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Abstract

Biodegradable metals hold promises for bone fracture repair. Their clinical translation requires

pre-clinical evaluations including animal studies, which demonstrate the safety and performance

of such materials prior to clinical trials. This evidence-based study investigates and analyzes the

performance of bone fractures repair as well as degradation properties of biodegradable metals in

animal models. Data were carefully collected after identification of population, interventions, com-

parisons, outcomes and study design, as well as inclusion criteria combining biodegradable metals

and animal study. Twelve publications on pure Mg, Mg alloys and Zn alloys were finally included

and reviewed after extraction from a collected database of 2122 publications. Compared to controls

of traditional non-degradable metals or resorbable polymers, biodegradable metals showed mixed

or contradictory outcomes of fracture repair and degradation in animal models. Although quantita-

tive meta-analysis cannot be conducted because of the data heterogeneity, this systematic review

revealed that the quality of evidence for biodegradable metals to repair bone fractures in animal

models is ‘very low’. Recommendations to standardize the animal studies of biodegradable metals

were proposed. Evidence-based biomaterials research could help to both identify reliable scientific

evidence and ensure future clinical translation of biodegradable metals for bone fracture repair.

Keywords: biodegradable metal; bone fracture; animal model; systematic review; regulatory science; safety and effectiveness

Introduction

Fracture-related musculoskeletal diseases have become one of the

leading causes of disability, and the number of orthopedic fracture

patients worldwide is still accruing [1]. Osteoporosis and motor ve-

hicle accidents are the main causes of fractures. There were 56 mil-

lion patients with fractures due to osteoporosis worldwide in 2006

[2], and the high-risk population for osteoporotic fractures will

reach 316 million by 2040 [3]. As many as 2.9 million patients

suffer femoral shaft fractures each year from traffic accidents alone

[4]. In addition, the complexity of fracture sites (head, spine, limbs,

etc. [5]), injury mechanisms (transverse fractures, oblique fractures,

comminuted fractures, etc. [6, 7]) and fracture types [8] has turned

treatment a thorny clinical issue.

At present, internal fixation devices are mainly used to fix frac-

tures in clinical treatment [9]. The commonly used materials for in-

ternal fixation devices include metals, such as titanium and its
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alloys, stainless steel and cobalt chromium alloys [10], and biode-

gradable polymers and their composites [11]. Conventional metal-

based implants have become mainstreamed in clinical practice due

to their excellent mechanical properties and long history of clinical

use. However, the mismatch of the modulus between implants and

bones can easily lead to bone resorption from stress shielding, which

can further affect the quality of bone formation and the stability and

durability of implants [12, 13]. Besides, secondary surgery may need

to remove the traditional metal-based internal fixation device, in-

creasing the patient’s pain and financial burden [14, 15]. Other

safety risks may include toxic side effects and local tissue reactions

caused by the long-term retention of metal particles and ions from

device degradation and corrosion in the body [12, 16, 17].

Biodegradable metals represented by magnesium, zinc and their

alloys have been proposed as internal fixation materials for fractures

with great potentials [18]. This novel class of metallic material has

obvious advantages. First, their mechanical properties support

strong fixation for early fracture healing by providing effective

fixation strength during the initial implantation [19]. Second, the

implant will gradually degrade in the physiological environment,

avoiding the injury caused by traditional metallic fixation devices

and bone loss from stress shielding [20, 21]. Related studies have

also shown [22] that ions produced by material degradation can

stimulate the regeneration of bone tissue around the implant. Such

biodegradable internal fixation devices used for fracture repair

should have strength and degradation rate that match the fracture

healing cycle. An ideal biodegradable implant is demonstrated in

Fig. 1 [23–25].

However, previous studies have also shown [26–28] that magne-

sium exhibit high corrosion sensitivity and non-uniform corrosion

behavior under stress or in simulated physiological environments

rich in chloride ions. There may also be significant reduction of

the mechanical properties after implantation and the risk of losing

fixation or support functions before complete healing of fracture. At

the same time, excessive ions and gases released from rapid degrada-

tion may cause over-accumulation of metal ions in the local tissue,

metabolism overload and air cavity formation around the implant

[29, 30].

In vitro simulated experiments of different alloys and products,

given the effects of alloying element on mechanical and corrosion

properties, residual mechanical stress, coatings and experimental

conditions such as buffer systems and inorganic ions, are very

challenging in predicting in vivo performance [31]. Hence, animal

studies are indispensable for evaluating the safety and performance

of such materials and implants.

Animal studies of biodegradable metal implants could provide

relevant data for preclinical evaluation of such products and lay a

preliminary foundation for their future clinical research. Such

studies have investigated the biocompatibility, in vivo degradation,

osteogenesis and fracture repair of biodegradable metal implants.

However, these studies have the following deficiencies, over-

simplification of animal model construction, a narrow focus on

biocompatibility evaluation, and evaluating the effect of bone repair

with defects size below the critical size. Ideal animal studies on

biodegradable metal devices for internal fixation should be guided

by expected clinical indications and establish animal models to eval-

uate safety and performance of implants and materials [29, 32].

Because the degradation rate and tissue response of implants in dif-

ferent animal models of fractures are different [33], the validity

and comparability across different animal studies are very impor-

tant. Such studies bear implications for subsequent clinical trials.

However, the diversity of material systems, model construction and

evaluation methods used in current animal studies for biodegradable

metals have made it difficult to assess the validity and comparability

across different studies, and have also led to apparently conflicting

research results [34–37]. Therefore, a systematic approach is needed

to analyze the current animal studies on biodegradable metals in

search of evidence for their potential clinical translation [38].

Systematic reviews (SRs), as key methods to conduct research on

evidence-based medicine, have been frequently used to quantita-

tively and/or qualitatively review clinical-related studies [39].

Evidence-based research methods such as SRs have also been used to

investigate pre-clinical studies [40]. Compared to traditional litera-

ture reviews which are heavily subject to authors’ professional

ability without following quality standards and protocols, SRs not

only summarize and recommend convinced evidence of pre-clinical

research topics, but also give suggestions and evidence leading to re-

lated clinical studies [41, 42]. Among many kinds of pre-clinical

studies, animal studies are critical to evaluate safety and perfor-

mance of biomaterials and related medical devices [43].

Furthermore, evidence-based research with SRs is new and rarely

reported to the biomaterials field in terms of pre-clinical animal

studies [44, 45]. In addition, SRs of animal studies have the potential

to reduce the challenges during the translation of animal data to

clinical trials, which could improve the efficiency to demonstrate

safety and efficacy of medical products [46].

