Biol Rep. 2016;2:101‐111.
24. McGovern JA, Griffin M, Hutmacher DW. Animal models for bone tissue

engineering and modelling disease. Dis Model Mech. 2018;11:11.
25. Monaco E, Labianca L, Speranza A, et al. Biomechanical evaluation of

different anterior cruciate ligament fixation techniques for ham-

string graft. J Orthop Sci. 2010;15:125‐131.
26. Kuang GM, Yau WP, Lu WW, Chiu KY. Local application of strontium in

a calcium phosphate cement system accelerates healing of soft tissue

tendon grafts in anterior cruciate ligament reconstruction: experiment

using a rabbit model. Am J Sports Med. 2014;42:2996‐3002.
27. Robertson WJ, Hatch JD, Rodeo SA. Evaluation of tendon graft

fixation using alpha‐BSM calcium phosphate cement. Arthroscopy.
2007;23:1087‐1092.

28. Hochuli‐Vieira E, Engler Pinto ACB, Pereira‐Filho VA, Saska S,

Monnazzi MS. Adhesives based on butyl‐cyanoacrylate for fixation

of autologous bone graft: Pilot study in rabbits. Dent Traumatol.
2017;33:261‐268.

29. Salata LA, Mariguela VC, Antunes AA, Grossi‐Oliveira G, Almeida A,

Taba M Jr. Short‐term evaluation of grafts fixed with either N‐butyl‐
2‐cyanocrylate or screws. J Oral Maxillofac Surg. 2014;72:676‐682.

30. Ghiasi MS, Chen J, Vaziri A, Rodriguez EK, Nazarian A. Bone frac-

ture healing in mechanobiological modeling: a review of principles

and methods. Bone Rep. 2017;6:87‐100.
31. Saska S, Hochuli‐Vieira E, Minarelli‐Gaspar AM, Gabrielli MFR,

Capela MV, Gabrielli MAC. Fixation of autogenous bone grafts with

ethyl‐cyanoacrylate glue or titanium screws in the calvaria of rab-

bits. Int J Oral Maxillofac Surg. 2009;38:180‐186.

32. Sheikh Z, Najeeb S, Khurshid Z, et al. Biodegradable materials for bone

repair and tissue engineering applications.Materials. 8, 2015:5744‐5794.
33. Guda T, Labella C, Chan R, Hale R. Quality of bone healing: per-

spectives and assessment techniques. Wound Repair Regen. 2014;

22(Suppl 1):39‐49.
34. Ratner BDH, AS Schoen FJ, Lemons JE.Materials Science. An Introduction

to Materials in Medicine. Boston: Elsevier Academic Press; 2004.

35. Ebnesajjad S. Handbook of Adhesives and Surface Preparation: Tech-
nology, Applications and Manufacturing. Amsterdam: Elsevier; 2011.

36. Norton MR, Kay GW, Brown MC, Cochran DL. Bone glue—the final

frontier for fracture repair and implantable device stabilization. Int

J Adhes Adhes. 2020;102:102647.
37. Shah NV, Meislin R. Current state and use of biological adhesives in

orthopedic surgery. Orthopedics. 2013;36:945‐956.
38. Heiss CKR, Schluckebier D, Stiller A, Wenisch S, Schnettler R. Bone

adhesives in trauma and orthopedic surgery. Euro J Trauma. 2006;
32:141‐148.

39. Donkerwolcke M, Burny F, Muster D. Tissues and bone adhesives—

historical aspects. Biomaterials. 1998;19:1461‐1466.
40. Sena E, Van der Worp HB, Howells D, Macleod M. How can we

improve the pre‐clinical development of drugs for stroke? Trends
Neurosci. 2007;30:433‐439.

41. Landis SC, Amara SG, Asadullah K, et al. A call for transparent re-

porting to optimize the predictive value of preclinical research.

Nature. 2012;490:187‐191.
42. Van der Worp HB, Macleod MR. Preclinical studies of human dis-

ease: time to take methodological quality seriously. J Mol Cell
Cardiol. 2011;51:449‐450.

43. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG,

Reporting Guidelines Working Group. Animal research: reporting in

vivo experiments: the ARRIVE guidelines. Br J Pharmacol. 2010;160:
1577‐1579.

44. Böker KO, Richter K, Jäckle K, et al. Current state of bone

adhesives‐necessities and hurdles. Materials. 12, 2019:3975.
45. Weber SC, Chapman MW. Adhesives in orthopaedic surgery. A re-

view of the literature and in vitro bonding strengths of bone‐
bonding agents. Clin Orthop Relat Res. 1984:249‐261.

46. Checa S, Prendergast PJ, Duda GN. Inter‐species investigation of

the mechano‐regulation of bone healing: comparison of secondary

bone healing in sheep and rat. J Biomech. 2011;44:1237‐1245.
47. Stubinger S, Dard M. The rabbit as experimental model for research

in implant dentistry and related tissue regeneration. J Invest Surg.

2013;26:266‐282.
48. Peric M, Dumic‐Cule I, Grcevic D, et al. The rational use of animal

models in the evaluation of novel bone regenerative therapies. Bone.
2015;70:73‐86.

49. Grossterlinden L, Janssen A, Schmitz N, et al. Deleterious tissue

reaction to an alkylene bis(dilactoyl)‐methacrylate bone adhesive in

long‐term follow up after screw augmentation in an ovine model.

Biomaterials. 2006;27:3379‐3386.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Van Erk M, Van Luijk J, Yang F, et al.

A systematic review and meta‐analyses on animal models

used in bone adhesive research. J Orthop Res. 2022;40:

624‐633. https://doi.org/10.1002/jor.25057

VAN ERK ET AL. | 633

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID&#x0003D;91831
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID&#x0003D;91831
https://doi.org/10.1002/jor.25057