This study is a SR of published animal studies of biodegradable

metals versus traditional materials (i.e. non-degradable metals and ab-

sorbable polymers) for fracture repair. It provides a comprehensive

analysis of the material composition, structure, implant design, animal

model, anatomical site, fracture, follow-up time, fracture healing and

degradation properties of the relevant materials and implants. The

safety and effectiveness of such biodegradable metals for fracture re-

pair are explored. The feasibility, benefits and risks of clinical transla-

tion and subsequent clinical trials are also evaluated. To the best of

our knowledge, this study is the first SR on biodegradable metals fo-

cusing on their ability to repair bone fractures in animal models.

Materials and methods

Purpose of study
This study intends to conduct a SR on animal studies of biodegrad-

able metals for the repair of bone fractures and defects. As a result,

Figure 1. Schematic diagram of biodegradable metals for bone fracture re-

pair. (a) Fixation of the metacarpal fracture with a biodegradable metal im-

plant, and (b) illustration of the unique combinatorial properties of both

mechanical integrity and material degradation [23–25]
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this study adopts a search strategy and literature screening process

that include the comprehensive results on biodegradable metals used

for repairing bone fractures and defects. However, due to the differ-

ences in the causes, mechanisms, healing and treatment principles of

bone fractures and defects, this study only systematically reviews ev-

idence relevant to fracture repair, while those on bone defects will

be reported separately.

Data inclusion/exclusion criteria
Participants

Studies that include animal models of bone fractures, with no limit

on the animal species nor fracture modeling methods.

Interventions

Degradable metals and their alloys, modified degradable metals and

their alloys (composites, coating modification and surface

modification).

Comparisons

‹ Non-degradable metals, such as titanium, titanium alloy, stainless

steel and cobalt chromium alloys; › absorbable polymers, such as

polylactic acid (PLA) and fi other materials, such as calcium phos-

phate ceramic, autogenous bone, allogeneic bone and absorbable or

degradable composites for traditional clinical applications (e.g.

ceramics).

Outcome measures

Outcome measures for fracture healing. Primary outcome measures

include ‹ new bone formation: Increased density shadows (of tra-

becular bone, epiphysis, etc.) are detected inside or around the frac-

ture line by imaging methods; › fracture healing: Fracture line

gradually disappears in the observation by imaging methods; fi

bone volume: Micro-CT scans are used to analyze bone tissue recon-

struction and quantify bone volume and fl total callus volume:

Micro-CT scans are used to quantify the total volume of the callus

formation. Secondary measures include ‹ maximum stress: a three-

point or four-point bending test is performed on the specimen to ob-

tain biomechanical properties.

Implant-related degradation outcome measures. ‹ Hydrogen gener-

ation: Observation of gas shadows by imaging; › implant degrada-

tion: observation of rupture or corrosion of implants at fracture sites

by imaging; fi remaining volume of implants: quantitative measure

of the remaining volume of the implant by Micro-CT.

Given the different species of animals in the included studies, e.g.

rats [12, 36, 47–50], rabbits [51], dogs [35, 37, 52], sheep [34], pigs

[53], there must be differences in the fracture healing time. To facili-

tate the combinatorial analysis of the outcome measures, we divided

the whole follow-up process of the included studies into four mea-

surement periods, which are T1, the initial period (0 <T1�1/4T);

T2, the mid-term period (1/4 T <T2�2/4T); T3, the long-term pe-

riod (2/4 T <T3�3/4T); T4, the terminal period (3/4 T <T4�T),

with ‘T’ representing the whole follow-up time.

Study design

Controlled studies were included, with no restriction on whether

they are randomly grouped. Self-control studies were excluded to

ensure the quality of inclusion and eliminate the effects of degrada-

tion products on the body of experimental animals and interference

with fracture evaluation [50].

Data inclusion and exclusion

This study strictly follows the above population, interventions, com-

parisons, outcomes and study to extract data after carefully review-

ing the title, abstract and full text of each article. Only studies that

are comply with the following criteria are included: (i) biodegrad-

able metals as interventions; (ii) animal studies of bone fractures as

study objects and (iii) controlled studies.

Search strategy
We searched the PubMed (1966 to August 2019), Ovid-Embase

(1980 to August 2019), The Cochrane Library (1989 to August

2019), Web of science (from inception to August 2019), China

National Knowledge Infrastructure or CNKI (from inception to

August 2019), China Science Periodical Database or CSPD (from in-

ception to August 2019), Chinese Scientific Journal Database or VIP

(from inception to August, 2019), Wanfang Database or Wanfang

(from inception to August, 2019) and China Biomedical Literature

Database or CBM (from inception to August 2019). Supplementary

search included Scopus (from inception to August 2019). In addi-

tion, the references of included studies were checked. Authors of

studies with incomplete data were contacted to obtain the required

information. The retrieval method was a combination of free words

and medical subject heading (Mesh). See Supplementary data for

Chinese and English search strategies.

Paper selection and data extraction
Two trained researchers (Z.S. and Y.J.) selected the papers and

extracted the data in strict accordance with the inclusion/exclusion

criteria, and cross-checked them. In case of disagreement, a third

party (J.Z.) would decide. Data were extracted according to the pre-

established full-text data extraction checklist, including: ‹ basic

parameters of the included studies: including the species, age,

weight, sample size, fracture model, types of interventions and

follow-up time of the experimental animals; › outcome measures:

(i) outcome measures for fracture healing: new bone formation, frac-

ture healing, bone volume, total callus volume and maximum stress;

(ii) Outcome measures for implant degradation: gas generation, im-

plant degradation and remaining implant volume.

Risk assessment of bias
Based on SYRCLE’s risk of bias tool for animal studies [54], 2

trained researchers (K.Z. and M.M.) independently evaluated and

cross-checked the inherent risk of bias in the included studies, cover-

ing selection bias, implementation bias, measurement bias, follow-

up bias, report bias and other bias from a list of 10 questions or

tools. A difference in opinions were negotiated or decided by a third

party (B.M.). The answer to the assessment questions (tools) should

be either ‘yes’ that indicated low risk of bias, or ‘no’ that indicated

high risk of bias. For unclear items an answer with ‘unclear’ was

assigned.

Quality assessment of evidence
Whether the results of SR of animal studies can lead to clinical trans-

lation depends on the quality of the evidence. The CERQual tool

(Confidence in the Evidence from Reviews of Qualitative research)

[55, 56] developed by Cochrane Collaboration for the grading and

evaluation of evidence assess the quality of the following four

aspects: ‹ methodological limitations; › correlation; fi consistency

of results and fl adequacy of data. To assess the quality of evidence

for this SR, we evaluated the above four criteria individually, and
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then the result of each criterion was combined to calculate a level of

evidence of high, moderate, low or very low [56].

Results

Systematic search outcomes
After searching five English databases and four Chinese databases, a

total of 2122 relevant articles were yielded in the preliminary

searches, of which 625 were in Chinese and 1497 in English. After

excluding duplicates, a total of 1829 articles were obtained. After

reviewing titles and abstracts, a total of 190 articles were collected

after excluding 158 reviews, comments and secondary-study articles

that did match types of study, 959 clinical or in vitro study articles

that did not match objects of study, as well as 522 articles that use

calcium phosphate bone cements or bioresorbable polylactides as

interventions. and studies that did not meet the inclusion criteria,

only 12 animal studies on biodegradable metals for bone fracture re-

pair were finally included, including 8 English [12, 34, 35, 47, 48,

50, 51, 53] and 4 Chinese articles [36, 37, 49, 52]. The screening

and selection processes are shown in Fig. 2.

Twelve animal studies on biodegradable metals for bone fracture

repair were finally included, including eight English [12, 34, 35, 47,

48, 50, 51, 53] and four Chinese articles [36, 37, 49, 52]. The

screening and selection processes are shown in Fig. 2. Animal studies

on biodegradable metals for bone fracture repair were conducted by

several groups in recent years. The 12 included studies from China,

America, Japan and Switzerland were published between 2015 and

2019.

Summary of included studies
This review included three types of biodegradable metals for bone

fracture repair in animal studies, including pure magnesium [48, 50,

51], magnesium alloys [12, 34–36, 47, 49, 52, 53] and zinc alloys

[37]. The 12 studies included 8 randomized controlled studies [, 49–

53] and 4 controlled studies [12, 34, 47, 48]. The animal species in-

cluded in the study were rats [12, 36, 47–50], rabbits [51], dogs [35,

37, 52], sheep [34] and pigs [53]; animal age and weight were

mostly between 2 months [36, 48] and 24 months [53] and between

200 g [36] and 90 kg [53]. The sample size was between 2 [53] and

60 [12]. Fracture models included femoral condyle fractures [34,

51], femoral fractures [12, 36, 47, 48, 50], tibial fractures [35, 49],

superior orbital and patella fractures [53], rib fractures [52] and

mandibular fractures [37]. The follow-up duration ranged from

3 weeks [48] to 48 weeks [37]. The detailed information of included

studies is shown in Tables 1 and 2.

The outcome measures included in each study report and

the measurement time points were different. There was also a large

difference in the measuring methods and judgment criteria of the

outcome measures.

Five measures of fracture healing were included. ‹ New bone

formation: this measure was reported in eight studies [12, 34, 36,

49, 51–53], which used the experimental animals of rabbits [51],

goats [34], pigs [53], rats [12, 36, 49, 50] and dogs [52]. The compo-

nents of the implants were magnesium [50, 51] and magnesium

alloys [12, 34, 36, 49, 52, 53], and the measurement time points

were between 2 months [49] and 9 months [53]. X-ray and micro-

scopic observations [12, 50, 51], CT [34, 49, 52, 53], histological

analysis [36, 49, 50] and other methods were used to measure new

bone formation. › Fracture healing: this measure was reported in

seven studies [35–37, 48, 49, 52, 53], which used the experimental

animals of rats [36, 48, 49], dogs [35, 37] and pigs [53]. The compo-

sitions of the implants were magnesium [48], magnesium alloys [35,

36, 49, 52, 53] and zinc alloys [37], with measurement time points

ranging from 3 weeks [48] to 12 months [37]. Histological analysis

[35, 52, 53], morphological observation [49], X-ray [36], CT [37]

and other methods were used to measure fracture healing. fi Bone

volume: this measure was reported in four studies [12, 36, 37, 50],

which used the experimental animals of rats [12, 36, 50] and dogs

[37]. There were large differences in implant composition (magne-

sium alloys [12, 36], pure magnesium [50] and zinc alloys [37]), and

the measurement points were also different (12 weeks [12, 36, 50]

and 12 months [37]). fl Maximum stress: this measure was reported

in five studies [12, 36, 37, 50, 51]. Although the maximum stress of

the new bone was all measured by mechanical testing equipment,

the experimental animals (rabbit [51], rat [12, 36, 50] and dogs

[37]), implant components (pure magnesium [50, 51], magnesium

alloys [12, 36] and zinc alloys [37]) and measurement points were

all different (12 weeks [12, 36, 50], 24 weeks [51] and 12 months

[37]). � Total callus volume: only one study [36] reported this

measure.

Three implant degradation measures were included. –

Remaining implant volume: this measure was reported in four

studies [37, 47, 51, 53], in which the used experimental animals

(rabbit [51], mouse [47], pig [53] and Dog [37]), implant composi-

tions (pure magnesium [51], magnesium alloy [47, 53] and zinc al-

loy [37]) and measurement points (12 weeks [47], 24 weeks [51],

9 months [53] and 12 months [37]) were different. There were also

divergences in the measurement methods of the remaining volume

of the implant (including CT [37, 47, 51] and histological analysis

[53]). † Implant degradation: although the five studies [34, 35, 44,

49] including this measure all measured the degradation of the

implants by CT, the experimental animals (rats [47–49], goats [34]

and dogs [35]), implant components (pure magnesium [48] and

Figure 2. Study screening and selection process
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magnesium alloy [34, 35, 47, 49]) and measurement points

(3 weeks [48], 8 weeks [49], 12 weeks [35], 14 weeks [47] and

6 months [34]) were different. ‡ Hydrogen generation: this mea-

sure was reported in five studies [34, 47, 49, 52, 53]. There were

differences in the experimental animals used in each study (rat [47,

49], goat [34], pig [53] and dog [52]), measurement points

(8 weeks [49] to 9 months [53]) and measurement methods

(general morphological observations [52], X-rays [49] and CT [34,

47, 53]).

Therefore, the heterogeneity between studies was difficult to

eliminate in this review, which means that we could not perform a

meta-analysis on the data available. Only a descriptive analysis was

possible.

Based on the inclusion criteria, some of the highly-cited research

articles on biodegradable metals were excluded, due to non-fracture

models [57–60] and self-control [58] of those animal studies.

In the same study: ‘a’: the biodegradable metals group without

coatings; ‘b’: the biodegradable metals group with coatings. In the

study [12], the samples of the two sub-groups (a, b) were both bio-

degradable metals with coatings.

The follow-up process of the included studies is divided into four

periods, which are the initial period, the mid-term period, the long-

term period, the terminal period.

Repair of fractures with pure magnesium materials
Only three included studies [48, 50, 51] explored the repair of frac-

tures with pure magnesium materials, using 36 [51], 32 [48] and 49

[50] animals, respectively. The animal species used were New

Zealand White Rabbits [51] and Sprague-Dawley rats [48, 50]. The

animal ages are skeletal maturity [51], 8 weeks old [48] and 6

months old [50], weighing 3.0 6 0.5 kg [51] and 250–300 g [48].

One study [50] did not report the weight of experimental animals.

The follow-up durations were 24 weeks [51], 3 weeks [48] and

12 weeks [50]. The fracture models used were femoral condyle frac-

tures [51] and femoral fractures [48, 50]. The implants for study

[51] were high-purity magnesium (99.99 wt.%) and PLLA screws

(2.7 mm in major diameter, 2.1 mm in core diameter, 1 mm in pitch

and 27 mm in length). The implants for study [48] were Mg and

stainless-steel machined cylindrical pins (1.5 mm in diameter and

25 mm in length). The implants for study [50] were Mg-IMN

(99.99 wt.% Mg) and IMN (stainless steel material, 1.27 mm in

outer diameter and 0.9 mm in inner diameter).

Study [51] compared the effects of pure magnesium and the ab-

sorbable polymer PLLA on fracture repair. The results were as fol-

lows. ‹ new bone formation: throughout the fracture healing

process, the density and quality of new bone and trabeculae in the

pure magnesium group were better than the control group; ›

Table 1. The characteristic of the included animal studies

Implant

type

Author (year) Country Study design Species Sample

size (T/C)

Age Body weight Model Follow-up

time

Mg Han et al.

(2015) [51]

China Randomized Rabbits/New

Zealand

White

24/12 Skeletally

mature

3.0 6 0.5 kg Femoral intercondy-

lar fracture

24 weeks

Li et al. (2019)

[48]

China Controlled Rats/SD 16/16 8 weeks 250–300 g Femoral shaft

fracture

3 weeks

Zhang et al.

(2016) [50]

China Randomized Rats/SD 26/23 6 months Femoral shaft

fracture

12 weeks

Magnesium

alloy

Chou et al.

(2019) [47]

USA Controlled Rats/SD 15/15 250–300 g Right hind limb

femur fracture

14 weeks

Kong et al.

(2018) [34]

China Controlled Goats 12/12 Mature Femoral condyle

fracture

6 months

Kong et al.

(2018) [34]

China Controlled Goats 12/12 Mature Femoral condyle

fracture

6 months

Marukawa

et al. (2016)

[35]

Japan Randomized Dogs/beagle 3/3 1 year �10 kg Crank-shaped tibial

fracture

12 weeks

Marukawa

et al. (2016)

[35]

Japan Randomized Dogs/beagle 3/3 1 year �10kg Crank-shaped tibial

fracture

12 weeks

Schaller et al.

(2018) [53]

Switzerland Randomized Pigs/Yucatan

miniature

2/2 24 months 80 6 10 kg Upper iliac crest

and humerus

osteotomy

9 months

Ma (2015) [36] China Randomized Rats/SD 20/20 8 weeks 224 6 24 g Femoral shaft

fracture

12 weeks

Min et al.

(2015) [52]

China Randomized Dogs/beagle 10/5 12 months >12 kg Rib fractures 12 weeks

Wang (2016)

[49]

China Randomized Rats/SD 3/3 250–400 g Fracture of tibia 8 weeks

Wang (2016)

[49]

China Randomized Rats/SD 3/3 250–400 g Fracture of tibia 8 weeks

Li et al. (2018)

[12]

China Controlled Rats/SD Total: 60 6 months Femoral shaft

fracture

12 weeks

Li et al.

(2018) [12]

China Controlled Rats/SD Total: 60 6 months Femoral shaft

fracture

12 weeks

Zn alloy Wang

(2018) [37]

China Randomized Dogs/beagle 12/12 10–12

months

10–15 kg Mandible fracture 12 months

A systematic review of biodegradable metals 5
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maximum stress: during the fracture healing process, the strength of

bone in the pure magnesium group gradually decreased, but the

study did not report the bone strength of the control group; fi the

remaining volume of the implant: with the extension of implantation

time, the remaining volume of the implant of the pure magnesium

group gradually decreased. The remaining volume of the implant in

the control group was not reported.

Both studies [48, 50] compared the effects of pure magnesium

and non-degradable stainless steel on fracture repair. The results of

study [48] showed that pure magnesium was better than the control

group in osteoblast viability and osteogenesis, and the implant of

the pure magnesium group was significantly degraded. The results

of study [50] were as follows. New bone formation: During the en-

tire fracture healing process, the rate and volume of new bone callus

formation in the pure magnesium group were greater than those in

the stainless-steel group, and at the end of fracture healing, the pure

magnesium group had formed mature lamellar bone. Bone volume:

there was no statistically significant difference in bone volume be-

tween the two groups at the initial and final stages of fracture heal-

ing. During the mid- and long-term fracture healing, the bone

volume of the pure magnesium group was greater than that of the

stainless-steel group. The difference in bone volume between the

groups was statistically significant. Maximum stress: the four-point

bending biomechanical test at the end of fracture healing showed

that the maximum compression load of the femoral shaft in the pure

magnesium group was greater than that of the stainless-steel group

(see Figs 3 and 4).

Repair of fractures with magnesium alloy materials
A total of eight included studies [12, 34–36, 47, 49, 52, 53] explored

the repair of fractures with magnesium alloy materials, of which five

studies [12, 36, 47, 49, 52] compared the repair of fractures with

magnesium alloys and non-degradable metals and three studies [34,

35, 53] compared the effects of magnesium alloys and degradable

polymer materials on fracture repair. The animal sample sizes were

between 4 [53] and 60 [12]. The animal species included Sprague-

Dawley rats [12, 36, 47, 49], goats [34], beagle dogs [35, 52] and

Yucatan miniature pigs [53]. The animal subjects were mostly be-

tween 8 weeks [36] and 24 months [53], with body weight between

200 g [36] and 90 kg [53], and follow-up durations between 8 weeks

[49] and 9 months [53]. Fracture models included femoral fractures

[12, 36, 47], femoral condyle fractures [34], tibial fractures [35, 49],

superior orbital and patella fractures [53] and rib fractures [52]. The

implants of the control groups included PLA [34], PLLA [35], PLGA

[53], iron [36], stainless steel [12, 52] and titanium alloy [47, 49].

The lengths of the implants were between 13 mm [35] and 80 mm

Figure 3. The outcome measures of new bone formation

A systematic review of biodegradable metals 7



[12] and the diameters between 1 mm [36] �4.5 mm [34]. The

shapes of implants were mostly screws and nails [12, 34–36, 47, 49,

53], and only study [52] used irregular fixation plates.

Magnesium alloys vs non-degradable metals [12, 36, 47, 49, 52]

(see Figs 3 and 4).

New bone formation. Four studies [12, 36, 49, 52] reported new

bone formation. The results were as follows. In the early stage of

new bone formation, the density and quality of the new bone in the

magnesium alloy group of the study [36] was better than that of the

control group. Study [52] showed that the fracture ends of both

groups were well aligned and the fracture lines were clear, although

no statistical comparisons were conducted between groups. In the

middle stage of new bone formation, the quantity and density of

newly formed trabeculae and callus of the magnesium alloy group

studied [12, 52] were better than those of the control group, while

the results of study [36] exhibited just the opposite, with loose tra-

becula shown in the magnesium alloy group, and the new bone for-

mation worse than that in the control group. In the long term of

new bone formation, the quantity and volume of newly formed tra-

beculae and callus in the magnesium alloy group in studies [12, 36,

49] were better than those of the control group. Study [52] showed

that the fracture lines at both ends were blurred and the quantity of

callus increased, but no statistical comparison was made between

the groups. During the end of new bone formation, studies [12, 36]

showed that thickness and quantity of bone trabeculae in the magne-

sium alloy group were better than those in the control group. Study

[52] showed that the fracture lines disappeared and the fractures

healed well in both groups, but no statistical comparison were made

between the groups.

Fracture healing. Three studies [36, 49, 52] reported fracture heal-

ing. The results were as follows. In the middle period of fracture

healing, the fracture line of the magnesium alloy group of study [49]

was gradually blurred, while that of the control group was still

clearly visible. In the long-term fracture healing, the fracture line of

the magnesium alloy group of study [49] was blurred or disap-

peared, while that of the control group was still seen. At the end of

fracture healing, the fracture line of the magnesium alloy groups

studied in [49, 52] disappeared, and the fracture healing was good.

However, although the fracture line of the control group disap-

peared, the fracture healing was not optimum, with some bone tra-

beculae being irregularly arranged. Study [36] explored the fracture

healing effect through the fracture healing score. The results showed

that the fracture healing score of the two groups gradually increased

over time and the fracture gradually healed during the whole follow-

up period. However, there was no statistical difference in the frac-

ture healing scores between the two groups.

Bone volume. Only two studies [12, 36] reported bone volume. The

results of study [36] showed that the bone volume of the magnesium

alloy group was smaller than that of the pure iron group at the early,

middle and long-term stages of fracture healing, and the bone vol-

ume of the magnesium alloy group was bigger than that of the pure

iron group at the end of fracture healing. The results of study [12]

showed that the bone volume of the magnesium alloy group was big-

ger than that of the stainless-steel group throughout the fracture

healing process.

Maximum stress. Only two studies [12, 36] reported maximum

stress. The results of study [36] showed that the maximum stress in

Figure 4. The outcome measures of implant degradation. ‘>’, green: the effect of the biodegradable metals group is superior to the control group; ‘<’, red: the ef-

fect of the control group is superior to the biodegradable metals group; ‘¼’, blue: there is no difference between the biodegradable metals group and the control

group; ‘?’, yellow: there is no comparison between the biodegradable metals group and the control groups, or only outcomes of the biodegradable metals group

were reported; ‘/’, blank: There is no outcome for this period

8 Zhang et al.



the magnesium alloy group was worse than that of the pure iron

group in the early and middle stages of fracture healing. During the

long-term fracture healing, the maximum stress of both groups in-

creased gradually. However, there was no statistical difference be-

tween the groups. At the end of fracture healing, the maximum

stress in the magnesium alloy group was higher than that in the pure

iron group. The three-point bending test at the end of fracture heal-

ing of study [12] showed that the maximum failure load of the femo-

ral shaft of the magnesium alloy group increased, three times that of

the stainless-steel group.

Total bone callus volume. Only study [36] reported total bone callus

volume. The results showed that the total volume of callus in the

two groups peaked in the middle period, and then declined. There

was no statistical difference between the two groups at the initial

and terminal stages of fracture healing. The total volume of callus is

larger in the biodegradable metal group than the pure iron group

during the mid- and long-term periods.

Remaining implant volume. One study [47] reported the remaining

implant volume. Since the control group was a non-degradable

metal, the study only reported the remaining volume of the implant

of the magnesium alloy group, showing that as the fracture healed,

the remaining volume of the implant in the magnesium alloy group

gradually decreased.

Implant degradation. Two studies [47, 49] reported implant degra-

dation. The results were as follows. In the long-term fracture heal-

ing, the uncoated magnesium alloy implant in study [49] degraded

too quickly, leading to fracture of the intramedullary nail after rat

activity, and the fracture did not heal. In the control group, the

intramedullary nail maintained good shape with clear boundaries

and no degradation traces were visible. The coated magnesium alloy

implants and the control group in study [49] maintained relatively

complete shape, with clear boundaries, and no visible degradation

traces. There was no significant difference in the degradation be-

tween the two groups. At the end of fracture healing, study [47]

only reported the degradation of the implant in the magnesium alloy

group since the control group was a non-degradable Ti6Al4V alloy.

The degradation rate of the experimental group was the fastest for

the initial stage of implantation, followed by the terminal period,

and the slowest in the long-term period.

Hydrogen generation. Three studies [47, 49, 52] reported hydrogen

generation. The results were summarized as follows. In the early

stage of fracture healing, the hydrogen generation of the magnesium

alloy group in study [47] was more than that of the control group;

In the middle stage of the fracture healing, the uncoated magnesium

alloy group in study [49] saw subcutaneous emphysema due to early

hydrogen generation; In the long-term fracture healing, the magne-

sium alloy group of study [47] showed signs of hydrogen generation.

At the end of fracture healing, one experimental animal in the mag-

nesium alloy group of study [52] developed subcutaneous gas

accumulation.

Magnesium alloy vs. degradable polymers [34, 35, 53] (see Figs 3

and 4).

New bone formation. Two studies [34, 53] reported new bone for-

mation. The results were as follows. In the early stage of new bone

formation, the density and quality of new bone in the magnesium

alloy group of study [34] was better than that of the control group.

Study [53] showed that there were bone trabeculae and new blood

vessels around the fracture lines in both groups. However, there was

no statistical difference in the quantitative analysis of new bone for-

mation between the two groups. In the middle stage of new bone

formation, the quantity and density of newly formed trabeculae in

the magnesium alloy group of study [34] were better than that of the

control group; Study [53] showed that more trabeculae were seen

around the fracture line in both groups, with promising new bone

formation. However, the new bone formation in the two groups was

not statistically different.

Fracture healing. Two studies [35, 53] reported fracture healing.

The results were as follows. In the early stage of fracture healing,

both groups of study [53] showed blurred fracture lines and signs of

fracture healing. However, no group effect was found in statistical

comparison of fracture healing. At the end of fracture healing, the

fracture lines of the magnesium alloy group and the control group of

study [35] both disappeared. However, while the fracture healing

was fine in the experimental group, it was not the case for the con-

trol group, with some irregularity in trabeculae. The fracture lines of

the experimental animals of the two groups in Study [53] disap-

peared in this terminal period, and there was no statistical difference

in fracture healing between the two groups.

Remaining implant volume. One study [53] reported the remaining

implant volume. The results showed that there was no statistical dif-

ference in the remaining volume of the implant between the initial

and final stages of fracture healing. However, compared with the

initial stage of fracture healing, the remaining implant volume of the

magnesium alloy group increased slightly at the end of fracture heal-

ing (volume growth due to new bone formation around the im-

plant), while the volume of the implant in the control group

decreased in this period.

Implant degradation. One study [35] reported implant degradation.

The results showed that at the end of fracture healing, the implants

in the magnesium alloy group did not degrade significantly, while

the screws made of polymeric biomaterials in the control group

were deformed or broken.

Hydrogen generation. Two studies [34, 53] reported hydrogen gen-

eration. The results were as follows. In the early stage of fracture

healing, hydrogen generation from the uncoated magnesium alloy

group in study [34] was more than that of the control group. No hy-

drogen generation was observed in neither the coated magnesium al-

loy group nor the control group due to the effective inhibition of

implant degradation by the coating. In the middle stage of fracture

healing, hydrogen generation from the uncoated magnesium alloy

group in study [34] was higher than that of the control group.

Hydrogen generation in the long-term healing period was not

reported in either study. At the end of fracture healing, the implants

of the magnesium alloy group of study [53] showed no significant

hydrogen generation due to the electrolyte coating. No hydrogen

generation was reported for the control group either, since degrad-

able polymeric composites were used. In study [34] hydrogen gener-

ated from uncoated magnesium alloy was gradually absorbed by the

tissues, and no signs of gas generation were observed. However, the

implants in the control group were not degraded.

A systematic review of biodegradable metals 9



Fracture repair with zinc alloy materials (see Figs 3 and

4)
Only one included study [37] explored the repair of fractures with

zinc alloy materials. A total of 24 animals were used. The animal

species used was beagle dogs, aged 10–12 months, body weight 10–

15 kg, and the follow-up time was 12 months. The fracture model

was a mandible fracture model. The implants were four-hole bone

plates (1 mm thick) and bone screws (2 mm diameter, 7 mm length)

made of zinc alloy and PLLA.

The results were as follows. Compared with absorbable polymer

materials, zinc alloy has better viability and osteogenesis in fracture

healing and larger bone volume in the early stage of fracture healing

and smaller volume in the middle stage of fracture healing. During

the whole process of fracture healing, the maximum stress of the

two groups both increased gradually, and there was no statistical

difference between the groups. Remaining implant volume of the

zinc alloy group gradually decreased as the implantation time pro-

longed. However, the remaining volume of implants in the control

group was not reported.

Results from assessing the risk of bias and quality of

evidence
The results of the bias risk assessment included in the study are

shown in Figs 5 and 6. Among the 12 included animal studies, eight

studies [12, 35–37, 49–52] were randomized controlled studies,

with only one study [36] reported a specific randomized grouping

method. The eight studies did not report whether sequence genera-

tion was concealed. Eight studies [35–37, 48–50, 52, 53] had bal-

anced baseline characteristics. None of the studies reported whether

caregivers and researchers were blinded. The methods of animal se-

lection were not included during outcome assessment. Only one

study [36] randomized placement of experimental animals. Only

one study [51] reported blinding of outcome assessors. The

experimental animals of nine studies [34, 35, 37, 47–49, 51–53]

were included in the final analysis. Although no research protocol

was available for any of the studies, all expected results were clearly

reported.

The results from assessing the quality of evidence showed ‘very

low’ quality in the eight outcome measures. The reasons for poor

quality of evidence included lack of authenticity in original research,

inconsistency of results, and difficulty in amalgamating and translat-

ing relevant data (Table 3).

Discussion

We systematically reviewed 12 animal studies that qualified for the

inclusion criteria. However, due to the great heterogeneity in the

study design, animal species, age, fracture models, type and compo-

sition of degradable metals, implant design, implantation time, mea-

surement time, measurement methods and criteria for outcome

measures, it was impossible to conduct a meta-analysis on the data

available in the included studies. Hence, only a qualitative descrip-

tion and discussion are provided below.

Biodegradable vs non-degradable metals
For bone fracture repair, in the included studies, compared to non-

degradable metals, biodegradable metal implants yielded better

results in promoting the formation of new bone in animal models of

fractures, accelerating fracture healing, and contributing to the

growth of bone and callus in the early stage of fracture healing. In

the later stage of fracture healing, the fracture ends of the biodegrad-

able metal group were neatly aligned and the fracture line disap-

peared. The new bone tissue also showed higher mechanical

strength. However, the control group had poor fracture alignment

and visible fracture line. Nevertheless, the results of study [36]

showed that early fracture repair performance in the biodegradable

metal group (reflected in new bone formation, bone volume and

maximum stress) was worse than that of the non-degradable control

group. This was probably due to the need for a strong and reliable

initial fixation of orthopedic implants in the early stage of fracture

healing. As a result, the iron intramedullary nails with a higher elas-

tic modulus in the control group of study [36] exhibited better early

fracture healing. Therefore, it is a key issue to ensure that the biode-

gradable metals have considerable strength to meet the mechanical

support requirements at the early stage of fracture healing.

On the matter of degradation, different expectations were held

in different studies. Some researchers expected that any degradation

would be desirable, while others believed that only full degradation

would meet their expectations. The results of studies [47, 48]

showed that the biodegradable metal implants degraded at a faster

rate throughout the fracture repair process, and achieved the

expected degradation and fracture repair performance at the end of

fracture healing. At the end of the follow-up process, the implants in

study [47] degraded by 57%, while the implants of study [48] fully

degraded. High-quality healing at the fracture lines was achieved for

both studies. As a result, secondary surgery was avoided. However,

the results of study [49] showed that the fracture healing perfor-

mance of experimental animals was worse than those of the non-

degradable metal group due to the rapid degradation of uncoated

metal implants. In contrast, the non-degradable implants in this case

provided strong mechanical support due to their resistance to

degrading, and exhibited better facilitation effects for fracture heal-

ing. Therefore, the degradation rate of the biodegradable metals

alone does not guarantee its application value in fracture repair. It is

Figure 5. Results of the risk of bias assessment of the 12 studies included in

this SR (the items were scored with ‘yes’, ‘no’, ‘unsure’ [54])
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imperative for future research to consider the degradation rate of

the biodegradable metals in the light of the fracture healing rate and

aim for a more balanced outcome evaluation for fracture healing

and repair.

Biodegradable metals vs absorbable polymers
Compared with absorbable polymers, the biodegradable metal has

better osteoblast activity, and higher quantity and quality of neovas-

cularization and new bone trabeculae. The biodegradable metals

benefit from better and more gradual degradation performance dur-

ing the fracture healing process. The biodegradable metal groups

showed enhanced fracture repair. However, the results of studies

[34, 35] were contrary to these finding, in that the degradation of

absorbable polymer biomaterial implants was significantly better

than that of the biodegradable metal implants. These conclusions

were critically inconsistent with the expectation that the degradable

metal should degrade faster [61]. A potential cause may be the coat-

ing formed on the surface of the biodegradable metal, such as dical-

cium phosphate dihydrate (DCPD) coating [34], and anodized layer

[35], improving the corrosion resistance of metallic materials. In ad-

dition, studies [34, 35] did not report whether the degradation rate

of biodegradable metals has any effect on the fracture healing and

repair rates. Therefore, future research should further explore the

specificity of degradation behavior in biodegradable metals for the

benefit of fracture repair. At the same time, attention should be paid

to the problem of aligning the degradation rate of biodegradable

metals with the fracture healing rate. In addition, the biodegradable

metals generated too much gas during the degradation process,

which resulted in the formation of air cavities around the fracture

sites and affected the healing effect, which could be one of the limi-

tations of the available biodegradable metal implants [29].

In studies [34, 35, 53], the coating of biodegradable metals pro-

duced a better effect than fracture absorbable polymer biomaterials

in promoting fracture healing. The inhibitory effect of the coating

slowed down degradation of the biodegradable metals so that the

hydrogen generated during the degradation process could be

absorbed by the body in time without generating air cavities. Hence,

surface coatings are considered effective means to reduce and con-

trol the corrosion behavior of biodegradable metals and improve

biocompatibility [62]. However, there is still insufficient evidence to

prove the safety and efficacy of coatings [63]. In addition, there are

many coating methods and materials. The optimum thickness, uni-

formity, bonding force and durability of the coating have not been

researched thoroughly. Therefore, the safety and efficacy of biode-

gradable metal coatings would be one of the key research topics for

the future [63].

SRs were also conducted on biodegradable polymers such as

PLA or polyglycolic acid (PGA) for bone regeneration in both ani-

mal and clinical studies [64], mandibular fixation in clinical studies

[65] and fixation of metacarpal shaft fractures in clinical studies

[23]. For bone regeneration, PLA was recommended to be modified

by bioactive fillers such as tricalcium phosphate and hydroxyapatite

Figure 6. Risk of bias of each item of SYRCLE tool for overall included studies (each risk of bias item presented as percentages across all included studies, which

indicated the proportion of different level risk of bias for each item [54])
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[64]. For mandibular fixation, PLA implants did not provide conclu-

sive data to support such applications in comparison with titanium

plates [65]. For metacarpal shaft fractures’ fixation, PGA implants

showed similar complication rates and biomechanical properties as

compared with metallic implants [23].

Sources of heterogeneity, internal authenticity and

quality of evidence
Based on a rigorous SR, our research found that the current quality

of evidence for the effect of biodegradable metals on fracture repair

was low, reducing the reliability of the experimental results, and in-

creasing the risks of translation with animal study results into the

clinical practice. Possible reasons are explained as follows.

There were significant differences in the animal species, fracture

models, measurement points, measurement methods, and criteria of

outcome measures in the included studies. Consequently, the data

acquired from the studies could not be meta-analyzed, which re-

duced the validity of the results. As an example, there was a total of

5 different animal species and 6 different fracture models in the 12

included studies. The primary problems with the outcome measures

were variety and inconsistency. For any outcome measure, there

would be different numbers of studies involved. For instance, eight

studies [12, 34, 36, 49, 51–53] reported on new bone formation,

seven studies [35–37, 48, 49, 52, 53] on fracture healing, five studies

[34, 35, 47–49] on implant degradation, five studies [34, 47, 49, 52,

53] on hydrogen generation, four studies [12, 36, 37, 50] on bone

volume, four studies [12, 36, 37, 50, 51] on maximum stress, one

study [36] on total callus volume and four studies [37, 47, 51, 53]

on remaining implant volume.

The outcome measures were captured by divergent approaches

and methods. The same outcome measures were taken under differ-

ent paradigms. For instance, new bone formation was quantitatively

measured in study [53], whereas a qualitative approach was used in

other studies [36, 51, 52]. The results of the same outcome measures

came from different tools. To evaluate fracture healing, studies [48,

53] adopted histological staining, while study [37] resorted to

Micro-CT for morphological observation. Different criteria were

chosen for the same outcome measures. To interpret the new bone

formation data, studies [12, 34, 36, 50, 51] adopted imaging or his-

tological staining or other methods to observe the formation of new

bone tissue, trabeculae and callus. However, the effect of new bone

formation was judged in study [52] with imaging methods to assess

the alignment status of fracture ends and whether the fracture line

disappeared.

The study design of most of the included experiments was not

rigorous and scientific. For example, the randomization process of

the studies of 91.67% (11/12) studies was unspecified. None of the

studies reported on sequence generation concealment. Baseline char-

acteristics were uneven in 58.33% (7/12) of the studies.

Consequently, the probability of selection bias was high. Compared

with clinical trials, the sample size of most animal experiments was

small. For instance, among the 12 studies included in this SR, 6 stud-

ies [34, 35, 37, 49, 52, 53] had fewer than 30 animal subjects. Some

important differences in baseline characteristics will greatly affect

the experimental results [54].

Most experiments lacked quality control measures to reduce

measurement and implementation bias. For example, none of the

studies reported whether caregivers/researchers or outcome asses-

sors/raters were blinded. Although animal blindness is not required

in animal experiments, most of the researchers are caregivers.

Therefore, it is necessary to implement blindness during the

intervention and outcome measurement stages to reduce implemen-

tation and measurement bias and increase the authenticity of the ex-

perimental results [66, 67]. For example, the measurement of new

bone formation and fracture healing in the study of biodegradable

metals for repair fractures mainly relies on researcher observation of

the formation of bone trabeculae, callus and fracture line healing in

or around the fracture line through imaging methods. If researchers

have knowledge of the interventions in advance, they may be biased

when evaluating the osteogenesis or fracture healing effect between

the groups, affecting the authenticity of the results. In addition, the

capture of outcome measures, especially those that depend on hu-

man judgment, it is imperative to implement an effective and scien-

tific blind technique to avoid measurement bias on the results, but

also have qualified technicians to ensure the inter/intra-rater consis-

tency between different personnel on different animals, and accu-

racy of measurement calibration. All these potential biases have an

impact on the results to varying degrees [68]. However, the 12 stud-

ies included in this SR did not report on the qualifications of the

raters and the protocols and standards they follow for specific mea-

surement processes.

Unbiased report of experimental data is needed. Although all the

included studies clearly reported all expected results in their meth-

ods and results sections, we could not obtain their original research

protocols, and ultimately judge whether they were implemented ac-

cordingly and all its results were reported in an unbiased manner.

Selective reporting of animal experimental research results may lead

to publication bias, which may affect the reliability of SR conclu-

sions, and even lead to opposite conclusions [69].

Publication bias
Experiments with positive results are usually more likely to be pub-

lished than those with negative or null results [70, 71]. Prior studies

[72] show that publication bias may be more severe in animal stud-

ies. Therefore, if SRs do not include unpublished studies, they are

likely to produce overestimation of the effects of interventions. This

study did not evaluate publication bias by statistical analysis. There

was no safeguard that publication bias did not exist in this study.

Therefore, in the field of experimental research, it is necessary to

take measures to promote data sharing and encourage journals to

publish studies with negative or neutral results to avoid the ‘file-

drawer problem’ and reduce the impact of publication bias on their

results [73].

Strengths and limitations of this study
To the best of our knowledge, this is the first SR of animal studies to

assess the performance of biodegradable metals in the treatment of

orthopedic fractures. First, this review adopts the CERQual tool to

evaluate the quality of evidence on the outcome measures. It pro-

vides an evidence-based assessment of the risk of translating preclin-

ical results from animal studies to clinical trials. Second, the risk of

bias in animal studies was assessed based on the internationally rec-

ognized SYRCLE tool. Third, the internal and external authenticity

of the evidence is discussed in detail to objectively analyze the risk

and feasibility of the translation of animal study results to clinical

practice. However, there are two limitations for this SR. Searching

only Chinese and English databases may result in certain language

bias. Second, failure to search gray literature and conference

abstracts may result in publication bias.

An updated literature search was conducted in August 2020.

Three newly-published (between August 2019 and August 2020)
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studies [74–76] that met the inclusion criteria were identified.

However, even with the inclusion of these three articles [74–76], the

quality of evidence and the final conclusion of the current study re-

main the same.

Prospects for future research
Through comprehensive analysis of the evidence in the included

studies, including the risk of inherent bias, the quality of evidence,

and outcome measures, we found that animal studies on biodegrad-

able metals for repair of bone fractures has certain limitations.

Therefore, except for exploring material-related issues such as the

structure and performance of biodegradable metal materials, future

research on biodegradable metals for repairing bone fractures would

benefit from the quality of animal studies, which may further im-

prove the translation of research results [77]. Specific improvement

on animal studies include the following areas.

Selection of animal models

The current animal models for bone fractures are limited to non-

primate animals such as rats, rabbits and pigs, and they differ greatly

from the human body in terms of anatomical structure, biological

characteristics and disease mechanisms [78]. It is recommended to

standardize animal models for research on biodegradable metal

materials for fracture repair in the future. The establishment of ani-

mal models should accommodate the differences between the bone

physiological structure, structural clustering, bone metabolism and

healing cycle of experimental animals and humans to identify appro-

priate model animals.

Fracture models

Different fracture models were used in the 12 studies including fem-

oral fractures [12, 36, 47, 48, 50], femoral condyle fractures [34,

51], tibial fractures [35, 49], superior orbital margin and zygomatic

fractures [53], rib fractures [52] and mandibular fractures [37].

Therefore, standardization of fracture modeling is recommended.

The biomechanical environment of the intended use site of clinically

implants should be considered, e.g. lining up the strength of the ini-

tial fixation needed at the fracture site and that of the implant. In

the end, a representative animal model of fractures would be identi-

fied to evaluate the potential for clinical translation of biodegrad-

able metals.

Study design (randomization and blindness)

One in three of the included studies were not randomized controlled

study, and the majority of the 8 randomized studies did not report-

specific randomization methods [12, 35, 37, 49–52] and sequence

generation concealment methods [12, 34–37, 47–53]. Most of the

included studies did not report blinding of caregivers/researchers

[12, 34–37, 47–53] or outcome assessors [12, 34–37, 48–53].

Previous studies [79–82] show that randomized and concealed se-

quence generation and blindness are important measures to reduce

the risk of inherent bias in animal experiments. Strict control of vari-

ous risks of bias will help reduce risk of clinical translation from ani-

mal study results. Therefore, when designing animal studies in the

future, rigorous design concepts such as randomness and blindness

should be followed to reduce selection bias and improve the quality

of animal studies.

Experiment implementation and quality control

The 12 studies included in this SR did not report on the qualifica-

tions of the outcome assessors and the assessment protocols and pro-

cesses, nor did they mention the use of third-party evaluation. The

sample size varied greatly. For example, study [12] included 60 ani-

mals in the trials, while study [53] used only 4 animals. Therefore,

future research would benefit from scientifically rigorous methods

to estimate the viability of sample size [83], and comprehensively re-

port the experimental implementation details. This practice would

improve the validity and reliability of animal study results.

Randomization and blindness would be applied in the experimental

design and implementation to ensure the authenticity of experimen-

tal results [84].

Selection, calculation and assessment of outcome measures

In the current research, there are no consistent standards indicating

which outcome measures reflect the efficacy and safety of biode-

gradable metals for repair bone fractures, leading to large divergen-

ces in the outcome measures used in the included studies. The

selection of improper outcome measures may lead to a huge waste

of experiment animals and incorrect conclusions [85]. The large dif-

ferences in the measurement and assessment methods for the same

outcome measure in the included studies lead to increased heteroge-

neity and made it impossible to integrate and analyze data across

different studies. Therefore, it is advisable to standardize the calcula-

tion and assessment of the outcome measures and adopt uniform

standards to specify outcome measures that can best reflect the

safety and effectiveness of biodegradable metals for fracture repair.

Reporting raw data

Government agencies and trade associations should encourage pro-

spective registration of animal studies to obtain raw data [86]. It is

very necessary for future animal study to share raw data as online

appendices [86], enhancing research transparency and promoting

quality of animal studies.

Conclusions

Compared to controls of traditional non-degradable metals or

resorbable polymers, biodegradable metals may have shown better

outcomes in terms of fracture healing and degradation in animal

models. However, such optimal results were not consistent, because

there were studies also suggested that biodegradable metals did not

demonstrate better performance for bone repair in animal models as

compared to controls. Furthermore, the fast degradation rate of bio-

degradable metals may further impede fracture healing in vivo. The

performance of biodegradable metals for bone fracture repair is un-

certain because there are many issues of the included studies in terms

of study design, outcome measurements as well as quality of evi-

dence. Based on this study, reliable evidence from animal studies are

needed to support future clinical translation of biodegradable metals

for bone fracture repair. In order to better evaluate performance of

bone fracture repair as well as to reduce the risks for the clinical

translation of biodegradable metals, standardized study design and

practice is a must for future animal studies.
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Supplementary data are available at REGBIO online.
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